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Foreword

This volume is a collection of 75 articles selected from all past issues of Resonance

– journal of science education, to celebrate 75 years of India’s independence. It

contains articles in all the major areas of science in roughly equal proportions – 18

in mathematical sciences, 20 in physical sciences, 17 in chemical sciences and 20 in

biological sciences.

Resonance, published monthly by the Indian Academy of Sciences, has been

appearing since January 1996, so it is about a quarter century old. It grew out of

recommendations made in 1994 to the Academy Council by a specially constituted

Panel to examine University Science Education in India, and to suggest steps that

could be taken to help improve the quality of education. Publication of Resonance

is one of several activities initiated by the Academy in the 1990’s, arising out of the

Panel’s recommendations.

Over time, Resonance has achieved a special and unique status worldwide as a

journal devoted to college and university level science education in all the sciences.

Each year several tens of thousands of articles are downloaded from its pages by

readers in various parts of the world. Some special features are that each issue

generally contains articles in each area of science, and it also highlights the life and

work of a chosen outstanding figure from the past in mathematics or the natural

sciences. In this way so far about 300 scientists have been featured in its pages. Thus,

in time Resonance has become a rich source of material for practical use by both

teachers and students.

In fact, on several occasions and in many ways, Resonance has been used to

create useful compact collections of articles. There have been some theme-based

collections in mathematics such as Analysis, Geometry, Topology, and Probability;

and more recently one on the Darwinian Theory of Evolution by Natural Selection.

Another series of Master Class volumes are author based and bring together articles

by a chosen contributor to Resonance over a few years. There have been such volumes

in mathematics, chemistry, physics as well as biology.

The year 2005, the centenary of Albert Einstein’s Annus Mirabilis, was celebrated

internationally as the World Year of Physics. Resonance joined this effort by publish-

ing in December of that year a special issue titled, ‘A Celebration of Physics’, a 250

pages collection of 58 chosen articles in physics that had appeared in its pages over

the preceding ten years.

The present volume thus continues a valuable tradition at Resonance, this time

to mark an important event in India’s history. We may confidently expect that like

the other volumes, this one too will become a valuable and treasured collection that

Over time, Resonance

has achieved a special

and unique status world-

wide as a journal devoted

to college and university

level science education in

all sciences.
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Foreword

With a wide-ranging col-

lection such as this, per-

haps a reader primarily in-

terested in one area will

by chance be led to some-

thing in a different area

new to her and feel she

has learnt something re-

ally new.

teachers and students alike will turn to and learn from in the coming years. In

each of the four major areas there is an impressive list of topics that are covered.

Here is an indication of the range in this selection. In mathematics: Euclidean and

algebraic geometry, number theory and primes and pi, opinion polls and statistical

surveys. In physics: the expanding universe, gravity and gravitational waves, the

history of photons, entanglement in quantum mechanics, statistical physics of pollen

grains and random walks, plasma physics and condensed matter physics, studies

of earthquakes and monsoons. In chemistry: catalysis, chemistry in life processes,

materials, spectroscopy, nano scale chemistry. In biology: the Cambrian explosion

of life, signaling in plants, the mathematics behind natural selection.

With a wide-ranging collection such as this, perhaps a reader primarily interested

in one area will by chance be led to something in a different area new to her, and feel

she has learnt something really new. With this hope we offer this commemoration of

75 years of Indian independence to students and teachers both in India and all over

the world and wish you happy reading.

N. Mukunda

Founding Editor, Resonance

Bengaluru

October 2021
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Preface

Resonance – Journal of Science Education was started in 1996, based on a recommen-

dation in a white paper commissioned by the Indian Academy of Sciences, Bengaluru,

on the status of higher education in India. The journal has completed 25 years of

contributing to pedagogy in the sciences in India, particularly at the undergraduate

level. The articles published in Resonance are written by expert teachers and scholars,

and many of the articles have been used as complementary reading for undergraduate

courses in India and abroad. In addition to explaining and illuminating outstanding

contributions to science as well as basic concepts, the journal devotes a specific section

to articles providing aids to classroom teaching. Collections of Resonance articles

written on a general theme, or by a specific author, are published as books in the Mas-

terclass series from time to time, and these can be freely downloaded from the website

of the Academy (https://www.ias.ac.in/Journals/Resonance -- Journal

of Science Education/). As a part of the celebrations of 75 years of India’s In-

dependence, the Academy decided to collect and republish in book form, a set of

75 articles from various areas of science, mathematics, and engineering, that have

appeared in Resonance, but have not been republished as part of a Masterclass volume.

Science knows no boundaries. Humans have looked at the sky and beyond,

recorded the movement of planets and stars and galaxies over the years, and inferred

the origin of the universe. They looked around, at flora and fauna, the seasons,

the nurturing Sun and probed the mysterious workings of Nature at first hand. The

disciplines of science, as we know them today, were founded on these observations.

Matter, in the most complex structures, is held together by chemical bonds that are

formed or broken in less than a billionth of a second. The universe and life, on

the other hand, have evolved over time scales of billions of years, and the mysteries

of these are still being decoded with all the tools at our disposal. Natural sciences,

which explore phenomena over vast ranges of time scales and varying complexities

of matter, can be classified for convenience into physical sciences, chemical sciences,

and biological sciences. Mathematics describes objects and actions in a world pop-

ulated by abstract notions that we have developed from our observation of nature.

The language of mathematics has been found to be remarkably useful in analyzing

data, constructing models, and making predictions in almost all branches of science.

Mathematics has led to the development of computer science and allied subjects too.

Here, the 75 selected articles published over the years in Resonance are listed un-

der four headings: mathematical sciences, physical sciences, chemical sciences, and

biological sciences.

The idea underlying this collection of articles is to communicate to the readers,

the vibrancy of science, the excitement of how science has developed over the years

(history of science), the concepts and models that have evolved over time, where we

The idea underlying this

collection of articles is

to communicate to the

readers, the vibrancy

of science, the excite-

ment of how science

has developed over the

years (history of science),

the concepts and mod-

els that have evolved

over time, where we are

now and where we are

headed in our understand-

ing of phenomena–in and

around us and abstracted

by us.
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Preface

The present collection of

articles covers a wide

spectrum of topics rang-

ing from the smallest par-

ticle known, to the size of

the universe and its past

and present; the living

and the nonliving; and the

laws of nature that govern

them all.

are now and where we are headed in our understanding of phenomena–in and around

us and abstracted by us.

Selection of these 75 articles, from the large number published over the last 25

years has not been easy. It has been undertaken with the help of our present and former

colleagues in the editorial team of Resonance. Since each article is scrutinized by

experts in the area before it is accepted for publication in Resonance, the quality of an

article alone would not have much discriminatory power. The colleagues examined

all the articles published over the last 25+ years and selected 75 of them across

the length and breadth of science and its history, with an attempt to accommodate

sub-disciplinary diversity, as well as diversity among authors.

The present collection of articles covers a wide spectrum of topics ranging from

the smallest particle known, to the size of the universe and its past and present;

the living and the nonliving; and the laws of nature that govern them all. For the

convenience of the reader, we have grouped the articles under four subheadings as

mentioned above. We hope that the readers will enjoy reading them and feel motivated

to contribute to Resonance in the years to come.

We take this opportunity to thank Professor P. Majumder, the past President of the

Indian Academy of Sciences, for assigning the task to us and Professor U. Waghmare,

the President of the Academy for continuing the support. It has been a learning

experience for all of us. The benefit accrued to each one of us during the process

cannot be quantified.

We have included in these two volumes, some of the cartoons drawn exclusively

for Resonance by the inimitable cartoonist R K Laxman. We remember him fondly.

We are grateful to Ayan Guha for contributing special cartoons under the heading

‘Science Smiles’ for each issue of Resonance over the last several years, and for

volunteering to identify some of them for inclusion in this special edition. We are

grateful to Subhankar Biswas for designing the cover page of Resonance-75.

We are grateful to Ms Srimathi and the Publications Team at the Academy for

bringing out this volume in time, and we especially thank Ms Pushpa and Ms Geetha

from the Resonance team for facilitating the production of these volumes.

Amber Habib, Amitabh Joshi, Anil J Elias, B Sury,

Jasjeet Singh Bagla, K Indulekha, Kaneenika Sinha,

Kusala Rajendran, Madhavan Mukund, N Sathyamurthy,

Nandini Nagarajan, Patrick Dasgupta, Susanta Mahapatra,

Shobhana Narasimhan, T N C Vidya, Varsha Singh, V S Borkar

Bengaluru

January 2022
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From Matter to Life: Chemistry?! ∗

Jean-Marie Lehn

Jean-Marie Lehn worked

with Guy Ourisson for his

doctorate degree. Later he

was a post-doctoral fellow

with Robert B Woodward at

Harvard University. He had

the distinction of being one of

the coworkers who

participated in the total

synthesis of vitamin B12.

Lehn then joined the

University Louis Pasteur at

Strasbourg. Since his

appointment at the College de

France in Paris he is actively

pursuing research in both

Institutes. He is recognised as

one of the pioneers in the

development of

Supramolecular Chemistry;

(he coined the phrase). His

research work encompasses a

wide range of chemistry.

Jean-Marie Lehn has received

numerous awards and

honours, including the 1987

Nobel Prize in Chemistry.

Email: lehn@unistra.fr

In the beginning was the Big Bang, and physics reigned. Then chemistry came

along at milder temperatures; particles formed atoms; these united to give more and

more complex molecules, which in turn associated into organized aggregates and

membranes, deőning primitive cells out of which life emerged.

Chemistry is the science of matter and of its transformations, and life is its highest

expression. It provides structures endowed with properties and develops processes for

the synthesis of structures. It plays a primordial role in our understanding of material

phenomena, in our capability to act upon them, to modify them, to control them and

to invent new expressions of them.

Chemistry is also a science of transfers, a communication centre and a relay between

the simple and the complex, between the laws of physics and the rules of life, between

the basic and the applied. If it is thus deőned in its interdisciplinary relationships, it

is also deőned in itself, by its object and its method.

In its method, chemistry is a science of interactions, of transformations and of mod-

els. In its object, the molecule and the material, chemistry expresses its creativity.

Chemical synthesis has the power to produce new molecules and new materials with

new properties. New indeed, because they did not exist before being created by the

recomposition of atomic arrangements into novel and inőnitely varied combinations

and structures.

The őrst chemical manipulations were those profound and complex thermal transfor-

mations by which ‘the raw’ becomes ‘the cooked’. Thus, before being understood,

chemistry was practised in the cooking of food; in the fermentation of dough and of

drinks; in the metallurgy of trinkets, of tools and weapons; in the extraction of natural

substances, perfumes, colours, philtres and drugs.

Chemistry was for a long time empirical and descriptive. In the days of alchemy, all

matter resulted from the admixture of varying proportions of the four basic elements:

őre, air, earth and water. Through more and more reőned analysis, chemistry became

the composition of substances, then the combination and linkage of atoms. When

empirical formulae gave way to exact formulae, the problem of the geometry of

arrangement of atoms in molecules arose, whence emerged the notion of structure.

With van’t Hoff and Le Bel, the planar chemical representations unfolded and left

the plane. The molecule became architecture, and the elaboration of molecular

structures became mastery of space. With the work of Pasteur, optical activity found its

explanation in the asymmetry of structures; thus arose the body of molecular chirality.

∗Reproduced with permission from Resonance, Vol.1, No.3, pp.39ś53, 1996.
Transcript of the Third Rajiv Gandhi Science and Technology lecture delivered at Hyderabad on 22

December 1995.
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Jean-Marie Lehn

Wöhler’s synthesis of
urea in 1828 proved that
natural substances were
chemical compounds like
any other, accessible in
the laboratory without the
intervention of a living
organism.

Elegance of strategy
combined with feats of
efficiency and selectivity,
led to the synthesis of
vitamin B12, due to
the combined efforts of
Robert Burns Woodward
and Albert Eschenmoser,
assisted by a hundred or
so collaborators.

The alchemists’ dream of transmutation became reality in chemical synthesis. At őrst

an empirical knowhow, this science of molecular manipulation established its power

with Friedrich Wöhler’s synthesis of urea in 1828: łÜber Kunstliche Herstellung

des Harnstoffesž, (On the artiőcial preparation of urea), by which it was proved

that natural substances were chemical compounds like any other, accessible in the

laboratory without the intervention of a living organism. On 28 February 1828,

Wöhler wrote to Berzelius łI can make urea with no need of a kidney, or let alone an

animal, be it a man or a dogž.

Organic synthesis grew rapidly, continually adding to its panoply of tools with each

new reaction discovered, allowing access to innumerable new compounds, along with

the reőnement of strategies for obtaining more and more complex natural substances

in the laboratory. A whole series of brilliant achievements, where elegance of strategy

combined with feats of efficiency and selectivity, led to the great syntheses of the last

5O yearsÐnotably, to what is considered to be the epitome, the synthesis of vitamin

B12, due to the combined efforts of Robert Burns Woodward and Albert Eschenmoser,

assisted by a hundred or so collaborators. We are a long way from Wöhler’s urea!

On the one hand there is a planar molecule with 4 atoms (not counting hydrogens),

and on the other, a set of 93 atoms and extremely difficult stereochemical problems;

between the two lies a century and a half (see Figure 1).

Molecular chemistry, thus, has established its power over the covalent bond. The time

has come to do the same for non-covalent intermolecular forces. Beyond molecular

chemistry based on the covalent bond there lies the őeld of supramolecular chemistry,

whose goal it is to gain control over the intermolecular bond.

Figure 1. Two mile-

stones in organic synthe-

sis: Urea (left) and Vita-

min B12 (right).
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Jean-Marie Lehn

It is concerned with the next step in increasing complexity beyond the molecule

towards the supermolecule and organized polymolecular systems, held together by

non-covalent interactions.

It is a sort of molecular sociology! Non-covalent interactions deőne the intercompo-

nent bond, the action and reaction, in brief, the behaviour of the molecular individuals

and populations: their social structure as an ensemble of individuals having its own

organization; their stability and their fragility; their tendency to associate or to iso-

late themselves; their selectivity, their łelective affinitiesž and class structure, their

ability to recognize each other; their dynamics, ŕuidity or rigidity of arrangements

and of castes, tensions, motions and reorientations; their mutual action and their

transformations by each other.

When a substrate binds to an enzyme or a drug to its target, when signals propagate

between cells, highly selective interactions occur between the partners and control the

process. Supramolecular chemistry is concerned with the study of the basic features

of these interactions and with their implementation in specially designed non-natural

systems.

Molecular interactions form the basis of the highly speciőc recognition, reaction,

transport, regulation, etc.; processes that occur in biology, such as substrate binding

to a receptor protein, enzymatic reactions, assembling of multiprotein complexes,

immunological antigen-antibody association, intermolecular reading, translation and

transcription of the genetic code, regulation of gene expression by DNA binding

proteins, entry of a virus into a cell, signal induction by neurotransmitters, cellular

recognition and so on. The design of artiőcial, abiotic systems capable of displaying

processes of highest efficiency and selectivity requires the correct manipulation of

the energetic and stereochemical features of the non-covalent, intermolecular forces

(electrostatic interaction, hydrogen bonding, van der Waals forces, etc.) within a

deőned molecular architecture. In doing so, the chemist őnds inspiration in the

ingenuity of biological events and encouragement in the demonstration that such high

efficiencies, selectivities, and rates can indeed be attained. However, chemistry is not

limited to systems similar to those found in biology, but is free to create unknown

species and to invent novel processes.

Supramolecular chemistry is a highly interdisciplinary őeld of science covering the

chemical, physical, and biological features of the chemical species of greater com-

plexity than molecules themselves, that are held together and organized by means of

intermolecular (non-covalent) binding interactions. This relatively young area has

been deőned, conceptualized, and structured into a coherent system. Its roots ex-

tend into organic chemistry and the synthetic procedures for molecular construction,

into coordination chemistry and metal ion-ligand complexes, into physical chem-

istry and the experimental and theoretical studies of interactions, into biochemistry

and the biological processes that all start with substrate binding and recognition,

into materials science and the mechanical properties of solids. A major feature

The chemist őnds inspi-
ration in the ingenuity of
biological events. How-
ever, chemistry is not lim-
ited to systems similar to
those found in biology.

Supramolecular chem-
istry is a highly interdis-
ciplinary őeld of science
at the intersection of
chemistry, biology and
physics.
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Jean-Marie Lehn

The foundations of supra-
molecular chemistry are
laid with three concepts:
őxation, recognition and
coordination.

Supramolecular chem-
istry started with the
selective binding of
alkali metal cations by
natural as well as by
synthetic macrocyclic
and macropolycyclic
ligands, the crown ethers
and cryptands.

is the range of perspectives offered by the cross-fertilization of supramolecular

chemical research due to its location at the intersection of chemistry, biology, and

physics. Drawing on the physics of organized condensed matter and expanding

over the biology of large molecular assemblies, supramolecular chemistry expands

into a supramolecular science. Such wide horizons are a challenge and a stim-

ulus to the creative imagination of the chemist. Thus, supramolecular chemistry

has been rapidly expanding at the interfaces of chemical science with physical and

biological phenomena.

The emergence of any novel őeld of science is linked to the past. Where would

the roots of supramolecular chemistry reach? It is Paul Ehrlich who recognized that

molecules do not act if they do not bind (łCorpora non agunt nisi őxataž) thus

introducing the concept of receptors. But binding must be selective, a notion that was

enunciated by Emil Fischer in 1894 and very expressively presented in his celebrated

łlock and keyž image of steric őt, implying geometrical complementarity, that lays the

basis of molecular recognition. Finally, selective őxation requires interaction, affinity

between the partners, that may be related to the idea of coordination introduced by

Alfred Werner, supramolecular chemistry being in this respect a generalization of

coordination chemistry.

With these three concepts, őxation, recognition and coordination, the foundations of

supramolecular chemistry are laid.

łJust as there is a őeld of molecular chemistry based on the covalent bond, there is

a őeld of supramolecular chemistry, the chemistry of molecular assemblies and of

the intermolecular bondž. It is łchemistry beyond the moleculež, whose objects are

łsupramolecular entities, supermolecules possessing features as well deőned as those

of molecules themselvesž.

Supramolecular chemistry started with the selective binding of alkali metal cations

by natural as well as by synthetic macrocyclic and macropolycyclic ligands, the

crown ethers and cryptands. This led to the emergence of molecular recognition

as a new domain of chemical research that expanded over other areas and became

supramolecular chemistry. It underwent explosive growth with the development of

synthetic receptor molecules of numerous types for the strong and selective binding

of cationic, anionic or neutral complementary substrates of organic, inorganic or bio-

logical nature, by means of various interactions (electrostatic, hydrogen binding, van

der Waals, donor-acceptor). Molecular recognition implies the (molecular) storage

and (supramolecular) retrieval of molecular structural information.

Many types of receptor molecules have already been explored (crown ethers, cryptands,

spherands, cavitands, calixarenes, cyclophanes, cryptophanes, etc.). Still many others

may be imagined for the binding of complementary substrates of chemical or biolog-

ical signiőcance, for instance for the development of substrate speciőc sensors or for

the recognition of structural features in biomolecules (nucleic acid probes, affinity

cleavage reagents, enzyme inhibitors, etc.).

RESONANCE-75 Promoting Science Education6



Jean-Marie Lehn

The combination of recognition features with reactive functions generates supra-

molecular reagents and catalysts that operate in processes involving two main steps:

substrate recognition followed by its transformation into products. Because of their

relationship with enzymatic catalysis, they present protoenzymatic and biomimetic

features. By nature they are abiotic reagents, that may perform the same overall

processes as enzymes without following the same mechanistic pathways. More im-

portantly, they may also effect highly efficient and selective reactions that enzymes

do not perform. This represents a very important area for further development, that

may lead to a range of reactive receptor molecules combining substrate speciőcity

with high reactional efficiency and selectivity. Much work remains to be done that

should contribute very signiőcantly to the understanding of chemical reactivity and

to its application in industrial processes.

Suitably modiőed receptors act as carriers for the selective transport of various

types of substrates through artiőcial or biological membranes. Again, many further

developments may be envisaged, concerning for instance the construction of selective

membrane sensors or the transport of drugs through biological barriers which may

include targeting if suitable target-selective recognition groups are introduced.

Recognition, reactivity and transport represent the three basic functional features of

supramolecular species. (Figure 2).

Figure 2. From molecular

to supramolecular chem-

istry: molecules, super-

molecules, molecular and

supramolecular devices.
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Designing programmed
systems composed of
mixtures of instructed
components capable of
spontaneously forming
well-deőned superstruc-
tures represents a major
line of development of
chemistry in the years to
come.

A further important line of development concerns the design ofMolecular wires, ion car-
riers and channels repre-
sent entries into molecu-
lar photonics, electronics
and ionics, that deal with
the storage, the process-
ing and transfer of materi-
als, signals and informa-
tion.

supramolecular

devices built on photoactive, electroactive or ionoactive components, operating re-

spectively with photons, electrons and ions. Thus, a variety of photonic devices based

on photoinduced energy and electron transfer may be imagined. Molecular wires, ion

carriers and channels facilitate the ŕow of electrons and ions through membranes.

Such functional entities represent entries into molecular photonics, electronics and

ionics, that deal with the storage, the processing and transfer of materials, signals and

information at the molecular and supramolecular levels.

A whole őeld, at the interface with physics, microelectronics and microoptics lies

here, which has barely been explored and remains wide open, presenting such intrigu-

ing goals as storage (battery), ampliőcation, switching, rectiőcation, etc., devices.

The chemistry of molecular signal generation, processing, transfer, conversion and

detection, semiochemistry, touches upon both physical and biological signalization

processes.

The most recent developments concern the implementation of molecular information

and recognition as a means of controlling the evolution of supramolecular species as

they build up from their components. Thus, beyond the preorganization used in the

construction of molecular receptors, lies self-organization. It involves the design of

systems capable of spontaneously generating well-deőned supramolecular entities by

self-assembling from their components in a given set of conditions.

The information necessary for the process to take place and the programme that it

follows must be stored in the components and they operate via an algorithm based

on molecular recognition events. Thus, these systems may be termed programmed

supramolecular systems.

Self-assembly and self-organization have recently been implemented in several types

of organic and inorganic systems. By clever use of metal coordination, hydrogen

bonding or donor-acceptor interactions, researchers have achieved the spontaneous

formation of a variety of novel and intriguing species such as inorganic double and

triple helices, termed helicates, catenanes, threaded entities (rotaxanes), cage com-

pounds, etc. For instance, by the self-assembly of eleven particles, őve ligands of two

different types and six copper (I) metal ions, a closed, cage-like structure has been

obtained spontaneously and selectively in one stroke!

A further major development along these lines, concerns the design of molecular

species displaying the ability to form by self-replication. This has been realized using

components containing suitable recognition groups and reactive functions.

In a study of helicate self-assembly from a mixture of different ligands and different

metal ions, it has been found that only the ‘correct’ helical complexes are formed

through self-recognition. In a broader perspective, this points to a change in paradigm

from pure compounds to instructed mixtures, that is from seeking chemical purity

to designing programmed systems composed of mixtures of instructed components
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capable of spontaneously forming well-deőned superstructures. One may venture to

predict that this trend will represent a major line of development of chemistry in the

years to come: the spontaneous but controlled build up of structurally organized and

functionally integrated supramolecular systems from a preexisting ‘soup’ of instructed

components following well-deőned programs and interactional algorithms. Thus, the

study of self-processes represents an area of rapidly increasing activity.

In addition to dealing with the oligomolecular supermolecules, well-deőned species

resulting from the speciőc intermolecular association of a few components, supra-

molecular chemistry deals also with polymolecular assemblies formed by the spon-

taneous association of a large number of components into a speciőc phase (őlms,

layers, membranes, vesicles, micelles, mesophases, surfaces, solids, etc.). There lies

here a vast and fertile domain of research. Molecular recognition between comple-

mentary components provides means for directing the architecture of polymolecular

assemblies and for endowing them with novel properties, such as for instance the

selective binding of substrate molecules to layers and surfaces. It allows the design

and engineering of supramolecular materials, in particular of liquid crystalline and

of polymeric nature. For instance, the recognition- induced self-assembly of comple-

mentary components generates liquid crystalline ‘polymers’ of supramolecular nature.

A sort of supramolecular polymer chemistry is thus emerging and receiving more and

more attention.

Molecular recognition-directed processes also provide a powerful entry into supra-

molecular solid state chemistry and crystal engineering. The ability to control the

way in which molecules associate may allow the designed generation of desired

architectures in the solid state. Modiőcation of surfaces with recognition units could

lead to selective surface binding and to recognition-controlled adhesion.

The design of molecular information controlled ‘programmed’ systems represents new

horizons in materials engineering and processing towards ‘smart’, functional supra-

molecular materials, such as self-assembling nanostructures, organized and functional

species of nanometric dimensions that deőne a supramolecular nanochemistry.

It has become clear that the keyword of supramolecular chemistry is not size but infor-

mation. Supramolecular species spontaneously build up from their components and

accomplish complex tasks on the basis of the encoded information and instructions.

Thus, if sizewise łthere’s plenty of room at the bottomž as the celebrated aphorism of

Richard Feynman goes, through supramolecular chemistry łthere’s even more room

at the topž!

In chemistry, like in other areas, the language of information is extending that of

constitution and structure as the őeld develops towards more and more complex ar-

chitectures and behaviour. And supramolecular chemistry is paving the way towards

comprehending chemistry as an information science. In the one hundred years since

1894, molecular recognition has evolved from Emil Fischer’s łlock and keyž image

of the age of mechanics towards the information paradigm of the age of electronics

Supramolecular species
spontaneously build up
from their components
and accomplish complex
tasks on the basis of the
encoded information and
instructions.

Molecular recognition
has evolved from Emil
Fischer’s łlock and keyž
image of the age of
mechanics towards the
information paradigm of
the age of electronics and
communication.
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The challenge for chem-
istry lies in the devel-
opment of non-natural
systems displaying de-
sired structural features
and carrying out func-
tions other than those
present in biology with
(at least) comparable ef-
őciency and selectivity.

and communication. This change in paradigm will profoundly inŕuence our percep-

tion of chemistry, how we think about it, how we perform it. Instructed chemistry

extends from selectivity in the synthesis and reactivity of molecular structures to

the organization and function of complex supramolecular entities. The latter rely

on sets of instructed components capable of performing on mixtures, speciőc opera-

tions that will lead to the desired substances and properties by the action of built-in

self-processes.

Supramolecular chemistry has started and developed as deőned by its basic object, the

chemistry of the species generated by non-covalent interactions. Through recognition

and self-processes it has led to the concepts of (passive and active) information

and of programmed systems, becoming progressively the chemistry of molecular

information, its storage at the molecular level, its retrieval, transfer and processing at

the supramolecular level.

The outlook of supramolecular chemistry is toward a general science of informed

matter, bringing forward in chemistry the third component of the basic trilogy matter-

energy-information.

The progression from elementary particles to the nucleus, the atom, the molecule,

the supermolecule and the supramolecular assembly represents steps up the ladder of

complexity. Particles interact to form atoms, atoms to form molecules, molecules to

form supermolecules and supramolecular assemblies, etc. At each level novel features

appear that did not exist at a lower one. Thus a major line of development of chemistry

is towards complex systems and the emergence of complexity.

The highest level of complexity is that expressed in that highest form of matter, living

matter, life, which itself culminates in the brain, the plasticity of the neural system,

epigenesis, consciousness and thought.

Chemistry and notably supramolecular chemistry entertain a double relationship with

biology. Numerous studies are concerned with substances and processes of biological

or biomimetic nature. There has been a profound evolution by which the chemist

appropriates and diverts the power of the natural chemical processes of biology to

the goals of chemistry, for instance, in the use of enzymes as reagents, the generation

of catalytic antibodies, the control of gene expression, the development of molecular

diversity techniques, etc. Conversely, the scrutinization of biological processes by

chemists has provided understanding on a precise molecular basis and ways for acting

on them by means of suitably designed substances. Thus, the cultures of chemistry

and biology are intimately linked and coming closer and closer together.

On the other hand, the challenge for chemistry lies in the development of abiotic,

non-natural systems, őgments of the imagination of the chemist, displaying desired

structural features and carrying out functions other than those present in biology with

(at least) comparable efficiency and selectivity. Subject only to the constraints one

chooses to impose and not to those of the living organism, abiotic chemistry is free to
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invent new substances and processes. The őeld of chemistry is indeed broader than

that of the systems actually realized in nature.

The future path of chemistry will be shaped by both inside and outside forces. Its

evolution towards increasing diversity and towards increasing complexity also takes

biological phenomena as points of reference. The speciőcity of chemistry may

be stressed by comparing biology and chemistry with respect to these two basic

parameters, complexity and diversity. As presented in Figure 3, biology is of extreme

complexity, however the substances on which it is based belong to deőned classes,

and although tremendously rich are nevertheless limited in variety of types.

Chemistry, on the other hand, is still of very low complexity compared to biology

but its breadth, the diversity of its substances, is inőnite, being limited only by the

imagination of the chemist in endlessly combining and recomposing the basic bricks

of chemical architectures, thus őlling in the unlimited white area in the complexity-

diversity diagram.

Figure 3. A comparison

between chemistry and bi-

ology with respect to the

two parameters: complex-

ity and diversity/breadth.

The chemist őnds illustration, inspiration and stimulation in natural processes, as well

as conődence and reassurance since they are proof that such highly complex systems

can indeed be achieved on the basis of molecular components. One might say that

science, notably chemistry, relies on the biological world through an existence axiom;

the mere fact that biological systems and, in particular, we human beings exist,

demonstrates the fantastic complexity of structure and function that the molecular

world can present; it shows that such a complexity can indeed exist despite our

present inability to understand how it operates and how it has come about. So to say,

if we did not exist we would be unable to imagine ourselves! And the molecular world

of biology is only one of all possible worlds of the universe of chemistry, that await

to be created at the hands of the chemist.

With respect to the frontiers of life itself three basic questions may be asked: How?

Where? Why?

The őrst concerns the origin of life on earth as we know it, of our biological world.

The second considers the possibility of extraterrestrial life, within or beyond the solar

system. The third question wonders why life has taken the form we know; it has as

corollary the question whether other forms of life can (and do) exist: is there ‘artiőcial

life’?; it also implies that one might try to set the stage and implement the steps that

would allow, in a distant future, the creation of artiőcial forms of life.

Such an enterprise, which one cannot (and should not) at the present stage outline in

detail except for initial steps, rests on the presupposition that there may be more than

one, several expressions of the processes characterizing life. It thus invites one to the

exploration of the frontiers of other lifes and of the chemical evolution of living worlds.

Questions have been addressed about which one may speculate, let one’s imagination

wander, perhaps even set paths for future investigations. However, where the answers

lie is not clear at present and future chemical research towards ever more complex

Chemistry is still of very
low complexity com-
pared to biology but its
breadth is inőnite, being
limited only by the imag-
ination of the chemist
in endlessly combining
and recomposing the ba-
sic bricks of chemical ar-
chitectures.

RESONANCE-75 Promoting Science Education 11



Jean-Marie Lehn

Chemistry is also an art
in its very essence, by its
ability to invent the future
and to endlessly recreate
itself.

systems will uncover new modes of thinking and new ways of acting that we at present

do not know about and may even be unable to imagine.

The perspectives are deőnitely very (too?) wide and it will be necessary to distinguish

the daring and visionary from the utopic and illusory! On the other hand, we may

feel like progressing in a countryside of high mountains: the peaks, the goals are

visible and identiőable or may become so as progress is made, but we do not yet know

how to reach them. We may őnd landslides, rockfalls, deep crevices, tumultuous

streams along the way, we may have to turn around and try again, but we must be

conődent that we will eventually get there. We will need the courage to match the

risks, the persistence to őll in the abyss of our ignorance and the ambition to meet

the challenges, remembering that łwho sits at the bottom of a well to contemplate the

sky, will őnd it smallž (Han Yu, 768ś824).

But to chemistry, the skies are wide open, for if it is a science, it is also an art. By the

beauty of its objects, of course, but also in its very essence, by its ability to invent the

future and to endlessly recreate itself.

Like the artist, the chemist engraves into matter the products ofThe chemist creates orig-
inal molecules, new ma-
terials and novel prop-
erties from the elements
provided by nature ś in-
deed entire new worlds.

creative imagination.

The stone, the sounds, the words do not contain the works that the sculptor, the

composer, the writer express from them. Similarly, the chemist creates original

molecules, new materials and novel properties from the elements provided by nature,

indeed entire new worlds, that did not exist before they were shaped at the hands of

the chemist, like matter is shaped by the hand of the artist-scientist-engineer.

Indeed chemistry possesses this creative power as stated by Marcelin Berthelot łLa

chimie crée son objetž. (łChemistry creates its objectž). It does not merely fabricate

objects, but creates its own object. It does not preexist, but is invented as progress is

made. It is not just waiting to be discovered, but it is to be created.

The essence of chemical science őnds its full expression in the words of that epitome

of the artist-scientist Leonardo da Vinci: ł. . . dove la natura őnisce di produrre Ie

sue spezie, l’uomo quivi comincia con le cose naturali, con l’aiutorio di essa natura,

a creare inőnite spezie. . . ž. (łWhere nature őnishes producing its own species, man

begins, using natural things and with the help of this nature, to create an inőnity of

species. . . ž).

The essence of chemistry is not only to discover but to invent and,The essence of chemistry
is not only to discover but
to invent and to create.

above all, to create.

The book of chemistry is not only to be read but to be written! The score of chemistry

is not only to be played but to be composed!
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Science Smiles

R K Laxman

I have invented a wonder drug for the disease yet to be

discovered, doctor!

Reproduced with permission from Resonance, Vol.1, No.10, p.3, 1996.
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My dear young friend

I am really glad to have this opportunity to write to you, specially about a subject

in which I have worked for half a century. When I was your age, if somebody had

told me that I would be working in chemistry of materials most of my life, I would

not have believed it. At that time, chemistry of materials meant studying something

about cement, steel, sand and asbestos. It was indeed dull. I never did well in

school and college exams on questions related to this subject. Much later in my

life, I got greatly interested in the subject for various reasons. First, in my study of

chemistry, I was inŕuenced by Linus Pauling who is my academic grandfather. His

book titled ‘Nature of the Chemical Bond’ which I read when I was young made a

great impression. It taught me how the structure of molecules and materials is an

extremely important aspect of chemistry, and how the understanding of structure and

bonding provides a basis to understand chemistry and to do new chemistry. It is

because of this terriőc inspiration that I started studying chemistry. It was clear at

the end of my undergraduate career that I wanted to be a chemist.

It was at Purdue University when I was őnishing my work for the PhD degree (around

1957), that a friend of mine came to me with a sample of spectroscopically pure

TiO2. łWhat is the structure of this?ž, he asked me. He thought that it had the rutile

structure. łWhy don’t we determine the structure?ž, I asked. He wanted me to do

this for him. I took the X-ray diffraction pattern with the diffractometer in the physics

department and found that it had the anatase structure which is the other form of

TiO2. We spent some time to investigate when and how pure anatase transforms to

the rutile structure. This is one of the early papers on solids that I published. My

interest in the subject continued as I started looking at papers of a similar nature and

started publishing little notes here and there. Then I thought that I should study the

chemistry of solids more, to understand their transformations, properties and other

aspects. Thus, my early work as an independent researcher related to such things

as structural transformations in oxides, halides, etc., decomposition and oxidation

of solids, and properties of solids such as electrical conductivity as a function of

composition. As time went on, my interest in the subject increased because of the way

the subject transformed.

The story of Chemistry of Materials is quite interesting. It is not as if chemists straight

away started working on the subject as we understand it today. It has taken quite

∗Reproduced with permission from Resonance, Vol.16, No.12, pp.1110ś1119, 2011.

First appeared in Resonance, Vol.14, No.5, pp.508ś517, 2009.
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some time for the subject to develop to the present stage. In the 1950s, very few

chemists were working in an area which was known as Solid State Chemistry. Most

of the solids were inorganic. The prime concern at that time was to understand what

we meant by stoichiometry. The problem was the following. There are compounds

like NaCl which were easy to understand, with one Cl for every Na. But, there are

also other compounds which have unusual compositions such as Pr6O11 and Ti4O7.

If we assign a charge or oxidation state of ś2 to oxygen, Pr and Ti will end up with

non-integral charges or oxidation states. How does one rationalize compositions

of this kind? This was a big puzzle for chemists. There were people who thought

that compounds were not necessarily stoichiometric. Then, how does one explain the

absence of simple stoichiometry? It was only in the late 1960s that we understood that

such unusual compositions arose because of new types of structural manifestations

in solids. They were not due to the presence of defects like vacancies. The subject

of solid state chemistry gained maturity by the 1960s. You will be surprised to know

that there were no journals to publish research papers in solid state chemistry at that

time. It was only in 1968 that the őrst journal devoted to solid state chemistry was

established. (Today, we have several journals dealing with chemistry of materials).

As time went on, people worked on many aspects of solid materials particularly metal

oxides of various kinds. Then started intense activity in other classes of materials,

including organics.

It is no surprise that in the last few years, the two main streams of chemistry are

directed towards biology and advanced materials. It is also not difficult to understand

why chemists are getting more and more interested in materials. After all, the quality

of life of human beings is directly related to the availability of materials of various

kinds. When I say materials, these are not just common materials such as wood,

coal, cement and steel, but the vast variety of materials required for electronics,

computers, transportation, energy, etc. Materials chemistry encompasses all kinds

of materials, organic, inorganic and biological. Materials chemistry deals with

materials of all kinds and in all states of matter (Figure 1). They can be glassy,

they can be crystalline, they can be liquids, they can be soft solids and they can be

hard. The materials may have one of many properties, be they electronic, magnetic,

dielectric, mechanical, adsorptive or catalytic. Tailor-making materials with desired

or controllable properties is one of the prime objectives of materials chemistry today.

I mentioned that metal oxides have constituted a major area of work in the chemistry

of materials. You may ask why metal oxides? Metal oxides form a class with the

widest range of properties. There are oxides which conduct like metals, and there are

oxides which are superconductors. There are also oxides which are the best insulators

or dielectrics. Some oxides are magnetic. Metal oxides, therefore, have occupied the

attention of solid state chemists in a big way. Chemists have synthesized oxides of

various structures and properties. I remember in the 1960s, an oxide of rhenium,

ReO3, was made. ReO3 looks like copper and conducts electricity like copper. It

made big news. Soon, many other materials of this kind were discovered. There are
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Figure 1. What consti-

tutes materials chemistry.MOLECULAR CHEMISTRY

SUPRAMOLECULAR CHEMISTRY

CHEMISTRY
PHYSICS

MATERIALS CHEMISTRY

BIOLOGY THEORY/COMPUTATION

also metal oxides which are metallic like copper at certain temperatures and become

insulators like wood at lower temperatures. Such properties aroused much interest in

me and others.

The culmination of the interest of chemists in metal oxides was when high-temperature

superconductivity was discovered. This was in late 1986. Till then, the highest super-

conducting transition temperature known to us was 23 Kelvin. In December 1986, it

was announced that there was an oxide containing copper which became supercon-

ducting around 35 Kelvin. It broke the 23 Kelvin barrier and created a big sensation.

People all over the world started working on superconductors. Chemists contributed

in a big way by making a variety of oxides with superconducting properties. The őrst

attempt in 1987 was to make an oxide which became superconducting at or above

liquid nitrogen temperatures (i.e., above 77K). Soon, YBa2Cu3O7 with a transition

temperature of around 90K was discovered. I am glad to have been part of that

effort. I have not seen in my life any discovery that has caused greater sensation than

high-temperature superconductivity. Thousands of papers have been published on

the subject and it has consumed nearly two hundred thousand pages of journal space.

The highest transition temperature that we have attained for superconductivity to date

is around 135 Kelvin. It is an oxide containing copper, mercury, and barium. If one

applies high pressure on it, it becomes superconducting around 165 Kelvin. I am told

that somewhere in the world, room temperature is around 160 or 170 K. If so, this ma-

terial will be a room-temperature superconductor at that place. Ordinarily, in places

like where you and I live, we still do not have a room-temperature superconductor. It

will be wonderful if somebody can discover superconductivity at room temperature.

It would change the world. (Can you guess why?).
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Table 1. Materials can be

inorganic or organic.
Inorganic Organic

Semiconductors Semiconductors

Metals Metals

Superconductors Superconductors

Magnets Magnets

Ferroelectrics Ferroelectrics

Non-linear optical materials Non-linear optical materials

Although I have mentioned only metal oxides till now, there are many other classes of

inorganic solids such as nitrides and sulphides which exhibit fascinating properties

and have immense applications. For example, GaN on excitation gives blue light.

If one mixes yellow light with it using a phosphor, we get white light. This is

the methodology used for solid-state lighting. In the last two to three decades,

organic materials have gained great importance. People have generated organic

compounds which conduct like metals. Some also exhibit superconductivity. There

are organic magnets. Thus, there are organic materials which exhibit properties

similar to inorganic materials (Table 1). Studies of solid state reactions involving

organics and the development of the principles of crystal engineering have given rise

to a new facet of materials chemistry. It will be of great interest if one can work on

materials which have both organic and inorganic parts, what you might call hybrid

materials. Properties and phenomena associated with hybrid materials would be

most exciting. In the meantime, let me mention something about polymers.

Polymers of various kinds are known. There are structural polymers with high

mechanical strength. They are being used everywhere and they can replace steel and

other construction materials. Polymers which have unusual electronic and optical

properties have been made. There are polymers which give out blue light on excitation,

somewhat like gallium nitride. Polymers have been used to make transistors. Novel

polymeric devices such as solar photovoltaic cells and transistors have also been

made. Polymer electronics or plastic electronics has, in fact, become an important

area in the chemistry of materials.

Materials chemistry today makes use of all the advances of chemistry, and tools of

chemistry. It applies all available synthetic, structural and theoretical tools. It makes

use of novel strategies such as supramolecular organization and self assembly. It

uses biological principles and processes. Let me tell you something that may interest

you. As you know, Nature makes hundreds of tons of silica every year. It would be

nice to know how Nature makes so much silica under neutral pH. People have found

that Nature uses a speciőc protein to hydrolyze silicon compounds to produce silica.

Similarly, people have been interested to know how sea shells are made. Sea shells

are composed of calcium carbonate. Nature őnds the right kind of proteins to build

the beautiful shell structures by arranging bricks of calcium carbonate. Some of these
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Table 2. Some recent dis-

coveries.
1985 Ð Fullerenes

1986 Ð High-temperature superconductivity

1991 Ð Carbon nanotubes

1992 Ð Mesoporous solids

1993 Ð Colossal magnetoresistance in rare earth manganites

2005 Ð Graphene

shells make use of calcium carbonate, not in the normal calcite structure, but in the

metastable aragonite structure.

As you can guess by now, the subject of materials chemistry is becoming more and

more interdisciplinary. To really contribute to it, one has to know a fair amount of

chemistry and physics, and where necessary some biology. Those who do theoretical

and computational work will also require some expertise in mathematics and with

computers. This is what makes the subject attractive to me. Important contributions

in materials have actually come from such an interdisciplinary approach. I mentioned

about superconductivity earlier. It was considered to be a topic in physics, but today

after the discovery of higher-temperature superconductivity, it has become part of

chemistry as well. In fact, chemistry got its due recognition in the area of materials

after the advent of high-temperature superconductivity. In the last few years, many

unusual compounds of iron and cobalt have been made by chemists which are found

to show superconducting properties.

An important point to remember is that science progresses continuously. This is very

much true of materials chemistry. Periodically, there are new discoveries of materials

or methods that revolutionize the subject, and change the very direction of the subject

(Table 2). Let me give a couple of examples. If you remember, in the year 1985,

fullerenes C60 and C70 were discovered. They were actually made in the laboratory

in the year 1990. Soon after it became possible to make fullerenes in the laboratory,

a large number of chemists made use of fullerenes in materials design. Fullerenes

are being used in a variety of situations. An extended form of fullerene is the carbon

nanotube. Carbon nanotubes were discovered in the year 1990 and they have become

important materials because of their high mechanical strength and other important

properties.

There is another phenomenon that I would like to mention. This phenomenon is

colossal magnetoresistance. Let me explain what magnetoresistance is. If you mea-

sure the electrical resistance of a material at some temperature, you get some value.

Then you apply a magnetic őeld. The magnetic őeld may decrease or increase the

resistance of the material. This increase or decrease in resistance due to a magnetic

őeld is called magnetoresistance. If a material exhibits large magnetoresistance at

ordinary temperatures, on applying a small magnetic őeld, it will have tremendous

applications in computers and other areas. One of the major discoveries in 1993
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was the observation of very high or colossal magnetoresistance in certain oxides of

manganese. This subject has given rise to considerable amount of research. You can

again see how oxides are important.

Another class of oxide materials called multiferroics is causing great interest in

academia as well as in industry. What are multiferroics, you may ask. As you know,

some materials are magnetic while some others may show a maximum in dielectric

constant at some temperature. Ferromagnetic materials show hysteresis when mag-

netization is plotted against magnetic őeld. Some of the dielectrics (ferroelectrics)

exhibit spontaneous polarization on application of an electric őeld and the polariza-

tion shows hysteresis with respect to the electric őeld. A material possessing such

magnetic and dielectric properties simultaneously is called a multiferroic. What

would be interesting is if one can őnd a material which shows electric polarization

on the application of a magnetic őeld, or show magnetism on the application of an

electric őeld. Such a material would be even more interesting. There is considerable

activity all over the world to discover new materials which exhibit such properties.

Porous solids are of great use for adsorbing gases and vapors as well as in catalysis.

Don’t forget that zeolites are used commonly in various catalytic applications. Zeolites

have channels where only molecules of a particular size (and shape) can get in. Solids

with micro-, nano- and meso-pores have been made in the last two decades or so.

In recent years, compounds with structures similar to zeolites have been made based

on metal phosphates, carboxylates and sulfates. Metal carboxylates are specially

interesting since they contain both organic and inorganic components. They are

hybrid materials. There is much to be done on hybrid materials wherein we use the

functionality and ŕexibility provided by the organic part along with the rigidity of the

inorganic units (see Figure 2 for example). One of the useful properties of some of

these compounds is their ability to adsorb hydrogen.

In the last few years, nanoscience has become a favourite subject. (Remember a

nanometer is 10-9 meter or 10 Angstroms). In nanoscience, a high percentage of

the work relates to chemistry. Chemistry of nanomaterials which includes synthesis,

self-assembly and other aspects is an important aspect of nanoscience. In the last few

years, people have made nanomaterials with different dimensionalities ś nanorods,

nanowires, nanotubes, nanodots and nanoparticles of a large number of inorganic

materials (Figure 3). Chemical methods have become essential to make most of

the nanomaterials and it appears that we can make almost any material in nanoform

by employing an appropriate method. A unique feature of nanomaterials is that size

determines their properties. In the nanoregime, new properties manifest themselves

due to quantum effects. Nanomaterials have been characterized in various ways,

specially by using a variety of microscopes. Many applications of nanomaterials

have become possible already. Nanoelectronics still poses many problems. One

challenge would be to incorporate nanoscience with molecular electronics for possible

applications.
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Figure 2. A simple three-

dimensional hybrid metal

carboxylate.

There are many more materials of equal interest both from the inorganic and organic

chemical world. There are several fascinating biological materials. Chemists have

tried to mimic biology or őnd substitutes for natural materials such as bone and the

spinal cord. There are several other aspects in biology that have directly inŕuenced

the practice of materials chemistry. In addition to solid materials, there is much

activity in areas dealing with gels, liquid crystals and such soft materials. Chemistry

of amorphous or glassy materials is a vast subject by itself.

I trust that I have been able to give you a ŕavor of materials chemistry. To be good

at it and do something useful, is not only exciting but also demands various types of

abilities as I had mentioned earlier. What is really nice is the following. If creativity

and innovation are important aspects of science, and necessary needs of society, then

materials chemistry has a special place since it requires extraordinary creativity and

innovation. One is always creating new materials that didn’t exist before. One is

őnding new properties not looked at before. This fascinates me. Whatever I have tried

to do involves creating new materials and looking at novel phenomena. I hope that

the subject interests you and other young people. A capable young scientist working

in this area can contribute to many aspects which directly deal with the quality of
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Figure 3. Nanomaterials. life. Coming to the quality of life, let me say one or two words. Look at the present-

day problems of mankind. The pressing problems today have to do with energy,

climate and so on. In some countries, safe drinking water is not available. The only

way we can solve the problem of energy is by őnding the right kinds of materials

for beneőciating solar energy and storing hydrogen as well as by designing better

batteries and fuel cells. Let us remember that a compound that can store hydrogen

upto 6 wt% can be used in a hydrogen fuel cell to run automobiles. All this can happen

only with the contribution of materials chemists. Even producing safe drinking water

has a component of materials chemistry. One may like to use certain nanomaterials

and new kinds of őlters for the purpose. I believe, therefore, that there is unlimited

scope and unlimited opportunities to contribute to science and serve mankind through

materials chemistry.

I can go on and on, but I must stop. You must realize that there are so many classes of

materials and so many varied aspects related to them. I cannot possibly mention it all

in a little letter, but I hope that this letter has been sufficient to tell you why people do

chemistry of materials and how interesting it can be because of its interdisciplinary

and futuristic nature. I do hope to see you one of these days. If you ever decide to
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work in chemistry of materials, do write to me. You are most welcome to spend some

time in my laboratory.

With affectionate good wishes,

Yours sincerely,

(C.N.R. Rao)

National Research Professor and

Linus Pauling Research Professor

Jawaharlal Nehru Centre for Advanced

Scientiőc Research

Jakkur P.O., Bangalore - 560 064, India

Phone: + 91 80 23653075/22082761

Fax: + 91 80 22082760

Email: cnrrao@jncasr.ac.in

Webpage: http://www.jncasr.ac.in/cnrrao

PS: I forgot one thing. Theory and computation have succeeded immensely in the last

decade or so in predicting the structure and properties of molecules and materials.

So, if one does not like to make or measure, one can calculate or simulate.

If you and your friends want to read a book that may give an introduction to materials

chemistry, I suggest, ‘New Directions in Solid State Chemistry’ by C N R Rao and J

Gopalakrishnan, Cambridge University Press (available as a paper back).

łThe devil may write chemical text books because every few years, the whole thing

changes.ž

ś Berzelius (1779ś1849)
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Science Smiles

R K Laxman

How on earth are we to track if the

villagers are going to use it for cooking!

Reproduced with permission from Resonance, Vol.1, No.4, p.4, 1996.
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Conversion of sunlight to electricity with high conversion efficiencies at low cost

is possible with emerging photovoltaic technologies. Organicśinorganic halide

perovskite, a newcomer in the solar cell industry has proved its potential for

increasing efficiency rapidly from 3.8% in 2009 to 22.1% in 2016. High efficiency,

ŕexibility, and cell architecture of the emerging hybrid halide perovskite have

caught the attention of researchers and technologists in the őeld. This article

focuses on the emergence, properties, and current research status of hybrid

perovskite solar cells.

1. Introduction

Gradually, primary energy resources such as fossil fuels, coal, and natural gas are

depleting, while the global energy consumption is increasing. Solar energy, along

with wind, biomass, tidal, and geothermal sources is emerging as an answer to our

energy-starved planet. These renewable energy resources are freely available in

nature, are non-polluting, and help in reducing global CO2 emissions. The impact of

industrialization, global warming, and their effects on the environment are discussed

in detail in the őrst part of the series of articles ś ‘Challenges in the Quest for Clean

Energies’ [1]. Out of the mix of available sources of energy, solar energy is the

cleanest and the most abundant (Figure 1). Conversion of solar energy into electricity

by photovoltaic solar cells is one of the most promising approaches to cope with the

current energy shortage. Second part of the series ś ‘Challenges in the Quest for

Clean Energies’ is focused on different solar technologies and materials that can be

used to make an efficient photovoltaic (PV) cell [2].

Available PV cells can be broadly classiőed into őrst, second, and third generation

solar cells. First generation cells are basically silicon based crystalline cells while

second generation cells are thin őlm based, and third generation cells comprise new

emerging technologies (Figure 2).

Solar cells used for power generation must possess certain characteristics like high

efficiency, low cost of raw materials, simple fabrication technique, ease of solar panel

installation, and long-term stability. Unfortunately, there is not yet a device that can

simultaneously meet all the above requirements.

First and second generation solar cells have high efficiency and stability except for

the amorphous silicon solar cells. However, they also possess some disadvantages.

Majority of these solar cells employ high-efficiency silicon-based materials which are

∗Reproduced with permission from Resonance, Vol.22, No.11, pp.1061ś1083, 2017.

Keywords

Photovoltaic technologies, solar

cell, perovskite, conversion effi-

ciency.
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Figure 1. Different re-

newable energies. Sizes

of the blobs indicate rel-

ative abundances.

Figure 2. Classiőcation

of solar cells.

expensive. The scarcity of indium which is used in copper indium gallium silicon

(CIGS) solar cells is a potential challenge for the widespread use of these cells. The

toxicity of cadmium and the low earth abundance of tellurium are often regarded as

the drawbacks of cadmium tellurium (CdTe) solar cells.

In the recent years, research has focused on the development of cost-effective and

feasible non-silicon solar cell technologies. The new (third) generation solar cells

are primarily organic solar cells, dye sensitized solar cells (DSSCs), quantum dots,

conjugated polymers, and perovskites. Perovskite-based photovoltaics is still a nascent
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Figure 3. Structure of

(A) perovskite (ABX3)

and (B) mineral perovskite

(CaTiO3).

Perovskite-based photo-

voltaics is still a nascent

technology. However, the

distinct properties of per-

ovskites such as high ab-

sorption coefficient, tun-

able band gap, longer car-

rier diffusion length, and

the rapid increase in ef-

őciency, makes it a very

interesting technology.

technology. However, the distinct properties of perovskites such as high absorption

coefficient, tunable band gap, longer carrier diffusion length, and the rapid increase in

efficiency, makes it a very interesting technology. A considerable amount of research

is being carried out in this őeld.

2. Perovskite: Structure

Perovskite is calcium titanium oxide (CaTiO3) mineral. It was discovered in 1839 in

the Ural Mountains of Russia and named after the Russian mineralogist L A Perovski.

Generically, the term perovskite is used for the class of ABX3 compounds which have

the same crystal structure as CaTiO3. Structure of perovskite was őrst described by

Victor Goldschmidt in 1926.

Figure 3 depicts the structure of mineral perovskite. The general chemical formula

of perovskite is ABX3, where ‘A’ and ‘B’ are cations of different sizes, and ‘X’ is

an anion that bonds with both the cations. ‘A’ ions are larger than ‘B’ ions. In the

ideal form, the crystal structure of cubic ABX3 perovskite consists of corner-sharing

[BX6] octahedra with the ‘A’ cation surrounded by twelve ‘X’ anions. It can also be

equivalently described as a cube with ‘A’ cations at the corners, ‘X’ anions at the face

centers, and ‘B’ cations at the body center. Here ‘A’ can be Ca, K, Na, Pb, Sr or some

rare earth metals. ‘B’ corresponds to a metal cation with coordination number six,

and ‘X’ is an anion like oxide or halide. The oxidation states are such that the formula

unit is neutral. The ideal cubic perovskite structure is not very common, and also the

mineral perovskite itself is slightly distorted. Because of this distortion, perovskite

materials exhibit many different properties such as ferromagnetism, ferroelectricity,

multiferrocity, colossal magneto-resonance, and superconductivity to name a few.

The materials with perovskite structure are widely studied in solid state chemistry and

materials science. With the invention of perovskite solar cells, they have also entered

the őeld of photovoltaics.

The ideal cubic per-

ovskite structure is not

very common, and also

the mineral perovskite it-

self is slightly distorted.
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The ability of halide per-

ovskite to convert elec-

tricity to light was ini-

tially discovered in 1990

in the LED conőguration

while light to electricity

conversion was reported

almost two decades later.

Figure 4. Organicś

inorganic halide per-

ovskite.

The őrst organicśinorganic halide perovskite was discovered by Weber by replacing

cesium in CsPbX3 with methylammonium cations. Figure 4 represents the structure

of organic-inorganic halide perovskite. The most efficient perovskite solar devices

so far have been produced with the following combination of materials in the usual

perovskite form ABX3:

A = An organic cation such as RNH+
3

where R is an alkyl, phenethyl, etc. Methylammonium

(CH3NH3)+ is commonly used.

B = A large inorganic cation such as lead (Pb) or tin (Sn) in +2 oxidation state.

X = A slightly smaller halide ion such as iodide (I−), bromide (Br−) or chloride (Cl−).

The inorganic (BX2) and organic (AX) layers are stacked alternately. The inorganic

layers are covalently bonded in-plane, while the van der Waals force between the

organic layers exists perpendicular to the inorganic layers.

3. Emergence of Perovskite Solar Cells: Evolution to Revolution

The ability of halide perovskite to convert electricity to light was initially discovered

by Mitzi and group in 1990, in the light emitting diode (LED) conőguration. The

reverse, i.e., light to electricity conversion was reported almost after two decades.

Basically, perovskite solar cell has evolved from dye sensitized solar cells (DSSCs).

The evolution of perovskite solar cells [3] is schematically represented in Figure 5.
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Figure 5. Evolution

of perovskite solar cell

(Source: Christopher

Case, EU PVSEC 2014,

Amsterdam, NL).

3.1 Dye Sensitized Solar Cell (DSSC)

Typical DSSC consists of mesoporous n-type titania sensitized with a light absorbing

dye in a redox active electrolyte. Porous titania provides a greater internal surface area

to the excited dye molecule for efficient electron transfer to its conduction band. The

őlm thickness of the dye of the order of 10 𝜇m is required for complete absorption

over the absorbing range.

3.2 Solid State Dye Sensitized Cell (SSDSC)

In SSDSC cell, a solid hole conductor is used instead of liquid electrolyte, and the

őlm thickness is reduced to 2 𝜇m. The hole conductor is typically made from a

wide band gap material such as spiro-OMeTAD or semiconducting polymers such as

PEDOT or P3HT (see Figure 6 for their structure). SSDSCs are in principle, more

industrially compatible than standard DSSCs because they do not contain corrosive

liquid electrolyte, which requires careful packaging.

3.3 Extremely Thin Absorber (ETA) Perovskite Cell

As an alternative approach, thin őlm semiconductor active layers and quantum dot lay-

ers are also in vogue. These enable complete light absorption in much thinner layers

while at the same time pushing the photosensitivity further into near infrared (NIR)

range. This alternative approach was the motivation to őnd more efficient light sensi-

tizers for DSSCs. Miyasaka’s group at the University of Tokyo, Japan, reported the őrst

perovskite solar cell using organometallic perovskite and liquid electrolyte in 2006.
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Figure 6. Materials used

to make hole conductors

for SSDSC.

An efficiency of 2% was achieved in this cell. Power conversion efficiency (PCE) of

0.4% was reported with a solid state electrolyte. The őrst peer-reviewed report for

perovskite-sensitized solar cell was published in 2009. In this series, CH3NH3PbI3

absorber in an iodide/triiodide redox couple achieved an efficiency of 3.5%. N G Park

and co-workers at Sungkyunkwan University, Korea, achieved an improved efficiency

of 6.5% by optimizing the titania surface morphology and perovskite processing.

The major drawback in the liquid electrolyte based perovskite-sensitizedMethylammonium tri-

halogen plumbates, being

relatively insoluble in

non-polar organic sol-

vents, paved the way for

realizing őrst perovskite

sensitization and made

subsequent inőlling with

organic hole conductor

possible.

solar cell

was the dissolution and decomposition of perovskite in the liquid electrolyte. As

a consequence, these solar cells exhibited poor stability and would degrade within

minutes. The solution to this problem was in the adoption of solid state hole transport

medium in place of liquid electrolyte as was originally attempted by Kojima and co-

workers in 2006. Methylammonium trihalogen plumbates, being relatively insoluble

in non-polar organic solvents, paved the way for realizing őrst perovskite sensitization

and made subsequent inőlling with organic hole conductor possible. The primary

advantage of perovskite absorbers over dyes is their stronger absorption over a broader

range, enabling greater and broader light absorption in őlms as thin as 500 nm.

3.4 Meso-Super Structured Cell (MSSC)

Henry Snaith further investigated meso-super structured cells (MSSC) to understand

the charge-transport properties of perovskite-sensitized solar cells. He noticed that

the charge extraction rates were signiőcantly faster for perovskite-sensitized cells

compared to conventional DSSCs. Furthermore, he constructed solar cells replacing

the mesoporous TiO2 with insulating mesoporous Al2O3 with a very similar meso-

morphology; the primary intention being to elucidate the mechanism of electron

transport through the perovskite phase and őnd out whether the mesoporous TiO2 is

required at all. Surprisingly, not only was the charge transport faster and the photocur-

rent unaffected when the insulating Al2O3 replaced the TiO2, the open-circuit voltage

increased by 200 to 300 mV, leading very quickly to an efficiency of 10.9%. This in-

dicated that perovskite could also act as an absorber rather than being just a sensitizer.
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3.5 Perovskite Thin Film Cell

A planar device made using perovskite via vapor deposition achieved an efficiency of

15%. This categorically conőrmed the ambipolar nature of perovskite, i.e., compara-

ble electron and hole mobility in these systems.

4. Preparation of Perovskite Solar Cell

The perovskite solar cells can be prepared quite easily by the solution process. A

simple, low-cost technique like spin-coating can be employed. But the drawback in

this solar cell processing is that the complete processing has to be carried out in a

glove box under a controlled atmosphere, without exposing the cell to moisture.

For the synthesis of active perovskite layers, different thin őlm deposition techniques

such as one-step precursor solution deposition, two-step sequential deposition, dual-

source vapor deposition, vapor assisted solution process, and sequential vapor depo-

sition approaches are reported. In one-step coating, iodide perovskite is produced by

őrst reacting equimolar CH3NH2 and HI in an appropriate solvent. The white precip-

itate obtained is washed with diethyl ether and őnally dried in vacuum for about 24 h

at 60 oC. The synthesized CH3NH3I is then mixed with PbI2 in a 1:1 molar ratio in

𝛾-butyrolactone at 60 oC. This solution can be used for coating to make the perovskite

solar cells [4]. For two-step coating method, PbI2 is őrst introduced into the TiO2

nanopores by spin-coating a solution of PbI2 in N, N-dimethylformamide (DMF)

at 70 oC. The layer thus formed is immersed in CH3NH3I solution [5]. Figure 7

illustrates perovskite active layer coating by spin-coating technique. For making

chloride/iodide mixed halide perovskites, PbCI2 is used along with CH3NH3I [6].

Figure 7. Schematic rep-

resentation of preparation

of perovskite solar cell by

solution process.

A planar device made

using perovskite via va-

por deposition achieved

an efficiency of 15%, cat-

egorically conőrming the

ambipolar nature of per-

ovskite.
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Properties of the solvent, additives,Properties of the solvent,

additives, annealing and

processing temperatures,

and environments have a

profound impact on the ő-

nal őlm quality.

annealing and processing temperatures, and en-

vironments have a profound impact on the őnal őlm quality. Lower annealing tem-

perature results in poor őlm convergence while higher annealing temperature causes

decomposition of the active layer. Optimum annealing condition is reported to be

slow annealing at 100 oC forming particles of 100ś1000 nm.

5. Perovskite Solar Cells: Device Architecture

Operating mechanisms of the organometal halide perovskite solar cells are of great

interest. When the perovskite solar cell was őrst discovered, it was a TiO2 sensitized

cell. So, it was natural to believe that electron injection to the wide band gap metal

oxide was the main transport pathway. However, the observation of signiőcant effi-

ciencies in perovskite solar cells with neither electron nor hole transporting materials,

or even in thin őlm conőguration indicated that in perovskite solar cells the operating

mechanism was quite different from that of DSSCs. These results strongly point to

the coexistence of photo-generated electrons and holes in CH3NH3PbX3 absorber

material and that they travel to the selective contacts where they are separately col-

lected. The device architecture of perovskite solar cell is shown in Figure 8 (A).

The proper band alignments between spiro-OMeTAD and perovskites as well as be-

tween perovskites and TiO2 make both spiro-OMeTAD and TiO2 good candidates for

carrier transportation. When photoexcited, electrons and holes are generated at the

conduction bands (CBs) and valence bands (VBs) of a perovskite respectively. The

electrons will move to the CB of TiO2, while the holes will move to the VB of the

hole transport material (HTM) layer (as illustrated in Figure 8 (B)).

Figure 8. (A) Perovskite

solar cell, and (B) Work-

ing of perovskite solar

cell.
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Figure 9. Optical absorp-

tion of different materials

[7].

6. Perovskite Solar Cell: Properties

6.1 High Optical Absorption

The absorber layer is the heart of the solar cell. Figure 9 Organicśinorganic hy-

brid perovskite absorber

materials have a direct

band gap with high

absorption coefficient.

depicts absorption coefficient

of different solar absorber materials. Organicśinorganic hybrid perovskite absorber

materials have a direct band gap with high absorption coefficient. This property allows

the absorber őlm to be as thin as several hundred nanometers for light harvesting,

while in traditional CIGS and silicon based solar cells, the őlm thickness required are

usually a few micrometers and a few hundred micrometers, respectively.

The mechanisms of optical absorption for the őrst generation, second generation,

and perovskite-based solar cell absorbers are shown schematically in Figure 10. The

őrst generation absorber (silicon) is an indirect band gap semiconductor. This means

that the momentum of the electron at the top of the VB is not the same as the

momentum at the bottom of the CB. A transition between these levels is forbidden,

and it becomes weakly allowed only because lattice vibrations also participate in

the excitation. Hence, the transition probability between the VB and CB extrema

is about two orders of magnitude lower than in those of direct band gap materials.

Thus, for the same number of photons to be absorbed per unit area, the thickness of

the absorber layer of an indirect band gap material needs to be about two orders of

magnitude more than that of direct band gap materials. This leads to an increase in

the cost of material required for an indirect band gap semiconductor based solar cell,

operating at the same efficiency as a direct band gap material based solar cell. The

second-generation absorber (such as GaAs) and halide perovskite (CH3NH3PbI3) are

direct band gap materials, and thus their optical absorption is much stronger than
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Tailoring the band gap of

the light absorber in solar

cells is important in de-

signing a device architec-

ture for maximizing the

absorption of sunlight.

Figure 10. The schematic

optical absorption of ma-

terials used in (A) őrst-

generation, (B) second-

generation, and (C) halide

perovskite solar cell ab-

sorbers [8]. The orbitals

involved in the initial and

őnal states are indicated at

the bottom.

that of silicon. However, the electronic structures of GaAs and perovskite halide are

different. The lower part of the CB of GaAs is derived from the dispersive ‘s’ band

(delocalized ‘s’ orbitals), whereas the lower part of the perovskite halide CB is mainly

composed of degenerate Pb ‘p’ bands. The atomic ‘p’ orbitals are less dispersed than

the ‘s’ orbitals. As a result, transition intensity is moderate in GaAs. Additionally, the

edge transition for perovskite comes from the initial state which is made up largely

of Pb ‘s’ and I ‘p’ orbitals to the conduction band edge which is essentially Pb ‘p’

orbitals. The intra-atomic Pb ‘s’ to Pb ‘p’ transition probability is high, which makes

the VBśCB transition probability of perovskite (CH3NH3PbI3) higher than that of

GaAs. Therefore, halide perovskites show stronger optical absorption than GaAs.

Visible light accounts for the major usable portion of the full solar spectrum, and high

absorption in this range is critical for achieving high-efficiency cell.

6.2 Tunable Band Gap

Tailoring the band gap of the light absorber in solar cells is important in designing

a device architecture for maximizing the absorption of sunlight, especially in the

heterojunction and tandem solar cells. Therefore, the band-gap-controllable mixed

perovskite is greatly advantageous as a light absorber in solar cells. In inorganic-

organic hybrid perovskite materials of type ABX3, the band gap of the absorber layer

can be őne-tuned by changing the organic cation (A) or the metal atom (B) or the

halide (X).

Inŕuence of Organic Cation (A): In cubic perovskite structures, although position

‘A’ does not signiőcantly inŕuence the band structures, the change in ‘A’ can still

tailor the band structure to a small extent. Actually, the band structure of MAPbI3

(MA= CH3NH3) is close to the optimum value for solar cell application. To narrow the

bandgap of [CH3NH3]+PbI3, formamidinium (FA) cation has been utilized for the per-

ovskite absorbers, forming [H2N-CH=NH2]+ PbI3 (FAPbI3) with a band gap of 1.4 eV.
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Table 1. Band gap of dif-

ferent ABX3 materials.

A Substitution M Substitution X Substitution

Material Bandgap Material Bandgap Material Bandgap

eV eV eV

EAPbI3 2.2 MAPbI3 1.5 MAPbI3 1.5

MAPbI3 1.5 MASn0.3Pb0.7I3 1.31 MAPbI2Br 1.8

FAPbI3 1.4 MASn0.5Pb0.5I3 1.28 MAPbBr3 2.20

CsPbI3 1.67 MASn0.9Pb0.1I3 1.18 MAPbCl3 3.11

MASnI3 1.10

A trend is that with the increase in the size of ‘A’ cation, i.e., from Cs+ to CH3NH+
3

and

NH2CH2 = NH+
2
, the value of the band gap gradually decreases (Table 1). However, on

further increasing the size of ‘A’ to CH3CH2NH2 (EA), the perovskite [CH3CH2NH3]+

PbI3 structure turns into orthorhombic symmetry with a band gap of 2.2 eV.

Inŕuence of Metal Cation (M): Lead (Pb) is a toxic element; its use is restricted in

many countries. This has led to the development of leadless or lead-free perovskites.

Tin (Sn), which belongs to the same group as lead, is an alternative which can

replace lead. The ratio between Sn and Pb has been experimentally worked out to

get perovskite CH3NH3Sn1−𝑥Pb𝑥I3, and the band gap can be tuned between 1.18 eV

to 1.5 eV as listed in Table 1. Thus, Sn substitution can extend the light absorption

from visible to near-infrared region (1060 nm). The problem with the Sn-based solar

cell is that it is difficult to form uniform and dense absorber őlms over the device

area, and as a consequence, the solar cell efficiency drops. Furthermore, due to the

downshifting of the CB edge, there is always a decrease of open-circuit voltage in the

Sn-based perovskite when compared to the Pb equivalents.

Inŕuence of Halide Anion (X): Group VII elements, Cl, Br, and I are the most widely

used candidates for substitution in the ‘X’ position of perovskite. The alteration in

the element can bring forth large changes in the band gap. In CH3NH3PbX3, the band

gaps are 3.11, 2.2, and 1.5 eV for X = Cl, Br, and I respectively (Table 1). It is also

noted that lowest band gap obtained by changing CH3NH3PbX3 (X = Cl, Br, I) is

1.5 eV. To obtain the desired band gap, researchers resort to altering the substitutions

in both the M and X positions simultaneously. By partial replacement of I with Br

and complete replacement of Pb with Sn, Hao et al., [9] observed that the band gap

could be tuned from 1.30 to 2.15 eV in CH3NH3SnI3−𝑥Br𝑥 . The optimization of the

ratio between I and Br shows that CH3NH3SnIBr2 can generate better PCE.

6.3 Low Recombination

Recombination is the process by which the excited electron in the CB falls back to

occupy an empty state in the VB. This is also called electron-hole recombination. This

process competes with the process of separation of the excitation to electron and hole
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While both radiative and

non-radiative recombina-

tion are detrimental to

the performance of a so-

lar cell, non-radiative re-

combination also heats

up the device, further re-

ducing the solar cell effi-

ciency.

and their collection at the electrodes. Hence, this process leads to a drop in the current

of the solar cell and consequently the efficiency. There are two types of recombination

ś radiative and non-radiative. In radiative recombination, a photon is emitted, and

in a non-radiative recombination, the energy of the excited electron is dissipated as

heat. While both are detrimental to the performance of a solar cell, non-radiative

recombination also heats up the device, further reducing the solar cell efficiency.

The diffusion length of the charge carrier is an important parameter for assessing

the recombination probabilities in the materials. Longer diffusion lengths will aid in

better collection of carriers at the electrodes. Stranks and co-workers reported that the

electron and hole diffusion length of CH3NH3PbI3−𝑥 Cl𝑥 is over one micron which is

about three times the typical őlm thickness in a solar cell. This ensures the migration

of charges to the interfaces before recombination and is signiőcant for the fabrication

of planar heterojunction solar devices. However, in CH3NH3PbI3 based solar cells,

a mesoporous TiO2 nanoparticle network is necessary for transporting charges to the

collecting electrode as the diffusion length of carriers is only ∼ 100 nm.

6.4 High Open Circuit Voltage (Voc)

Compared to other thin őlm polycrystalline semiconductors, the perovskite absorber

materials show lower non-radiative recombination rate. Figure 11 shows the graph of

open-circuit voltage (OCV) versus band gap of current and emerging solar technolo-

gies. Perovskite is very well positioned compared to all other materials for solar cell

technologies. High 𝑉oc is the second factor that contributes to high PCE.

Figure 11. Open-circuit

voltage (𝑉) versus optical

band gap (eV) for current

and emerging solar tech-

nologies [3]. The OCV

of perovskite solar cells

falls on the same line as

most solar cells. Since the

band gap is high (1.51 eV),

the OCV is also large,

which results in greater ef-

őciency.
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Figure 12. Efficiencies

of different solar technolo-

gies [11].

6.5 Rapidly Increasing Efficiency

The power conversion efficiencies of perovskite solar cells have risen from 3.8% in the

year 2009 to 22.10% in 2016 (Figure 12). A certiőed efficiency of 19.6% is achieved

with an aperture area of 1 cm2 [10]. Since perovskite band gaps are tunable and can

be optimized for the solar spectrum, these cells can approach the ShockleyśQueisser

efficiency limit, which is about 31% under an AM1.5G solar spectrum at one sun

illumination (1000 W/m2), for a perovskite band gap of 1.5 eV.

Perovskite has enormous potential (Figure 13). As a raw material, its fabrication,

őnished material cost, and energy payback time are low compared to existing solar

technologies, while at the same time, PCE is very high (as shown in Figure 13). Per-

ovskites have several advantages over traditional solar cell materials. Perovskites can

be processed using very simple, low-cost methods ś the precursor solution contains a

mixture of inexpensive salts, annealed at very low temperatures, and sandwiched with

a top electrode. This allows printing of these solar cells using a large area inkjet printer.

These can also be processed on ŕexible substrates, such as plastic or fabric and can be

used as portable electronic devices. The band gap and optical properties of perovskite

can be widely tuned by tweaking the halide composition in AMX3 structure, and differ-

ent colors of solar cells can be produced which can be used in building integrated PV.
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Figure 13. Why per-

ovskite solar cells have

enormous potential when

compared to other solar

cells! (Source: Christo-

pher Case, EU PVSEC

2014, Amsterdam, NL).

With the current state-of-the-art, perovskite solar cell can be used effectively as a

top cell, in a tandem cell conőguration, with existing technologies like Crystalline

silicon (c-Si), and thin őlm solar cells like CZTSSe, CIGS, and CIS. Efficiency as

high as 29.6% could be achieved with top perovskite cell and bottom c-Si cell in

tandem cell conőguration [3]. Figure 14 shows the advantages of combining c-Si

and perovskite cells because these tandem solar cells can absorb over a wider solar

spectral range. All this can be achieved with the existing technologies, with little

optimization in terms of band gap widening, FF enhancement, and integration into

tandem cell architecture. At present, 16% efficient tandem thin perovskite/polymer

solar cells with graded recombination layer are fabricated with efficiency 65% greater

than that of the polymer single-junction device [12].

7. Drawbacks of Perovskite Solar Cells

7.1 Stability

Considerable research effort has been focused on enhancingDegradation in per-

ovskite solar cells is

a synergistic effect of

exposure to humidity,

oxygen, UV radiation,

and temperatures.

the efficiency of per-

ovskite devices by the adoption of various device architectures, compositions, and

manufacturing techniques. This has resulted in substantial increase in the efficiencies

to a proven efficiency of 19.6%. The limiting factor to this success story is the lack

of stability. High-efficiency devices reported are synthesized under controlled envi-

ronments, and their efficiencies drop rapidly upon exposure to ambient atmosphere.

Degradation in perovskite solar cells is a synergistic effect of exposure to humidity,

oxygen, UV radiation, and temperatures.

CH3NH3PbI3 is highly sensitive to humidity; it tends to hydrolyze in the presence of

moisture and degrade as follows:

CH3 NH3 PbI3 (s) ↔ PbI2 (s) + CH3 NH3I (aq) (1)
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Figure 14. Combining

wide band gap (1.5 eV)

perovskite on top of 1.1 eV

Si captures more photons

from sunlight (Source:

Christopher Case, EU

PVSEC 2014, Amster-

dam, NL).

CH3 NH3I (aq) ↔ CH3NH2 (aq) + HI (aq) (2)

4HI (aq) + O2(g) ↔ 2I2 (s) + 2H2O (l) (3)

2HI (aq) ↔ H2 (g) + I2 (s) (4)

The equilibrium species, in the presence of water, oxygen, and UV radiation, are thus,

CH3NH3I, CH3NH2, and HI. HI, can either decompose by a one-step redox reaction or

by photochemical reaction under UV radiation to H2 and I2. This sensitivity requires

synthesis in a controlled environment like a glove box. A humidity of 55% is reported

to deteriorate the performance and is evident by a color change from dark brown to

yellow due to the decomposition to PbI2 in MAPb(I1−𝑥Br𝑥)3 (x = 0, 0.06) solar cells.

Liu et al., used an HTM with long alkyl chains, which can reduce the inőltration of

water through the HTM layer to the perovskite. In this case, the PCE of the device did

not show a decrease after storing in the air for long periods, and the stability reached

up to 1008 hours.

The perovskite CH3NH3PbI3 őlms are normally annealed at 100 oC for ten minutes

after the synthesis of the layer. Dualeh and co-workers found that when the annealing

temperature is higher than 120 oC, the perovskite starts to decompose into PbI2 and

CH3NH3I. Once the temperature reaches 300 oC, the perovskite decomposes into

PbI2, CH3NH2, and HI. The instability of the device would also stem from TiO2 in

some cases, owing to the non-stoichiometric TiO2 induced deep electron traps in the

crystals which lead to oxidation. This phenomenon is especially notable under an

Perovskite cells have led

to the rise of a new era of

low-cost, high-efficiency

cells in the solar industry.
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inert atmosphere. This poses a great challenge in terms of avoiding oxidation of the

dye or perovskite in sealed devices.

While the stability has been improved to some extent, it is still far below the stringent

requirements for long-term practical applications. Therefore, further improvement in

stability is necessary in terms of both materials and device at the laboratory and more

importantly, on the module scale.

7.2 Toxicity of Lead

Lead (Pb) compounds are highly toxic and can harm the environment. Pb is known

to adversely affect the ecosystem by harming the microorganisms in the soil. This is

an unsettling concern about perovskite solar cells because the high light conversion

efficiencies are Pb based. There is emphasis on replacing Pb ion with safer ion like tin.

8. Conclusion

In summary, various researchers with backgrounds in chemistry, physics, engineer-

ing, and materials science have investigated and contributed to the development of

perovskite semiconductor material. Within a few years since its invention, perovskite

solar cells have proved that they have the desired properties and enormous potential.

This has led to the rise of a new era of low-cost, high-efficiency cells in the solar

industry. The drawback though is their instability under ambient conditions and Pb

toxicity. If these issues are addressed, undoubtedly, perovskite solar cells will play a

major role in the solar PV industry.

Box 1. Annexure

Van der Waals Forces: Molecules can attract each other at moderate distances and repel each other at

close range. The attractive forces between molecules are collectively called the ‘Van der Waals forces’. Van

der Waals forces are much weaker than chemical bonds, and random thermal motion at room temperature

is usually enough to break them. Van der Waals forces include all intermolecular forces that act between

electrically neutral molecules. These forces govern many properties including crystal structures, melting

points, boiling points, heats of fusion and vaporization, surface tension, and densities.

Light Emitting Diode: LED is a semiconductor device that creates light using solid-state electronics. A

diode is composed of a layer of electron rich (n-type) material separated by a layer of electron deőcient (p-

type) material which forms a junction. Under a bias voltage, electrons move from n-type region to p-type re-

gion and holes from p-type region to n-type. This facilitates the recombination of electrons in the conduction

band with holes in the valence band leading to the emission of light. Depending on the chemical composition

of the semiconductor layers, the color of light emission will vary within the electromagnetic spectrum.

Box 1 continued . . .
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Valence Band: It is a band of fully occupied (at absolute zero temperature) continuous (or gapless) highest

energy states.

Conduction Band: Conduction band is a continuous set of partially occupied or empty (at absolute zero

temperature) lowest energy states.

Band Gap: The band gap refers to the energy difference between the top of the valence band and the

bottom of the conduction band in insulators and semiconductors. Semiconductors distinguish themselves

from metals and insulators by the fact that they contain an empty conduction band and a completely őlled

valence band at absolute zero temperature. At őnite temperatures, due to thermal activation, some of the

electrons in the valence band are promoted to the conduction band. The empty states in the valence band

are referred to as hole states or simply holes.

p-Type Semiconductor: The addition of trivalent impurities such as boron, aluminum or gallium to an

intrinsic silicon semiconductor creates deőciencies of valence electrons, called ‘holes’. This type of doping

results in p-type semiconductors. Holes notionally have a positive charge equal in magnitude to that of the

electron. Holes are the majority carriers in p-type semiconductors (Figure A).

Figure A. p-Type and n-Type Semiconductors.

n-Type Semiconductor: The addition of pentavalent impurity atoms such as antimony, arsenic, phosphorous

or silicon contributes an electron to the conduction band, contributing to the conductivity of the resulting

n-type semiconductor. Electrons are the majority carriers in n-type semiconductors. When p-type and

Box 1 continued . . .
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n-type materials are placed in contact with each other, the positively charged donor impurities on the n-doped

side and the negatively charged acceptor impurities on the p-doped side diffuse towards the junction. This

leads to a high repulsive potential for electrons on the p-side and holes on the n-side. This blocks the

electrons in the conduction band on the n-side and holes in the valence band on the p-side from crossing the

junction (Figure A).

Diffusion Length: Diffusion length is the average length a carrier moves between its generation and

recombination. Semiconductor materials that are heavily doped have greater recombination rates and

consequently shorter diffusion lengths. Higher diffusion length is indicative of materials with longer

recombination lifetimes and is, therefore, an important parameter in evaluating a semiconductor’s solar cell

application.

ShockleyśQueisser Efficiency Limit: ShockleyśQueisser Efficiency Limit or SQ Limit refers to the maxi-

mum theoretical efficiency of a solar cell using a single p-n junction to collect power from the cell.
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Several interesting historical details about the structure of benzene and the

concept of aromaticity are provided.

Organic Chemistry is a mature science, with its set of principles and practices, goals

and methodologies, heroes and history, and of course, some folklore. It is important

that students are given a ŕavour of all of these in the classroom and not just presented

with dry facts. The development of the őeld over the last two centuries should be

placed often in a historical context. The impact of some of the advances in the subject

on society at large is a particularly relevant topic for information and discussion. The

manner in which several puzzles were resolved using intuition, deduction and simple

experimentation also need to be retold. The creativity of scientists has an appeal that

transcends the subject.

Chemistry of aromatic compounds provides ample opportunities for the teacher to

cover many of the above aspects. One can move from almost trivial questions to those

that require deep analysis. For example, one could consider the origin of the name

‘benzene’ and then of the term ‘aromaticity’. It would be of interest to describe how

Kekulé arrived at the structure of benzene, the difficulties posed by the proposal, their

resolution through subsequent experimental and theoretical work, etc. The discussion

of the topic can be rounded off with representative examples of the impact of aromatic

chemistry on society.

The name ‘benzene’ has a curious origin. The main island of the Indonesian

archipelago is named Java (which means grain (barley) in Sanskrit). Incense from

this island was an article of commerce from prehistoric times. It made its entry

to Europe through the Arabian gateway, Morocco, and the Italian ports. The name

‘Leban Javi’ (incense from Java in Arabic) got changed to ‘Le Benjamin’, and ‘gum

benjamin’ and later ‘gum benzoin’ in the Italian ports. Tincture benzoin used to

őgure in British Pharmacopia till recently. In 1834 the German chemist Mitscherlich

isolated an odourless white crystalline acid from gum benzoin. He heated it with

soda lime and obtained a colourless liquid with no characteristic odour. He named it

‘benzin’. The editor of the journal to which the work was communicated insisted on

using the name ‘benzol’. To this day, this name is retained in Germany to describe

‘benzene’ (incidentally, ‘benzin’ in German stands for petrol). Michael Faraday had

already isolated the same compound from liquiőed illuminating gas in 1825. Since

the suffix ‘ol’ is used to denote alcohols, benzol may be mistaken to have a hydroxy

group. Hence the name ‘benzene’ was preferred in English.

∗Reproduced with permission from Resonance, Vol.3, No.4, pp.88ś93, 1998.
‖Deceased
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By 1910, structures were

formulated for more than

200,000 unique organic

compounds! Even with

the advent of powerful

physical tools, an over-

whelming majority of

these structural proposals

did not need revision.

Structure 1.

The way the structure of benzene was derived is another interesting story. Many

students have the mistaken belief that chemical structures were correctly worked out

only after modern instrumentation and analytical tools became available. It may

come as a surprise that by 1910, structures were formulated for more than 200,000

unique organic compounds! Even with the advent of powerful physical tools like

infrared, Raman, and nuclear magnetic resonance spectroscopic methods and X-ray

crystallography, an overwhelming majority of these structural proposals did not need

revision. (Of course, this is not to belittle the technical advances. They certainly

have made the task of structure determination easier and more reliable and have

reduced the drudgery of the effort). Recounting the achievements of chemists of

earlier generations who had none of the modern technical tools at their disposal is an

excellent source of inspiration for students.

August Kekulé’s name is mentioned in the folklore of chemistry, for some right and for

some wrong reasons. The claim that he arrived at the cyclic structure by daydreaming

in a bus is now seriously doubted. But there is no doubt about the brilliance of his

proposals that all aromatic compounds contained benzene as a common ‘nucleus’ and

that the structure of benzene was a hexagon with three double bonds (Structure 1).

In order to appreciate these remarkable predictions, we have to remind ourselves of

what was known and what remained unknown in the middle part of the previous

century. The discovery of the electron was far away. Even the idea that molecules

could have well deőned structures which are amenable to experimental veriőcation

appeared highly speculative to many eminent chemists. However, it was recognised

that atoms had characteristic valencies. Kekulé and others had worked out the valency

of carbon to be four. The question now was to assign a structure for a combination

of six carbon atoms and six hydrogen atoms satisfying the valence requirements of

all the atoms and which was consistent with all available chemical data on benzene.

One can think of several acyclic and a few cyclic structures. What were the crucial

experiments carried out by Kekulé and his school to prove the cyclic structure of

benzene?

Kekulé recognised the implications of symmetry in the structure which he proposed.

He decided to make many derivatives of benzene through substitution reactions. Even

before he got interested in the benzene problem, there were some well characterised

monosubstituted benzene derivatives in the chemical literature. Aniline (from Sanskrit

nila) had been obtained from natural indigo, and as stated earlier, benzoic acid

from gum benzoin. Replacement of any of the six hydrogen atoms of benzene

resulted in a single mono-substituted derivative. This meant most alternative structural

formulations were ruled out in one bold stroke. Further substitution gave no more

than three isomers for disubstituted derivatives, what is now termed ortho-, meta-

and para isomers. In the case of trisubstituted derivatives, again no more than three

isomers could be isolated. All these őndings are consistent with the monocyclic form

as the only acceptable structure (Figure 1).
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Figure 1. Possible mono-,

di- and tri-substituted ben-

zene derivatives.

There were of course some objections. With an alternating set of single and double

bonds, there ought to be two isomeric forms for the ortho-disubstituted derivatives

(structures 2 and 3).

Kekulé got around the difficulty by suggesting that two possible structures of benzene

with alternating single and double bonds rapidly oscillate in time to produce a structure

of hexagonal symmetry (Figure 2).

There was another problem. Ladenburg argued that a prism (structure 4) would yield

the same number of isomers on substitution as the monocyclic form (Figure 3). The

ŕaw in this argument was pointed out by van’t Hoff, probably the őrst chemist to

recognise that molecules were not always ŕat. By invoking his tetrahedral model for

the valencies of carbon, he showed that one of the disubstituted prismane derivatives

must be optically active. That is, it must have two non-superimposable mirror images

(structures 5a and 5b). Since such enantiomeric forms had not been isolated, the

planar monocyclic Kekulé structure must be correct.

During the past őfty years, many isomers of benzene or their substituted analogues

have been prepared and characterised by an array of physical methods. Needless

to say, these isomers are different from benzene in every way. Importantly, they

decompose on their own or under mild conditions.1

Although the cyclic structure for benzene was accepted, the nature and directionality

of the bonds (valence) continued to bother chemists. Even Kekulé’s students, includ-

ing Adolf von Baeyer (famous for his Strain Theory, among other contributions), tried

to come up with alternative proposals. They were generally unsuccessful. The őrst

reasonable description of bonding in benzene became possible only after the discovery

of the electron, the idea of the electron pair bond by Lewis, its quantum mechani-

cal formulation by Heitler and London, and its extension to conjugated systems by

Pauling. The molecular orbital theory of Mulliken and its application to conjugated

Structures 2ś3.

Figure 2. Two Kekulé

structures ‘in oscillation’

to produce a single struc-

ture with hexagonal sym-

metry.

1 See J Chandrasekhar, Res-

onance, Vol.1, No.2, 80ś83,

1996, for a discussion of a

few isomers of benzene.
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Structures 4ś5.

2 See S Ranganathan, Reso-

nance, Vol.1, No.8, 22ś27,

1996 for a discussion of the

synthesis of indigo.

Figure 3. Possible mono-,

di-, and tri-substituted

prismane derivatives.

systems by Hückel provide an elegant and simple approach to the problem. The latter’s

work provides an easy general deőnition of aromaticity. In spite of these advances,

the intricate question of what precisely constitutes aromaticity is still being debated

in research journals. But, at least one deőnition is deőnitely wrong. The concept has

nothing to do with smell. While some textbooks still claim that aromatic molecules

got their name from their aroma, most of them do not have a characteristic smell.

Kekulé’s work led to rapid developments in all of organic chemistry and especially in

the study of aromatic systems. Many fairly complex molecules, particularly natural

and synthetic dyes, could be made with great control in the laboratory. Baeyer, for

example, passionately pursued the synthesis of indigo2. (Interestingly, in 1888, he

became ‘so fatigued from indigo research and so disgusted with it’ that he turned to the

study of simpler molecules like acetylenes, from which emerged the Strain Theory!).

The sodamide process for the manufacture of indigo was worked out in 1901. By

the next decade, the German company Badische Anilin and Soda Fabrik (BASF) was

ready to spend the equivalent of 5 million US dollars for the production of synthetic

indigo. This destroyed the Indian monopoly for the natural dye, held for two and a

half millenia, in just őve years. The consequence for the farmers of a remote district

in Bihar, who were being compelled to cultivate indigo plants by colonial rulers, was

disastrous. With none to understand their plight, one of the farmers enlisted the help

of a humanist who had made a name for himself őghting for just causes under trying

conditions in South Africa. The appeal fell on sympathetic ears. A historic non-violent

struggle to obtain relief for the hapless farmers followed. It drew national attention to

the peaceful method of protest and fundamentally altered the course of the movement

for Indian independence. Yes, we are talking about a person named M K Gandhi

and the historic Champaran struggle. Who could have imagined that the synthesis of

indigo in a German laboratory would catalyse the emergence of a Mahatma?
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Many enzymes and proteins have metal ions at their active sites that play key roles
in catalysis. An important goal of an interdisciplinary őeld like bioinorganic
chemistry is the development of small inorganic coordination complexes that
not only reproduce structural and spectroscopic features, but also function in
a manner similar to their natural counterparts. To highlight this burgeoning
őeld, some selected results on synthetic modelling of (i) the electronic structure
of manganese cluster of photosystem II and (ii) functional modelling of the
dinuclear copper enzyme tyrosinase are described in this article.

1. Preamble

A Chakravorty has portrayed the life of Alfred Werner, the inventor of coordination
theory, in this issue1

1 A Chakravorty, Reso-

nance, Vol.4, No.9, pp.2ś3,
1999.

. Needless to say that today’s inorganic chemistry research
centres around Werner’s coordination theory. Therefore it would be most appropriate
to highlight how the discovery of structure and bonding of coordination compounds
őnds its expression in enriching our understanding of the inorganic chemistry of life
processes.

It is now well known that many inorganic elements and their compounds are essential
or beneőcial for life on earth. Organic compounds are of course essential, because
they provide organisms with such essential compounds as proteins, nucleotides, car-
bohydrates, vitamins and so forth. Inorganic compounds, particularly metallic ions
and complexes, are essential cofactors in a variety of enzymes and proteins. They
provide essential services that cannot be or can only poorly be rendered by organic
compounds. The roles played by essential inorganic elements and compounds are (i)

structural, (ii) carrying and transporting electrons and oxygen, (iii) catalytic roles

in oxidation-reduction (including oxygenation) reactions and (iv) catalytic roles in

acid-base and other reactions. It has also been known for a long time that excesses of
these elements can be very dangerous. In fact, a narrow concentration window exists
for most of the so-called trace elements.

Bioinorganic chemistry is a leading discipline at the interface of chemistry and biol-

ogy. The őeld is undergoing a phase of explosive growth, partly because of exposure
and insights obtained by increasing numbers of metalloenzyme X-ray structures.
There are three major avenues of investigation in bioinorganic chemistry. The őrst
involves direct study of the structure and function of ‘metallobiomolecules’, an area

∗Reproduced with permission from Resonance, Vol.4, No.9, pp.53ś62, 1999.
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Two major factors control
the properties of metal
ions in biological sys-
tems: (i) the stereochem-
istry of the metal site and
the nature of the ligands
attached to the metal and
(ii) the protein environ-
ment, which plays a cru-
cial role in controlling
the reactivity of the metal
site.

which is traditionally that of a biochemist. The second major avenue involves an indi-
rect approach, commonly the domain of the inorganic or organic chemists. The third
involves the addition of metal ions or complexes as probes to biochemical structure
and function.

2. Similarity with Werner-type Coordination Complexes

Intuitively, one can anticipate that the behaviour of metal ions in proteins cannot be
vastly different from that governed by the fundamental chemistry of the particular
metal. The synthetic analogue approach, the primary focus of this article, is based on
the premise that the chemistry of the metal-binding site (‘active site’) is dependent, for
the most part, on the immediate coordination environment of the metal ion. For most
metalloproteins, the immediate coordination environment consists of donors from the
side-chains of amino acids. Sometimes, a prosthetic group (e.g., a porphyrin ring)
completes the coordination sphere of the metal ion. Thus it could be generalised
that the ‘metallo-biomolecules’ are highly elaborated coordination complexes whose
metal-containing sites (coordination units), comprising one or more metal atoms and
their ligands, are usually the loci of electron transfer, binding of exogenous molecules
and catalysis. Two major factors control the properties of metal ions in biological
systems: (i) the stereochemistry of the metal site and the nature of the ligands attached
to the metal and (ii) the protein environment, which plays a crucial role in controlling
the reactivity of the metal site. In some cases the protein can force metal ions into
unusual geometries; the protein environment may be the determining factor control-
ling the activity of the increasing number of functionally distinct metalloproteins that
have essentially identical metal centres. From the aforesaid discussion, it is under-
standable that inorganic chemists can contribute considerably to the understanding of
the structural, electronic and mechanistic aspects of metal ions in metalloproteins, by
synthesizing small coordination compounds, which mimic the speciőc properties of
those metal sites. These synthetic models are usually intended to serve as stereochem-
ical and electronic analogues of these sites and have the substantial advantage of being
amenable to characterization at a very high level of detail. In fact, these synthetic
models could be used to investigate the effects of systematic variations in coordination
geometry, ligand, local environment and other factors. Simultaneous attainment of
biological structure and function in a synthetic system has proven more difficult. The
problem becomes more demanding when catalysis is involved. The purpose of mod-
els is not necessarily to duplicate natural properties but to sharpen or focus certain
questions. A synergistic approach (Figure 1) to the study of metalloproteins can and
has provided insights that cannot be easily attained from protein studies.

In this article, the present day views on the functioning of two metalloenzymes,
photosystem II and tyrosinase, are discussed. The important concepts of coordination
chemistry have been pointed out. Many unfulőlled goals and current attempts to
chemically duplicate such properties are also highlighted.
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Figure 1. The synergistic
relationship between stud-
ies involving metallopro-
tein biochemistry and in-
organic modelling.

Synthetic models Metalloproteins

Establish relevant

coordination chemistry

Active site

3. Photosynthesis

Human beings require reduced organic compounds ś carbohydrates, fats and proteins
ś as a food source. Stored in these molecules is a great amount of useful energy.
Humans can tap the energy from these food sources and can use it to build up their
own complex molecules, to move about, to sense the environment and to keep warm.
Without this input of energy, they would soon die. Fortunately, this external source
of energy does grow on trees and elsewhere. However, plants do not ingest large
fuel molecules themselves, but are capable of synthesizing glucose and other such
molecules from CO2 and H2O, which are waste products of animal metabolism.
However, a large increase in free energy (a positive Δ𝐺) is required for the production
of glucose and oxygen. This endergonic process is accomplished through the use of
an external energy source ś sunlight. Plants release O2 as a by-product of the splitting
of water (Figure 2).

Photosynthesis is the system of reactions by which green plants, blue-green algae
and some cyanobacteria capture solar energy, convert it to chemical energy and use
this energy in the reduction of CO2 to carbohydrates. Most of the oxygen in the
atmosphere, which supports aerobic life on earth, is generated by the photo-induced

Figure 2. A cycle of
dioxygen metabolism that
is critical to both plant and
animal life on earth.
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The absorption of light
energy by photosynthetic
pigments, the transfer of
energy among pigment
molecules and the sta-
bilization of the energy
by charge separation are
often referred to as the
‘light reactions’ of photo-
synthesis.

2 PS I: photosystem I; PS
II: photosystem II; OEC:
oxygen-evolving complex;
EXAFS: extended X-ray ab-
sorption őne structure; EPR:
electron paramagnetic reso-
nance; XANES: X-ray ab-
sorption near edge structure;
HSAB: hard and soft acid-
base.

oxidation of water to dioxygen:

2H2O → O2 + 4𝑒− + 4H+. (1)

Through photosynthesis, energy-poor compounds such as CO2 and H2O are con-
verted to energy-rich compounds, carbohydrates and O2. The overall process in
photosynthesis is expressed as

6CO2 + 6H2O + light → C6H12O6 (glucose) + 6O2. (2)

Photosynthesis can be divided into three steps:

1) Light collection via chlorophyll and other pigments and conveying the energy to a
reaction centre.

2) The oxidation of H2O to O2 leads to a series of reactions that generate biological
energy in the form of ATP and the reduction of NADP+ to NADPH. The overall
equation is

NADP+ + H2O + light → H+ +
1

2
O2 + ATP + NADPH [reductant]

3) The absorption of CO2, oxidation of NADPH and formation of carbohydrate:

CO2 + NADPH + ATP → (CH2O) [‘proto-carbohydrate’]

The absorption of light energy by photosynthetic pigments, the transfer of energy
among pigment molecules and the stabilization of the energy by charge separation
are often referred to as the ‘light reactions’ of photosynthesis. The products of the
light reactions, stored as reducing power and as chemical energy in the form of the
compounds NADPH and ATP, respectively, are used in the reduction or őxation of
the carbon source, carbon dioxide. The biochemical processes involved in carbon
dioxide őxation (Calvin Cycle) are not directly light dependent and are called ‘dark
reactions’. However, this stage uses a series of enzymes and these enzymes form a
cycle in which they take up CO2, make carbon compounds for use elsewhere in the
plant and supply the materials needed for the cycle to restart.

A reaction centre is a protein complex that contains a precisely positioned collection
of redox centres that function to convert the photon energy into redox free energy.
Two reaction centres operate in series to oxidise water and reduce NADP+. PS I
receives electrons from PS II, which are subsequently used to reduce NADP+. The
function of PS II is to oxidise water.

The OEC, present in PS II of the photosynthetic apparatus, has a manganese-
containing active site, which can oxidise coordinated water molecules to dioxygen.2

In fact, the OEC is made up of a redox-active tyrosine and a tetranuclear manganese
cluster that binds substrate water and accumulates oxidising equivalents. The OEC
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Figure 3. (left). The S-
State scheme for the oxi-
dation of water to dioxy-
gen. The Mn oxida-
tion states (based on X-
ray absorption studies)
in the tetranuclear man-
ganese cluster of PSII are
indicated.

Figure 4. (right). Klein’s
model for the OEC
(the distances between
Mnaand Mnb or Mnc and
Mnd are ∼ 2.7 Å and the
distance between Mnb

and Mnc is ∼ 3.2 Å).

has been shown to cycle through the ‘so-called’ S-states (Figure 3). The S-state index
refers to the number of oxidising equivalents stored. Each S-state advance is associ-
ated with light-induced charge separation at the chlorophyll-containing pigment P680
(primary electron donor) to form the strong oxidant P680+. Upon photoexcitation of
P680, a series of electron transfer reactions between cofactors within the protein takes
place. It should be noted that O2 is released on the transition from S3 to S4 to S0.
The tyrosyl radical, formed upon reduction of P680+ oxidises the manganese cluster
which, in turn, is reduced by electrons stripped from water. PS II turns over rapidly
(up to 50 molecules of O2 released per second) in spite of having to protect itself from
photochemical oxidative damage.

Structural information about PS II is still limited by the lack of suitable crystals, but
biochemical, spectroscopic and kinetic studies have provided considerable insight
into the catalytic centre and its mechanism. According to EXAFS experiments, Klein
and others proposed a tetranuclear structural model for the OEC in PS II, involving
two bis(𝜇-oxo)dimanganese units linked by 𝜇-oxo bis(𝜇-carboxylato) bridges (Figure

4). Most interestingly, the S2-state is characterized by a multi-line EPR signal
which arises from an S = ½ ground state of the manganese tetramer. A combination
of EPR and XANES data have led to the assignment of S2 as MnIIIMnIV

3 although
MnIII

3MnIV cannot be ruled out. This background information has set the stage ready
for innovative synthetic modelling of such a di/tetranuclear oxomanganese cluster.

4. Synthetic Modelling of Manganese Cluster of PS II

Using a common facially capping tridentate ligand, with chelate ring asymmetry
(Figure 5), dimanganese complexes with three oxidation levels MnIIIMnIII, MnIIIMnIV

and MnIVMnIV have been prepared for the őrst time and all the forms structurally
characterized. These simple coordination compounds represent important models
for the active site of OEC in PSII. While the MnIIIMnIII compound has a 𝜇-oxo-bis-
𝜇-carboxylate bridge, the MnIIIMnIV and MnIVMnIV compounds have a bis(𝜇-oxo)
𝜇-carboxylate bridge (Figure 6). However, the number of bridging oxo/acetate
groups is one of the determining factors in achieving a desired oxidation state of
manganese. Increasing the number of oxo groups from one to two and concomitantly

Figure 5. Structure of the
tridentate ligand.
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Figure 7. Structural core
of the new tetrameric Mn
compound (Blondin and
others).

Figure 6. Struc-
tures of the bridged
MnIIIMnIII, MnIIIMnIV

and MnIVMnIV com-
pounds with relevant
Mn. . . Mn distances (Lal
and others).

decreasing the number of acetate groups from two to one stabilises the manganese
oxidation levels from (III,III) to (III,IV) or (IV,IV). Based on the HSAB principle,
a őne-tuning of the number of oxo/acetato-bridging groups as a function of metal
oxidation state is understandable. The {MnIII

2 (𝜇-O)(𝜇-OAc)2}2+ core structurally
mimics the Mn. . . Mn separation of 3.2 Å and the {MnIIIMnIV (𝜇-O)2(𝜇-OAc)}2+

and {MnIVMnIV(𝜇-O)2(𝜇-OAc)}3+ cores mimic the Mn. . . Mn separation of 2.7 Å of
the Klein model. Additionally, these three complexes model the successive electron-
transfer reactions from MnIII

2 to MnIIIMnIV to MnIV
2 oxidation levels, implicated to be

operative during change in the S-states (Figure 4). Facile core interconversion among
these three structures is of great importance to the understanding of the functioning
of PS II. The mixed-valence compound exhibits an EPR spectrum reminiscent of the
S2-state of OEC.

A major breakthrough has occurred in the understanding of the EPR spectral feature
of the S2-state of OEC by the successful generation of a mixed-valence tetrameric
Mn compound (Figure 7). In fact, the EPR signal of [Mn4O6(bipy)6]3+ (bipy = 2,
2’-bipyridine) is the closest match from a model complex to the S2-state multiline
EPR signal of the OEC seen thus far.

It should be mentioned here that even though there has been an explosion of reports of
syntheses of a large number of di-/tetrameric Mn clusters providing oxo-bridged struc-
tures, we are still far from any reasonable functional model capable of addressing the
basic question of how water gets oxidised to molecular oxygen during photosynthesis!

5. Tyrosinase

All of us are aware of the fact that when potatoes, apples, bananas, sweet potatoes or
mushrooms are injured they turn brown. This is due to the conversion of tyrosine to
the pigment melanin, by the sequence of reactions shown in Figure 8. The same pro-
cess causes skin tanning, following exposure to ultraviolet radiation. The enzymatic
reactions are catalysed by tyrosinase, a copper-containing enzyme. The enzyme is
present in the interior of the plant material and since the reaction requires molecular
oxygen, the pigmentation does not occur until the interior is exposed. Tyrosinase
catalyses (i) the o-hydroxylation of monophenols to o-diphenols and the further oxi-
dation of these to o-quinones (Figure 8). These quinones undergo further enzymatic
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Figure 8. The role
of tyrosinase in tyro-
sine metabolism in mam-
malian cells.

and nonenzymatic reactions that lead to polymeric pigmented material. In animals,
these reactions give skin, eyes and hair their distinctive pigmentation. In order to
deduce the structures and mechanism of action of the protein-active sites, a major
focus of research has utilised the biomimetic approach. In this section, studies done
in modelling the dicopper centre in tyrosinase have been highlighted.

The interplay between model and protein biophysical studies has provided consider-
able insight into Cu-O2 chemistry occurring in O2 carrier protein hemocyanin and
tyrosinase activity. Based on the reactivity of molecular oxygen with dicopper(I)
complexes of designed ligands, considerable progress has been made in the chemical
modelling of tyrosinase. Such efforts led to a triumph in biomimetic chemistry be-
cause the true O2 binding mode occurring in oxy-hemocyanin had not been considered
as a possibility until a synthetic analogue revealed the actual Cu2-O2 coordination
(Figure 9). Comparisons of chemical and spectroscopic properties of tyrosinase
and its derivatives with those of hemocyanin, whose crystal structures in both deoxy
and oxy forms have been determined, establish a close similarity of the active sites
structures in these two proteins. The active site of tyrosinase apparently has greater
accessibility to exogenous ligands, including substrate molecules compared to that
of hemocyanin. The similarity of the oxy-states of hemocyanin and tyrosinase point
to the probable close relationship between the binding of dioxygen and the ability to
activate it for incorporation into organic substrates.

6. Synthetic Modelling of Tyrosinase

Owing to the differing stereochemical preferences of őve-coordinate CuII (square
pyramidal, trigonal bipyramidal or intermediate between these two geometries) rela-
tive to CuI (tetrahedral or pyramidal) ready interconversions of these two oxidation
states is expected to be facilitated by use of ŕexible ligands which can adjust their co-
ordination geometry to the differing demands of the two oxidation states. Keeping this
basic coordination geometry of copper in mind, good model systems for tyrosinase-
like mono-oxygenase activity (C-H activation incorporating one O atom from O2 into
a substrate) have been developed (Figure 10). As in an enzyme active site, the peroxo
group (a highly reactive intermediate formed due to reaction between dicopper(I)
complex of the chosen ligand and O2; Figure 9) is located in a highly favourable

Figure 9. The Cu2O2 co-
ordination (an additional
histidine ligation at each
terminal is not shown
for clarity) unit in oxy-
genated arthropod hemo-
cyanin (based on the struc-
ture of the model complex
of Kitajima and others).
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Figure 10. Dicopper-mediated hydroxylation of m-xylyl
rings: (upper transformation) Karlin and others; (lower
transformation) Ghosh and others.

proximity to the xylyl ligand substrate and facile
hydroxylation occurs by electrophilic attack on the
arene substrate 𝜋 system. These xylyl hydroxylation
model systems serve as a functional mimic for ty-
rosinase, revealing how a Cu2 centre can activate O2

for hydrocarbon oxidation under mild conditions.

7. Concluding Remarks

Much effort has been devoted over the last 10 years
to designing di- and multinuclear 𝜇-oxo-bridged
manganese complexes in order to mimic the struc-
ture, magnetic and spectral properties of this nat-
ural active centre (OEC). In contrast, few studies
concerning the reactivities of such molecular mod-
els toward water oxidation have been published. To
answer these questions, new model complexes with

terminal MnV= O moiety will certainly help and are valuable synthetic targets. Despite
much effort, faithful examples of catalytically functional models are rare, especially
when O2 is used as the oxidant. It should be appreciated that recent efforts have
emphasized functional models dealing with the mimicry of enzyme-related chemical
processes or transformations. These are simple examples on the discovery and charac-
terisation of synthetically derived coordination complexes that can bind and activate
molecular oxygen. As far as the chemical modelling of tyrosinase is concerned a
few good functional models are now available. However, these systems function in a
stoichiometric manner. New synthetic models are sought for to demonstrate aromatic
hydroxylation of externally added phenols. Such studies are still in their infancy.
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Science Smiles

Ayan Guha

By producing indigo synthetically, Adolf von Baeyer saved millions of

Indians from indigo slavery and forceful cultivation of indigo.

Reproduced with permission from Resonance, Vol.19, No.6, p.488, 2014.
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1. Chemistry as an Event Maker

Although alchemy was never considered a science and its practitioners were frequently

ridiculed, it gradually became the basis for later developments in chemistry, which

may be considered to have beginnings in the 17th century. However noticeable impact

of chemistry began to appear only in the second half of the 19th century. The present

state of human civilization has been possible due to great strides made in chemistry

as science and its role in modern technology. It is an interphase between the physical

world on the one hand and the living organisms on the other. Chemistry supports and

guides progress in many areas of physics and biology.

At times, a single, apparently initially insigniőcant discovery, that could even be ac-

cidental, can exert a tremendous inŕuence on the social and political events of a small

region or the whole world. There are hundreds of such examples. An event of great

signiőcance in modern Indian history was initiated by such an accidental observation

during a reaction. It would be hard to believe that an accidental breaking of a ther-

mometer in a BASF laboratory in Germany would in course of time lead to the őrst

civil disobedience movement by Mahatma Gandhi in India. This is intimately inter-

woven with the development of the synthesis of indigo, an important dye even today.

2. The Indigo Connection

The relationship of indigo with India is twofold. One, the name of the dye itself is a

term derived from the name of the country. Indigo is believed to be the oldest natural

dye as its preparation from leaves and use as dye are mentioned in Sanskrit writ-

ings more than 4000 years ago. (Egyptian mummy clothes also show the evidence

of having been dyed with indigo). In ancient times everything that was imported

into Europe from India was called indicum in Latin, the Greek version being in-

dikos. In course of time, the word got associated with the blue dye only, probably

because it was the most valuable substance from India then, and eventually became

indigo. (The element Indium is so named because it produces indigo blue lines in

its emission spectrum, and not in honour of India as in the case of Germanium or

Polonium, etc.).

∗Reproduced with permission from Resonance, Vol.16, No.12, pp.1168ś1175, 2011.

First appeared in Vol.8, No.3, pp.42ś48, 2003.
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The second relationship is, as mentioned earlier, through its impact on social and

political life of India especially during the second half of the 19th century and early

part of the 20th century. We will return to this subject after considering some

important aspects of indigo synthesis.

3. Baeyer’s Early Indigo Synthesis

Through the work of Baeyer and his coworkers starting from 1865, the structure

of indigo was determined by 1880. Spurred by the success of his students Graebe

and Liebemann in the synthesis of a natural dye alizarin in 1868, Baeyer undertook

the synthesis of indigo and developed several methods within two years after the

determination of its structure. Most of these methods made use of o-nitrocinnamic

acid as the starting compound, prepared from o-nitrobenzaldehyde by Perkin reaction

discovered a few years earlier. One sequence is given in Structure 1.

4. Enter BASF

Though BASF bought the rights to these processes by paying Baeyer $ 120,000/-, they

could not be commercialized as the cost of production was much higher than the price

of natural indigo. However, BASF, instead of giving up on the project, pursued it

more vigorously. Heumann, who was assigned the work, developed the őrst feasible

process, though not a very efficient one, in 1890 by fusing phenylglycine with KOH.

N
H

CO2H KOH

fuse
indoxyl

oxidation

air
indigo
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The actual commercial success came when Heumann used anthranilic acid as the

starting compound in 1893 for developing the process outlined below.
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The fusion of phenylglycine-o-carboxylic acid was more effective and indigo was

obtained in high yield. BASF started its commercial scale production in 1897 based

on this process. It seems that BASF spent around £ 1,000,000/- ($ 6,000,000/-,

then) for developing the synthesis of indigo. This indicates the potential proőt that

BASF was expecting to reap by selling synthetic indigo. Later work on the newer

synthesis of phenylglycine and modiőed fusion process using NaOH, KOH, and

NaNH2 improved the yields of indoxyl starting from phenylglycine to the same level

as from anthranilic acid. Therefore, commercial production of indigo went back again

to phenylglycine.

In all this effort, the role of anthranilic acid for the initial successful commercialization

of indigo process was very important. And economical

The role of anthranilic

acid for the initial suc-

cessful commercializa-

tion of indigo process was

very important. And eco-

nomical manufacture of

anthranilic acid was pos-

sible because a person

by name Sapper broke a

thermometer while heat-

ing naphthalene with

conc. H2SO4.

manufacture of anthranilic

acid was possible because a person by name Sapper broke a thermometer while

heating naphthalene with conc. H2SO4.

5. Nuisance Naphthalene and the Broken Thermometer

In the 19th century, naphthalene, a constituent of coal tar, had only nuisance value,

and chemists were trying to őnd uses for it. Heating at high temperatures with strong

H2SO4 was one such attempt to convert naphthalene to phthalic anhydride. In this

method the desired level of yield and quality of the product were not achieved. How-

ever, the goal was fulőlled most dramatically by accident when the thermometer, used

to monitor the sulphonation temperature, broke and the mercury fell into the reaction

mixture. Now the reaction was over in a much shorter time and at moderate tempera-

tures resulting in higher yield of better quality product. Thus was born by ‘accident’

an economical method for the synthesis of phthalic anhydride, which Heumann con-

verted to anthranilic acid in two steps using Hofmann rearrangement. The cause

for magical conversion of naphthalene to phthalic anhydride was mercuric sulphate

formed by the reaction of H2SO4 with the mercury dropped from the thermometer

when it broke. Mercuric sulphate acted as a catalyst to speed up the conversion.

Thus a seemingly innocuous accident had culminated in producing synthetic indigo

at a cost much cheaper than that of natural dye. The seeds of civil disobedience

The fusion of phenyl-

glycine-o-carboxylic acid

was more effective and

indigo was obtained in

high yield.
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Owing to the introduction

of synthetic indigo the
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fell; the planters desired
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movement in Champaran were thus sown in BASF, as the Indian farmers had to stop

indigo cultivation.
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(Phthalic anhydride is a very important industrial chemical, and is now manufactured

by air oxidation of naphthalene in presence of catalysts such as V2O5).

6. Mahatma goes to Champaran

Indigo plant ś Indigofera

tinctoria.

Until synthetic indigo came into the market, India had a near monopoly

Until synthetic indigo

came into the market, In-

dia had a near monopoly

in the cultivation of

indigo crop (Indigofera

tinctora) and the export

of the dye to Europe.

in the cul-

tivation of indigo crop (Indigofera tinctora) and the export of the dye to Europe.

(The dye occurs as the glucoside of indoxyl mainly in the leaves). The cultivation

and processing of indigo, which involved boiling of the leaves in water and natural

fermentation of the extract for a few days, was an important commercial activity in

Bengal and the Champaran region of Bihar. The land in Champaran was cultivated

by tenant raiyats, who had to pay a certain rent to the landlord. It was obligatory for

the tenant to use three kathas out of twenty (=1 acre) for indigo cultivation, and was

called the tinkathia (3/20 katha) system.

This is what Mahatma Gandhi writes about the condition of the indigo cultivators of

the Champaran region:

ł. . . I had seen packets of indigo, but little dreamed that it was grown and manufactured

in Champaran at great hardship to thousands of agriculturists.ž ł. . . the raiyats are

so crushed and fear stricken. . . ž

ł. . . Under the tinkathia system, the raiyat has been obliged to give his best land for

the landlord’s crops; . . . to give his best time and energy. . . , so that very little time

has been left him for growing his own crops ś his means of livelihood.ž

ł. . . the raiyat has to grow a crop on 3/20 of the holding at the will of the landlord

for a stated consideration. There appears to be no legal warrant for it. The raiyats

have always fought against it and have only yielded to force. They have not received

adequate consideration for the services. When, however, owing to the introduction of

synthetic indigo the price of the local product fell, the planters desired to cancel the

indigo sattas (agreement). They, therefore, devised a means of saddling the losses

upon the raiyats. In leasehold lands they made the raiyats pay tawan (i.e., damages) to

the extent of Rs. 100/- per bigha in consideration of their waiving their right to indigo
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cultivation. This, the raiyats claim, was done under coercion. Where raiyats could

not őnd cash, hand-notes and mortgage bonds were made for payment in installments

bearing interest at 12 per cent per annum. In these, the balance due has not been

described as tawan, i.e., damages, but it has not been őctitiously treated as an advance

to the raiyat for some purpose of his ownž.

Following the introduction of synthetic indigo in mid-1890s, the indigo cultivation

steadily lost its ‘colour’, and it turned from highly proőtable occupation into a loss-

making business. The tenants had to give up indigo farming. However, this did not

eliminate their obligation due to the tinkathia system. (For example, in 1893ś94 the

indigo was cultivated on 6,48,928 acres, in 1896ś97 on 5,82,200 acres, in 1900ś01 on

3,63,600 acres, in 1902ś03 on 2,55,500 acres, and in 1905ś06 on 170,000 acres.) It

seems the tenants were coerced to compensate for the losses to the planters (landlords),

subjecting them to further hardships. The local government (then in the hands of the

British) had no interest in alleviating their plight.

7. The First Civil Disobedience

By 1916, the situation had reached catastrophic proportions and the attention of

Gandhĳi turned towards this problem. In 1917, he intervened on behalf of the raiyats

by going to Champaran to study the situation and conduct an enquiry. Sensing the

trouble that would be caused by breach of peace in the locality and its consequences

beyond, the government took immediate action.

In Gandhĳi’s words:

łHe (the messenger from the police superintendent) then served on me a notice to

leave Champaran, and drove me to my place (in Bettiah, a village in Champaran). I

wrote to the effect that I did not propose to comply with it and leave Champaran till

my enquiry was őnished. Thereupon I received a summons to take my trial the next

day for disobeying the order to leave Champaran. . . . . . I wanted to plead guilty to

having disobeyed the order to leave Champaran. . . ž

ł. . . Before I could appear before the court to receive the sentence, the Magistrate

sent a written message that the Lieutenant Governor had ordered the case against

me to be withdrawn, and the collector wrote to me saying that I was at liberty to

conduct the proposed enquiry, and that I might count on whatever help I needed

from the officials. . . . . . The country thus had its őrst direct object lesson in civil

disobedience. The affair was freely discussed both locally and the press, and my

enquiry got unexpected publicity. . . ž

Thus, the breaking of a thermometer paved the way for cheaper synthetic indigo

dye leading to loss of jobs and revenue to millions of people in Bengal and Bihar.

The resulting misery gave birth to the civil disobedience movement led by Mahatma

Gandhi, an important component in the struggle for Indian Independence.

Following the introduc-

tion of synthetic indigo

in mid-1890s, the in-

digo cultivation steadily

lost its ‘colour’, and it

turned from highly prof-

itable occupation into a

loss-making business.
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The electron density distribution in a molecule determines its stability, geometry

and reactivity, in short its chemistry.

łWhat are electrons doing in molecules?ž This is a deceptively simple question that

scientists have been trying to answer for more than eighty years. With the advent of

quantum mechanics in 1926, it became clear that we must understand the dynamics

of electronic motion in atoms, molecules and solids in order to explain and predict

physical, chemical and biological phenomena.

Since the electrons are doing many ‘things’ in molecules, let us restrict ourselves to a

few essential concepts. The interlinked, conceptual framework of chemistry is: bond-

ing (or binding), structure and properties (including reactivity) ś both static (indepen-

dent of time) and dynamic (dependent on time), non-relativistic as well as relativistic.

In this article, we would try to understand chemical binding, molecular geometry and

molecular reactivity in a simple manner, from a static, non-relativistic viewpoint (note

ś even the H atom and H2 molecule are not as simple as they appear to be).

First, consider the problem of chemical binding. How is a chemical bond formed?

Consider the simplest molecule, H+
2 , where two protons are held together by one

electron. Using atomic units (a.u.), we ask: if the protons are separated by unit

distance, what fraction of the electronic charge must be placed at the mid-point

between them so that we have a stable system, i.e., there is no net force on any

proton? Interestingly, the answer is a small fraction, only one-fourth. We thus see

that electronśnuclear attractive forces are primarily responsible for chemical binding.

Furthermore, since the energy of H+
2 in the ground state must be lower than that of an

H atom in the ground state, the negative (attractive) forces in the H+ − H interaction

must play the dominant role.

By invoking certain assumptions, based on the fact that the nuclei in a molecule move

rather sluggishly, compared to the electrons, the above simple classical description

can be placed on a quantum-mechanical footing. To do this, we regard the electron not

as a static point charge but as an entity which is described by a quantum-mechanical

electron density 𝜌(®𝑟) which is a continuous function and, on integration over the entire

three-dimensional space, gives the total number of electrons in a system. Therefore,

an adequate extent of electron density should be ‘smeared’ between the two nuclei as

a ‘cement’ for binding the nuclei. It is also clear that even a slight concentration of

electron density on the internuclear axis between the two nuclei goes a long way in

binding them.

∗Reproduced with permission from Resonance, Vol.2, No.12, pp.66ś76, 1997.

Even a slight concentra-

tion of electron density

on the internuclear axis

between the two nuclei

goes a long way in bind-

ing them.
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For the ground state of a molecule, the electron density tends to accumulate in the

vicinity of a nucleus (because this is the region of the lowest potential energy), falling

off exponentially at larger distances. Clearly, for an A2 molecule, going along the

internuclear axis from one nucleus to another, 𝜌(®𝑟) would have a minimum at the bond

mid-point. But if we travel along a perpendicular bisector of the AśA bond, 𝜌(®𝑟)

would have a maximum at the bond mid-point. Thus, the mid-point in an A2 molecule

is a saddle-point in 𝜌(®𝑟). For an AB molecule, the saddle-point on the internuclear

axis would be away from the bond mid-point.

If the electron density is placed in the region between the two nuclei, it tends to

bind the nuclei, i.e. it causes attraction between them. But, if electron density is

placed behind a nucleus on the internuclear axis, it tends to separate the nuclei since

it attracts the nearer nucleus more strongly than the other nucleus, i.e., it causes

repulsion between them. Thus, depending on the nature and extent of the quantum-

mechanical distribution of electron density in a diatomic molecule, electron-nuclear

attractive forces can cause either attraction or repulsion (apart from nuclear-nuclear

repulsion) between the nuclei. The molecule becomes stable when there is no net

force on any nucleus, i.e., the sum of all attractive and repulsive forces vanishes at

the equilibrium conőguration.

The above argument implies that we can divide the entire three dimensional space

around the two nuclei into binding (where electron-nuclear attraction due to 𝜌(®𝑟)

binds the nuclei) and antibinding (where electronśnuclear attraction due to 𝜌(®𝑟)

separates the nuclei) regions. The boundary surfaces separating the binding from the

antibinding regions are deőned by the relation

𝑓𝐴𝑧
= 𝑓𝐵𝑧

(1)

where

𝑓𝐴𝑧
= −𝑍𝐴

∫
𝜌(®𝑟)

𝑧𝐴

𝑟3
𝐴

𝑑𝑉, (2)

𝑧 is taken along the internuclear axis, 𝑓𝐴𝑧
is the 𝑧-component of the electronśnuclear

attractive force on the nucleus A of charge 𝑍𝐴, 𝑧𝐴and 𝑟𝐴 are the corresponding

coordinates measured from A. Any electron density placed on the boundary surfaces

(Figure 1) causes neither attraction nor repulsion between the nuclei. These arguments

can be extended to polyatomic molecules.

In the light of the above reasoning, let us now try to understand the bond formation in

the H2 molecule by letting two H atoms in the ground state approach each other from

an inőnite distance until they begin to interact. If we write ,

Δ𝜌(®𝑟, 𝑅) = 𝜌mol(®𝑟, 𝑅) − 𝜌atoms(®𝑟, 𝑅), (3)

where 𝑅 is the internuclear distance, 𝜌mol is the electron density of the entire system

at 𝑅 and 𝜌atoms is the sum of the two separated atomic densities at 𝑅, then Δ𝜌 is a

continuous function which clearly reveals the nature of electronic charge reorgani-

zation occurring as a result of the interaction. In particular, those regions of space
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Figure 1. Contours

of the boundary surfaces

(solid curves) separating

the binding from antibind-

ing (hatched) regions in

(a) NaCl and (b) HCl.

𝑍𝑎 and 𝑍𝑏 are nuclear

charges.

where Δ𝜌 is positive have an accumulation of electron density whereas regions of

space with negative Δ𝜌 suffer a depletion in electron density (note that Δ𝜌, integrated

over the whole three-dimensional space, would give zero). Figure 2a shows that, at

𝑅 = 8.0 a.u., the individual atomic densities get polarized even though they do not yet

overlap, and two atomic dipoles pointing to each other are formed. For each dipole,

the centre of negative charge lies towards the other nucleus so that each nucleus is

dragged towards the other by its own electron density. This is the origin of the long-

range dipole-dipole attraction force which is proportional to 1/𝑅7. At smaller 𝑅, the

two atomic densities overlap. However, the mere overlap of atomic densities (or, of

atomic orbitals) does not lead to a chemical bond. A necessary but not sufficient

condition for the formation of a chemical bond is that Δ𝜌 should be positive in the

binding region. For H2, this condition is fulőlled at 𝑅eq = 1.4 a.u. (Figure 2b); note

also that Δ𝜌 is positive in parts of the antibinding regions behind the two nuclei.

Figure 3 shows that for He. . . He interaction at 𝑅 = 2.5 a.u., Δ𝜌 is positive in some

parts of the binding region; however, He2 is unstable. Thus, the nature and extent

of the distribution of positive Δ𝜌 in the binding region decides the formation of a

chemical bond.

Figure 2. Contours

of the difference density

Δ𝜌(®𝑟, 𝑅) for the H2 sys-

tem at (a) 𝑅 = 8.0 a.u. and

(b) 𝑅eq = 1.4 a.u. The

solid and dotted curves de-

note positive and negative

Δ𝜌 respectively. The dots

indicate nuclear positions.
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Figure 3. Contours

of the difference den-

sity Δ𝜌(®𝑟, 𝑅) at 𝑅 =

2.50 a.u. for the He2 sys-

tem. The solid and dotted

curves denote positive and

negative Δ𝜌 respectively.

The dots indicate nuclear

positions.

The above arguments can be extended to polyatomic molecules. But, now both the

sizes and shapes of molecules enter into consideration. It is a fundamental principle

in quantum chemistry that a system is stable when its total energy is a minimum with

respect to all the parameters involved. If we envisage a polyatomic molecule to be

formed from its constituent atoms and ions then, along with bond formation, molecular

geometry (bond lengths, bond angles and conformational angles) is decided as the

minimum-energy conőguration. As mentioned before, at this conőguration, there is

no net force on any nucleus in the molecule. Since the electron-nuclear attractive

forces are primarily responsible for lowering the total energy (see previous arguments

on bond formation), obviously they must also be the deciding factor in governing

molecular shapes (bond angles and conformational angles). Therefore, we now try

to understand how electronśnuclear attractive forces decide molecular shapes. Here

too the electron density plays a fundamental role.

Consider Figure 4a in which the nuclei in an AB2 molecule are in a non-equilibrium

triangular conőguration. If the major part of the electron density is inside the triangle,

Figure 4. Electron clouds

and transverse electron-

nuclear attractive forces

leading to (a) bent and (b)

linear AB2 molecules.
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it would exert transverse electron-nuclear forces on the B nuclei in the inward direction,

causing the molecule to be bent. But, if the major part of the electron density is

outside the triangle (Figure 4b), the transverse electronśnuclear forces on the B nuclei

would be in the outward direction, causing the molecule to be linear. Within the

molecular-orbital (MO) approximation, the net electron density in a molecule is a

sum of occupied MO densities (the square of a real MO, multiplied by the number of

electrons occupying the MO, gives the MO density). If we wish to obtain the resultant

force exerted on a nucleus by all the MO densities, we must compute all the individual

forces (see (2)). However, for qualitative explanations and predictions of the shapes of

a large number of molecules, we may avoid such computations by focussing attention

on only one MO, viz., the HOMO (highest occupied MO).

Let us make the following assumption and see how far it takes us: łThe gross

equilibrium molecular shapes are decided primarily by the electronśnuclear attractive

forces generated by the electron density in the HOMO. If the HOMO is insensitive to

shapes, then the next lower MO is to be examined and so onž (HOMO Postulate).

As an application, consider AH2 molecules with up to 8 valence electrons. Their

schematic valence MOs (Figure 5), with energy order, may be obtained without com-

putation, by using 𝑠 and 𝑝 atomic orbitals (AOs) along with symmetry considerations.

The MO energy order is: la1 (bonding) < lb2 (bonding) < 2a1 (essentially non-bonding

or feebly bonding) < lb1 (non-bonding). From Figure 5, we conclude that la1 and 2a1

densities exert transverse forces on the two protons in the inward direction, lb2 density

exerts transverse forces in the outward direction while lb1 density does not exert any

transverse force on the protons, thus being insensitive to molecular shape.

Therefore, using the HOMO postulate, AH2 molecules containing 1, 2, 5ś8 valence

electrons should be bent in their ground states whereas those with 3 or 4 valence

electrons should be linear. A 4-valence-electron linear AH2 molecule (e.g., BeH2)

would be bent in the singly excited state in which the HOMO is 2a1. A 5-valence-

electron bent molecule (e.g., BH2) would become linear if the electron in the 2a1

HOMO is excited to lb1 MO. These predictions according to the HOMO postulate are

correct.

The case of the ground state (triplet) of CH2 molecule is instructive. Since the HOMO

is 2a1, the ground singlet (all MOs doubly occupied) is bent, with an observed bond

angle of 104°. When an electron in the 2a1 MO is excited to the insensitive lb1 MO,

the bond angle should increase (the observed angle is 140°). The triplet ground state

has the same orbital occupancy as the excited singlet. Hence, the triplet should have

a bond angle close to 140°; the actual value is 136°.

The above arguments on molecular shapes in ground and excited states, in terms of

electronśnuclear attractive forces, may be extended to a number of molecular classes,

embracing many molecules. They may also be employed to explain the shape of a

fragment in a molecule (e.g., CH2 in CH4, SF2 in SF4, XeF2 in XeF4, etc.) as well as

Figure 5. Schematic MOs

for bent AH2 molecules,

using s and p valence AOs.

From these, schematic

MOs for linear molecules

can be readily obtained.

The 1b1 MO is a p AO

on A, perpendicular to the

molecular plane.
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If the idealized ground

state of a non-linear poly-

atomic molecule is de-

generate (orbital and/or

spin degeneracy), then

JahnśTeller distortion to

a lower molecular sym-

metry is likely to take

place.

Figure 6. The Jahnś

Teller distortion in VCl4

using vanadium (a) 𝑑𝑧2

and (b) 𝑑𝑥2−𝑦2 AO. The

arrows on ligand atoms

indicate their movement

due to both longitudinal

(along VśCl bonds) and

transverse (perpendicular

to VśCl bonds) electronś

nuclear attractive forces.

In (a) transverse forces

elongate the tetrahedron

while in (b) they ŕatten the

tetrahedron.

explain the variations in bond lengths, bond angles, conformational angles, barriers

to internal rotation/inversion, stretching/bending force constants, etc. However, when

a molecule is quite large, with many occupied MOs, it is not advisable to bypass the

actual computation of forces.

As another application of the above approach, consider the JahnśTeller distortion

in the VCl4 molecule. If the idealized ground state of a non-linear polyatomic

molecule is degenerate (orbital and/or spin degeneracy), then JahnśTeller distortion

to a lower molecular symmetry is likely to take place. VCl+
4

molecule is a regular

tetrahedron with a non-degenerate ground state. In VCl4, the extra electron may go

into either (or a linear combination) of two degenerate MOs which are essentially 𝑑𝑧2

and 𝑑𝑥2−𝑦2 AOs of the vanadium atom. As a result, the molecule should be distorted

to a symmetry lower than tetrahedral (cubic). Figure 6a shows that if the electron

goes into the 𝑑𝑧2 orbital, the transverse electronśnuclear forces would elongate the

tetrahedron along the 𝑧-direction. Figure 6b shows that if the electron goes into the

𝑑𝑥2−𝑦2 orbital, the transverse electron-nuclear forces would ŕatten the molecule in the

𝑧-direction. Since the two distortions are of opposite signs, the electron would tend

to avoid a linear combination of the two AOs because then the stabilization energy

due to distortion would be less. The actual computation of stabilization energies does

not show a preference for either the ŕattened or elongated tetrahedron. Therefore, we

conclude that the ground state of VCl4 is a őfty-őfty mixture of ŕattened and elongated

tetrahedra; experimental results indicate an approximately sixty-forty mixture.

So far, we have seen that the interconnected phenomena of chemical binding and

molecular geometry can be understood from a common, unifying standpoint of

electronśnuclear attractive forces. The question arises: Can we approach molecular

reactivity from the same standpoint? Since chemical reactions involve essentially the

breaking and making of bonds, and molecular geometry plays a subtle role in nudging

the reactant molecules along speciőc pathways, the answer is yes.

Consider the formation of ethane (C2H6) molecule from two methyl (CH3) radicals

in their ground states, approaching each other from a large distance. At a sufficiently
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Box 1

The time-independent Schrödinger equation based on which the electronic structures and properties of

atoms, molecules and solids have been studied for the last seventy years, is given by

𝐻Ψ0 = 𝐸Ψ0

where 𝐻 is the Hamiltonian operator, 𝐸 is the total energy of the system and Ψ0 is the wavefunction which

is assumed to contain all information about the stationary states of the system. The Hamiltonian contains

many terms.

𝐻 = Nuclear kinetic energy + electronic kinetic energy + electron nuclear attraction + electronśelectron

repulsion + nucleusśnucleus repulsion + electron łorbitśorbitž interaction + electron spinśłorbitž interaction

+ electron spinśspin coupling + electron spinśnuclear spin coupling + electron łorbitžśnuclear spin coupling

+ nuclear spinśspin coupling + external electric and magnetic őeld-dependent terms.

To the total energy 𝐸 thus obtained, one may add relativistic corrections.

The time-dependent Schrödinger equation is (ℎ is Planck’s constant)

𝐻Ψ = 𝑖ℏ
𝜕Ψ

𝜕𝑡
, 𝑖2 = −1, ℏ =

ℎ

2𝜋

For a stationary state,

Ψ = Ψ0 exp[−𝑖𝐸𝑡/ℏ]

short distance, when the interaction begins, if the CH3 radicals remain in their initial,

almost planar shapes, the calculated net force on a carbon nucleus is always directed

away from the other carbon nucleus. Therefore, the reaction is not favoured. How-

ever, when the interaction begins, if the two CH3 radicals relax their shapes to become

more and more pyramidal (eventually, the HCH angle in a CH3 would approach the

tetrahedral value) as they approach each other, then the net calculated force on any

carbon nucleus is directed towards the other carbon nucleus. Therefore, the two radi-

cals would attract each other, leading to the formation of the CśC bond such that the

CH3 fragments in C2H6 have the right geometry. This simple example illustrates that

chemical binding, molecular geometry and molecular reactivity are subtly intercon-

nected and any separation between them would be artiőcial. Furthermore, all these

electronic phenomena should be understood from a unifying conceptual viewpoint.

Apart from forces, certain molecular reactions may also be understood by using a

closely related classical concept, viz. the molecular electrostatic potential (ESP),

𝑈 (®𝑟), which is experienced by a unit positive charge as it is brought from an inőnite

distance to the molecule (note that force is the negative gradient of the potential

energy function). Within the same conceptual framework as the forces, 𝑈 (®𝑟) is given

RESONANCE-75 Promoting Science Education 71



B M Deb

Figure 7. Contours

of electrostatic potential

in the plane of adenine

molecule. The three num-

bers denote the depths of

the minima near N1, N3

and N7 in kcal mol ś1.

in terms of the quantum-mechanical electron density 𝜌(®𝑟) as

𝑈 (®𝑟) =
∑︁
𝐴

𝑍𝐴

| ®𝑅𝐴 − ®𝑟 |
−

∫
𝜌(®𝑟 ′)

|®𝑟 ′ − ®𝑟 |
𝑑𝑉 ′ (4)

where ®𝑅𝐴denotes the position of nucleus A and the summation extends over all nuclei

in the molecule. The őrst term on the right-hand side of (4) is due to nuclear repulsion

while the second term is due to electronic attraction. The calculated molecular ESP

map shows the presence of a number of minima of varying depths (Figure 7) where

an approaching positive charge or an electrophile tends to attach itself. The ESP has

been extensively employed to explain the mechanisms of electrophilic reactions. It

has been hailed as łthe most signiőcant discovery in quantum biochemistry in the last

thirty yearsž.

The examples discussed in this article have highlighted the fundamental role played by

the electron density in chemistry. Obviously, one would ask : How does one obtain

𝜌(®𝑟)? In principle, one may obtain 𝜌(®𝑟) experimentally by, e.g. X-ray diffraction

in single crystals. Quantum mechanically 𝜌(®𝑟) may be calculated either from the

molecular wave function or, better, by suitable direct methods which would bypass

the wave function and perhaps the Schrödinger equation as well. One should also be

able to calculate the dynamical 𝜌(®𝑟, 𝑡) for an interacting system, where 𝑡 is real time.

But, that is a different story which needs to be told separately.
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Box 2

Apart from other excellent books, there are three classic books on the electronic theory of valence: (1) G N

Lewis, Valence and the Structure of Atoms and Molecules (1923); (2) L Pauling, The Nature of the Chemical

Bond (1939); and (3) C A Coulson, Valence (1952). Lewis’s book popularized the electron-dot structures in

chemistry, which evolved from his seminal paper J. Am. Chem. Soc. Vol.38, 762 (1916), published soon after

Bohr’s theory of the H atom. Pauling’s book popularized the quantum-mechanical valence-bond-resonance

approach in chemistry while Coulson’s book did the same for the molecular-orbital approach.

Reportedly, Lewis was disinclined to take undergraduate classes but was a great inspiration to the graduate

students through his seminars and discussions. Pauling is widely regarded as the greatest chemist of this

century, who worked in both theoretical and experimental chemistry with equal felicity. As a graduate

student, he once wrote to his former teacher that he loved quantum mechanics and statistical mechanics, and

thought that the future conceptual framework of chemistry would evolve out of these but his classmates did

not think so. Coulson was a mathematician who, apart from R S Mulliken, contributed the most to molecular

orbital theory. He did some work in bacteriology besides occupying chairs in mathematics, physics and

chemistry. He was once addressed as łProfessor of Theological Physicsž.

R S Mulliken’s contributions to molecular orbital theory were numerous and far-reaching, so much so that

he was called łMr Moleculež. Reportedly, he had a passion for collecting rugs woven by the Navajo tribe

of Red Indians. Another pioneer, J C Slater, who gave the determinantal form to the orbital wavefunction,

was once about to be tipped as a hotel boy because he had transported some delegates of a conference to

their hotel and carried their luggage himself (next day, the delegates found the łhotel boyž delivering the

inaugural address of the conference).
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The őrst stable compound with a ‘quintuple bond’ reported recently is an ex-

citing development that raises fundamental questions in theoretical and experi-

mental chemistry.

The concept of single, double and triple bonds is deeply ingrained in the thinking of

chemists. For example, we have a CśC single bond in ethane, a C=C double bond

in ethene and a C≡C triple bond in ethyne. A single bond will have one electron

pair, a double bond two electron pairs and a triple bond three electron pairs between

the bonded atoms. For elements belonging to the second row of the periodic table,

bonding involves primarily the 𝑠 and 𝑝 orbitals. Double and triple bonds have the

so-called 𝜋-bonding (sideways overlap) in addition to 𝜎-bonding (head-on overlap);

single bond has one 𝜎-bond, double bond is made up of a 𝜎-bond and a 𝜋-bond, and

triple bond consists of a 𝜎-bond and two 𝜋-bonds. In the case of elements such as

Si and P, belonging to third and higher rows of the periodic table, compounds with

multiple bonds involving only 𝑠 and 𝑝 orbitals are, in general, not very stable, unless

supported by sterically bulky groups. The őrst authentic disilene 1 (Figure 1) with a

double bond between Si atoms was reported only in the year 1981 and the őrst disilyne

2 with a Si≡Si triple bond had to wait till 2004 [1]! In 𝜋-bonding involving heavier

main group elements (such as Si, Ge, P, As), the extent of 𝑑-orbital participation is

unclear but the current thinking discounts any signiőcant 𝑑-orbital involvement even

in a compound like triphenylphosphine oxide, Ph3PO [2]. If this is true, chances of

őnding compounds of main group elements with bonds higher than triple are rather

remote, because of the non-availability of suitable orbitals.

In contrast to the situation described above, triple and quadruple bonds involving

𝑑-orbitals can be found in many transition metal based compounds [3]. Compounds

3 and 4 represent two such examples (Figure 1). While 3 has a 𝜎2𝜋4 (6 electrons =

3 electron pairs; triple bond) conőguration, 4 has a 𝜎2𝜋4𝛿2 (8 electrons = 4 electron

pairs; quadruple bond) conőguration; both involve the 𝑑-orbitals of the metal atoms

(see also Figure 2). Thus the chromium atoms in 4 are held together by one 𝜎, two 𝜋

and one 𝛿 bonds.

Now, how about a quintuple bond, with five electron pairs between two metal atoms?

This is what has been achieved recently by Philip Power and coworkers by using

the bulky aryl group C6H3-2,6-(C6H3-2,6-(𝑖-Pr)2)2 (labeled as Ar′) that stabilizes

the molecule 5 (Figure 2a) with chromium having a low coordination number [4,5].

∗Reproduced with permission from Resonance, Vol.11, No.9, pp.72ś75, 2006.
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Figure 1. Molecular

structures of compounds

1ś4.

This dark-red crystalline air-sensitive molecule is stable up to 200°C. Each of the

chromium atoms has six electrons and one of these is engaged in a bond with the

phenyl carbon; thus the chromium is formally Cr(I). The remaining őve electrons from

each chromium take part in the quintuple (ővefold) bond so that a total of ten electrons

bind the two metal atoms together. The occupied molecular orbitals can be described

as 𝜎2𝜋4𝛿4. The one 𝜎, two 𝜋 and two 𝛿 bonds between the two chromium atoms

utilise 𝑑𝑧2 , (𝑑𝑦𝑧 , 𝑑𝑥𝑧) and (𝑑𝑥2
−𝑦2 , 𝑑𝑥𝑦) sets of orbitals, respectively (Figure 2b). The

ővefold bond in 5 is consistent with the extremely short distance of 183.5 pm between

the chromium atoms (cf. 236.9 pm in compound 4). At this point it is important to

take note of the fact that a quintuple bond has been proposed for diatomic uranium

(U2) [6]; however, since the uranium atom has sixteen orbitals (seven 5 𝑓 , őve 6𝑑, one

7𝑠 and three 7𝑝) that are energetically close to one another, the bonding situation is

considerably more complex.

It is also signiőcant to observe that the geometry of 5 is not linear; it is described as

trans-bent, since the CrśC bonds are oriented on opposite sides at an angle of ∼ 103°
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Figure 2. (a) Molecular

structure of 5, and (b) Crś

Cr bonding interactions in

5.

with respect to the CrśCr bond [4a,4d]. A non-linear geometry was also found for the

silicon compound 2; note that the analogous carbon compounds, the normal alkynes,

are linear. The expectation in both 2 and 5 was a linear geometry. These őndings

lead to exciting opportunities, for both theoretical and experimental chemists alike, to

probe the mysteries of chemical bonding.
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Boron-containing molecules discovered recently have new types of dative bonds

between carbenes and borylenes. At the same time, they show that traditional

thumb rules regarding acids and bases are no longer valid.

In an interview, a teacher asked a student if an amine would behave as an acid or a
base. The student conődently said, łAn amine would behave as an acidž. The puzzled
teacher, hoping to help the student arrive at the right answer, asked about the nature
of trialkyl boron. Pat came the reply: łBoranes? Boranes are basic. A for acid and B
for basež.

The student’s answer did not go well with the teacher as the generally observed
phenomenon is that boranes are Lewis acids and amines are Lewis bases. However,
stereotyping molecules as acids and bases has to be done with care! Several recent
discoveries have helped us improve our understanding of molecules containing main
group elements as simple acids or bases. Guy Bertrand and Gernot Frenking describe
one such discovery in the journal Science [1]. It explains how a tricoordinate boron
compound could very well be a base!

Let us brieŕy look at what is understood by referring to a molecule as an acid or a
base. There are different ways to ‘qualify and quantify’ the acidity or basicity of a
molecule. The simplest and the őrst deőnition of acids and bases a chemistry student
learns is based on the Brùnsted theory which refers to proton-donors as acids and
proton-acceptors as bases. The second and more general deőnition of an acid comes
from the concepts developed by Lewis. A Lewis base donates a pair of electrons and
a Lewis acid accepts a pair of electrons. Now, this is not always a pair of electrons.
According to the Usanovitch deőnition, we can even include molecules that donate a
single electron as a base. For a full discussion of acids and bases, one should refer an
elementary chemistry textbook [2].

As a result of the many deőnitions that are accepted, the environment of the molecule
in question can affect its acidity or basicity and hence the answer to the question
on boranes and amines. The question posed to the student (mentioned above) was,
strictly speaking, incomplete. The student should have asked, łAre you referring to
amines in the

The student should have
asked, łAre you referring
to amines in the gas phase
or dissolved in a sol-
vent? And if dissolved,
which solvent should I
considerž?

gas phase or dissolved in a solvent? And if dissolved, which solvent
should I considerž?

Acidity and basicity are relative to other molecules in the environment. However,
especially in the gas phase, electron counting can give us a quick answer. A molecule
with a non-bonded pair of electrons might be considered a base (e.g., ammonia) and

∗Reproduced with permission from Resonance, Vol.21, No.1, pp.43ś48, 2016.
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The species (:BR) is
analogous to a carbene
(:CR2).

Scheme 1. Studies on
borylenes by Robinson
(top) and Braunschweig
(bottom).

a molecule with an incomplete octet (e.g., BR3) might be considered an acid in the
Lewis sense. The molecule that we are going to discuss here is a tricoordinate boron
compound, but it is unusual because it has a pair of non-bonding electrons. So we
would classify it as a base in the general sense! But Bertrand and Frenking have not
indulged in just electron counting or semantics, they have shown that the reactivity of
the tricoordinate boron fully őts the description of a base even when it is dissolved in
solvents! Let us see how this comes about.

The story starts with the recent study of borylenes (:BR) by Robinson who isolated
a dimer stabilized by a carbene [4] and Braunschweig who trapped an intermediate
borylene with boron in the +1 oxidation state [5] (Scheme 1). The species (:BR)
is analogous to a carbene (:CR2). Carbenes have been shown to be a stable species
especially if they are sterically protected and have p donors in the adjacent position [6].

Guy Bertrand reasoned that the species B was unstable due to the presence of a vacant
orbital, which could be stabilized with another donor. To make life simple, they
decided to use one more carbene than what was used by Braunschweig as a donor.
They also made it more bulky to afford steric protection. So instead of the simple
carbene used by Braunschweig and coworkers (Figure 1a), Bertrand used a very bulky

(a) (b) (c)

Figure 1. Carbenes used
to study borylenes.
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carbene called cyclic (alkyl) (amino) carbene (CAAC) shown in Figure 1b. Bertrand’s
choice was also based on his earlier work that these molecules can donate the pair of
electrons on carbon (nucleophilic) very easily. At the same time, they can accept a
pair of electrons through the vacant orbital on carbon.

The result of their experiments is outlined in Scheme 2. Counterintuitively, they
obtained the proposed product 3 when they reduced the adduct 2 with potassium
(added as KC8, which is potassium metal intercalated in graphite) without adding
the extra ligand in 33% yield. When they carried out the reaction by adding some
extra ligand 1 (CAAC), the yield of the expected product reduced! One would have
expected better yields of the product with the extra ligand!

Since single crystals suitable for a crystallographic study were available, they quickly
obtained the three dimensional structure of 3. The molecular structure is dominated
by the steric requirement of the two CAAC groups around boron. Several unusual

Scheme 2. Synthesis of
(top) the parent borylene-
bis (CAAC) adduct 3,
and (bottom left) its con-
version to the radical
cation 3+. [GaCl4]-, and
(bottom right) boronium
3H+ [CF3SO3]ś.
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Boron has been stabilized
in an oxidation state of
+1. So the basic nature of
boron is associated with
the low oxidation state of
the element.

Table 1. Molecular pa-
rameters for the three bo-
rylenes stabilized by NHC
ligands.

Molecule [3.]+.[GaCl4]ś 3 [3H]+.[CF3SO3]ś

B-C: (Å) 1.58, 1.58 1.52, 1.52 1.61, 1.61

:C-N (Å) 1.36, 1.35 1.38, 1.39 1.31, 1.31

C:-B-:C (°) 137.8 138.8 133.7

features of 3 need to be pointed out. The structure reveals a tricoordinate boron with
three ligands in a plane around the boron. The angle between the CAAC ligands is
140°, whereas the angle between the CAAC ligands and hydrogen is 110°. Some key
parameters are given in Table 1.

The structural parameters suggest that the lone pair of electrons on B is present in
a pure 2p orbital. Based on the bonding picture you would expect the boron to be
electron rich with a formal oxidation state of only 1! Surprisingly, the computational
study estimates a partial charge of +0.05 on the BH moiety. But the computational
study also provides some insight into this unusual situation. As there is an empty
orbital on each one of the CAAC ligands, the boron is able to donate electrons to the
empty orbitals on the carbene. (You might recall that in BX3 where X is a halogen,
there is donation of electrons from X to the empty orbital on B making BX3 stable.) In
this case, the reverse situation is true. The boron is donating electrons to the carbene!

Having discussed the structure of this unusual compound, let us look into its chem-
istry. It is interesting that the lone pair leads to electrochemistry consistent with the
availability of a non-bonded pair of electrons on boron. The compound is very easily
oxidized to form the radical cation [3.]+ at the very low potential of ś0.9 V w.r.t.
a standard calomel electrode (SCE). For comparison, one can look at the oxidation
potential of ferrocene that is oxidized at +0.5 V vs. SCE. Surprisingly, the complex
3 can be stabilized in this state by a suitable counter ion and so addition of GaCl3
allowed them to isolate the radical cation [3.]+.[GaCl4]ś and characterize the same
by X-ray crystallography. Not surprisingly, some of the metrical details of struc-
ture [3.]+.[GaCl4]ś remains almost the same as of 3. Probably the most convincing
evidence that compound 3 is a base comes from its reaction with a proton to form
[3H]+.[CF3SO3]ś. They have characterized the protonated species also by crystal-
lography, which shows that the central boron is now a distorted tetrahedral species. It
is distorted from an ideal tetrahedron (the structure adopted by the ammonium ion),
because unlike [NH4]+, this molecule now has two very large CAAC groups and two
sterically accommodating hydrogen atoms.

Before we őnish this discussion, we should point out a very important difference
between the boron chemistry discussed in textbooks till date, which relates to the
chemistry of boron in its usual oxidation state, +3, and this unusual structure. Boron
has been stabilized in an oxidation state of +1. So the basic nature of boron is
associated with the low oxidation state of the element. So it should not surprise us
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that boron in the unusual oxidation state +1 is electron rich and so behaves as an
electron donor and a base.

Frenking and coworkers have asked themselves a hypothetical follow up question.
Can other őrst row elements be stabilized with an extra pair of electrons to form
stable molecules? In a computational study, they show that many are possible, and
surprisingly, some of them are already known [5]! Consider, for example, the singly
ionized nitrogen atom. It now has two pairs of electrons and it is positively charged.
Can we stabilize this ion [:N:]+? The answer is yes! They discuss several examples.
One of them, the molecule [N5]+, is already familiar to the readers of Resonance.
This molecule can be considered as a singly ionized nitrogen, [:N:]+ stabilized by
coordination of two electrons each from two dinitrogen molecules. This molecule
was very explosive and so it was more than a handful! The resonance structures and
some of its chemistry were discussed in this journal, a while ago [7].
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Arrows are an integral part of chemistry. What is there in an arrow? It looks

insigniőcant yet appears in most scientiőc publications. These symbols which

make use of ‘lines’ and ‘heads’ are perhaps the most powerful pictographic

tools used in day-to-day chemistry and provide chemists a convenient way of

representing their thoughts. Reactions, their states, electrons, their movement,

and even processes like reŕux are shown using arrows. Thus, arrows form a part

of essential symbolism in chemistry.

1. Introduction

Science makes use of a variety of symbols in order to achieve effective communication.

While symbols like 𝜓, 𝜃 and 𝜙 play key roles in physics and math, arrows are perhaps

the most fundamental and widely used symbols in chemistry. In this article, we try to

explore one of the most powerful tools of chemistry, the ‘arrows’.

1.1 Origin of the Word ‘Arrow’

In Sanskrit, arrow is known as baan or teer. The word ‘Arrow’ derives from the

Indo-European root arkw, which meant curve and was used to describe the ‘bow’ [1].

The Latin equivalent came to be known as arcus. The Germanic root became arkhw

which meant ‘the thing belonging to the bow’ versus just ‘bow’. Old English adapted

it as arw, and perhaps that is where today’s form arose from [2].

1.2 Arrows and Chemistry

Chemical equations and reactions make use of arrows for their representation thus

avoiding a myriad array of words and sentences. Thus, arrows form an integral part

in the expression of chemistry. They stand true to the old adage, łA picture speaks

a thousand wordsž. When were arrows őrst used in chemistry, and who was the őrst

one to use them?

The őrst chemical equation to be diagrammed was by Jean Beguin in 1615. He made

the őrst-ever chemical equation or rudimentary reaction diagram, showing the results

of reactions in which there are two or more reagents. This famous diagram found in

his book Tryocinium chymicum (beginner’s chemistry) [3], detailing the reaction of

corrosive sublimate (HgCl2) with sulőde of antimony (Sb2S3), is shown here.

∗Reproduced with permission from Resonance, Vol.15, No.1, pp.51ś63, 2010.
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Arrows in chemistry can

be broadly classiőed as

‘reaction arrows’ and

‘electron arrows’. While

the former is used to

describe the state or

progress of a chemical re-

action, the latter is used to

represent the movement

of electrons.

Half-headed double ar-

rows pointing in opposite

directions are used to rep-

resent dynamic equilib-

rium.

Arrows in chemistry can be broadly classiőed as ‘reaction arrows’ and ‘electron

arrows’. While the former is used to describe the state or progress of a chemical

reaction, the latter is used to represent the movement of electrons.

2. Reaction Arrows

Reaction arrows are used to describe the state or progress of a reaction.

2.1 The Chemical Reaction Arrow

The chemical reaction arrow is one straight arrow pointing from reactant(s) to prod-

uct(s) and by-products, sometimes along with side products.

A B.

It is the most widely used arrow. The single arrow emphasizes one direction of

chemical change (from A to B). Many a times, the reaction conditions, reagents and

catalysts used in the chemical reaction are written on the chemical reaction arrow.

For example,

NaCl + AgNO3 AgCl + NaNO3

N2 (g) + 3 H2 (g)
Fe,Mo

723 K, 200 atm
2 NH3 (g)

2.2 Equilibrium Arrows

The equilibrium arrows were introduced by J H van’t Hoff in his book Étude de

Dynamique Chemique in the year 1884 [4]. Equilibrium arrows are used to depict a

reversible reaction. van’t Hoff used full-headed arrows pointing in opposite directions

to symbolize equilibrium.

In 1902, H Marshall introduced the modiőed symbol with half-headed arrows pointing

in opposite directions which are more commonly used today [5].

a) Dynamic Equilibrium Arrows: Half-headed double arrows pointing in opposite

directions are used to represent dynamic equilibrium. The arrows are of equal length

and represent a balanced equilibrium. These arrows imply that the experimental
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Box 1. J H van’t Hoff ś The Father of Physical Chemistry [4,6,7].

Jacobus Henricus van’t Hoff, along with Wilhelm Ostwald, and Svante Augus-

tus Arrhenius are regarded as the founders of physical chemistry. J H van’t

Hoff was known for his epoch making publications. The one entitled łProposal

for the development of 3-dimensional chemical structural formulaež gave the

impetus to the development of stereochemistry.

In 1884 he published a book Études de Dynamique chimique (Studies in dy-

namic chemistry). van’t Hoff introduced the equilibrium arrows in this book

(page 115). In his Nobel Lecture, he says of equilibrium arrows, while describ-

ing them, ł. . . This can be illustrated in the formula by introducing the sign for

a reversible reaction instead of the sign of equality. . . ž

Of the numerous distinctions to his name, J H van’t Hoff was the recipient of

the őrst Nobel Prize in Chemistry (1901).

conditions that allow A to change to B, also allow the backward transformation of B

into A.

A B

The representation of a dynamic equilibrium signiőes a steady state in the concentra-

tions of A and B and that a net change no longer occurs.

b) Equilibrium Favouring Reactants: This equilibrium is also shown by half-headed

double arrows, but the one pointing towards the products is shorter.

A B

The short arrow implies that the ŕow of reactants to products is relatively difficult

and hence equilibrium is reached when there are more reactants than products as

illustrated below.

OH

O

CN CN

O

O

CN

CN

c) Equilibrium Favouring Products:

A B

The representation of a

dynamic equilibrium sig-

niőes a steady state in the

concentrations of A and

B and that a net change

no longer occurs.
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One of the widely used

tools in synthetic organic

chemistry, the retrosyn-

thetic arrow literally

means ‘is made from’ or

functional group inter-

conversion (FGI). The

retrosynthetic strategy

was formalized by E J

Corey.

In this case, the backward reaction, i.e., conversion of the product back to the reactant

is rather difficult and hence equilibrium is reached when there are more products than

reactants. For example,

O

H

O

NHCH3

OH

NCH3

O

2.3 The Upward Arrow

Upward arrow in a chemical reaction indicates the evolution of a gas. It appears only

on the product side and is written next to the gaseous product.

2 KClO3 (s)
MnO2

420 K
2 KCl (s) + 3 O2↑

In this example, upward arrow is placed next to oxygen to demonstrate the evolution

of gas.

2.4 The Downward Arrow

Formation of a precipitate during a reaction is indicated by an arrow pointing down-

wards.

Ca(HCO3)2 + Ca(OH)2 2 CaCO3↓ + 2 H2O

Again, this arrow appears only on the product side and is shown beside the product

which precipitates.

2.5 The Retrosynthetic Arrow

Two straight lines and a single head constitute the retrosynthetic arrow.

=⇒

One of the widely used tools in synthetic organic chemistry, the retrosynthetic arrow

literally means ‘is made from’ or functional group interconversion (FGI). The use of
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Box 2. Professor E J Corey ś Father of Modern Organic Synthesis [8].

Organic chemistry is full of reactions and reagents named in honour of their discoverer, E J Corey. His

profound research in organic synthesis has earned him the title ‘Father of modern organic synthesis’.

E J Corey was awarded the 1990 Nobel Prize in Chemistry for his development of the theory and methodology

of organic synthesis. His 1969 total syntheses of several prostaglandins are considered classics. He has

authored numerous books and papers.

In his Nobel lecture, Professor Corey says, łChanges in the retrosynthetic direction are indicated by a double

arrow (=⇒) to distinguish them from the synthetic direction of chemical reactions (−→) . . . ž

retosynthetic arrow is illustrated in an example shown here.

O

OEt =⇒

OH O

OEt

=
⇒

O

H +
O

OEt

The retrosynthetic strategy was formalized by E J Corey.

2.6 Clockwise and Anti-Clockwise Arrows

These arrows are used in assigning the stereodescriptors ‘R’ (rectus, clockwise) or ‘S’

(sinister, anticlockwise) for conőrming the absolute stereochemistry of an optically

active molecule.

The tail of these arrows begins at the group with the highest priority (assigned in

accordance with the priority rules give by Cahn, Ingold and Prelog [9]), travels

progressively through the groups with descending priority and the head points back

to the group with the highest priority.

The tail of the clockwise

and anti-clockwise ar-

rows begins at the group

with the highest prior-

ity, travels progressively

through the groups with

descending priority and

the head points back to

the group with the high-

est priority.
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Any energy transfer or

emission can be repre-

sented using the wavy ar-

row.

Me

H

Et

Br

𝑆-2-Bromobutane

HO

H

Et

Me

𝑅-2-Butanol

2.7 The Reŕux Arrow

Reŕux is a technique used in chemistry to apply energy to reactions over an extended

period of time. It involves boiling of a liquid in a vessel attached to a condenser so

that the vapours continuously condense for reboiling [10].

Many a time, organic chemists prefer to show the ‘reŕux’ of a mixture using two

full-headed arrows, one pointing upwards and the other downwards.

↑↓

These arrows are written on the reaction arrows. If a solvent is used in the reaction,

then they are shown next to the solvent.

O

+
EtO

O

Br

Zn

THF↑↓

COOH

OH

2.8 The Wavy Arrow

Any energy transfer or emission can be represented using the wavy arrow. For

example, the emission of 𝛾-radiation is shown by the use of a wavy line with an arrow

head.

57m
Fe

𝛾-ray

57
Fe

A wavy arrow pointing downwards is widely used in photochemistry to show non-

radioactive decay which is a result of dissipation of energy as the molecule moves

RESONANCE-75 Promoting Science Education90



Abirami Lakshminarayanan

from a higher energy level to a lower one [9].

𝑆2























𝑆1

Δ

In the above diagram, S1 and S2 are singlet excited states of a photochemical reaction.

The wavy arrow indicates a non-radioactive energy dissipation by which a molecule

in a higher excited singlet state S2 comes down to a lower singlet excited state S1.

2.9 The Rearrangement Arrow

A rearrangement reaction is a broad class of organic reactions where the skeleton

of the molecule is rearranged to give a structural isomer of the original molecule

[9]. In many rearrangements, an atom or a group of atoms moves from one atom

to another, intramolecularly or intermolecularly. Rearrangements can be shown by

using a special type of arrow, ‘the rearrangement arrow’.

A ◦ A′

The distinguishing feature of this arrow is a small ‘knot’ present mid-way between its

tail and head which implies that rearrangement has occurred during the reaction.

The őrst rearrangement reaction to be reported was the ‘Benzilic Acid Rearrangement’

which was discovered by Justus von Liebig, a German chemist, in 1838 [3]. It is

depicted using the rearrangement arrow.

O

O

Benzil

KOH (aq.) MeOH ↑↓
◦

HCl

OH

OH

O

Benzilic acid

Mechanistically, the representation of such a movement may be shown by using the

conventional curved arrow protocol (refer Section 3.1).

3. Electron Arrows

Electron arrows are used to indicate movement of electrons during a chemical reaction.

A rearrangement reaction

is a broad class of organic

reactions where the skele-

ton of the molecule is re-

arranged to give a struc-

tural isomer of the origi-

nal molecule. Rearrange-

ments can be shown by

using a special type of ar-

row, ‘the rearrangement

arrow’.
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The benzilic acid rear-

rangement reaction can

be mechanistically repre-

sented using the curved

arrow.

3.1 The Curved or Curly Arrow

This arrow is one of the most important and widely used electron arrows and was

introduced by Sir Robert Robinson in 1922 [11]. A curved arrow is used to write a

reaction mechanism by indicating the movement of electrons.

The tail of a curly arrow ‘starts’ at a mobile electron pair and its head points to the

‘destination’ of the electron pair.

The benzilic acid rearrangement reaction can be mechanistically represented using

the curved arrow as follows.

The reaction involves nucleophilic attack of hydroxide ion on carbonyl carbon followed

by the migration of a phenyl group along with its bonding electrons to the neighboring

carbonyl group. The migration of the phenyl group rearrangement is shown by

encircling the phenyl group and using a curved arrow beginning at the migrating

phenyl group and terminating at its destination, the carbonyl carbon.

The process of writing a reaction mechanism using curved arrows is called ‘electron

pushing’.
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Box 3. Robert Robinson ś The Introducer of Curved Arrows [11].

Sir Robert Robinson was born at Rufford, Derbyshire on September 13, 1886.

He graduated from Manchester University in 1906 and obtained DSc in 1910.

His 1917 landmark one-step synthesis of tropinone made him the forerunner of

modern biomimetic synthesis. He developed a general method for construct-

ing a six-membered ring onto a ketone with enolizable hydrogen (Robinson

annulation).

In the mid-1920s, Robinson introduced the curved arrow in his paper ‘An

explanation of the property of Induced Polarity of Atoms and Interpretation of

Theory of Partial Valances on an electronic basis’.

Sir Robinson was awarded the 1947 Nobel Prize in Chemistry for his work on

the synthesis of natural products, especially the alkaloids.

He authored over 500 papers and several books on natural products. He was an

avid chess player and his hobbies included mountaineering, photography and

music.

3.2 Fishhook Arrow

Fishhook arrows indicate cleavage or movement of a single electron shown as a

single-headed curved arrow. They are widely used in radical chemistry to represent

the homolytic cleavage and reactions of radicals. They are usually represented in pairs.

For example,

3.3 The Resonance Arrow

A resonance arrow is one straight double-headed arrow pointing between two equiv-

alent structures of the same molecule. Although the concept of resonance was given

Fishhook arrows indicate

cleavage or movement of

a single electron shown

as a single-headed curved

arrow.

A resonance arrow is one

straight double-headed

arrow pointing between

two equivalent structures

of the same molecule.

The resonance arrow

was introduced by the

German chemist Fritz

Arndt.

RESONANCE-75 Promoting Science Education 93



Abirami Lakshminarayanan

The inductive effect ar-

row is a special type of

arrow in which the bond

between two atoms acts

as the straight line of the

arrow.

Box 4. Linus Pauling ś The Greatest Chemist of the 20th Century [7,12].

Arguably the greatest scientist of all times, Linus Carl Pauling’s life presents

a chronology of events that made a great impact not only on science but on

mankind.

In 1928, Pauling introduced the concept of ‘resonance’. This concept was the

main area of attack by the Russians during the days of the Cold War who labeled

the concept ‘pseudo-scientiőc’. The őght was about arrows rather than with

arrows. Pauling successfully responded to these allegations and resonance has

emerged as one of the most powerful concepts today.

His 1939 publication The Nature of the Chemical Bond, compiles forty years

of his Nobel Prize work on devising molecular structure using quantum me-

chanics.

He was awarded the Nobel Peace Prize (1963) for his efforts to curb the use of

radioactive weapons.

by Linus Pauling in 1928, the resonance arrow was introduced by the German chemist

Fritz Arndt [3]. It connects two structures of the same molecule but with different

electron distribution patterns. The resonance structures of benzene and carboxylate

ion are shown below.

O

O

O

O

While equilibrium arrows are a pair of half-headed arrows connecting two different,

distinguishable compounds, the resonance arrow is a single arrow with two heads

connecting indistinguishable structures of the same molecule.

3.4 The Mid-Head Arrow

This arrow is used to represent inductive effect or bond-polarization in a molecule.

Bond polarization or ‘induction’ is a redistribution of electric charge in an object

caused by the inŕuence of nearby charges. Induction was discovered by the British

scientist John Canton in 1753 [13].

The inductive effect arrow is a special type of arrow in which the bond between two

atoms acts as the straight line of the arrow, while the arrow head is inserted in between

the bond and points towards the more electronegative element.
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For instance, chlorine being more electronegative than carbon, the mid-head arrow

points towards chlorine in the above example.

3.5 The Dipole Moment Arrow

This arrow is used to indicate the direction of the resultant dipole moment in a

molecule. It is represented by a straight arrow with the head pointing towards the

direction of net dipole moment. A special feature of this arrow is that at the tail of

the arrow is a ‘+’ sign.

Usually the dipole moment vector points towards the more electronegative atom in the

molecule. The ‘+’ sign is placed at the electron-deőcient or the less electronegative

atom as illustrated below.

3.6 Electrons Occupying an Orbital

Electrons occupying an orbital are routinely shown with the help of arrows. The arrows

may be half-headed or full-headed. The direction of the arrowhead symbolizes the

spin of the electron. The half-head is known to designate half-integer spin and hence

is more commonly used.

4. Conclusion

Arrows are the most frequent symbols used in everyday chemistry. An arrow may

simply mean an indicator or pointer to some. But in chemistry, this humble icon

represents change and all aspects associated with it. Chemistry without arrows would

be like a ŕower without fragrance. The simple yet powerful and elegant expression

using arrows has made chemistry much simpler to comprehend.
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Electrons occupying

an orbital are routinely

shown with the help of

arrows. The direction

of the arrowhead sym-

bolizes the spin of the
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Since the time Cannizzaro expounded a system of atomic weight determination in

the Karlsruhe Congress in 1860 [10], and őrmly established Avogadro hypothesis,

there have been dozens of experimental methods for determining the Avogadro

number. Many of these methods seek to determine a fundamental physical

constant such as charge of an electron or the Boltzmann constant whose value

for one mole of particles is precisely known. Ingenious methods that have been

devised for the measurement of these fundamental constants are discussed in

this article.

1. Introduction

Although Avogadro’s hypothesis, that equal volumes of different gases under identical

temperature and pressure conditions contain the same number of molecules, was

postulated in 1811 [1], it took almost őfty years for it to be taken seriously. There

were several reasons for the lack of attention to Avogadro’s hypothesis [2]. Avogadro’s

geographical isolation from the chemistry community of that period, (most inŕuential

chemists of that era were in France and Germany) which limited his intellectual

interaction with other chemists, was one of the factors. Furthermore, the fact that

the focus in chemistry of the times was on organic chemistry was also, to an extent,

responsible for this lack of attention. Besides these sociological factors, there were

scientiőc issues as well. To name a few, lack of clarity in the use of the term

‘molecule’ was one, and the fact that Avogadro’s hypothesis was in direct conŕict

with the ideas of Berzelius (that similar atoms repelled each other) and of Dalton

(which equated particles with atoms thereby eliminating the possibility that a particle

of oxygen could yield two particles of water, a conclusion that follows from applying

Avogadro’s hypothesis to interpret Gay-Lussac’s law), was another. However, the

foremost reason for the difficulty in accepting Avogadro’s ideas was that the number

of particles or molecules in a gas of given volume could not be directly measured. One

of the grand challenges for scientists of that era was to devise a method for carrying

out such measurements.

Only indirect methods can be devised to determine the number of particles in a given

volume of gas, since a macroscopic volume of the gas under

Only indirect methods

can be devised to deter-

mine the number of parti-

cles in a given volume of

gas, since a macroscopic

volume of the gas un-

der ordinary conditions

of temperature and pres-

sure would contain innu-

merably large number of

molecules.

ordinary conditions

of temperature and pressure would contain innumerably large number of molecules.

This problem has the parallel with counting the number of tablets in a large bottle

őlled with identical tablets. In this case, we could use a weighing balance to obtain

the total weight of all the tablets in the bottle as well as the weight of a single tablet.

∗Reproduced with permission from Resonance, Vol.11, No.1, pp.79ś87, 2006.

Keywords

Avogadro constant, Loschmidt

number, mole.

RESONANCE-75 Promoting Science Education

49

97



S Ramasesha

Loschmidt estimated

the volume of a single

molecule using the ki-

netic theory of gases and

density of liquid air.

To obtain the actual

volume occupied by

the molecules, from the

data on speciőc volume,

Loschmidt introduced

a factor that he called

the liquid condensation

factor ( 𝑓 )

The ratio of the two weights then gives the number of tablets in the bottle. Just

as this method requires knowledge of the weight of one tablet, the determination of

the number of molecules in a given volume also requires knowledge of at least one

property of a single molecule.

2. Loschmidt Number

First successful attempt at determining the number of molecules in a unit volume of a

gas under standard conditions of temperature and pressure was made in 1865, by the

Austrian physical chemist Josef Loschmidt, who was born in what is now the Czech

Republic [3]. He estimated the volume of a single molecule using the kinetic theory

of gases and density of liquid air. Loschmidt had to estimate, instead of measure, the

density of liquid air, since air was not yet liqueőed in 1865! He used the concept of

speciőc volume,𝑉s (molecular weight divided by its density in the liquid state), which

had been introduced by Hermann Kopp. From measured densities of liquids formed

from compounds with the same constituent elements in different proportions, Kopp

had established the approximately additive property of speciőc volumes. Assuming

that air consists of 77% nitrogen and 23% oxygen, Loschmidt estimated the density

of liquid air from the densities of liquid NO2 (1.5 g/cm3) and liquid N2O (1.3 g/cm3)

to be 1.22 g/cm3, which is about 30% higher than the measured value [4]. Loschmidt

recognized that the liquid can expand on warming and also that the molecules in a

liquid can diffuse past one another. Hence, to obtain the actual volume occupied by

the molecules, from the data on speciőc volume, he introduced a factor that he called

the liquid condensation factor ( 𝑓 ) whose value he assumed to be greater than unity

(1.17 < 𝑓 < 1.91). Thus, he estimated the volume, 𝑉m, occupied by 𝑁A molecules as

𝑉m = 𝑉s/ 𝑓 = 𝑁A𝜈 = 𝑁A

(

4

3
𝜋𝑟3

)

, (1)

where, 𝑟 is the radius of the molecule, assuming the molecules to be spherical in

shape.

The kinetic theory of gases relates the coefficient of viscosity, 𝜂, to the mean free

path, 𝜆, by the relation,

𝜂 =
1

2
𝜌�̄�𝜆, (2)

where �̄� is the average speed of an air molecule and 𝜌 is the air density [5]. The

average molecular speeds for oxygen and nitrogen were known from the work of

Clausius in 1857. Thus, viscosity coefficient measurement and density yielded the

mean free path, 𝜆. Loschmidt computed the total molecular cross section, 𝑁A𝜋𝑟
2,

again using the kinetic theory [1] from the relation,

𝑁A𝜋𝑟
2
=

𝑉
√

2𝜆
. (3)

Using equation (1) and the above equation, Loschmidt determined the number of

molecules per unit volume under standard temperature and pressure conditions. The
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number of molecules per cubic centimetre of gas under conditions of standard temper-

ature and pressure (STP) came to be known as the Loschmidt number. The best value

estimated by Loschmidt for the Avogadro number was ∼ 4 × 1023. Perrin obtained

the best estimate for the atomic volume from the van der Waals’ equation of state,

(

𝑃 + 𝑎

𝑉2

)

(𝑉 − 𝑏) = 𝑅𝑇. (4)

The parameter ‘𝑏’ in the above can be determined experimentally and as van der

Waals argued it is four times the atomic volume. Perrin, by measuring 𝑏 for mercury

vapour, obtained a value of 6.25 × 1023 for the Avogadro constant.

The term Avogadro constant was őrst used by Perrin who identiőed the number of

molecules in a gram molecular weight of a substance. The present day deőnition of

the Avogadro constant is the number of carbon atoms in exactly 12 grams of pure 12C.

To appreciate the magnitude of Avogadro number, imagine that we have a powerful

counting machine which can count about one crore (ten million) particles each second.

Then it will take the machine approximately two billion (two hundred crore) years

to count an Avogadro number of particles! Compare this with the age of the earth,

which is about 4.5 billion years.

3. Brownian Motion

Perrin’s determination of the Avogadro’s constant was based on measuring the dis-

tribution of colloidal particles of identical sizes (monodisperse) in a vertical column

under isothermal conditions under the inŕuence of gravity [6]. The ratio 𝑛2/𝑛1 of

the number density of particles of mass 𝑚, at two different heights ℎ2 and ℎ1, at a

temperature, 𝑇 , is given by the Boltzmann distribution,

𝑛2/𝑛1 = exp

(

−(𝑉2 −𝑉1)
𝑘𝑇

)

, (5)

where 𝑉𝑖 = 𝑚𝑔ℎ𝑖 is the potential energy at height ℎ𝑖 , with 𝑔 being the acceleration

due to gravity. When the colloidal particles of density 𝜌𝑚 are suspended in a liquid

of density 𝜌𝑙, 𝑔 is replaced by 𝑔(𝜌𝑚 − 𝜌𝑙)/𝑟𝑚 to account for buoyancy. If we know

the mass and density of the Brownian particle and density of the liquid, then by

measuring the number of Brownian particles at two different heights, it is possible

to obtain a value for the Boltzmann constant 𝑘; the Avogadro number is the ratio

of the gas constant 𝑅 to the Boltzmann constant. Perrin prepared tiny spheres of

gamboge, a resin, all of uniform size and density, by elaborate fractional centrifuging.

He dispersed about 17000 particles of the resin in a water column of height 0.1mm.

Using a microscope with a resolution of a quarter micron, he measured the vertical

distribution of colloidal particles. The small height of the column was advantageous

in reducing convection currents. Mass of the Brownian particle was obtained by

directly weighing a known number of particles. The radius, 𝑎, of the particle was

The number of molecules

per cubic centimetre of

gas under conditions of

standard temperature and

pressure (STP) came

to be known as the

Loschmidt number.

The term Avogadro con-

stant was őrst used by

Perrin who identiőed the

number of molecules in

a gram molecular weight

of a substance. The

present day deőnition of

the Avogadro constant is

the number of carbon

atoms in exactly 12 grams

of pure 12C.
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Boltwood and Rutherford

in 1911 measured the

amount of helium pro-

duced by a sample con-

taining only radium as the

radioactive element, by

trapping the 𝛼 particles

emitted by radium and its

decay products.

obtained from StokesśEinstein law,

𝐷 =
𝑘𝑇

6𝜋𝜂𝑎
, (6)

by measuring the diffusion coefficient, 𝐷, and using the known viscosity coefficient,

𝜂, of the medium, in terms of 𝑘 . The resulting equation is then solved for 𝑘 .

In the present day, with the help of computers to analyze experimentalIn the present day, with

the help of computers

to analyze experimental

data, it is possible to di-

rectly obtain 𝑘 from stud-

ies on Brownian motion.

data, it is

possible to directly obtain 𝑘 from studies on Brownian motion. The random motion

of monodisperse polystyrene beads of known size in water at a őxed temperature can

be tracked using a video camera at intervals of say, Δ𝑡 = 0.1 second. The mean

square displacement, per time step, averaged over all the beads, 𝜎2, can be obtained

from a frame-by-frame analysis of the video over a sufficiently long period of time.

The diffusion coefficient 𝐷 is given by 𝜎2/(2Δ𝑡). Once again using StokesśEinstein

relation (equation 6) we can obtain the Boltzmann constant and hence the Avogadro

number.

4. Counting 𝜶 Particles

Rutherford in 1903 demonstrated that 𝛼 particles are positively charged and sub-

sequently they were shown to be He++ ions. Rutherford and Geiger succeeded in

counting the number of 𝛼 particles emitted per second from a gram of radium and

found this to be 3.4× 1010 particles per second. Each emitted 𝛼 particle very quickly

becomes a helium atom by picking up electrons from surrounding gas molecules.

By measuring the volume of helium gas produced by radium in a known interval

of time, and from a knowledge of the rate of production of 𝛼 particles, it should

be possible to obtain the number of particles in a unit volume of helium gas under

STP conditions [7]. However, this is complicated by the fact that radon (Rn222), the

radioactive decay product of the most abundant (> 99%) isotope of radium, Ra226, is

also an 𝛼 emitter. Besides radon, the subsequent decay products, namely Po218 and

Po214 are also 𝛼 emitters. However, the half-lifes of Rn222, Po218 and Po214 (3.83 days,

3.1 mins, and 0.00016 sec, respectively) are very much shorter than the half-life of

Ra226 (1620 years). Therefore, it is possible to obtain the rate of production of helium

gas from the initial decay of Ra226 by measuring the volume of helium gas produced

by radium in a period much longer than the half-life of radon. Boltwood and Ruther-

ford in 1911 measured the amount of helium produced by a sample containing only

radium as the radioactive element, by trapping the 𝛼 particles emitted by radium and

its decay products. Their studies provided the volume of helium at STP produced

by a known amount of radium at the end of two well-speciőed periods; 83 days and

132 days. Since the time periods after which the quantity of helium gas produced

was much longer than the half-life of radon and other 𝛼 emitters, the total amount of

helium produced, 𝑄, in time, 𝑡, could be related to the rate of production of helium

from one gram of radium alone, 𝑥, by the kinetic equation for successive reactions as,

𝑄 = 4(1 − 3
4
𝜆1/2𝑡)𝑡𝑥, where 𝜆1/2 is the half-life of radon. Boltwood and Rutherford
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determined average 𝑥 (from the two time periods) to be 0.107 mm3 per day at STP

which is equivalent to 5.55 × 10−14 mole per second. From this and the rate of

emission of 𝛼 particles from a gram of pure radium determined earlier, the Avogadro

number turns out to be 6.1 × 1023.

5. Black-Body Radiation

In 1900 Planck, by postulating that an oscillator can take up or release energy in

discrete amounts (called quanta), obtained the radiation density law for the distribution

of intensity as a function of frequency at a őxed temperature. Planck’s law explained

the then long standing puzzle of black-body radiation. Besides this remarkable

achievement, amazingly, Planck could extract values for both the Planck’s constant

and the Boltzmann constant by őtting his expression to the existing data on black-

body radiation. Since the gas constant, 𝑅, was experimentally known, he could

obtain the Avogadro number. Equally remarkable was the fact that he could also

obtain the charge of an electron from the value of a Faraday of charge measured

from electrochemical experiments and the Avogadro number. The values of Planck’s

constant and the Boltzmann constant obtained by Planck are only off by less than 5%

from their most modern values.

6. Electrochemical Method

Following the discovery of the electron towards the end of the 19th century, there

were several attempts to measure the quantity of charge on an electron. Townsend in

1897 found that hydrogen and oxygen liberated by electrolysis of dilute acid or alkali

solutions picked up charges (the fraction of molecules picking up the charge was one

in one million) and when bubbled through water formed a charged cloud. Passing it

through drying tubes and measuring their weight gain measured the total mass of the

cloud. The average mass of the droplets was determined from the terminal velocity

with which they fell in a viscous medium. From this data, Townsend obtained

the number of droplets in the cloud. The total charge in the cloud was measured

using a quadrant electrometer. Assuming that each droplet grew around a single

ion, Townsend was able to obtain the electron charge. However, this experiment

was very error prone due to evaporation of the water droplets. Millikan by using

oil drops was able to measure accurately the charge on an electron. The charge of

an electron given by the National Institute of Standards and Technology (NIST), is

−(1.60217653 ± 0.00000014) × 10−19 C. The charge carried by a mole of electrons,

the Faraday, was known from electrochemical studies, being determined from the

charge that is required to deposit one gram atomic weight of a monopositive metal

ion (such as sodium from a solution of sodium chloride) at the cathode. The ratio of

Faraday to the charge carried by an electron gave the Avogadro constant.

Planck could extract val-

ues for both the Planck’s

constant and the Boltz-

mann constant by őtting

his expression to the ex-

isting data on black-body

radiation. Since the

gas constant, 𝑅, was ex-

perimentally known, he

could obtain the Avo-

gadro number.
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In a defect free crystal,

ratio of the volume oc-

cupied by one mole of

the substance in the crys-

talline state to volume oc-

cupied by one molecule

in the crystal is the Avo-

gadro number.

What is most impressive

is that the value of the

Avogadro constant mea-

sured from completely

unrelated techniques

agree very well with

each other conőrming

the hypothesis postulated

nearly two centuries ago!

7. X-Ray Diffraction Method

The determination of the contents and dimensions of the unit cell of a crystal from

X-ray diffraction techniques has been well established since early 20th century. From

this data, it is possible to know the volume occupied by a single molecule in the

crystalline state. The volume occupied by one gram molecular weight of the substance

can be measured using a pycnometer. In a defect free crystal, the ratio of the volume

occupied by one mole of the substance in the crystalline state to volume occupied by

one molecule in the crystal is the Avogadro number. While the underlying principle

is simple, obtaining an accurate estimate of the Avogadro number by this method is

nontrivial [8]. Firstly, the wavelength of the X-ray needs to be determined accurately

and the X-ray source should be sharply peaked. Only in 1965, with the use of

Tungsten K𝛼1 line, was it possible to obtain an accuracy of ±1 part per million

in the measurement of X-ray wavelength. With this development, the accuracy

was now limited by the presence of crystal imperfections, undetermined isotopic

abundances in the sample and difficulties in measurement of density. To overcome

the őrst two, highly perfect silicon single crystals of very high purity with Si isotopic

abundance comparable to a standard reference material was used. The volume of

the crystal was measured by hydrostatic means, using a ŕuorocarbon and this was

standardized against the volume of precisely engineered steel spheres whose diameter

was determined from optical interferometry. The Avogadro number given in the

NIST website is (6.0221415 ± 0.0000010 × 1023) mol−1, from these measurements is

currently the best established value [9].

8. Summary

Beginning with the experimental efforts of Loschmidt in 1865, the determination

of Avogadro number has a fascinating history with many of the greatest names that

laid the foundations of physics and chemistry being associated with it. Diverse

experimental techniques that depend upon different properties of a single particle

have been devised and in the process the atomic theory of matter has been őrmly

established. The most accurate method to date has been the one in which X-ray

diffraction method is used to measure the microscopic density of a silicon unit cell in

an isotopically well characterized and highly perfect single crystal. The macroscopic

density of the crystal is also precisely measured using highly sophisticated methods.

Avogadro number determined from this method is accurate to better than one part per

million. What is most impressive is that the value of the Avogadro constant measured

from completely unrelated techniques agree very well with each other conőrming the

hypothesis postulated nearly two centuries ago!
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Prafulla Chandra Rây was the pathőnder and originator of chemical research in modern

India. He was introduced to research by Alexander Crum Brown, a notable chemist

and teacher at Edinburgh University. His doctoral work was on the chemistry of double

sulphates. He received the D.Sc. degree of Edinburgh University in 1887. A year later

he returned to India and in 1889 started his career as a junior professor in Presidency

College, Calcutta. He was then twenty-eight. His research activities ŕourished in the

laboratories of the college even though the facilities were inadequate. He moved to

the College of Science of Calcutta University as the őrst Palit Professor of Chemistry

in the year 1916 and the work of his school continued there with renewed vigour.

Prafulla Chandra was a synthetic chemist specially of inorganic compounds. But he

also made outstanding contributions to the chemistry of thio-organic compounds. He

and his students prepared many new interesting families of compounds and examined

their physical properties to the extent possible at that time. He őrst became well

known for his work on the inorganic and organic nitrites. Among metals, he had a

very special fascination for mercury probably because of its importance in Ayurvedic

medicines in which he was very interested. He published about two hundred original

papers. The majority of his contributions until 1924 (the year when the Journal of

the Indian Chemical Society was born) were published in the Journal of Chemical

Society (London).

It is convenient to discuss Prafulla Chandra’s research contributions under a few broad

categories highlighted in Box 1.

In the following sections we shall present a few selections from his many-sided

experimental őndings. His celebrated historical research culminating in the creation

of History of Hindu Chemistry has not been elaborated in this article.

1. Mercurous Nitrite and Related Compounds

In 1895 Prafulla Chandra reported the őrst synthesis of the hitherto unknown mer-

curous nitrite, Hg2(NO2)2. This event was described by him in his autobiography as

łthe discovery of mercurous nitrite opened a new chapter in my lifež. It is relevant

to mention here that stable mercury(I) complexes are sparse in literature, even today,

owing to the instability of mercury(I) towards disproportionation to mercury(II) and

metallic mercury in solution. Moreover, the nitrite ion is not very stable and can un-

dergo facile decomposition. The compound, Hg2(NO2)2 is thus a fascinating example

of a stable substance composed of two relatively unstable ions.

∗Reproduced with permission from Resonance, Vol.6, No.1, pp.42ś49, 2001.
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Box 1. Categories of

Research

Contributions

(i) Metal nitrites with

special reference to mer-

curous nitrite

(ii) Ammonium nitrite

and related compounds

(iii) Chemistry of sul-

phur compounds

(iv) Coordination com-

pounds

Figure 1. Coordination

modes of NO ś
2 to metal.

Figure 2. Structure of

Hg2(NO2)2.

Contrary to the view held

earlier, Prafulla Chandra

established beyond doubt

that nitrites were stable

substances.

The preparation of Hg2(NO2)2 was an accidental discovery. He wanted to prepare

water soluble mercurous nitrate as an intermediate for the synthesis of calomel,

Hg2Cl2. Accordingly, dilute aqueous nitric acid (1:4) was reacted with excess mercury.

To his surprise this resulted in the formation of yellow crystalline Hg2(NO2)2.

Hg (excess) + HNO3 (dilute) Hg2(NO2)2 (1)

This result was őrst published in the Journal of Asiatic Society of Bengal which

was immediately noticed by Nature. This was the beginning of a series of thorough

investigations which resulted in many signiőcant publications on this nitrite and its

derivatives.

It is now known that the nitrite ion can bind to a metal ion in three different fashions

(Figure 1) and there have been numerous structural investigations in many laboratories

around the world to sort out the coordination modes. As mercury is a soft cation, the

nitrite ions in Hg2(NO2)2 are likely to be linked to mercury, which exist as a dimer due

to metal-metal bonding, through the soft nitrogen centers forming a linear N-Hg-Hg-

N chain (Figure 2). It was not possible to make such a proposal in Prafulla Chandra’s

time because structural principles were in their infancy. A direct experimental proof

of the structure of the above nitrite is still awaited.

Subsequently, Prafulla Chandra became interested in the chemistry of hyponitrites.

Structure of the hyponitrite anion (N2O2)2ś is shown in Figure 3. The hyponitrites

were prepared by reacting the corresponding nitrite with aqueous solution of sodium

hyponitrite, Na2N2O2. The reaction of mercury with nitric acid was used to prepare a

solution containing a mixture of mercurous nitrite (Hg2(NO2)2) and mercuric nitrite

(Hg(NO2)2). From this mixture, he isolated the corresponding hyponitrites in the

pure form by following the scheme shown in Box 2. A simpler procedure for the

direct synthesis of mercuric hyponitrite from mercuric nitrite was invented later using

KCN as the reducing agent. The hyponitrites of mercury were found to be thermally

more stable than the corresponding nitrites and nitrates.

Prafulla Chandra also synthesised numerous nitrites of alkali, alkaline earth and

coinage metals as well as double nitrites such as those containing both mercury and

alkaline earth metals. Thermal decomposition of the compounds was thoroughly

investigated. Other physicochemical properties such as relative stability, molecular

volume and molecular conductivity were studied. Contrary to the view held earlier,

Prafulla Chandra established beyond doubt that nitrites were stable substances.

2. Ammonium Nitrite and Alkylammonium Nitrites

One of the very notable contributions of Prafulla Chandra in the őeld of nitrite

chemistry was the synthesis of ammonium nitrite in pure form via double displacement

between ammonium chloride and silver nitrite, (2).

NH4Cl + AgNO2 NH4NO2 + AgCl (2)
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Box 2. Preparation of Hg2N2O2 and HgN2O2.

Ammonium nitrite, so formed, was sublimed at 32ś33°C under reduced pressure to

afford crystalline colourless needles. It had all along been believed that ammonium

nitrite undergoes fast thermal decomposition yielding N2 and H2O.

NH4NO2

Δ

N2 + 2 H2O (3)
Figure 3. Structure of hy-

ponitrite anion (N2O2)
2ś.Prafulla Chandra established that this reaction is far less facile than thought. He

carried out a series of experiments to show that pure ammonium nitrite is indeed

stable and it can be sublimed without decomposition even at 60°C. The stability of

this salt in its vapour state was őrmly established by vapour density measurements.

He presented the results in a meeting of the Chemical Society in London and the

scientiőc audience including William Ramsay was greatly impressed. Nature (August

15, 1912) immediately highlighted the successful preparation of ‘ammonium nitrite

in tangible form’ and the determination of the vapour density of ‘this very fugitive

salt’. The details of these experiments were published in the Journal of Chemical

Society, London in the same year.

His success with ammonium nitrite prompted Prafulla Chandra to develop the chem-

istry of alkylammonium nitrites. He prepared a family of such compounds by double

displacement of alkylamine hydrochlorides and silver nitrite

RNH3Cl + AgNO2 RNH3NO2 + AgCl (4)
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Figure 4. Structure of

1,4-dithian.

Figure 5. Structure of

thiocamphor.

in cold aqueous solution. The relative stability of these compounds was studied and

compared. He then proceeded to work on mercury alkyl- and mercury alkylaryl-

ammonium nitrites.

3. Organic Sulphur Compounds

In the College of Science, Prafulla Chandra made major contributions to the chem-

istry of organic sulphur compounds. He synthesised new compounds and studied their

interactions with the salts of mercury. Moreover, ligating properties of some of these

thio-compounds were investigated. Long-chain sulphur species, sulphur-containing

condensed heterocycles and thioketones were some of the systems that he synthe-

sised. For example, as a by-product of the synthesis of 1,4-dithian (Figure 4) from

dithioethylene glycol and ethylene bromide, he isolated the long chain compound,

BrC2H4(SC2H4)48Br (5), which was ‘the őrst instance of a crystalline organic sulphur

compound of such high molecular weight as 3068’.

Br C2H4 Br + NaS C2H4 SNa + Br C2H4 Br + . . .

+ NaS C2H4 SNa + Br C2H4 Br BrC2H4(SC2H4)nBr + nNaBr (5)

He also worked on the synthesis of condensed heterocyclic systems. Of these, the

synthesis of triethylene tri- and tetra- sulphides from simple reactions of ethylene

dibromide and alcoholic KSH (6) are noteworthy. Potassium permanganate oxidation

of the tetrasulphide to the corresponding sulphone compound (7) was also examined.

A brief report of his work on the synthesis of thiocamphor and other cyclic thioketones

was published in Nature in 1934. Thiocamphor (Figure 5) was synthesized in a good

yield by the simultaneous action of dry H2S and dry HCl gas at 0°C on a solution

of camphor in absolute alcohol. This method was extended later to synthesize cyclic

thioketones containing different ring systems.

(6)

(7)
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4. Coordination Compounds

Prafulla Chandra made extensive contributions to the coordination chemistry of the

heavier transition metal ions like platinum, iridium and gold. Particularly noteworthy

were his studies on organic sulphides such as methyl sulphide, ethyl sulphide, diethyl

sulphide and diethyl disulphide as ligands. Complexes of different types were iso-

lated and their compositions were deduced based on elemental analysis and molar

conductance.

From the reaction of diethyl sulphide with iridium tetrachloride he isolated two

isomers of composition IrCl3.3Et2S, one orange and another red. The orange com-

pound is now known to have the pseudooctahedral meridional geometry (Figure 6a)

and not the facial geometry (Figure 6b) assigned by Prafulla Chandra. This work

indeed represents the isolation of the őrst mixed halide octahedral thioether com-

pound of the generic type MX3(R2S)3 which now has rich chemistry (M=Ir(III),

Rh(III), Os(III) and Ru(III); X = Cl, Br, I) representing the efforts of many later

workers in different countries. The őrst seed was however sown by Prafulla Chan-

dra. The red isomer of IrCl3.3Et2S was shown by later workers to be a salt of type

[IrCl2(Et2S)4]+[IrCl4(Et2S)2]ś.

By the interaction of

chloroplatinic acid with

thio-organic compounds,

numerous platinum com-

plexes were synthesised

by Prafulla Chandra and

different oxidation states

were assigned to the

metal ion.

By the interaction of chloroplatinic acid with thio-organic compounds, numerous

platinum complexes were synthesised by Prafulla Chandra and different oxidation

states were assigned to the metal ion. Similar studies were carried out on gold

compounds. However, the proposed structures and the oxidation states of such species

deserve further scrutiny.

5. Other Activities

In Presidency College, Prafulla Chandra began his research activities by chemical

examination of certain fats and oils like ghee, butter and mustard oil, used as cooking

media in India. The purpose was to create standards and identify the adulteration of

foodstuffs in metropolitan cities of India. He published a long report on this work in

the Journal of the Asiatic Society of Bengal in 1894.

Much later in the College of Science, he developed certain methods for facile ŕuo-

rination of organic compounds using thallous ŕuoride as the ŕuorinating agent. For

example, one-pot synthesis of monoŕuoroacetone from the reaction of monoiodoace-

tone and anhydrous thallous ŕuoride (8) was successfully achieved in a high yield.

He also isolated methyl ŕuoroformate and ŕuroacetals using the same principle of

halide substitution.

(8)

2

Ir

SEt2

Cl Cl

Cl SEt2

SEt(a)

(b)

Ir

SEt2

Cl Cl

S SEt2

Cl

Et2

Figure 6. a) Pseudoocto-

hedral meridional geome-

try and b) facial geometry.
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6. Conclusion

The above account reveals the versatility of Prafulla Chandra’s research activities.

Most importantly, he initiated chemical research in modern India and was successful

in developing the őrst research school of chemistry that in time spread far and wide.

In his obituary notice, Nature (July 15, 1944) wrote łit was by the enthusiasm for

research with which he inspired his students that he will best be rememberedž.

Postscript (added in April 2022)

Structural ambiguity of otherwise characterised mercurous nitrite was resolved by

Professor Chakravorty and his co-workers at Indian Association for the Cultivation

of Science, Kolkata. In a publication in Indian Journal of Chemistry [Reference: S.

Samanta, S. Goswami and A. Chakravorty, Indian Journal of Chemistry, 50A (2011)

137-140] it was revealed that nitrite ion is O-bonded to Hg(I) which exists as a dimer

via Hg(I)-Hg(I) bonding. The molecule is centrosymmetric and overall it has a planar

geometry. A view of discrete Hg2(NO2)2 is shown below.
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Fifty-four years after the Nobel Prize was awarded to Karl Ziegler and Giulio

Natta for the polymerization of oleőns by complex organometallic catalysts, the

őeld continues to elicit enormous interest, both from the academia and the in-

dustry. Furthermore, this chemistry and technology occupy a high ground in

the annals of 20th-century science. The elegance and simplicity of Ziegler’s

chemistry continue to astound researchers even today, and the enormous impact

this chemistry has had on the quality of our life is truly incredible. Polyethylene,

produced using Ziegler’s chemistry has touched every aspect of common man’s

life, so much so that, today it is impossible to imagine life on this planet without

polyethylene. Equally fascinating is the story of how Ziegler stumbled on this

most impactful discovery. Ziegler’s discipline and rigor in systematically follow-

ing every lead in the laboratory, however trivial it seemed, and his penchant for

understanding the basics of science culminated in 1954, with a simple reaction

for converting ethylene to polyethylene, the quintessential carbon-carbon (C-C)

bond forming reaction. His life and work hold many lessons for all scientists

who dream of making their scientiőc quests useful and relevant to society. It is

also relevant to the contemporary debate on basic versus applied research.

1. Karl Ziegler: Life and Times

Karl Waldemar Ziegler was born on 26 November 1898, in the town of Helsa, near

Kassel, Germany, (Figure 1). He was educated at the University of Marburg from

where he obtained his PhD in 1920, working under the supervision of Professor Karl

von Auwers. His thesis was titled ‘Studies on Semibenzole and Related Links’. It is

interesting to note that Professor von Auwers’ claim to fame were two of his students,

one of whom was Karl Ziegler and the other Georg Wittig!

Ziegler began his academic career at the University of Marburg; thereafter, he had a

brief stay at the University of Frankfurt and then moved to the University of Heidelberg

in 1926. In 1936, he moved to the University of Halle-Saale (now Martin Luther

University Halle-Wittenberg ) as a Professor and the Director of Chemical Research

before őnally moving to the Kaiser Wilhelm Institute for Coal Research at Mülheim

an der Ruhr in 1943. When he received the invitation from the Kaiser Wilhelm

Institute, Ziegler was pleasantly surprised. In Ziegler’s own words, and I quote, łI

must admit that my immediate reaction was completely negative. There were good

∗Reproduced with permission from Resonance, Vol.22, No.11, pp.985ś2006, 2017.
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In a sense, Ziegler’s ac-

complishment is one of

the greatest ironies of our

time; an individual whose

only aim was to pur-

sue interesting, curiosity-

driven science, became

responsible for creating

one of the largest indus-

tries of the 20th century.

Figure 1. Professor Karl

Ziegler.

reasons for this: in my scientiőc career, I had experienced happy years in which

my work was guided purely by the pleasure of working on the problems that I had

chosen myself, even though this was within the framework of the modest resources

of a university professor of chemistry. Moreover, the period of directed research

immediately preceding had made it clear to me that I was less suited for projects with

predetermined aims. With just a few exceptions, my research had developed from

observations that had been made during the immediately preceding work. I was very

convinced of the fruitfulness of the policy of allowing my work to develop from the

interaction of observation, theoretical interpretation, and new experiments, without

regard to the őelds into which this would lead me. It is therefore quite natural that I

was disturbed that the name of the institute (where a position was) being offered to

me expressed its purpose. I insisted that I must be given complete freedom to pursue

the entire őeld of compounds of carbon (‘organic chemistry’) irrespective of whether

a clear relationship could be recognized between my work and coal or not."

It was here that Ziegler conducted his path-breaking work on organoaluminum chem-

istry that eventually led to the discovery of the family of catalysts that bears his name

ś ‘Ziegler’s catalyst’, and the discovery of a low temperature-pressure process for the

preparation of linear polyethylene that transformed the world of industrial chemistry

as well as polymer science and became one of the most successful innovations in the

history of chemical science. In a sense, Ziegler’s accomplishment is one of the greatest

ironies of our time; an individual whose only aim was to pursue interesting, curiosity-

driven science, became responsible for creating one of the largest industries of the 20th

century. In Ziegler’s own words, łI set out to follow a broad course of study in which
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my only guide was, initially, just the desire to do something which gave me pleasure.

The course threw up many interesting conclusions, many of them of highly practical

value, and one of them led ultimately to a method of making polyethylene" [1].

Karl Ziegler passed away on 11 August 1973, at Mülheim, leaving behind a rich

legacy of chemistry, industry, and wealth, both to himself and to the institution he

served.

Ziegler lived and worked during some of the most turbulent times in world history.

He saw Europe being torn asunder during the two World Wars, bringing in its wake

enormous disruption as well as economic, political, and moral turmoil. He witnessed

the emergence of National Socialism in Germany in the late 1930s, which he found

to be repugnant and rejected vehemently. Given his views, he was not invited to a

professor’s position till 1936, almost thirteen years after his habilitation. Yet, it is a

tribute to his dedication to science and the force of his personality that he came out of

World War II unscathed, in terms of his political association and personal reputation.

Ziegler won the Nobel Prize in Chemistry in 1963, which he shared with G Natta.

The citation read, for their discovery in the őeld of chemistry and technology of high

polymers. The title of his Nobel lecture was ‘Consequences and Developments of an

Invention.’ There are two essential observations concerning this Nobel worth making

a note of. One, between 1912 (Victor Grignard) and 2005 (Grubbs, Shrock, and Chau-

vin) as many as ten Nobel Prizes have recognized scientists who have demonstrated

new ways of making C-C bonds ś a quintessential reaction in chemistry. Second, by

the time Ziegler and Natta walked the aisle in Stockholm, industrial manufacture of

polyethylene and polypropylene had commenced, and they were commercial products

in the market. I am not aware of any other claimant to the Nobel who can speak of

such an achievement!

2. Ziegler’s Contributions to Chemistry [2ś4]

2.1 Large Rings (1933ś47)

The work of Ruz̆ic̆ka during 1926ś33 on the active principles of the perfume derived

from musk and civet established the existence of stable ring systems of more than

six carbon atoms. Ruz̆ic̆ka prepared cyclic ketones of 6ś18 carbon atoms and noted

that the yield was minimum in the region of ten carbon ring systems. In 1933,

Ziegler published his őrst paper on the subject with Eberle and Ohlinger on the

synthesis of large carbon ring systems, which later became known as the ‘Ruggliś

Ziegler dilution principle’ [5]. In 1912, Paul Ruggli had suggested that such a

synthesis might be performed at high dilution since the chief obstacle to the formation

of large ring compounds was the interference from the competing polymerization

reaction. Ruggli’s views had received scant attention. For the utilization of the

dilution principle in the preparation of large ring ketones, it was necessary to employ

By the time Ziegler and

Natta walked the aisle

in Stockholm, industrial

manufacture of polyethy-

lene and polypropylene

had commenced, and

they were commercial

products in the market.
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Ziegler worked out a

simple adaptation of

the Dieckmann conden-

sation reaction using

𝛼,𝛼-dinitriles.

In a series of publi-

cations between 1923ś

50, Ziegler and his co-

workers reported a sys-

tematic study of the ef-

fect of substitution in

hexaphenylethane on the

dissociation equilibrium.

Ziegler made detailed

measurements of the

absorption spectra of

hexaphenylethane in

different solvents and

quantitatively deter-

mined the degree of

dissociation.

Figure 2. RuggliśZiegler

condensation.

a cyclization reaction which could be conducted in a homogeneous liquid phase with

all the reactants in the solution. Ziegler developed this idea and worked out a simple

adaptation of the Dieckmann condensation reaction using 𝛼,𝛼-dinitriles (Figure 2).

Ziegler developed this process as a general method and was able to obtain 60ś80%

yields in the synthesis of rings containing 14ś33 carbon atoms, in contrast to the small

yields obtained by Ruz̆ic̆ka.

2.2 Chemistry of Trivalent Carbon (Carbon Free Radicals) (1923ś50)

In 1900, Gomberg showed that hexaphenylethane dissociated into triphenylmethyl

free radicals [6]. In 1923, Ziegler began to study the factors that determine the

dissociation of substituted arylethanes into radicals and asked whether the dissociation

was inŕuenced by steric factors or by the electronic character of the substituents

attached to ethane. In a series of publications between 1923ś50, Ziegler and his co-

workers reported a systematic study of the effect of substitution in hexaphenylethane

on the dissociation equilibrium. They synthesized a range of substituted ethanes and

studied their dissociation into radicals. Determination of the dissociation process

with aliphatic substituents proved difficult because the resulting radicals underwent

spontaneous disproportionation. But the problem was resolved by a study of the

reaction of undissociated ethane and radicals with halogens, oxygen, nitric oxide,

and quinones. Ziegler went on to study the rate of dissociation of hexaphenylethane

by measuring its rate of combination with nitric oxide. Activation energies for

dissociation were determined for a wide range of derivatives, and the rates were

measured in a variety of solvents. The latter measurements showed that the rate never

varied by more than a factor of 2 with the change of solvent. This led Ziegler to

the general conclusion that the dissociation equilibrium constant was not affected by

the nature of the solvent. The studies illustrated the wide applications of physical

methods to the problems of organic chemistry. For example, Ziegler made detailed

measurements of the absorption spectra of hexaphenylethane in different solvents

and quantitatively determined the degree of dissociation. He observed that iodine,

unlike bromine, does not react with the undissociated hexaphenylethane but reacts

very rapidly with the radical. In a specially designed apparatus, he determined the rate

of disappearance of iodine colorimetrically by photographically recording the optical

extinction coefficient of the reaction mixture at short intervals. The reactions with

oxygen were also used to measure the rate of dissociation. Ziegler and co-workers

showed that the peroxide formed by the reaction of the radicals with oxygen was a
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Figure 3. Synthesis of

cumyl potassium.

very effective catalyst for bringing about the autoxidation of aldehydes and oleőns.

In this phase of his career, Ziegler showed his inclination towards using physical

methods to probe the mechanism of organic reactions. He was one of the earliest

founders and practitioners of the discipline of ‘physical organic chemistry’.

2.3 Organo-Alkali Metal Compounds (1932ś50)

During Ziegler discovered

that cumyl methyl

ethers could be cleaved

by metallic potas-

sium to yield cumyl

(2-phenylisopropyl)

potassium salt and potas-

sium methoxide.

his studies on the preparation of substituted arylethanes, Ziegler discovered

that cumyl methyl ethers could be cleaved by metallic potassium to yield cumyl (2-

phenylisopropyl) potassium salt and potassium methoxide (Figure 3) [7] [8]. This

was the beginning of his intense foray into the chemistry of carbanions. He observed

that the deep red color of cumyl potassium in ether rapidly changed to a deep yellow

upon the addition of stilbene. This marked the discovery of the addition reaction of

an organometallic compound (incipient carbanion) to a C=C (carbon-carbon double

bond). He further showed that cumyl potassium could also add to 1,1-diphenylethylene

(Figure 4). Those familiar with handling organo-alkali metal compounds will realize

the extent of experimental skills that Ziegler brought to bear on the preparation and

use of such reactive organometallic compounds. Ziegler could soon explain the

mechanism of polymerization of butadiene by metallic sodium, a reaction that was

already being studied elsewhere as a method of making synthetic rubbers. By adding

more and more butadiene to the deeply red-colored solution of cumyl potassium, the

color rapidly changed, with the őrst mole of butadiene to a light orange, and with

more butadiene, to paler and paler yellows. He attributed this observation to the

polymerization of butadiene by successive addition of the monomer.

During his time in Heidelberg, Ziegler became interested in comparing the reactivity

of various alkali metal compounds. The method of ether cleavage was suitable

for making sodium and potassium derivatives but did not work with lithium. He

had explored the preparation of organolithium compounds using dialkyl mercury

but was not satisőed with this method. In 1932, Ziegler and Colonius showed that

𝑛-butyllithium could be prepared by the reaction of 𝑛-butyl chloride with lithium

Figure 4. Addition of an

organometallic compound

to a double bond.
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Zeigler found that alu-

minum hydride would

add smoothly to ethy-

lene to form aluminum

alkyls of higher carbon

numbers, a reaction he

called the ‘Aufbau (chain

growth) reaction’.

Figure 5. Preparation of

organolithium compound.

metal in benzene at 35°C in quantitative yield (Figure 5) [9]. However, attempts to

distill butyllithium under high vacuum resulted in the lithium alkyl decomposing into

lithium hydride (LiH) and 1-butene. This experimental failure would lead to some

unexpected consequences in later years.

Ziegler

The observation that

organolithium com-

pounds often function

as ‘super Grignards,’

their ability to metallate

other compounds, the

famous lithium-halogen

exchange, and the role

organolithium com-

pounds play in aryne

chemistry, are among

some of the most striking

outcomes of Ziegler’s

work.

diligently pursued his work on the polymerization of unsaturated hydrocarbons

by alkali metals and alkyls. Through ingenious experiments, he showed that no free

radicals are involved in the polymerization of butadiene. He invoked the intermediacy

of organometallic species, which we now understand as carbanions in the form of ion

pairs. He showed in 1939 that butadiene could be polymerized in a 1, 2- mode or 1, 4-

mode, depending on the experimental conditions and the nature of alkali metal. These

studies were truly path-breaking, eventually leading to the industrial processes for the

anionic polymerization of dienes in 1954, and ultimately resulting in the discovery of

‘living anionic polymerization’ of styrene using alkyl metal complexes by M Szwarc

in 1956 [10]. The observation that organolithium compounds often function as ‘super

Grignards,’ their ability to metallate other compounds, the famous lithium-halogen

exchange, and the role organolithium compounds play in aryne chemistry, are among

some of the most striking outcomes of Ziegler’s work.

2.4 Organoaluminum Compounds (1949ś60)

Ziegler observed that ethyllithium was more thermostable than 𝑛-butyllithium. At-

tempts to distill ethyllithium also yielded decomposition products, namely, ethylene

and lithium hydride. Surprisingly, Ziegler and his co-workers detected a small amount

of butene in the gas phase, which they quickly interpreted as a product of addition of

two molecules of ethylene. Systematic examinations established that lithium alkyls

react with ethylene under pressure and high temperatures to form longer chain alkenes.

In Ziegler’s own words, and I quote, łIt is evident that this addition of ethylene to

lithium alkyls is probably the simplest and at the same time the most effective way of

lengthening the chain using organometallic reagents. When starting with any lithium

alkyl having an even number of carbon atoms, then alkyl chains with an even number

of carbon atoms are obtained, while starting with lithium alkyl compounds having

an odd number produces alkyl chains with an odd number of carbon atoms." Un-

fortunately, lithium hydride reacted sluggishly with ethylene. So, Ziegler turned his

search to another metal hydride, which would rapidly add to ethylene. He found that

aluminum hydride (AlH3) would add smoothly to ethylene to form aluminum alkyls

of higher carbon numbers, a reaction he called the ‘Aufbau (chain growth) reaction’

(Figure 6) [11]. The key to this discovery was the use of neat organoaluminum com-

pounds, unlike earlier workers, who had used aluminum alkyls in ether solvents. We
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Figure 6. Aufbau reac-

tion (Statistical distribu-

tion of 𝛼-oleőns with car-

bon numbers ranging from

4ś30).

now understand that aluminum alkyls in ether form stable Lewis acid-base complexes,

which are inert.

The discovery of Aufbau reaction opened the door to several industrial applications.

Under appropriate conditions, using ethylene and aluminum, one could produce a

range of higher 𝛼-oleőns with carbon numbers 4ś30, produce linear alcohols by

oxidation of the intermediates or produce straight-chain unbranched paraffin.

However, there was an impediment. Unlike other organometallic compounds, alu-

minum alkyls were difficult to prepare. The reaction of aluminum with ethyl bromide

to give ethylaluminum sesquibromide ś an equimolar mixture of diethylaluminum bro-

mide and ethylaluminum dibromide ś was known, but ethyl bromide was expensive.

Ethyl chloride on the contrary was cheap, but does not react under similar conditions.

Ziegler and his students discovered that the reaction of aluminum with ethyl chlo-

ride could be catalyzed by the sesquibromide prepared in situ. One should admire

the skills and courage of his students who demonstrated that organoaluminum com-

pounds, which are pyrophoric1 and explode in water could be handled safely on a large

scale with appropriate care. Sesquichloride, which was later to play a role in the devel-

opment of the Ziegler catalysts, had to be dehalogenated to obtain triethylaluminum.

Metallic sodium was found to be the best material for doing this; when pieces of

sodium metal are added to ethylaluminum sesquichloride at around 170°C, the sodium

takes up the chlorine, aluminum is precipitated, and triethylaluminum is formed. By

1952, triethylaluminum was being synthesized in the pilot plant of Kaiser Wilhelm In-

stitute on a 20 kg batch scale ś a remarkable achievement in taking difficult chemistry

from the laboratory to pilot scale production in less than three years (Figure 7).

On 14 May 1952, Karl Ziegler gave the őrst comprehensive report of his discovery

under the title ‘Novel Catalytic Conversion of Oleőns’. On 19 May, he gave a lecture

1 Tend to ignite sponta-

neously in air.
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The world currently pro-

duces more than 0.5 mil-

lion tons of organoalu-

minum compounds. In

addition, more than 4 mil-

lion tons of 𝛼-oleőns and

linear long chain alcohols

(detergent alcohols) are

produced using Ziegler’s

Aufbau chemistry.

Figure 7. Preparation

of organoaluminum com-

pounds.

on ‘Organoaluminum Synthesis in the Field of Oleőnic Hydrocarbons’ at the annual

meeting of the Gesellschaft Deutscher Chemiker (GDCh, German Chemical Society).

In the audience, hearing this lecture were two gentlemen, Professor Giulio Natta from

Italy and Professor Robert Robinson from the UK. Both were distinguished chemists

with deep connections with the industry in their respective countries, a fact that was

to have far-reaching consequences in the development of industrial applications of

organoaluminum chemistry.

The world currently produces more than 0.5 million tons of organoaluminum com-

pounds. In addition, more than 4 million tons of 𝛼-oleőns and linear long chain

alcohols (detergent alcohols) are produced using Ziegler’s Aufbau chemistry.

2.5 Metal-Catalyzed Low-Pressure Polymerization of Ethylene (1953ś60) [12]

In early 1953, one of Ziegler’s students, Erhard Holzkamp, while attempting to repeat

the Aufbau reaction found that in one particular instance when triethylaluminum was

made to react with ethylene, instead of obtaining the expected higher alkenes, he

consistently obtained butene-1. This was an anomalous observation and unexpected.

It was soon realized that dimerization occurred because of trace nickel impurity

in the metal reactor. This was the beginning of a new chapter in organometallic

chemistry. Ziegler recognized the value of this serendipitous discovery. Butenes

were not available from reőnery operations, and hence this method provided easy

access to four carbon oleőns. However, several attempts to repeat this experiment

failed. The credit of resolving this mystery goes to Ziegler’s keen mind and his

quality of not overlooking any stray observations in the laboratory. It was soon found

that highly puriőed ethylene resulted in Aufbau reaction, whereas, ethylene containing

small amounts of acetylene as impurity resulted in selective dimerization of ethylene to

butene-1! Traces of acetylene stabilize the nickel complex formed in situ. Thus began

a new chapter in organometallic chemistry, namely, the ‘organonickel chemistry’ and

its applications.

In May 1953, Ziegler told his student, Holzkamp, to carry out experiments with

chromium compounds to see whether metals other than nickel had a similar effect.

Initially, these experiments proceeded without a clear direction, since in addition to
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oleőns, small amounts of solid products (which was possibly polyethylene) were ob-

tained. Ziegler asked another student, Heinz Briel to begin a systematic investigation

of the entire Periodic Table to see if there were any other metals that were equally

effective! Experiments using the acetylacetonates of chromium, manganese, vana-

dium, and platinum did not produce any meaningful results. Heinz Briel performed

a historic experiment on 26 October 1953, when he reacted ethylene with zirconium

acetylacetonate in the presence of triethylaluminum. He found that at 100°C and 100

bar pressure, 38 g of a ‘hard paraffin’(a white product) was formed that could be com-

pressed into a sheet. There was intense excitement in the laboratory. Ziegler realized

that if nickel is excluded, ethylene indeed could be polymerized to high molecular

weight polyethylene in the presence of organoaluminum and a transition metal salt.

It was important to systematically develop the sensational results obtained by Heinz

Briel as rapidly as possible so that they could be patented. This task was assigned

to Heinz Martin, who had already been working on the preparation of polyethylene,

although from a different direction. Heinz Briel’s experiments with titanium tetra-

chloride as the transition metal component in combination with triethylaluminum

showed that titanium catalysts are considerably more efficient than zirconium. He

observed a highly exothermic reaction, a rapid fall in pressure in the autoclave, and

the only product was high molecular weight polyethylene. With the help of further

variation in the catalyst, Heinz Martin őnally achieved the so-called ‘normal pres-

sure polymerization’, which he was able to carry out in a large glass reactor (Figure

8). Ziegler’s thirty years of unrelenting quest on what lies at the core of the unique

stability of C-C bonds had yielded him bountiful rewards. His catalysts were able

to convert a simple molecule of ethylene (a monomer, containing one 𝜋 bond) into

polyethylene (a polymer containing a limitless number of C-C 𝜎 bonds) (Figure 9)!

On 17 November 1953, Karl Ziegler submitted a patent application to the German

Patent Office that he had drafted himself. The inventors were Karl Ziegler, Heinz

Briel, Erhard Holzkamp, and Heinz Martin. The title of the German patent number

973,626 was, ‘A Process for Preparing High Molecular Weight Polyethylene’ (Figure

10), and its exemplary claim read as follows:

A method of preparing high molecular weight polyethylene using aluminum trialkyls

as catalysts, characterized by bringing together ethylene at pressures greater than

10 atmospheres and temperatures above 50°C with mixtures of aluminum trialkyls

and compounds of the metals of groups IVa to VIa of the Periodic Table with the

atomic numbers 22 to 74 (namely titanium, zirconium, hafnium, niobium, tantalum,

chromium, molybdenum, and tungsten).

It is worth noting that Ziegler did list most of the elements in the Periodic Table

in his claims! However, the apparent limitation of the claim to ethylene was to

cause the institute considerable problems in later years. Karl Ziegler only claimed

what had been demonstrated experimentally. Although Heinz Briel had already

experimented with propylene, he had not been able to isolate any polypropylene, a

Heinz Briel performed a

historic experiment on 26

October 1953, when he

reacted ethylene with zir-

conium acetylacetonate

in the presence of triethy-

laluminum.

Ziegler realized that

if nickel is excluded,

ethylene indeed could

be polymerized to

high molecular weight

polyethylene in the pres-

ence of organoaluminum

and a transition metal

salt.
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Ziegler’s experimental set

up for ethylene polymer-

ization, 1955. © MPI für

Kohlenforschung, Muel-

heim, Germany.

Figure 8. The glass

reactor in which the őrst

sample of polyethylene

was synthesized. (The

reactor is on display at the

Max-Planck-Institut für

Kohlenforschung at Mül-

heim, Source: [12(a)],

Courtesy attributed to: G

Fink).
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Figure 9. Synthesis of

linear polyethylene.

Figure 10. The őrst page

of the historic Mülheim

patent.

material that was not yet known. Ziegler’s patent would cause a revolution in the

chemical industry and within a short time, provide a strong impetus to basic research

in organometallic chemistry and catalysis around the world, giving birth to the new

industry of polyoleőns.

The sensational news spread like wildőre around the world when Karl Ziegler őrst re-

ported the low-pressure polymerization of ethylene at the IUPAC Congress in Zürich

on 22 July 1955 [13,14]. Ironically, Giulio Natta also announced at the same confer-

ence, the stereospeciőc polymerization of propylene to isotactic polymers with the aid

of Ziegler’s catalyst, without however, disclosing the nature of the catalyst. The man-
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2 A backbiting reaction is

one in which a growing

free radical at the end of a

polymer chain ‘pulls off’ a

hydrogen intra-molecularly

from a methylene group lo-

cated in the same chain

or inter-molecularly from a

methylene group located in

another chain. The conse-

quence of this reaction is the

generation of a new free rad-

ical, either in the same chain

in another location or in an-

other polymer chain and the

termination of the original

growing chain. These new

free radical sites can add

more ethylene and continue

to grow. However, these rad-

ical sites are located on sec-

ondary carbons. Growth of

polymer chains from a sec-

ondary carbon radical leads

to long chain branching.

The licensing income

guaranteed the institute

complete őnancial inde-

pendence from the Max

Planck Society for more

than forty years. Thus,

the economic beneőts

continued to ŕow for

more than twenty years

after Karl Ziegler retired

from the directorship of

the institute.

ner in which Natta beat Ziegler in the race to polymerize propylene is a separate story

(told elsewhere in this issue). Natta did not discover the catalyst to perform this reac-

tion; he only reőned Ziegler’s catalyst to polymerize propylene, and he admitted so.

The story of metal catalyzed oleőn polymerization began with the Group 3/4 metals

in 1954. Since then, the journey has traversed the entire őrst and several second

row metals from Group 3 (Sc) to Group 11 (Cu). Every metal has made a distinctive

contribution to the epic saga of polyoleőns in terms of new properties and applications

fulőlling the needs of humankind. The excitement continues unabated to this day [15].

3. From Exploration to Exploitation: The Journey of Polyethylene

Ethylene became abundantly available as a two-carbon feedstock at the end of World

War II ś a product of petrochemical and reőnery processes. Chemical reactivity of

ethylene became a subject of intense study in many parts of the world. Eric Fawcett

and Reginald Gibson, working at the Imperial Chemical Industries (ICI), England,

accidentally found that upon applying extremely high pressure (several hundred at-

mospheres) to a mixture of ethylene and benzaldehyde, a white waxy material was

produced which was recognized as polyethylene. It was soon understood that the

reaction had been initiated by trace oxygen contamination in the apparatus. This

reaction was found to be a radical initiated polymerization, and due to the occurrence

of several inter- and intra-molecular radical backbiting reactions2, the polymer was

found to have many branches, both short and long chain. Polyethylene so produced

had densities between 0.910ś0.940 g/cm3 and were called ‘low density polyethylene’

(LDPE). The conditions of polymerization were severe, with temperatures ranging

from 180ś250°C and pressures exceeding 1000 bar. Commercial manufacture of

polyethylene commenced in 1939.

The commercial impact of the chemistry and the process discovered at Mülheim

was not lost on Ziegler. Apart from the fact that his catalysts could polymerize

ethylene at much lower temperatures and pressures, the polyethylene so produced had

some unique structural features. Since the process was not a radical process, the

polymer essentially had a linear structure. This was reŕected in the higher densities

of the polymer, ranging between 0.945ś0.970 g/cm3. Polyethylene with such a linear

structure is called ‘high density polyethylene’ (HDPE). HDPEs have distinct physical

properties from LDPEs. Today, industries produce a range of polyethylene with

densities varying from 0.918ś0.970 g/cm3 to suit diverse consumer needs (Figure 11).

In 1954, Ziegler started granting non-exclusive license to anyone who was interested in

exploiting his discoveries. The fact that he was both the Director of the institute and the

Managing Director of Studiengesellschaft Kohle GmbH, which was the trustee for the

institute, was a great advantage. The licensees who thronged to Mülheim recognized

Ziegler as a skillful negotiator with a keen business acumen. The business of licensing

ŕourished, and between 1953 and 1990, no less than 80ś90 contracts were signed,
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Figure 11. Types of

polyethylene (- indicates a

methyl group).

spread over 20 different countries. It is interesting to note that the licensing income

guaranteed the institute complete őnancial independence from the Max Planck Society

for more than forty years. Thus, the economic beneőts continued to ŕow for more than

twenty years after Karl Ziegler retired from the directorship of the institute. However,

the licensing activity also resulted in numerous infringements of the institute’s patents,

which led to several lawsuits particularly in the USA, which the institute had to defend

at a high cost.

Heinz Martin, one of the coinventors of polyethylene was engaged full-time in looking

after the interests of the institute ś the granting of licenses as well as the defense of

patent rights. He was ideally equipped, both as a scientist and as an experienced

insider of the patents world. Heinz Martin has provided a fascinating account of the

journey of commercially exploiting the inventions made at Mülheim, the trials and

tribulations, in his book, Polymers, Patents, and Proőts, published in 2007 [16]. In

the present era when the academia is waking up to the potential of creating wealth

out of intellectual property, the documented experience of one of the pioneers of this

effort is worth a careful study.

The őrst manufacturing

plant, set up by Hoechst,

to produce 10,000 tons of

HDPE per annum, went

on-stream in Germany in

1957, less than four years

from the őrst laboratory

observation.

The őrst manufacturing plant, set up by Hoechst, to produce 10,000 tons of HDPE

per annum, went on-stream in Germany in 1957, less than four years from the őrst

laboratory observation. This time frame of conception to commercialization is un-

precedented in the history of industrial chemistry! In 2016, the world produced and

consumed close to 100 million tons of linear polyethylene and its copolymers, at

an estimated total market value of 150 billion USD, all produced using Ziegler’s

chemistry.

4. Serendipity or Systematic Work?

A cursory reading of Ziegler’s work may lead one to believe that he was ‘lucky’ most

of the time, stumbling upon important discoveries mostly ‘by chance.’ Serendipity
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Ziegler’s life and work is

an unequivocal endorse-

ment of the thesis that

crucial discoveries in sci-

ence can only be made

when scientiőc questions

are pursued systemati-

cally.

History of science shows

that it is constraining and

harmful to make a strict

distinction between basic

and applied research, and

very often one leads to the

other.

has a role in science, but chance only favors a prepared mind [17]. Ziegler’s research

progression from large ring compounds to free radicals, organometallic compounds,

and őnally to polymerization catalysts had a compelling logic. He was constantly

striving for a deeper and deeper understanding of the nature of C-C bond forming

reactions. The quintessential question that obsessed Ziegler in all his explorations

was: What lies at the core of C-C bond stability? The pursuit of an answer to this

question led Ziegler, step by step and systematically, from free radical chemistry to

his eventual discovery of a practical way of making polyethylene. His research was

guided by one experiment after another, performed in a logical sequence. For Ziegler,

a keen sense of observation was the most important part of performing experiments.

He taught his students never to miss recording any trivial or stray observation, however

unexpected it may seem. Diligent pursuit of such trivial observations and search for

their explanations led him to his greatest discovery. His work exempliőes the well-

known dictum that nature is a hard taskmaster. It reveals its secrets only to those who

are diligent and patient. Ziegler’s life and work is an unequivocal endorsement of the

thesis that crucial discoveries in science can only be made when scientiőc questions

are pursued systematically. The ediőce of science has to be built painstakingly, one

brick at a time.

5. Basic or Applied Research? [18ś21]

The life and worksWhat has guided my re-

search has been solely the

wish to do something that

gave me joy, that is a joy

from őnding, somehow

or somewhere, something

really novel.

ś K Ziegler

of Ziegler are relevant even more today when there is a furious

debate on how much of science should be directed towards meeting speciőc end goals,

and how much of it should be unfettered and left to the best judgment of the individual

scientist. Ziegler was driven by the philosophy that in-depth knowledge alone can lead

to new applications. In his own words, and I quote, łWhat has guided my research

has been solely the wish to do something that gave me joy, that is a joy from őnding,

somehow or somewhere, something really novel. At least at the outset, the only thing

of value aimed for is an accretion of knowledge, rather than new applications." In

Ziegler’s work, we do not őnd a dichotomy between basic and applied research.

Science is an enterprise pursued by individuals with diverse personalities. While some

őnd joy in discovering new knowledge, others őnd happiness in applying knowledge

for the beneőt of the society. From these different motivations of scientists have

emerged basic and applied research. There are often debates that expound the virtues

of one or the other type of research. But history of science shows that it is constraining

and harmful to make a strict distinction between basic and applied research, and

very often one leads to the other. Ziegler did not set out to solve any particular

problem relevant to industrial chemistry. Yet, he saw no dichotomy between high-

quality basic science and clever and ingenious applied research. He understood that

new insights into chemistry would have novel technological applications, and both

endeavors demand imagination and intellect. He őrmly believed that scientiőc inquiry

should not be restricted by shortsighted timelines and narrowly deőned objectives.
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Ziegler’s life teaches us that new knowledge is generated when there is a compelling

desire to understand and when intellectual pursuits are free from the constraints of

deőned applications and set targets.

These issues gain even more signiőcance in the present times when governments and

funding agencies evaluate research from the touchstone of relevance. Curiosity-driven

basic research is under pressure to justify itself; it is endangered and vulnerable. Cur-

rent global policy tends to measure the value of research solely on its immediate

applications ś whether the studies address a social problem or can deliver a mar-

ketable product in the foreseeable future, preferably within a few years. Scientists are

expected to solve societal problems in the shortest possible time frame. It is becoming

increasingly difficult to convince that in science, the judgment of relevance can be

made only in the long-term and in hindsight.

6. Lessons From Ziegler’s Life

Ziegler’s life and work teach us many lessons that are important to both scientists and

those aspiring to be scientists. I enumerate a few of them here:

1. Knowledge ś in-depth and breadth ś is most important.

2. Systematic work yields the highest dividends in research.

3. Experiments and observations are more important than mere theories or hypotheses.

4. Pay attention to every small and stray observation, however trivial and counter-intuitive

it may seem. Generally, it is the anomalies and not the data that perfectly őts a

preconceived notion, that lead to new discoveries.

5. We have to learn to recognize the general signiőcance of a new and unexpected result,

and then follow it up systematically and diligently.

6. Once you recognize something of utility in your work, pursue it to its logical conclusion.
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The chemistry behind explosives is marked with the omnipresence of the element

nitrogen. The discovery of the explosive properties of nitrogen-based compounds

comprises many interesting and serendipitous observations made by inquisitive

scientists. In this article, we unravel the fascinating history behind the devel-

opment of explosives from the 9th century to the present. Every country with

an army keeps on upgrading the sharpness and power of their arsenal, and in

this regard, the role played by the chemists in developing new explosives, and

the chemistry behind these explosives are explained in this article. The basic

chemical properties of explosives, their classiőcation, comparison and methods

of evaluation are explained. The current status of research in making new explo-

sives and the challenges involved in making explosive polynitrogen compounds

such as pentazolates and pentazenium are also illustrated.

1. Introduction

An interesting observation if one tries to analyse explosions from a chemist’s per-

spective is that the molecule, N2 is one of the major products in almost all explosions

except in a few cases involving peroxides. This remarkable property of the element

nitrogen which otherwise is considered pretty inert is well known to chemists involved

with the development of explosives and high energy density materials. The story of

the development of the explosive chemistry of nitrogen which began in the 9th century

and continues till date is one of interesting serendipities, challenges, and difficulties,

overcome by fearless and daring chemists, often risking their lives and those of their

co-workers.

The atmosphere of our Earth is 78% nitrogen, and the very poor reactivity of nitrogen

has been well utilized as an inert and blanket gas in many industrial processes.

Compounds of nitrogen have three major applications namely: fertilizers (ammonia,

urea and related compounds), explosives (organic nitro and polynitrogen compounds)

and as an inhalation anesthetic (nitrous oxide). The chemistry of fertilizers began when

Justus von Liebig, considered as the founder of organic chemistry and the greatest

chemistry teacher of all times, in 1840 identiőed nitrogen along with phosphorus

and potassium as essential for plant growth. He also predicted the importance of

ammonia in making synthetic fertilizers which became a reality soon. Since 1844,

∗Reproduced with permission from Resonance, Vol.24, No.11, pp.1253ś1271, 2019.

DOI: https://doi.org/10.1007/s12045-019-0893-2
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The possibility of ni-

trating other compounds

similar to cellulose was

tried out by many during

this period, and two years

later in 1847, Ascanio So-

brero, an Italian chemist

made nitroglycerin by ni-

trating glycerine. Later

the Swedish family of

Nobel headed by Im-

manuel Nobel and his two

sons Emil and Alfred be-

gan experimenting with

nitroglycerin and started

an armament factory in

Heleneborg, Sweden.

nitrous oxide, also known as laughing gas has been used in dentistry and surgery as

an anesthetic and analgesic although British upper class were having laughing gas

parties even in 1799. However, the origins of the explosive chemistry of nitrogen date

even further back [1,2].

2. History of Explosives

In the 9th century,Sodium nitrate (Chile

saltpetre), although is not

suitable for gunpowder

due to its deliquescent

nature was easily con-

verted to potassium ni-

trate by a displacement

reaction. By 1859, the

British were importing as

much as 47,000 metric

tonnes of Chile saltpetre

for use of the Royal army.

Chinese alchemists discovered gunpowder (also called black

powder) which is a combination of sulfur, charcoal and potassium nitrate. Europeans

brought this technology to mainland Europe in the 13th century. The demand for

potassium nitrate for making gunpowder resulted in Europeans sailing all the way

down to South America, mainly Atacama Desert of Chile where sodium nitrate

was available in plenty (known by the name ‘Chile saltpetre’ as part of a mineral

called Caliche). Sodium nitrate, although is not suitable for gunpowder due to

its deliquescent nature was easily converted to potassium nitrate by a displacement

reaction. By 1859, the British were importing as much as 47,000 metric tonnes of

Chile saltpetre for use of the Royal army.

A serendipitous observation in 1845 by Christian Schoenbein, who is also the discov-

erer of ozone gas led to another path-breaking discovery in the chemistry of explosives.

Although his wife had not permitted him, Schoenbein used to do some chemistry on

his wife’s kitchen table whenever she was away. After one such messy chemistry

session involving several acids, Schoenbein wiped off the acid mess with his wife’s

kitchen apron which was lying around, washed it and hung the wet apron on the hot

oven to dry. After a few minutes, to his utter surprise, he saw the apron (which inci-

dentally was made of cotton) disappear into thin air with a ŕash and with no smoke.

Further investigation by him led to the őnding that cellulose of cotton can be made to

undergo nitration using a mixture of Con. HNO3 and Con. H2SO4, now well known

as the ‘nitrating mixture’, and what he accidentally made was ‘nitrocellulose’. One

can replicate this reaction easily in the laboratory if a swab of cotton wool is carefully

nitrated using the nitrating mixture. A piece of nitrocellulose if kept on the palm

of your hand and lighted with a matchstick will disappear with a ŕash in less than a

second without burning your hand. Nitro groups are ready sources for oxygen which

results in very fast oxidation. Nitrocellulose is also known as guncotton as by this

time, gun enthusiasts observed that if you replace black powder with cellulose nitrate,

it works better with hardly any smoke being produced, and this led to what is now

known as the smokeless guns.

The possibility of nitrating other compounds similar to cellulose was tried out by

many during this period, and two years later in 1847, Ascanio Sobrero, an Italian

chemist made nitroglycerin by nitrating glycerine. Later the Swedish family of Nobel

headed by Immanuel Nobel and his two sons Emil and Alfred began experimenting

with nitroglycerin and started an armament factory in Heleneborg, Sweden. In an

accidental explosion involving nitroglycerin in 1864, the youngest of the brothers,

RESONANCE-75 Promoting Science Education128



Dheeraj Kumar and Anil J Elias

Emil Nobel lost his life. Alfred Nobel then moved to an isolated place near Hamburg

in Germany called Krümmel hills and started another factory with the name ‘Alfred

Nobel and Company’. Nitroglycerin was in great demand in America those days

for blasting purposes especially by the railways which were making tunnels in the

Sierra Nevada Mountains for the American transcontinental railroad. Nitroglycerin

which was shipped from Germany often ended up exploding while in transit. One

such explosion killed 15 people and this led to a ban on the transport of nitroglycerin

in California state. Alfred Nobel then discovered that nitroglycerin could be tamed

and transported without fear of explosion if kieselguhr, a naturally occurring, soft,

siliceous powder1 was mixed with it. This mixture was called dynamite which was

much safer to handle than nitroglycerin or nitrocellulose. He obtained a patent for

this discovery in 1867. Dynamite rapidly gained wide-scale use as a safe, portable

explosive instead of black powder and nitroglycerin. Alfred Nobel made a consider-

able proőt from the sale of dynamite, and when he died in 1896 he left in his will,

nine million dollars to establish what is now famous as the Nobel Prizes.

We all hear the We all hear the phrase

‘necessity is the mother

of invention’. It was one

such necessity which led

to the path-breaking dis-

covery of ammonia by the

Haber Bosch process.

phrase ‘necessity is the mother of invention’. It was one such

necessity which led to the path-breaking discovery of ammonia by the Haber Bosch

process. During the őrst World War (1914ś18), Chile saltpetre was in very high

demand for making ammunition. Europeans and Americans were in the Atacama

Desert trying to mine the mineral Caliche which contained NaNO3 and ship it out to

their countries. The enemies of Germany especially the British blocked the German

ships from getting access to Chile saltpetre. Germans in the meantime discovered that

ammonia can be oxidized to nitric oxide and further converted to nitric acid which

can be used for making explosive nitrates. So, Germans focused on őnding ways to

make ammonia from atmospheric nitrogen, and a very smart chemist by the name

Fritz Haber succeeded in making ammonia by mixing hydrogen and nitrogen and

passing the mixture over a heated osmium catalyst at high pressure. This process was

scaled up to industrial scale by Carl Bosch of BASF, a German chemical company

using an iron catalyst. Thus, the demand for Chile saltpetre drastically reduced. So

historically, it is correct to say that the necessity of making explosives led to ammonia

synthesis rather than the need of making fertilizers, although now 85% of all the

ammonia made in the world is used for making fertilizers.

2,4,6-trinitrotoluene (TNT), the most commonly used high explosive was őrst syn-

thesized in 1863 by a German chemist Julius Wilbrand by the nitration of toluene.

Another German chemist, Carl Häussermann discovered its explosive properties in

1891. TNT is an example of melt-casting explosive as it melts at 80°C, way below its

decomposition temperature (300°C), allowing it to be melted with steam and safely

cast into shells. Therefore, TNT, in addition to being an explosive, acts as an ener-

getic binder and is usually used in combination with other high explosives. Energetic

binders are important part of explosives as in addition to imparting integrity to the

main explosive charge, they also improve safety in handling, transportation and stor-

age. Some of the most commonly used explosive blends containing TNT includes (a)

1 A fossilized form of algae,

also known a diatomaceous

earth.
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Figure 1. Examples of

common explosives and

their properties.

Composition B (59.5% RDX22 Research Department Ex-

plosive.

+ 39.4% TNT + 1% Paraffin wax), (b) Amatex (51%

NH4NO3 + 40% TNT + 9% RDX).

2,4,6-trinitrophenol (TNP), more commonly known as picric acid, was initially syn-

thesized by nitration of substances like silk, animal horns, indigo and natural resins.

Its synthesis by nitration of phenol and correct structural determination was accom-

plished in 1841. In 1885, French chemist Eugéne Turpin patented the use of pressed

and cast picric acid in blasting charges and artillery shells. During the next few years,

France and Britain adopted a mixture of picric acid and guncotton under different

names; Melinite and Lyddite, respectively. In 1889, the Japanese came up with an-

other improved formulation known as Shimose powder, which played a vital role in

the Japanese victory in the RussośJapanese war of 1904ś1905. However, picric acid

is one of the most acidic phenols, and shells őlled with picric acid become highly

unstable if picric acid reacts with the metal shells to form metal picrates, which are

primary explosives. Ammonium picrate, also known as Dunnite, is an explosive

developed by US Army during World War I. Importance of picric acid in World War

I was demonstrated by efforts to control the availability of phenol. During that time,

phenol was obtained from coal as co-product of coke ovens and the manufacture of

gas for gaslighting. Germans bought US supplies of phenol and converted it to aspirin

(acetylsalicylic acid), to keep it away from the allies.
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Figure 2. Examples of

designer explosives and

their properties.

Nitration of organic compounds continued and many examples of C-nitrated, O-

nitrated and N-nitrated explosives were discovered. Classic examples such as RDX and

HMX (Her Majesty’s Explosive) were used during the second World War. Methods

were established to compare the blasting capability of explosives. Designer explosives

such as CL-20, DDF, and octanitrocubane were prepared using multistep synthesis

where the ratio of carbon, hydrogen, oxygen and nitrogen were balanced so that all

constituent elements got converted to stable products such as CO2, N2 and H2O.

Determining the velocity of detonation is one way to compare the power of explosion

of different explosives. Compounds such as CL-20 and octanitrocubane have some

of the highest velocities of detonation (Figure 2).

Nowadays, the use of explosives is no longer limited to military applications. They

are extensively used for space exploration and various civilian applications such as,

in the construction industry, in forecasting earthquakes, for exploration and mining of

minerals, for correction of weather phenomena, in extinguishing őres, for processing

metals, for the synthesis of nano-materials, etc. [3]. Therefore, growth and develop-

ment of chemistry of explosives is an essential őeld of chemistry and material science.

3. Basic Chemistry and Properties of Explosives

The most common property of explosives is their ability to release a large amount

of energy in the form of heat and pressure under speciőc conditions of heat, shock,

friction, electrostatic discharge, etc. Once initiated, the reaction is self-sustaining

and is accompanied by the generation of very high temperature (3000ś5000°C),

humongous expansion of released gases in a few microseconds, shock and loud noise.

As per Gay Lussac’s pressure-temperature law, a proportional temperature-pressure

increase is ultimately relieved in the form of an explosion. It is worthwhile to note

that release of heat without sufficient rapidity cannot be considered as an explosion.

The most common prop-

erty of explosives is their

ability to release a large

amount of energy in the

form of heat and pres-

sure under speciőc con-

ditions of heat, shock,

friction, electrostatic dis-

charge, etc.
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For example, although burning of coal releases approximately őve times as much heat

as an equivalent amount of nitroglycerin, the rate at which coal releases heat is very

slow and, therefore, coal cannot be described as an explosive [4].

The basic design of all explosives has various energetic functionalized groups (called

explosophores) attached to the carbon-rich backbones. These carbon-rich backbones

act as the fuel, whereas, the oxygen-rich functionalized groups act as oxidizers. Al-

though many advanced explosions use external oxidizers (like ammonium perchlorate)

to assist oxidation and detonation of the main fuel, the best approach to design ‘green

explosives’ is to incorporate both fuel and oxidizer moieties into the same structure.

Traditional explosives like TNT and picric acid have benzene ring, and RDX has

1,3,5-triazacyclohexane ring as fuel, whereas various other advanced explosives use

more complex carbon-based frameworks as their backbone. In contrast, modern-day

green explosives have nitrogen and oxygen-rich backbones based on azoles, tetrazines,

oxadiazoles, etc. Common explosophores include nitro (-NO2), nitramine (-NHNO2),

azido (-N3), amino (-NH2), nitrito (-ONO2), azo bridge (-N=N-), azoxy [-N=N(O)],

dinitromethane [-CH(NO2)2] and trinitromethane [-C(NO2)3].

The most commonThe most common explo-

sives have multiple ni-

tro groups attached to

the different carbon and

nitrogen-rich backbones.

So, the question arises,

why is nitro group so

important in explosive

chemistry?

explosives have multiple nitro groups attached to the different

carbon and nitrogen-rich backbones. So, the question arises, why is nitro group

so important in explosive chemistry? The signiőcance of -NO2 groups is two-fold.

First, nitro group is a source of nitrogen, which is in a signiőcantly higher energy

level (nitrogen has a signiőcantly higher energy level in its oxidized state within the

nitro group), which reduces to the highly-stable inert nitrogen gas (in signiőcantly

lower energy level) during an explosion, releasing high amount of energy in the

form of heat and making the enthalpy of overall reaction very large and negative.

Secondly, nitro group is also a source of oxygen, which is required for the oxidation

of the hydrocarbon part of the explosive molecule. This allows the combustion of the

hydrocarbon backbone (carbon to carbon dioxide and hydrogen to water) without the

need for an external source of oxygen.

The most common method of introducing nitro groups in organic compounds is by

carrying out nitration using 100% nitric acid or a mixture of 100% nitric acid with

various other acids like acetic acid, sulphuric acid, triŕuoroacetic acid, etc. Scheme 1

Scheme 1. Synthe-

sis of tetranitrobipyrazole

(TNBP) using different ni-

tration conditions.
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represents the synthesis of one of the most recent nitro explosives, tetranitrobipyrazole

(TNBP, 4), synthesized by Shreeve and co-workers. Its synthesis starts with di-N-

nitration of bipyrazole (1) using a mixture of acetic anhydride and 100% nitric acid

to give (2), followed by thermal rearrangement in benzonitrile at high temperature to

give (3). Finally, nitration of (3) with nitrating mixture (H2SO4 + 100% HNO3) at

100°C results in tetranitrobipyrazole, TNBP (4) [5].

4. Classiőcation of Explosives

Explosives are classiőed according to the chart shown (Figure 3). Deŕagration and

detonation are two terms often used in association with explosives. Deŕagration

involves subsonic3 ŕame propagation velocity, typically below 100 m/s, and relatively

modest overpressures, below 0.5 bar. Although all combustion (őres) can be deőned

as a deŕagration, these are often associated with natural gas or propane releases and

gasoline burning. A detonation, on the other hand, is branded by supersonic ŕame

propagation velocities, often up to 2000 m/s, and high overpressures of gases released

ś up to 20 bars. Being very fast reactions, these explosions create a high-pressure

shock wave that causes signiőcant damage at large distances from the site of the

blast. Detonations usually are associated with blasting agents or munitions (high

explosives). An example of a classic compound which undergoes both deŕagration

and detonation is ammonium nitrate.

High explosives are also classiőed as primary and secondary explosives. Primary

explosives usually explode or detonate when they are heated or subjected to shock.

They do not burn and may not have elements needed for combustion. These are

extremely sensitive to friction, impact, heat, etc. Primary explosives are often used

as detonators to initiate the explosion of larger charges of less sensitive secondary

Figure 3. Classiőcation

of explosives.

3 Less than the speed of

sound.
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explosives. Secondary explosives, on the other hand, detonate only under the inŕuence

of the shock of the explosion of a primary explosive. Not all of them are combustible,

and most of them can even be ignited by a ŕame and generally burn without vigor and

can be extinguished also easily. They differ from primary explosives in not getting

exploded by a simple heat or shock and require substantially more energy to make

them explode and the explosions are much more powerful. Consider the case of

the most commonly used secondary explosive ammonium nitrate (sometimes as a

mixture with fuel oil called ANFO). If it is simply heated, it will get converted to N2O

and H2O and this is the laboratory method for preparation of N2O. When sufficient

initial energy is given by detonation using a primary explosive, ammonium nitrate

will explode releasing the highly stable molecules N2, H2O and O2 [2].

There had been manyThere had been many

strong explosions re-

ported in history which

involved ammonium

nitrate and some of

them happened when

this compound, also a

common fertilizer was

being loaded on to ships.

strong explosions reported in history which involved ammonium

nitrate and some of them happened when this compound, also a common fertilizer was

being loaded on to ships. The most devastating among these explosions was the Texas

City disaster which happened on April 16, 1947. A cargo ship called Grandcamp was

being loaded on that fateful day at the port of Texas City, when a őre was detected in

the hold of the ship. At that point of time, 2300 tons of ammonium nitrate in sacks

were already stacked aboard. The captain attempted to douse the őre by closing the

hold and pumping in pressurized steam. An hour later, the ship exploded, killing

hundreds of people and setting őre to another vessel, the High Flyer, which was

moored 250 metres away from the Grandcamp and which contained 1050 tonnes of

sulfur and 960 tons of ammonium nitrate. The Grandcamp explosion was so powerful

that it created a powerful shockwave that broke the glass windows of houses as far as

40 miles away and even knocked down two small aeroplanes ŕying at 1,500 feet (460

m) in the sky. After burning for sixteen hours, the High Flyer also exploded the next

day. All but one member of the Texas City őre department died. Close to 600 people

died, and 5,000 people were injured [6].

5. Evaluation of Explosives

There are various parameters which are used toEnergetic properties of an

explosive are determined

by measuring its density,

heat of formation, deto-

nation velocity and deto-

nation pressure.

judge the stability and energy content

of an explosive. Energetic properties of an explosive are determined by measuring its

density, heat of formation, detonation velocity and detonation pressure. Detonation

velocity or velocity of detonation (VoD) is the velocity at which the shock wave front

travels through a detonated explosive, whereas detonation pressure (DP) is the peak

dynamic pressure in the shock front. Both of these important parameters depend on

the molecular formula of explosive, values of heat of formation (ΔHf) and density.

The density of an explosive is a highly important parameter as both VoD and DP are

directly proportional to the value of density and (density)2, respectively. The typical

detonation velocity of explosives ranges from 2700 to 10,000 m/s. The stability of

an explosive is determined by measuring its decomposition temperature (Tdec) and

sensitivity towards impact, friction and electrostatic discharge. Impact sensitivity (IS)

RESONANCE-75 Promoting Science Education134



Dheeraj Kumar and Anil J Elias

indicates the ease with which an explosive material can be set off by a blow impact,

and it is expressed in terms of the minimum distance through which a standard weight

is allowed to drop to cause an explosive to explode. Generally, compounds with an

impact sensitivity value less than 10 J are considered sensitive, compounds having

impact sensitivity values in the range 10ś40 J are less sensitive, whereas compounds

with impact sensitivity values more than 40 J are insensitive. Figures 1, 2 and 7 list

these properties measured for some explosives.

Oxygen balance (OB% or Ω%) is another very important parameter of explosives and

it indicates the degree to which an explosive can be oxidized. An explosive molecule

is said to have a zero oxygen balance if it contains just enough oxygen to convert all

carbons to carbon dioxide, hydrogens to water, and all metals to metal oxides. The

results of oxygen balance show good correlation with both energetic performance

and sensitivity of the energetic compounds, and it is often observed that explosive

molecules with an oxygen balance closer to zero are more powerful and sensitive.

Apart from having high detonation velocity and detonation pressure, explosives are

also expected to have high decomposition temperature (Tdec > 200°C), good oxygen

balance (close to zero), and lesser sensitivity towards external stimuli. In addition,

explosives should be free from any elements that can cause harm to the environment.

6. Primary Explosives

Primary explosives are very sensitive materials and can easily detonate by application

of impact, friction, spark, őre, etc. They are used in fewer quantities (compared to sec-

ondary explosives) in detonators, primers, and percussion caps. Lead azide, Pb(N3)2,

synthesized for the őrst time by Curtius in 1891, is the most commonly used primary

explosive. In fact, so much of it along with another lead compound ś lead styphnate

ś has been used by armies over decades during training that military training grounds

have been highly contaminated with lead with harmful effects on the environment.

According to the US Army, some 10 million lead azide-containing devices, everything

from cartridges to detonators, are produced in the US every year (Figure 4) [7].

Figure 4. Examples of

traditional lead-based pri-

mary explosives.

According to the US

Army, some 10 million

lead azide-containing de-

vices, everything from

cartridges to detonators,

are produced in the US

every year.
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Figure 5. Potassium-

based primary explosives.

Potassium metal is a green species with excellent coordination ability to energetic lig-

ands. There are a few potassium metal-based primary explosives like potassium 1,1’-

di-nitramino-5,5’-bis-(tetrazolate) (K2DNABT), potassium 1,5-di(nitramino)-tetrazole

(K2DNAT) and potassium 4,5-bis(dinitromethyl)-furoxanate (K2BDNMF) synthe-

sized by Klapotke and Shreeve’s group (Figure 5) [8]. However, it was found that

potassium-based primary explosives are relatively weaker in terms of their prim-

ing and initiating ability. Therefore, scientists are now looking for the development

of metal-free, high-performance primary explosives. In 2016, Prof. Klapotke’s

group at Munich synthesized a metal-free primary explosive, based on methylene

bridged pyrazole, bis (4-diazo-5-nitro-3-oxopyrazolyl)methane. Recently, in 2018,

Guangbin Cheng group from China reported another metal-free primary explosive

based on tetrazene bridged azidotriazine, 3,6-bis-(2-(4,6-diazido-1,3,5-triazin-2-yl)-

hydrazinyl)-1,2,4,5-tetrazine (Figure 6). They also showed that their compound can

generate an intense shockwave to transfer to initiate larger masses of RDX and initia-

tion capacity is comparable to that of lead azide [9].

7. Current Status of Secondary Explosives

Modern-day explosives not only concentrate on high denotation properties, but also

give equal importance to safety and environmental concerns. Traditional explosives

like RDX, HMX and CL-20, in addition to being sensitive to physical stimuli, are toxic

and carcinogenic because of the nitramine (N-NO2) moiety. Other high explosives

Figure 6. Metal-free pri-

mary explosives.
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Figure 7. Examples of

most promising modern-

day explosives and their

properties.

like ONC and DDF also suffer from their tedious and expensive synthesis. Unlike traditional explo-

sives, which generate

most of their strength

from the oxidation of the

carbon backbone, mod-

ern day explosives are

based on nitrogen-rich

heterocycles e.g., azoles,

oxadiazoles, tetrazenes,

etc. These explo-

sives have high nitro-

gen/carbon ratio and are

considered as green ex-

plosives, as they mainly

generate nitrogen gas af-

ter decomposition.

Unlike

traditional explosives, which generate most of their strength from the oxidation of the

carbon backbone, modern-day explosives are based on nitrogen-rich heterocycles e.g.,

azoles, oxadiazoles, tetrazenes, etc. These explosives have high nitrogen/carbon ratio

and are considered as green explosives, as they mainly generate nitrogen gas after

decomposition. TKX-50, TATOT, and TNDPT are the best examples of modern-day

explosives with excellent energetic performance along with good thermal and physical

stability (Figure 7). Dihydroxylammonium 5,5’-bistetrazole-1,10-diolate (TKX-50)

is one of the most promising nitrogen-rich explosives developed by Klapötke and co-

workers. TKX-50 is not only extremely powerful and easy to synthesize but also has

low sensitivity (thermal and mechanical) and lower toxicity compared to nitramine

explosives (RDX, HMX, and CL-20). Another excellent molecule, 3,6,7-triamino-

[1,2,4]triazolo[4,3-b][1,2,4]triazole (TATOT), őrst reported in 1966, was explored

as neutral as well as energetic cation by Shreeve and Klapötke in 2015. TATOT is

a non-toxic, highly energetic building block with excellent stability. Most recently,

in 2017, Shreeve and coworkers have synthesized a dinitropyrazole fused 1,2,3,4-

tetrazine (TNDPT), which is much more powerful than CL-20 and also show better

thermal stability and sensitivity [10].

8. Azides, Pentazenium and Pentazolates

Another class of nitrogen-based explosives are poly-nitrogen compounds and the most

well-known among them are the azides. The water solution of the parent compound

hydrazoic acid, HN3, was őrst prepared in 1890 by Theodore Curtius by oxidation of

hydrazine with nitrous acid. At room temperature and pressure, hydrazoic acid is a

toxic, volatile and explosive liquid (b.p. 37°C) and is, therefore, more easily handled

as a salt such as sodium azide, NaN3. There are two major synthetic routes for sodium

azide namely the Curtius method and the Wislicenus methods. The Wislicenus

method involves the reaction of sodamide with nitrous oxide while in the Curtius
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Figure 8. Pentaze-

nium, pentazolate and azi-

doazide azide.

method a nitrite ester (R-ONO) is made őrst and reacted withAllen K. Breed, in 1967,

demonstrated that using

sodium azide, along with

a collision sensor in auto-

mobile airbags, one could

achieve inŕation of the

airbag under 30 millisec-

onds required for colli-

sion safety.

hydrazine hydrate and

sodium hydroxide to make NaN3. Allen K. Breed, in 1967, demonstrated that using

sodium azide, along with a collision sensor in automobile airbags, one can achieve

inŕation of the airbag under 30 milliseconds required for collision safety. Widespread

use of sodium azide in airbags have since then saved thousands of lives in automobile

accidents [11].

Why poly-nitrogen compounds show explosive character can be understood from the

comparison of bond energies. A unique feature of poly-nitrogen compounds is the

fact that their decomposition is accompanied by the release of a large amount of heat

and voluminous amount of N2. This is because these compounds have N-N single or

double bonds, which are much weaker than the triple bond of N2. The N≡N bond

energy is 945 kJ/mol, whereas the N=N bond energy is 419 kJ/mol, and the N-N bond

energy is only 159 kJ/mol. These signiőcant differences in bond dissociation energies

between single, double, and triple bonds make the polynitrogens highly endothermic

and thermodynamically unstable. In general, sensitivity to decomposition increases

with endothermicity.

In 1999, 109 years after the discovery of the azide, K. O. Christe and co-workers made

the pentanitrogen cation N+
5

which was trapped as a salt with AsF−
6

. The novel cation

was marginally stable at room temperature and was characterized by spectroscopy.

The N+
5

ion was found to be a powerful oxidizer and it reacted explosively with water

and organic materials, thus becoming the third stable member of the polynitrogen

family. It was reported that explosion of a few milligrams of the shock-sensitive salt

actually destroyed a sample chamber of a Raman spectrometer and Teŕon reactors!

Subsequently, the same researchers were able to make (N+
5

SbF−
6

) and (N+
5

Sb2F−
11

)

salts which were stable and the latter was found to have a V-shaped structure for N+
5

from X-ray diffraction studies. The cation is highly energetic with calculated enthalpy

of formation (ΔHf) of 1471.8 kJ/mol (Figure 8) [12].

While theoretically it was predicted that the polynitrogen anion, N−
5

should be a

relatively stable cyclic compound, attempts to make it were not quite successful.

Substituted arylpentazole ring compounds of the type ArśN5 have been known for

quite some time, and many examples with varying substituents on the aryl ring were

made and well characterized. However, till 2017, selective cleavage of the CśN bond

in arylpentazoles without destroying the N−
5

cyclic unit remained impossible. The
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breakthrough of isolating and structurally characterizing pentazolate anions was made

possible by Zhang and coworkers of Nanjing University of Science and Technology,

China in 2017. By using ferrous bisglycinate, Fe(Gly)2, they were able to selectively

cleave the CśN bond of 3,5-dimethyl-4-hydroxyphenylpentazole and stabilize the

resulting pentazolate anion. The N−
5

anion was isolated as an air-stable white solid,

(N5)6(H3O)3(NH4)4Cl in 19% yield (Figure 8) [13].

The pentagonal N−
5

ring was found to comprise őve nitrogen atoms in a perfectly planar

arrangement from X-ray diffraction studies. Due to the hydrogen bonding present, the

salt was found to have remarkable thermal stability up to 117°C. The cations in the

salt apparently play a role in stabilizing the pentazolate anion as attempts to replace

them resulted in the decomposition of the salt. However, just like wet őrecrackers,

due to the presence of solvent units and non-energetic counterions, this pentazolate

compound was not sensitive to explosion and was quite stable, unlike azides and

pentazenium. To overcome these issues, a solvent-free N−
5

was prepared in 2018

by Christie, Zhang and coworkers by the reaction of [Mg(H2O)6][(N5)2(H2O)4] with

AgNO3. The Ag+N−
5

formed has potential explosive properties. This is where this

challenging and fascinating chemistry stands as of today [14].

The challenge for making even more powerful explosive nitrogen compounds still

remains. Azidoazide azide, a compound containing 14 nitrogen and 2 carbon atoms

made in 2011, shows that one can still bring more than 5 nitrogens together (Figure

8). Molecules such as N8 (which in principle can be made by the reaction of N−
3

and

N+
5
) or N10 (by the reaction of N−

5
and N+

5
) are immediate targets although attempts

to make such compounds were disastrous so far. Let us hope that synthetic chemists

will design novel methods to make such inaccessible compounds eventually and use

them for peaceful civilian applications.

9. Summary

The development of the explosive chemistry of nitrogen-based compounds is presented

giving historical landmarks and recent status of research in this area of chemistry as

of 2018. The reason why nitrogen is an integral part of almost all explosives is also

presented as well as how great chemists succeeded in taming the dangers involved in

this chemistry.

Postscript (added in May 2022)

A recent explosion involving ammonium nitrate happened at the Port of Beirut on 4

August 2020 when a cargo of 2750 tonnes of ammonium nitrate stored in a warehouse

at the port exploded killing 218 and injuring 7000 people.
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The study of a perfume includes extraction of scented ingredients from botani-
cals, behavior of chemical components, and careful blending of scents to achieve
the desired composition. Essential oils may be found in roots, ŕowers, leaves,
fruit, seeds or bark of the plant. Growing and harvesting conditions are opti-
mized for the production of the best fragrances.

1. Introduction

A perfume is a substance that emits and diffuses a fragrant odor. It is a very volatile

liquid distilled from a plant part. The essential ‘plant distillates’ (essential oils)

interrelate with the human body by four distinct modes of action ś pharmacological,

physiological, psychological and spiritual. Our body uses the aromatic molecules

(essential oils) in two ways: (1) through our olfactory system which is connected

to the brain where our most primal feelings, urges and emotions reside, and (2) by

absorption of the low molecular weight compounds of essential oils through skin.

2. Classiőcation of Scents

Scents are classiőed as notes based on their olfactory character. A perfume is a substance

that emits and diffuses a

fragrant odor. Scents are

classiőed as notes based

on their olfactory charac-

ter. A perfume is a unique

mixture of top, middle,

and base notes designed

to give a particular har-

mony of scents.

A perfume is a

unique mixture of top, middle, and base notes designed to give a particular harmony

of scents. The following basic groups are listed in order of decreasing vapor pressure,

or volatility.

a) The top notes are those that are detected and fade őrst providing freshness to

the blend. They are responsible for the customer’s őrst impression, and hence, in

a way, the selling note of a perfume. They are light scents, lasting 5-10 minutes,

and extracted from plant material such as cardamom seed, basil, bergamot, citronella,

coriander, eucalyptus, ginger, grapefruit, lemongrass, lemon, orange, lime, marigold,

peppermint, sage, spearmint, tangerine and tea tree. The more commonly used are

those extracted from citrus sources or grasses.

b) The middle notes are those that last for several hours and are the most prominent

within the fragrance. They are usually combinations of spicy, ŕoral or fruit scents,

extracted from ambrete seed, black pepper, carrot seed, cassia, chamomile, cinnamon,

clove, őr, cypress, juniper, marjoram, pine, rose, rosemary, thyme and yarrow.

c) The base notes give a perfume the depth and last the longest. They include the

extract of plant material such as amyris, anise, angelica root, clary sage, fennel,

∗Reproduced with permission from Resonance, Vol.9, No.4, pp.30ś41, 2004.

Keywords

Essential oils, fragrances,

essences, perfumes.
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The majority of essen-

tial oils are obtained

by steam distillation or

hydro-distillation.

geranium, lavender, lavandin, balsam, cedarwood, frankincense, jasmine, myrrh,

patchouli, rosewood, sandalwood, vetiver and ylang ylang. Musks extracted from

musk deer, musk rats and civet are scents derived from animal sources.

3. Analysis of Essential Oils

Essential oils should be subjected to both qualitative and quantitativeEssential oils should be

subjected to both qualita-

tive and quantitative tests

to know their purity. Oils

are tested in four stages

tests to know

their purity. Oils are tested in four stages ś the őrst stage is sensory evaluation in

which the smell, viscosity, color and clarity of the oil are assessed. For example, rose

oil which appears too mobile at low temperature would be regarded as adulterated.

This is a viscosity assessment. The second stage is an odor/smell test, which helps

to determine if an oil is really what it is claimed to be, since certain adulterants

can be identiőed by this test. In the next stage, physical parameters such as speciőc

gravity, optical rotation and refractive index are determined. If these test results are

satisfactory, the oil is then subjected to GC-MS evaluation.

4. Isolation of Oils from Natural Sources

The production method of the oil depends on the botanical source. Several methods

are employed in modern perfumery. Essential oils of citrus plants may simply be

expressed (squeezed) from the peels. The majority of essential oils are obtained by

steam distillation or hydro-distillation. Three types of hydro-distillation are employed

in the essential oil industry:

• Water distillation,

• Water and steam distillation and

• Direct steam distillation.

In order to isolate an essential oil from an aromatic plant, the plant material is packed

into a still, sufficient quantity of water is added and the mass is brought to a boil, or

live steam is injected into the plant charge. Due to the action of hot water and steam,

the essential oil will be freed from the oil glands in the plant tissue. Other essences

are obtained by extraction methods. They are as follows:

• Extraction with cold fat,

• Extraction with hot fat (maceration), and

• Extraction with volatile solvents.

Many scents that are difficult or costly to obtain from natural sources are produced

synthetically.
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5. Concretes/ Absolutes and Essential Oils

Essential oils and absolutes are different. Distinguishing the essential oils from

concretes or absolutes (fragrances obtained by methods other than steam distillation

or pressure) is sometimes very difficult. The essential oils are free-ŕowing, much

like water, have no oily feel to them, evaporate quickly and are a lot more expensive

than the concretes, absolutes and oil blends. Essential oils should be stored in tightly

sealed, dark colored glass bottles because light, air and excessive heat will quickly

degrade them. However, when obtaining essential oils in small quantities, clear glass

is permissible providing the bottles are kept in the dark until ready for use. Because

essential oils are highly concentrated plant extracts, they have potent therapeutic value.

Each drop is equal to at least one ounce of plant matter.

6. Natural versus Artiőcial Mix

Many aromatic oils from plants contain a few major constituents, several It is the synergistics

of the speciőc combina-

tion of hundreds of con-

stituents naturally present

in each plant (including

trace compounds) that

give the essential oils

their valuable therapeu-

tic/healing properties.

minor ones

and a larger number of trace compounds (called elements in perfumery parlance). It is

virtually impossible to totally reconstruct such a complex combination of components

which would include all the trace compounds. Most ‘nature identical’ oils are said to

be 96% accurate, with the remaining 4% of trace compounds being non-duplicated.

It is the synergistics of the speciőc combination of hundreds of constituents naturally

present in each plant (including trace compounds) that give the essential oils their

valuable therapeutic/healing properties.

7. Essence Oils

Essential oils not extracted via steam or pressure are referred to as essence oils.

Essence oils are derived in a variety of ways from ŕowers, barks, leaves, roots or

resins.

Concretes: The aromatic plant matter is extracted by organic solvents such as hy-

drocarbons. Concretes are more stable and concentrated than unmodiőed essential

oils.

Resinoids: Oils from natural resins such as frankincense, myrrh, amber, benzoin, etc.

are extracted using hydrocarbon solvents. Occasionally the ethanol soluble fraction

of a resinoid is called an absolute.

Absolutes: They are obtained by taking the concretes through a second process of

ethanol extraction or liquid carbon dioxide. With the latter process, the oils produced

are of excellent aroma quality and entirely free of unwanted solvent residues or non-

volatile matter.

The products obtained from all the above methods go through a őnal process of solvent

removal. These techniques are used worldwide for higher yield or to obtain products

Distinguishing the essen-

tial oils from concretes or

absolutes (fragrances ob-

tained by methods other

than steam distillation or

pressure) is sometimes

very difficult.
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Numerous extracts, each

one having a distinctive

character, are used in

combination to formulate

a fragrance.

Box 1

1. Ambergris

2. Bitter Almond

3. Camphoraceous

4. Floral

• Jasmine

• Lily of the valley

(Muguet)

• Rose

5. Fruit

• Esters

• Miscellaneous

6. Musk

• Macrocyclic musks

• Nitro musk

• Non-nitro aromatic

benzenoids

• Different families

of musks

7. Wood

• Cedarwood

• Patchouli

• Sandalwood

that cannot be obtained by any other process. They also produce a more true to natural

fragrance. An example of this is the case with jasmine concretes or absolutes which

would lose their natural quality by hot water or steam distillation process.

Numerous extracts, each one having a distinctive character, are used in combination

to formulate a fragrance. Some overlap in tones or notes in two or more of these

scent extracts is possible. For example, rosewood and ylang ylang have middle to

base character and clary sage and fennel have top to middle character.

8. Carrier Oils and Alcohol

Many essential oils are much too strong and often expensive to use without dilution.

To moderate such attributes carrier oils are used to dilute and carry the fragrance for

use as a perfume. Carrier oils come from nuts and seeds and are usually pressed out

of commercially produced crops. The best carrier oils are stable to oxidation and

have little or no fragrance of their own, and they include oils from sweet almond,

apricot, peach kernel, sesame seed, soybean, sunŕower, avocado, and jojoba. Some

of these oils can be used as the only carrier while others are only safe for skin use

at 10-25% of the total amount. Alcohol is added to perfumes to carry the fragrance

by evaporation as well as dilute the ingredients. Perfumes contain 25% fragrance

and about 75% alcohol and other diluents (carrier oils) by volume while cologne is

composed of more than 90% diluent.

9. Fixatives

Fixatives are scented components that act to hold the fragrance together and regulate

rate of evaporation for the fragrant components. The őxatives often provide a base

note and character to the mixture. One of the most important steps in the manufacture

of a őne perfume is the addition of a őxative which enables the essential oils to retain

their fragrance for a longer period of time.

Fragrances remain fresh if they are protected from light, heat and oxygen for about

three years from the date of manufacture. They are categorized based on the source

into seven different classes (see Box 1).

10. Molecular Structure of Aromatic Compounds and their Sensory Properties

Many benzene derivatives possess aromatic, spicy and speciőc odors. These aromatic

compounds include mono- and poly-substituted benzene derivatives, such as benzalde-

hyde, anethole and anisaldehyde, eugenol and vanillin, safrole and heliotropin. The

following substituents are found in these aromatic compounds: aldehyde (-CHO),

hydroxy (-OH), alkoxy (RO-), allyl (-CH2-CH=CH2), propenyl (-CH=CHCH3) and

dioxymethylene (-O-CH2-O-).
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Compound Allyl/Propenyl Other Substituents Sensory Quality

Methylchavicol allyl methoxyl basil-like

Anethole propenyl methoxyl anise-like

Eugenol allyl hydroxyl & methoxyl clove-like

Safrole allyl dioxymethylene sassafras-like

Benzaldehyde aldehyde Bitter almond-like

3-methoxy-4-hydroxybenzaldehyde aldehyde hydroxyl & methoxyl Vanilla-like

3,4-dioxymethylenebenzaldehyde aldehyde methoxyl Heliotrope-like

Table 1.The sensory qualities of the allyl- and propenyl-substituted benzene derivatives are

very characteristic, and they are character-impact compounds for certain natural iso-

lates. The allyl-substituted benzene derivatives can be oxidized to the corresponding

aldehydes, which also possess characteristic odor qualities (see Table 1 for examples).

Various studies on the relation between the sensory properties and Various studies on the re-

lation between the sen-

sory properties and struc-

tural features of aromatic

compounds have been

carried out.

structural features

of aromatic compounds have been carried out. Threshold values and odor qualities of

a series of alicyclic and aromatic aldehydes have been investigated. It has been found

that aldehydes bearing terminal phenyl or cycloalkyl substituents exhibit threshold

minima at eight carbon atoms. A similar trend is observed for straight chain aliphatic

aldehydes. Straight alkyl chains resulted in lower threshold values than the cyclic

structures.

11. Olfactive Properties and Chemical Identities of Floral Compounds

The chemical identities of molecules show odor-structure relationship clearly. Chem-

ical compounds with a fresh, ŕoral odor-character are found in tertiary monoterpene

alcohols and their lower esters. The compounds have branched chain with methyl

groups on the 2-, 3-, 6- or 7-position. The presence of one or two double bonds

increases their freshness and naturalness.

12. Linalool, Tetrahydrolinalool and their Acetates

Quantitatively the most important chemical compound with a fresh ŕoral Quantitatively the most

important chemical com-

pound with a fresh ŕoral

odor-character is linalool.

odor-

character is linalool, 3,7-dimethyl-1,6-octadien-3-ol, which is a tertiary monoterpene

alcohol. Linalool consists of two enantiomers, which are (R)-(-)-linalool or licareol

and (S)-(+)-linalool or coriandrol. Licareol occurs in many ŕowers, such as bitter

orange ŕower and lavender ŕower and has a őne fresh ŕoral odor-character. Corian-

drol occurs in coriander fruits and has a more herbal, ŕoral odor-note. The acetate

of (R)-(−)-linalool has an even more fresh ŕoral, slightly fruity, odor and occurs in

many plant materials, such as bergamot peel and leaves of bitter orange. Linalool
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and its acetate are used in alcoholic and cosmetic perfumery, where it shows a good

performance and stability.

Tetrahydrolinalool, 3,7-dimethyloctan-3-ol, is used in functional perfumery, because

of its stability in more aggressive media. Tetrahydrolinalool and its acetate have also

ŕoral olfactive properties, though with a slightly fatty and earthy undertone.

13. Myrcenol, Ocimenol and their Acetates

Myrcenol, 2-methyl-6-methylene-7-octen-2-ol, and its acetate have natural, fresh,

ŕoral odors, even more delicate than those of linalool and its acetate.

Ocimenol, 2,6-dimethyl-5,7-octadien-2-ol, and its acetate have remarkably fresh ŕoral

olfactive qualities and are preferred to myrcenol and its acetate.

14. Dihydromyrcenol and its Acetate

Dihydromyrcenol, 2,6-dimethyl-7-octen-2-ol, is olfactively somewhat reminiscent of

linalool. This compound and its acetate are often used as substitutes for linalool and

its acetate, because they are stable in aggressive media, where linalool is oxidised,

e.g. in detergent compounds containing perborate and tetraacetylethylene diamine

(TAED).

15. Tetrahydromyrcenol and its Acetate

Tetrahydromyrcenol, 2,6-dimethyloctan-2-ol, and its acetate are sometimes used in-

stead of tetrahydrolinalool and its acetate, because they have a less earthy note and

are also stable in all media. The compounds have fresh ŕoral, slightly fatty, odors.

16. Perfume Blending

The perfume blending does not follow the physical or chemical rules The perfume blending

does not follow the phys-

ical or chemical rules or

properties of the materi-

als.

or properties of

the materials. The procedure for the development of a perfume can be illustrated by

the example of rose perfume. Rose perfume formula of Maurer is made by mixing

the following components: Geraniol ś 30 parts, Citronellol ś 25 parts, Phenylethyl

alcohol ś 25 parts, Linalool ś 5 parts.

The four compounds occur naturally in rose ŕowers. Geraniol lends a petal-like,

slightly herbaceous, tea-leaf-note to the base. Citronellol lends fresh, rosy ŕoralness,

while phenylethyl alcohol gives a deep sweetness, and linalool imparts a certain woody

ŕoralness. These four materials can make a perfect rose oil. If added in moderate

quantities, these compounds cannot be detected in rose oil by mere routine analysis.

In such cases, the analyst will have to rely upon careful olfactory tests which require

Linalool and its acetate

are used in alcoholic

and cosmetic perfumery,

where it shows a good

performance and stabil-

ity.
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The analyst will have to

rely upon careful olfac-

tory tests which require

much training and a thor-

ough chemical examina-

tion of the suspected oil.

much training and a thorough chemical examination of the suspected oil. This then

needs to be analyzed on GC-MS for traces of adulterants.

Gas chromatography alone is not a deőnitive tool for determining the purity of essential

oils. This can be smartly manipulated by an adulterator by choosing an adulterant

which has similar chemical constituents. The retention time (RT) in the gas chroma-

togram and the optical rotation (OR) of a compound can be made to match by adding

adulterants with similar values for RT and OR. It is in fact very difficult to differentiate

the pure oil and the impure oil by merely these techniques. GC-MS is a better diagnos-

tic tool as the mass fragmentation pattern will be different for different compounds

even when they have the same RT and OR.

17. Some Aspects of the Adulteration of Natural Isolates

Adulteration generally means the act of lowering the standard or character of a product

by the addition of one or more inferior ingredients. Because there is a lot of confusion

about the adulteration of natural isolates, it seems worthwhile to discuss ‘how’ and

‘why’ this is performed.

Natural isolates may consist of essential oils, oleoresins, gums,The adulteration of nat-

ural isolates in fact cov-

ers a wide range of ac-

tions, such as: standard-

izing, reinforcement, liq-

uidizing, reconstitution,

commercializing.

absolutes or other

natural extractives that contain several hundreds of chemical compounds, which can

be organoleptic substances (so-called character-impact compounds), essential com-

pounds, balance compounds and artefacts. The adulteration of natural isolates in fact

covers a wide range of actions, such as: standardizing, reinforcement, liquidizing,

reconstitution, commercializing, which are discussed below.

Standardizing: Natural isolates are mixtures of chemical compounds. The concen-

tration of the organoleptic characteristic compounds in these mixtures can vary or

deviate from standardized ranges, due to climatic and/or ecological reasons. One can

standardize the content of characteristic substances by adding the products, isolated

from another natural source or produced synthetically. Examples are,

1. citral (eg. Litsea cubeba oil or synthetic) to standardize lemon oil;

2. 1,8-cineole (eg. Eucalyptus globulus oil) to standardize rose-mary oil;

3. camphor (eg. camphor oil) to standardize labiate oils.

Reinforcement: Reinforcement is more or less an extension of standardizing. When

the quality of the natural isolates can be improved, there is always the temptation of

adding an excess amount of the characteristic compound to improve the quality and

to make the end product of more ‘olfactive value for money’.

Liquidizing: Some natural isolates are solids or semi-solids as, for instance, gums,

oleoresins and certain absolutes. To liquidize these materials many solvents are used,

e.g., benzyl benzoate, propylene glycol, triethyl citrate, isopropyl myristate, dialkyl

phthalates, isononylphenol, etc.
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Reconstitution: There are natural isolates, such as rose oil, jasmine oil or orange

ŕower oil, which are too expensive for application in more economic (cheaper) func-

tional perfumery as, for instance, in perfumes for soaps, detergents or other household

products. Therefore, these naturals are reconstituted, that is, the natural isolate is re-

built (compounded) with a mixture of natural or so-called nature-identical chemical

compounds, after a more or less thorough analysis of the identities and quantities of

the main constituents. It is clear that it is quite impossible to reconstitute the com-

plete natural product, because natural isolates consist of several hundreds of chemical

compounds, of which many would be unknown.

Commercializing: By commercializing of a product is meant lowering its quality in

order to make it more proőtable. It will be clear that the ‘reconstituted oils’ are also

examples of ‘commercial oils’. Sometimes genuine natural isolates are diluted with

reconstituted ones. Although commercializing of a product appears to be a fraudulent

act, it ought not necessarily be so. A buyer who cannot afford to pay the cost price of

the natural may be willing to buy a commercialized product.

Today, however, essential oils are often adulterated in a very clever The adulterator has at

his disposal a number of

natural isolates of lower

priced essential oils. If

added in moderate quan-

tities, these compounds

cannot be detected in oils

easily by simple analyti-

cal tools.

manner and the

analyst may face considerable difficulty in őnding the adulterants. The adulterator

has at his disposal a number of natural isolates of lower priced essential oils. If added

in moderate quantities, these compounds cannot be detected in oils easily by simple

analytical tools. It is very difficult to őnd out the authenticity of the pure oil by olfactic

examination. A crude but simple test for adulteration involves heating the essential oil

with iodine as follows: To 5 parts of the oil heated to 60°C 1 part of powdered iodine

is gradually added, without allowing any further rise in temperature. The mixture,

on cooling, will deposit a mass of crystals if the oil is adulterated. However, this is a

very crude test which helps in only knowing whether the oil is adulterated or not.

Further, the adulteration occurs mostly during the supply chain in India. At every

stage of the supply, adulteration may occur where the addition of an adulterant can

increase the proőt from the oil by tenfold. It is therefore important to realize and to

devise an effective method of quality control for ascertaining the purity of any oil, and

to ensure that adulteration is not affected along the whole chain from the producer to

the retailer. Even a price ceiling is required to be made by the government to let the

farmers get satisfactory őnancial returns for their product.
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Three scientists (William E Moerner, Eric Betzig and Stefan W Hell) have been

awarded the 2014 Nobel Prize in Chemistry for their contributions to single-

molecule spectroscopy (SMS). This new branch of spectroscopy was invented 25

years ago in 1989. In this article, we give a brief outline of the history of this

technique and some of the exciting applications.

1. Introduction

Molecules of the same chemical composition are often assumed to have identical
properties. In reality though, every molecule is different. For instance, from the
kinetic theory of gases, we know that different molecules move with different veloc-
ities. As a result of this, different molecules absorb at different external frequencies
because of the Doppler shift (see Box 1). Further, in a heterogeneous medium the local
environment of each molecule may be different. This gives rise to large variations of
those properties which depend on the medium (e.g., local polarity or viscosity). For
instance, in a biological cell the local environment at the membrane may be drastically
different from that in the cytoplasm or in the nucleus. Even within the cytoplasm,
different organelles (mitochondria, lysosome or endosome, etc.) may have different
properties.

For several decades, many scientists were excited by the prospect of recording high-
resolution spectra1

1 High-resolution spectrum
refers to a spectrum con-
sisting of very sharp lines.
The sharp lines clearly dis-
play transitions to individual
rotational, vibrational and
electronic states.

free from Doppler broadening. One popular strategy of eliminating
Doppler effect is cooling of gases by adiabatic expansion and then selecting only one
group of ultra-cold atoms/molecules having identical velocity. This technique is
widely used in atomic or molecular beams and has attracted the 1986 Nobel Prize in
Chemistry. The other strategy is to completely eliminate motion by trapping a single
ion in a quadrupole electric őeld (1989 Nobel Prize in Physics) or by momentum
transfer from photon (laser cooling, 1997 Nobel Prize in Physics).

2. History of SMS: The Pioneers

In the 1980’s, there were several attempts to record absorption spectra2

2 Absorption spectrum is
a plot of optical density,
OD = log(𝐼0/𝐼), against
wavelength.

of individual
molecules at different sites (or defect centers) of a solid crystal, under Doppler-free
condition. In a solid, the translational motion of the molecules is eliminated. However,
contributions of the rotational and vibrational levels broaden the spectrum. Cooling

∗Reproduced with permission from Resonance, Vol.20, No.2, pp.151ś164, 2015.

Keywords

Single-molecule spectroscopy

(SMS), confocal microscopy, FCS,

sm-FRET, FLIM.
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Cooling the molecule
to ultra-low temperatures
(1.6 K in superŕuid he-
lium) ensures that the
molecules are in the low-
est vibrational and rota-
tional levels to yield the
zero-phonon line (free
from rotational and vibra-
tional transitions).

Box 1. Doppler Broadening

The condition of absorption of a photon is

Δ𝐸 = 𝐸2 − 𝐸1 = ℎ𝑣obs , (i)

where Δ𝐸 represents the energy gap and 𝜈obs, the frequency of a photon observed by a molecule. Even if Δ𝐸
is the same for all the molecules, the observed frequency may vary from one molecule to another because
of the Doppler shift. If a molecule moving with a velocity 𝑢 is irradiated by an external frequency 𝜈ext, the
frequency observed by a molecule is

𝜈obs = 𝜈ext [1 ± (𝑢/𝑐)] . (ii)

In (ii) ‘+’ corresponds to the situation when the molecule is moving towards the photon (source) and ‘−’
corresponds to molecule moving away from the photon (source). Since the velocity of the molecules exhibits
a broad distribution, different molecules absorb at different 𝜈ext. For each value of a velocity, there is a
narrow absorption line. But the overall absorption spectrum of a molecule is a superposition of many such
sharp lines corresponding to different velocities. The superposition gives rise to a broad spectrum (Figure

A) which resembles the MaxwellśBoltzmann velocity distribution curve. Since the molecules have different
absorption frequencies, the gas is inhomogeneous. Thus Doppler effect is an inhomogeneous broadening
effect.

Figure A. Doppler
broadening because
of superposition of
individual absorption
lines.

the molecule to ultra-low temperatures (1.6 K in superŕuid helium) ensures that the
molecules are in the lowest vibrational and rotational levels to yield the zero-phonon
line (free from rotational and vibrational transitions).

Recording an absorption spectrum under single molecule condition is an extremely
difficult proposition because of the following reason. According to the Lambertś
Beer’s law, the absorbance or optical density (OD) is deőned as

OD = log(𝐼0/𝐼), (1)

where 𝐼𝑜 and 𝐼 are the intensities of the light before and after the sample. If 𝑁 denotes
the number of photons striking a molecule, then after absorption of one photon by a
single molecule, the number of transmitted photons is 𝑁−1, so that

OD = log[𝑁/(𝑁 − 1)] . (2)
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Since the change (𝑁 to 𝑁 − 1) is very small, one has to measure 𝑁(or intensity, 𝐼)
very accurately. To do this, Moerner and his group, then working at the IBM Amaden
Research Centre (California), pushed the technology to the limit using a frequency
modulation (FM) technique. The FM technique was developed in 1980 by Bjorkland,
at the same IBM lab [1]. This method is similar to the principle of capturing signals
by a FM radio. In this method, the wavelength of the laser is varied (e.g., by varying
the cavity length) around the central frequency, 𝜈, at a low frequency, Δ𝜈 = Ω. The
intensity of the light transmitted by the sample, 𝐼, contains both a part modulated at
the frequency Ω and a randomly ŕuctuating one. Many things (such as, laser intensity
ŕuctuations and instrumental noise) contribute to the random ŕuctuations. Using a
lock-in ampliőer, one can őlter out only the signal modulated at a frequency Ω and
thus accurately measure the intensity.

In 1987, Moerner and Carter applied the FM technique to detect the őne structure
of inhomogeneously broadened absorption lines of individual pentacene molecules
doped in a para-terphenyl crystals [2]. Two years later, using double modulation,
Moerner and Kaldor advanced the FM technique further, to achieve single-molecule
detection [3]. They showed that when they tuned their laser frequency at the peak of
the absorption spectrum, a very large number (∼ 105) of molecules contribute to the
absorption. However, by tuning the frequency to the wings or edges of the absorption
spectrum, they could reduce the number of absorbed photons to nearly unity. This
allowed them to achieve single-molecule detection (SMD). In the last sentence of
this paper [3], they rightly predicted that, łSuch work (SMD) would open up a new

frontier of spectroscopy of single defect centers in solids where no Doppler, recoil or

multicenter averaging are present.ž

While Moerner used a quite complicated technique, in 1990, Oritt and Bernar (Uni-
versity of Bordeaux, France) proposed a simpler technique ś many molecules emit
ŕuorescence when excited [4]. Thus detection of ŕuorescence photon is indirect proof
of absorption. This is now well-known as ŕuorescence-excitation spectroscopy. In
the last sentence of this paper [4] they made a modest claim, łThis result is obviously

of great signiőcance for the low-temperature dynamics of the condensed phase.ž

Because of the simplicity of Oritt’s approach, ŕuorescence excitation became a popular
technique for single-molecule detection as Zare and many other workers earlier used
laser-induced ŕuorescence (LIF) for detection of a few molecules in jets [5]. These
two papers of Moerner and Oritt [3,4] are widely heralded as the foundation of
single-molecule spectroscopy.

Around 1986, Betzig, at AT&T Bell Labs, advanced the room temperature single-
molecule detection (SMD) to break the Abbe limit. According to the principle, also
called the Rayleigh criterion, (1873), the minimum spot size in a microscope cannot
be smaller than half of the wavelength used (𝜆). Thus for the shortest wavelength of
visible light (400 nm) the spatial resolution is 𝜆/2 ∼ 200 nm. Using near-őeld scan-
ning optical microscopy (NSOM), Betzig and co-workers broke the Abbe limit and

Chemistry Nobel 2014

E Betzig

S Hell

W Moerner
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Box 2. Earlier Efforts at Single-molecule Detection

It may be mentioned that before Moerner and Oritt, many others tried to detect single molecule, that too in
a solution using ŕuorescence at room temperature. In 1961, Rotman studied hydrolysis of 𝛽-D-galactose
catalyzed by 𝛽-D-galactosidase using a ŕuorescent probe 6-hydroxyŕuoran (6-HF) bonded to galactose [6].
In the bonded state, 6-HF does not emit. On hydrolysis when free 6-HF is liberated, intense ŕuorescence
is observed. In order to study hydrolysis by single-enzyme molecule, they sprayed a very dilute solution
of the enzyme and the substrate over few drops of silicone oil placed on a microscopic slide and detected
ŕuorescence using a microscope. This work was the forerunner of the many beautiful experiments on single
enzymology designed much later by Xie group and others [7]. In 1976, Hirschfeld applied ŕuorescence
microscopy to detect single antibody molecules [8]. In 1983, Keller and co-workers, őrst used laser-induced
ŕuorescence (LIF), to detect single molecule under ŕowing conditions [9]. Further examples of ŕuorescent
detection of single molecule in solution were reported by Keller group and Mathies group [10ś11]. As early
as in 1972, Magde, Elson and Webb developed ŕuorescence correlation spectroscopy (FCS) to study a few
molecules in solution [12]. Since all biological studies involve room temperature solutions, these studies
eventually became the most popular applications of SMD.

demonstrated that one could achieve sub-wavelength spatial resolution [13ś15].łIn near-őeld scanning

optical microscopy, a

light source or detec-

tor with dimensions less

than the 𝜆 is placed in

close proximity (𝜆/50) to

a sample to generate im-

ages with resolution bet-

ter than the diffraction

limit. A near-őeld probe

has been developed that

yields a resolution of ap-

proximately 12 nm (ap-

proximately 𝜆/43).ž
ś Betzig et al

The
abstract of one of their papers [14] reads, łIn near-őeld scanning optical microscopy,

a light source or detector with dimensions less than the 𝜆 is placed in close proximity

(𝜆/50) to a sample to generate images with resolution better than the diffraction limit.

A near-őeld probe has been developed that yields a resolution of approximately 12 nm

(approximately 𝜆/43).ž

Betzig played the role of a game changer and inspired many others to develop super-
resolution microscopes with spatial resolutions better than the Abbe limit. In 1994,
Hell and Wichmann (then at University of Turku, Finland) developed stimulated
emission depletion (STED) microscopy [16]. In the abstract of this paper [16],
they wrote,

ł. . . We overcome the

diffraction resolution

limit by employing stim-

ulated emission to inhibit

the ŕuorescence process

in the outer regions of the

excitation point-spread

function. In contrast

to near-őeld scanning

optical microscopy,

this method can pro-

duce three-dimensional

images of translucent

specimens.ž
ś Hell and Wichmann

łWe propose a new type of scanning ŕuorescence microscope capable

of resolving 35 nm in the far őeld. We overcome the diffraction resolution limit

by employing stimulated emission to inhibit the ŕuorescence process in the outer

regions of the excitation point-spread function. In contrast to near-őeld scanning

optical microscopy, this method can produce three-dimensional images of translucent

specimens.ž

In a STED microscope, the exciting laser (of frequency 𝜈abs) produces a big focused
spot of radius (𝜆/2). Then, a second laser of frequency 𝜈em equal to the emission
frequency irradiates the outer periphery of the big spot. The second laser causes
stimulated emission and hence, rapid transition of the molecules from the excited
state to the ground state. This results in depletion of the molecules in the excited
state and thus bleaches the peripheral region leaving a central bright region of much
smaller radius < 𝜆/2 (Figure 1).
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Figure 1. Schematic de-
sign of a STED micro-
scope.

Absorption, νabs
Stimulated

Emission, νem

200 nm (λ/2)

< λ/2

Bleached by νem

In summary, within 5 years of the őrst demonstration of SMD by Moerner, there were
major breakthroughs in this őeld. Since a Nobel Prize cannot be given to more than
three scientists, the Nobel Prize Committee őnally chose Moerner for the őrst true
demonstration of SMD and Betzig and Hell for super-resolution microscopy.

3. SMD in Solution and at Room Temperature: Confocal Microscopy

Though single-molecule detection (SMD) was őrst achieved at low temperature łConfocal ŕuorescence

microscopy coupled with

a diffraction-limited

laser beam and a high-

efficiency detection

system has been used

to study the diffusive

movement and emission

process of individual

ŕuorescent molecules in

the liquid phase at room

temperature.ž
ś Zare et al

(1.6
K), most exciting applications of SMD involve real biological systems which remain
active in solutions at room temperature. For this, Zare’s group and others developed
confocal microscopy [17ś19]. In their őrst paper, Zare and co-workers wrote [17],
łConfocal ŕuorescence microscopy coupled with a diffraction-limited laser beam and

a high-efficiency detection system has been used to study the diffusive movement and

emission process of individual ŕuorescent molecules in the liquid phase at room

temperature. The high detection sensitivity achieved at fast data acquisition speeds

(greater than 1 kilohertz) allows real-time observation of single-molecule ŕuorescence

without statistical analysis. The results show ŕuorescence-cycle saturation at the

single-molecule level and multiple re-crossings of a single molecule into and out of

the probe volume as well as the triplet state.ž

Though there are many variations of experimental strategies for SMD, confocal mi-
croscopy is by far the most popular. Therefore, we will describe confocal microscopy3 3 By controlling the optics,

a confocal microscope can
image a thick sample at dif-
ferent depths and hence give
a 3D picture.

in some detail (Figure 2). In a confocal microscope, the exciting laser is reŕected by
a dichroic mirror towards the sample through a lens (objective). The lens focusses
the light on the sample (a liquid drop) kept on a microscopic slide. On excitation the
sample emits ŕuorescence in all directions. A part of the ŕuorescence passes through
the same objective lens and becomes a parallel beam. The dichroic mirror transmits
the ŕuorescence. (It is called dichroic because it has a dual function ś reŕection at
one wavelength (laser excitation) and transmission at another (for ŕuorescence)). The
parallel ŕuorescence beam is then focused by a lens on a pinhole, called confocal
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Figure 2. Confocal mi-
croscope.

Confocal
Pinhole

pinhole. It ensures that only ŕuorescence from the focused exciting light is collected.
Thus it is the heart of the confocal microscope. After passing through the pinhole the
ŕuorescence is collected by a detector. Box 3 describes in detail the focused spot.
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Figure 3. Fluctuations of ŕuorescence
intensity observed in a confocal micro-
scope.

4. Fluorescence Correlation Spectroscopy (FCS)

In a confocal microscope, the intensity of the observed ŕuorescence
ŕuctuates because of diffusion of the molecule in and out of the focal
volume (Figure 3). FCS involves a correlation analysis of ŕuctuations
in ŕuorescence intensity. This provides information about molecular
diffusion and interactions. Speciőcally, FCS may be used to deter-
mine coefficient of translational diffusion (𝐷t). In FCS, we deőne a
correlation function 𝐺 (𝜏) of the ŕuorescence intensities as [11,16,18],

𝐺 (𝜏) = ⟨𝛿𝐹 (0) 𝛿𝐹 (𝜏)⟩/⟨𝐹⟩2 , (3)

where ⟨𝐹⟩ denotes the average ŕuorescence intensity and 𝛿𝐹 (𝜏) is the
ŕuctuation or deviation of the ŕuorescence intensity at a time delay,
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Box 3. Focused Spot
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rxy
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Figure A. Focused spot.

As shown in Figure A, the shape of the focused spot is an el-
lipsoid of radius 𝑟𝑥𝑦 along 𝑥- and 𝑦-axes, and 𝑟𝑧 along 𝑧-axis.
For a simple ellipsoid the volume should by (4/3)𝜋𝑟2

𝑥𝑦𝑟𝑧 . For
a Gaussian beam proőle of the laser, the brightness is given by
𝐼0 exp[−2(𝑥2 + 𝑦2)/𝑟2

𝑥𝑦] exp(−2𝑧2/𝑟2
𝑧).

For such a beam proőle, the boundary is deőned as the surface
where the intenisty is reduced to 𝑒−2 of its maximal value, 𝐼0. In
this case, the effective volume is (𝜋)3/2𝑟2

𝑥𝑦𝑟𝑧 .

The typical volume of the focused spot is ∼ 1fL (femtoliter =
10−15L). If one uses a nano-molar (10−9 M) solution the number
of molecules in the focal volume would be around 0.6. Some useful
units are: 1 yoktomole = 10−24 M; 1 guacamole =1 molecule = 1/
(Avogadro Number) = (1/6.023) × 10−23M.

𝜏, from the mean value, i.e., 𝛿𝐹 (𝜏) = ⟨𝐹⟩ − 𝐹 (𝜏). The In a confocal microscope,
the intensity of the ob-
served ŕuorescence ŕuc-
tuates because of diffu-
sion of the molecule in
and out of the focal vol-
ume. FCS involves a cor-
relation analysis of ŕuc-
tuations in ŕuorescence
intensity.

diffusion coefficient 𝐷t is
obtained by őtting𝐺 (𝜏) to suitable őtting functions as discussed elsewhere [12,17,19].

4.1 Size of Particles

𝐷t is related to the viscosity of the medium (𝜂) and the hydrodynamic radius of the
diffusing ŕuorescent molecule (𝑅h) by the StokesśEinstein equation as

𝐷t =
𝑘B𝑇

6𝜋𝑅h𝜂
. (4)

If the viscosity is known, one can calculate the value of 𝑅h (i.e., size) from the 𝐷t

values. This is useful to determine the size of a protein in the native, denatured and
molten globule state. Many diseases (e.g., Alzheimer’s disease) involve aggregation of
proteins and hence, in size. Such diseases may also be monitored from determination
of 𝐷t and subsequently, size of the protein aggregate. Very recently, FCS has been
applied to monitor the size and growth of nanoparticles [20].

4.2 Heterogeneity in Biological Systems

Many natural and biological systems are essentially heterogeneous. In this case, the
value of the viscosity, 𝜂 (and hence, 𝐷t) varies from one region to another. For such a
medium, one gets multiple values of 𝐷t instead of a single value [21]. The distribution
curve (Figure 4) describes the variation of viscosity within a vesicle where each indi-
vidual value corresponds to separate focused volumes, 200 nm in size. Since viscosity

The main triumph of
single-molecule spec-
troscopy is the ability
to determine the rate
constant for individual
molecules at differ-
ent regions. This has
dramatically improved
our understanding of
chemistry because all the
chemical properties we
have determined earlier
are averages of exceed-
ingly large number of
molecules.
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Figure 4. Distribution of 𝐷1 in a vesicle.
Reprinted with permission from [21], © 2012, Amer-
ican Chemical Society.

controls the rate of bi-molecular reactions, such a distri-
bution indicates that the rate constant of a chemical reac-
tion may be region dependent in a heterogeneous medium.
The main triumph of single-molecule spectroscopy is
the ability to determine the rate constant for individual
molecules at different regions. This has dramatically im-
proved our understanding of chemistry because all the
chemical properties we have determined earlier are aver-
ages of exceedingly large number of molecules.

4.3 Conformational Fluctuation

Apart from diffusion, ŕuctuations in ŕuorescence inten-
sity (Figure 5) are also caused by conformational ŕuctua-
tion of a protein. To study conformational ŕuctuation, one
attaches a ŕuorescent probe to a protein. Every protein
has amino-containing residues. During conformational
ŕuctuation, when the amino group comes into close con-

tact with the ŕuorophore (within 1 Å distance, so that the two electron clouds overlap),
rapid quenching occurs because of electron transfer (Figure 5) [22].

During quenching, the quencher, Q, transfers an electron to an excited molecule M*
to produce an anion M− and a cation Q+ both of which are non-emisive. This reduces
or quenches emission intensity.

5. Fluorescence-Lifetime Imaging Microscopy (FLIM)

The other advantage of confocal microscope is that one can record emission spectrum
and lifetime of the ŕourophores within individual regions of size 200 nm. The plot
of lifetime at different regions is known as a ŕuorescence lifetime image [19]. The
ŕuorescence lifetimes of many probes are markedly dependent on the local polarity
and visocisty. Thus, a FLIM image provides valuable information on the local
environment of a heterogeneous medium.

Figure 5. Conformation
dynamics in a protein.
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6. Single-Molecule Fluorescence Resonance Energy Transfer (sm-FRET)

Fluorescence Resonance Energy Transfer (FRET) is an elegant technique to measure
the distance between a donor and an acceptor molecule. FRET refers to the simulta-
neous de-excitation of a donor molecule (D) from the excited to the ground state along
with excitation of an acceptor molecule (A) from the ground to the excited state.

D∗ + A → D + A∗ .

According to Förster mechanism, the rate of FRET is inversely proportional to the
sixth power of the donorśacceptor distance (𝑅6

DA
). Thus FRET is often called a

molecular ruler [19].

In a single-molecule FRET (sm-FRET) experiment, a donor and an acceptor are
covalently bonded to the molecule under study. The sm-FRET efficiency (𝜀

FRET
) is

obtained from the emission intensity of a single donor (𝐼D) and single acceptor (𝐼A)
using the following equation [19],

𝜀
FRET

=
𝐼A

𝐼D + 𝐼A
(5)

The distance between the donor and acceptor dye pairs (𝑅DA) is calculated from the
relation [19],

𝑅DA = 𝑅0

[

1 − 𝜀FRET

𝜀
FRET

]1/6

. (6)

The sm-FRET study provides a three-dimensional map of the biomolecules in terms
of 𝑅DA with the donor and acceptor attached to selected sites or residues.

7. Conclusion

Single-molecule spectroscopy (SMS) originated from a physicist’s dream of recording
high-resolution spectrum. Very soon, SMS captured the imagination of chemists and
biologists. The most exciting applications of SMS appear to be in the őeld of biology.
Many new phenomena are being discovered in selected organelles in a live cell using
SMS. These studies are deepening our understanding of how living things work.
Through SMS we are approaching the dream, őrst described by Richard Feynman
in 1963 as łeverything the living things do can be understood in terms of jiggling
and wiggling of atomsž. It is nice to see that a single molecule is capable of uniting
physicists, chemists and biologists.

Postscript (added by December 2021)

After publication of this article, there was another Nobel Prize, in this őeld. Half
of the 2018 Physics Nobel Prize was awarded to Arthur Ashkin. In 1970’s, Ashkin
developed optical tweezers. In this technique, tiny particles like colloidal suspension,
virus etc. may be held stationary using the radiation pressure of a focused laser beam.
Subsequently, the tiny particles may be moved or manipulated by the laser beam. This
led to a new subject called, force microscopy.

Fluorescence Resonance
Energy Transfer (FRET)
is an elegant technique to
measure the distance be-
tween a donor and an ac-
ceptor molecule. FRET
refers to the simulata-
neous de- excitation of
a donor molecule (D)
from the excited to the
ground state along with
excitation of an accep-
tor molecule (A) from
the ground to the excited
state.
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Traditionally the kinetics of a chemical reaction has been studied as a set of cou-

pled ordinary differential equations. The law of mass action, a tried and tested

principle for reactions involving macroscopic quantities of reactants, gives rise

to deterministic equations in which the variables are species concentrations. In

recent years, though, as smaller and smaller systems ś such as an individual

biological cell, say ś can be studied quantitatively, the importance of molecular

discreteness in chemical reactions has increasingly been realized. This is par-

ticularly true when the system is far from the ‘thermodynamic limit’ when the

numbers of all reacting molecular species involved are several orders of magni-

tude smaller than Avogadro’s number. In such situations, each reaction has to

be treated as a probabilistic ‘event’ that occurs by chance when the appropriate

reactants collide. Explicitly accounting for such processes has led to the devel-

opment of sophisticated statistical methods for simulation of chemical reactions,

particularly those occurring at the cellular and sub-cellular level. In this article,

we describe this approach, the so-called stochastic simulation algorithm, and

discuss applications to study the dynamics of model regulatory networks.

1. Introduction

The subject of chemical kinetics essentially relates to the study of the progression

of chemical reactions and the rates of transformation of chemical species from re-

actants to products [1, 2]. The discipline traces its origins to 1850 when the rate of

inversion of sucrose into glucose and fructose was modelled by the German chemist

Ludwig Wilhelmy who used an ordinary differential equation (ODE) to describe the

process mathematically. Shortly thereafter, Guldberg and Waage proposed the law of

mass action, after which the subject developed rapidly, with important contributions

coming from van’t Hoff, Arrhenius and Ostwald among others. The importance of

understanding how chemical reactions occurred, and what factors affected their rates

or efficiency has always been a matter of great practical importance. The major

advances of the late 1800s were quickly recognised with Nobel Prizes, the very őrst

in 1901 going to van’t Hoff for his work on the development of chemical kinetics,

chemical dynamics, and on the concept of osmotic pressure. Arrhenius’ derivation of

the eponymous rate equation led to his Prize in 1903, and in 1909 to Ostwald, for sev-

eral contributions to physical chemistry that included the principle of independence

of chemical reactions, and the study of catalysis and chemical kinetics.

∗Reproduced with permission from Resonance, Vol.23, No.1, pp.23ś40, 2018.
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The classical approach

to study the kinetics of

a chemical reaction is

to use one or more

ODEs to analyse the

time evolution of con-

centrations of the vari-

ous chemical species in-

volved. This approach,

although recognising that

chemical reactions are bi-

nary events on the molec-

ular scale, encapsulates

the details of all in-

teractions into effective

rates that apply when

the chemical species are

abundant.

Keywords

Chemical kinetics, stochastic

chemical kinetics, GillespieŠs

stochastic simulation algorithm,

synthetic gene oscillators.

The classical approach to study the kinetics of a chemical reaction is to use one or

more ODEs to analyse the time evolution of concentrations of the various chemical

species involved. This approach, although recognising that chemical reactions are

binary events on the molecular scale, encapsulates the details of all interactions into

effective rates that apply when the chemical species are abundant. The concept of the

order of a reaction and the dependence of the rate on the stoichiometry of the reaction

implies that the method for modelling chemical reactions is in terms of continuous

variables that obey deterministic equations of motion.

However, this approach is inadequate when the populations of the chemical species are

very low. For instance, in a typical biological cell, the total number of molecules ranges

from 109 (for bacteria) to 1013 (for a eukaryotic cell) or so. The number of molecules

of biological interest is much smaller than this, ranging from one (for DNA) to a few

hundred RNA to a few thousand proteins. Although the effective concentrations are

in the nano- or sub-nanomolar range, advances in experimental techniques to study

single molecules have made it possible to investigate the dynamics (and hence also the

kinetics) at this scale. In such systems, a classical kinetics approach cannot accurately

predict the behaviour; most of the assumptions underlying the law of mass action and

kinetic theory are not valid.

At the microscopic level, chemical reactions occur whenAt the microscopic level,

chemical reactions oc-

cur when two molecules

come close enough, in

the proper relative ori-

entations, and with the

appropriate relative ener-

gies and angular momen-

tum to interact.

two molecules come close

enough in the proper relative orientations and with the appropriate relative energies

and angular momentum to interact, namely either to make new chemical bonds and/or

to break existing ones. The reaction mechanism for any given reaction is a way of

interpreting this statement on a microscopic basis, while the macroscopic rate laws

are a means of rationalising experimental results. Clearly, both these descriptions

mask a wealth of detail since at the microscopic level molecules scatter off each

other with speciőc energy and angular momentum, and the probability of reaction

is related to the scattering cross section. Such quantities cannot be computed with

quantitative accuracy for any but the most elementary reactions: the calculations are

straightforward but tedious, and essential inputs such as interaction potentials are not

known to sufficient accuracy.

An intermediate ś mesoscopic ś approach recognises the fact that when the number of

molecules is not very large, a probabilistic approach can be used. Thus, the collision

of two reactant species can be thought of as a random event that depends on the

number of each of them and the volume of the container. Each such collision leads

to a reaction with some probability, and each reaction changes the number of each

species in a discrete fashion. When there are several possible reactions, depending on

the number and types of species, these are taken to be concurrent random processes;

the randomness and discreteness become very signiőcant when the numbers are small

and far from the so-called thermodynamic limit. The stochastic nature of chemical

reactions in such situations becomes signiőcant since noise plays a major role in the

evolution and response of such systems.
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Stochastic approaches to the study of chemical reactions can be traced back to the

early work of Kramers [3] and Delbrück [4], who modelled the stochastic dynam-

ics of an autocatalytic reaction, followed by numerous other studies that have been

summarized in the very inŕuential review article by McQuarrie in 1967 [5]. The

practical implementation of this methodology was enunciated in a very lucid article

by Gillespie [6] a decade later. Today, his formulation of the stochastic simulation

algorithm (SSA) is widely used to simulate the dynamics of chemical and biochemical

reactions in nanoscale environments. In addition to the already noted applications to

cellular and subcellular processes, similar considerations will also apply to chemical

reactions occurring on (say) dust grains in interstellar space where temperatures and

densities are very low, and the probability of molecular encounters are consequently

very small.

2. Stochastic Simulation Algorithm

The law of mass action that is taught early in all chemical kinetics courses states that the

rate of a chemical reaction is proportional to the product of the concentrations of the

reacting substances, with each concentration raised a power that is the stoichiometric

coefficient in the corresponding chemical equation. The fact that this is only true in

limited cases becomes clear in even simple examples such as the reaction between

hydrogen and iodine chloride, with the formation of iodine and hydrogen chloride [2],

H2 + 2ICl → I2 + 2HCl

for which one would write (incorrectly, as it turns out) the rate as proportional to:

[H2] [ICl]2

(where [X] represents the concentration of X), which is a third-order reaction. Ex-

perimentally though, the reaction is seen to be of second-order, consistent with the

microscopic description comprising two consecutive reactions,

H2 + ICl → HI + HCl and HI + ICl → I2 + HCl

The őrst reaction is slow while the second is much more rapid. Thus, the rate is

actually proportional to [H2] [ICl], making it effectively a reaction of second-order.

The Gillespie approach is to treat such consecutive or concurrent reactions within a

general framework. Say there are 𝑁 chemical species, X1, X2, X3, . . . , X𝑁 that can

participate in 𝑀 distinct reactions, each of which has the form:

Reactants → Products

The ‘Products’ on the right-hand side can be one or more of the molecules being

considered here, namely from within the set of the X𝑖’s, in which case these can

subsequently participate in one or the other of the 𝑀 reactions that are possible. The

The stochastic simula-

tion algorithm (SSA) pro-

posed by Gillespie is

widely used to simulate

the dynamics of chemi-

cal and biochemical re-

actions in nanoscale en-

vironments.
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The essential component

of the Gillespie algorithm

is a recipe for determin-

ing which of the M dif-

ferent reactions will actu-

ally occur, and more im-

portantly, when it will oc-

cur.

products can also be other molecules that do not participate in the reactions being

considered, in which case these are denoted by ∅. Similarly, the reactants can be

from the set of the X𝑖’s or can include other molecules, as will be made clear in the

examples discussed below.

The conőguration at any instant of time, namely the numbers of the different molecules

that are present is denoted by the integers 𝑛1, 𝑛2, . . . , 𝑛𝑁 . Each of the reactions is

treated as a Poisson random process that occurs at a speciőc rate that depends on

the propensity of the reaction. The propensity for each of the reactions depends on

the conőguration (see Box 1 for details of how these are computed). The essential

component of the Gillespie algorithm is a recipe for determining which of the 𝑀

different reactions will actually occur, and more importantly, when it will occur. At

each step, therefore, one determines the time of the next reaction by generating an

exponentially distributed random number which is based on the overall rate of any

reaction occurring, given the speciőc conőguration and the resulting propensities.

Therefore, given a conőguration at a point in time, one can őnd out when the next

reaction will occur as well as which reaction it will be. One simultaneously advances

the internal time and changes the conőguration, depending on the stoichiometry of

the reaction that occurs. It is important to note that the direct version of the SSA is

statistically exact. Being simple to understand, it is also easy to implement although it

can become computationally slow and expensive when the complexity of the system

under consideration increases. At present, there are a number of improvements to

the basic algorithm and alternative approaches that have made stochastic simulation

methods considerably faster [7].

3. Modelling Stochastic Dynamics

Current experimental techniques allow for theFor a proper ‘systems

level’ understanding of

biological processes, a

computational approach

is useful owing to the in-

herent complexity of the

various interacting pro-

cesses that are involved in

even the simplest cases.

measurement of the rates of many

elementary reactions. For a proper ‘systems level’ understanding of biological pro-

cesses, however, a computational approach is useful owing to the inherent complexity

of the various interacting processes that are involved in even the simplest cases. In

conjunction with experiments, computational modelling can, therefore, provide some

insight into the system dynamics.

Implementation of SSA is best discussed in the context of simple model systems for

which the dynamics can be analysed in detail. One such set of coupled autocatalytic

reactions that was proposed by Schlögl [8] consists of four reactions R1−4 involving

three species denoted as A, B, and X:

R1 : A + 2X
𝑐1
−→ 3X

R2 : 3X
𝑐2
−→ A + 2X

R3 : B
𝑐3
−→ X

R4 : X
𝑐4
−→ B
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where the rates of the reactions are indicated by the 𝑐𝑖’s. The populations of A and

B are taken to remain constant and much larger than that of the species of interest,

namely X. For this dynamics, it is straightforward to obtain the kinetic equation:

𝑑𝑥

𝑑𝑡
= 𝑐1𝑎𝑥

2 − 𝑐2𝑥
3 + 𝑐3𝑏 − 𝑐4𝑥,

where 𝑎, 𝑏, and 𝑥 are the concentrations of A, B, and X respectively. Although

nonlinear, the above equation can be easily solved for speciőc values of the rate

constants 𝑐𝑖’s and 𝑎 and 𝑏; typical results are shown in Figure 1.

The key contrast between stochastic and deterministic modelling of a reaction system

can be seen in this example. As we can see from the simulation of the Schlögl

reactions shown in Figure 1(b), each stochastic run gives a different trajectory for the

Figure 1. Panel (a) shows the temporal behaviour of X obtained by solving the kinetic equation for parameter

values: 𝑎 = 𝑏 = 105, and 𝑐1 = 3·10−7, 𝑐2 = 10−4, 𝑐3 = 10−3, and 𝑐4 = 3.5 for two different values of the initial

concentration of X which in steady-state reaches a value of 40. Panel (b) shows the results from a stochastic

simulation. The bold lines in (b) are averages of several independent runs carried out with similar initial conditions

as in (a). As can be seen, there is clearly a similarity in the average stochastic behaviour and the results of the

deterministic simulation, the agreement getting better as the system size is increased.
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time evolution of the reaction (each thin line represents a speciőc run), whereas in the

deterministic modelling approach every simulation will give the same trajectory for

the speciőed initial conditions. One, therefore, takes an average of several stochastic

simulations (the bold lines in Figure 1(b)) in order to make a proper comparison with

the kinetic simulations in Figure 1(a).

3.1 Dynamics of Biological Systems

This approach to chemical kinetics is particularly suited to the study of biological

systems since, as pointed out earlier, many of the reactant species occur in small

numbers within cells. Indeed, one of the earliest applications was to the kinetics of

the genetic switch in the 𝜆-phage system [9]. By now, there are numerous experiments

that have directly shown the inŕuence of stochasticity in biochemical reactions in both

prokaryotic and eukaryotic cells.

Here we focus on oscillatory behaviour. The maintenance of rhythms is extremely

important in biology ś many biological ‘clocks’ play a crucial role in the functioning of

organisms. Oscillations in biology are known to range from timescales of milliseconds

as in neuronal processes, to seconds as in calcium oscillations or cardiac rhythms,

to circadian clocks that have a periodicity of about one day or 24 hours. Longer

periodicities are also known, such as ovarian cycles that last a month, and ecological

cycles that have timescales of years. All such rhythms are dominated by ŕuctuations.

In fact, to recognise and celebrate the importance of the research on biological clocks,

the Nobel Prize in Physiology or Medicine for the year 2017 was awarded to Hall,

Rosbash and Young for their research on molecular mechanisms of the circadian

rhythm1

1 For interesting information

on ‘circadian rhythms’, see

Series Article by K M Vaze,

V K Sharma and K L Nikhil,

Resonance, Vol.18, No.7, 9

and 11, 2013; Vol.19, No.2,

2014.

.

The area of systems biology,Periodic variations in the

concentrations of speciőc

biomolecules play an ex-

tremely important role in

regulation of the biologi-

cal processes they are in-

vloved in, a feature that

has been studied exten-

sively in naturally occur-

ring systems as well as in

synthetic oscillators.

which aims to study the dynamics and behaviour of

a network of biological reactions is currently of great interest. In most biological

systems, there are several reacting biochemical species, and an interesting aspect of

the dynamics in such networks is sustained oscillation in the concentration of key

molecules. Such periodic variations play an extremely important role in regulation, a

feature that has been studied extensively in naturally occurring systems as well as in

synthetic oscillators.

An early example of a synthetic gene oscillator model with oscillations was proposed

by Goodwin [10] in which a gene produces a protein that represses its own expression

as shown in Figure 2. This model consists of the following six reactions:

R1 : D
𝑐1
−→ D + M R4 : M

𝑐4
−→ ∅

R2 : M
𝑐2
−→ M + P1 R5 : P1

𝑐5
−→ ∅

R3 : P1

𝑐3
−→ P2 R6 : P2

𝑐6
−→ ∅

that involve four molecular species. D and M correspond respectively to the promoter

region on the DNA and the messenger RNA. P1 is the protein product from M and P2 is
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Figure 2. Biochemical

network for the Goodwin

model. D denote the pro-

moter region on the DNA,

M denotes the mRNA,

P1 is the protein product,

while P2 is the transcrip-

tional repressor form of

P1.

its transcriptional repressor form. The model has been used extensively for studying

the dynamics of enzyme catalysis, transcriptional gene regulation, and multi-site

protein phosphorylation processes.

The kinetic equations derived by Goodwin [10, 11] are:

𝑑𝑀

𝑑𝑡
=

1

1 + 𝑃𝑛
2

− 𝛼𝑀 ,

𝑑𝑃1

𝑑𝑡
= 𝑀 − 𝛽𝑃1 ,

𝑑𝑃2

𝑑𝑡
= 𝑃1 − 𝛾𝑃2 ,

where𝑀, 𝑃1, and 𝑃2 are the concentrations of M, P1, and P2 respectively. The negative

feedback due to the inhibition caused by P2 on the production of M is described by

a Hill function, with the coefficient 𝑛 being treated as a parameter. It is known [11]

that below 𝑛 = 8 the dynamics is damped, while for larger 𝑛 there can be limit cycle

oscillations for suitable values of other parameters.

Setting up the SSA for this system can be done in a straightforward manner, treating

the negative inhibition as a modiőcation of the basic rate 𝑐1. When the system size 𝑠

is included in the formalism it can be shown that this changes the effective values of

the propensity as 𝑐1 = 3𝑠𝐾𝑛/4(𝐾𝑛 + 𝑃𝑛
2
) molecules min−1, where 𝐾 ≡ 𝑠 molecules.

As can be seen in Figures 3 and 4, there are signiőcant similarities as well as differences

between the deterministic dynamics and the stochastic dynamics even when describing

the same system, emphasising the need to use the appropriate formalism depending

on the situation being modelled.

Another simple model of biological oscillations was proposed by Vilar, Kueh, Barkai,

and Leibler [12] (VKBL). The genetic network of this model, shown diagrammati-

cally in Figure 5 is somewhat more complex than the simple feedback loop proposed

by Goodwin and consists of two genes, an activator A and a repressor R in a negative

feedback loop. The activator A promotes its own transcription as well as that of R by
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Figure 3. Dynamics of M in the Goodwin model for 𝑛=10. The other parameters have the values 𝑐2 = 𝑐3 =

0.075 min, 𝑐4 = 𝑐5 = 𝑐6 = 0.0375 min−1 and 𝑠 = 300. The deterministic dynamics is shown in (a) above and the

corresponding stochastic dynamics is shown in (b) below. While the deterministic dynamics at these values of the

parameters clearly leads to damped oscillations in the stochastic version, the motion is not as clearly damped. Such

a difference between deterministic and stochastic simulations highlights the need for stochastic simulations when

the systems are small.

binding to the corresponding promoters. The repressor R acts negatively by seques-

tering A through the formation of an activator-repressor complex. This combination

of positive and negative feedbacks yield sustained oscillations.

There are sixteen different processes that need to be considered in the VKBL network,

and these give the following ‘chemical’ reactions:

R1 : DA + A
𝑐1
−→ DA′ R5 : D′

A

𝑐5
−→ DA + MA

R2 : DA′
𝑐2
−→ DA + A R6 : DA

𝑐6
−→ DA + MA

R3 : DR + A
𝑐3
−→ DR′ R7 : MA

𝑐7
−→ ∅

R4 : DR′
𝑐4
−→ DR + A R8 : MA

𝑐8
−→ MA + A
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Figure 4. Dynamics of M in the Goodwin model for 𝑛=15; other parameters as in Figure 3. The deterministic

dynamics is shown in (a) above and the corresponding stochastic dynamics is shown in (b) below. The deterministic

dynamics at these values of the parameters clearly leads to a limit cycle with sustained oscillations. In the stochastic

version, however, the dynamics while oscillatory, is not strictly periodic. This difference reduces as the volume

increases.

R9 : A + R
𝑐9
−→ C R13 : MR

𝑐13
−→ ∅

R10 : A
𝑐10
−→ ∅ R14 : MR

𝑐14
−→ MR + R

R11 : DR′
𝑐11
−→ D′

R + MR R15 : C
𝑐15
−→ R

R12 : DR

𝑐12
−→ DR + MR R16 : R

𝑐16
−→ ∅

Application of the stochastic simulation algorithm is fairly straightforward, given the

above equations. The temporal variations in R and A obtained through stochastic

simulations are shown in Figure 6. The reaction rates (see the caption of Figure 6 for

their values) have been measured or estimated and putting all these together, one can

clearly see that the concentrations of R and A vary in an oscillatory manner, with a

period of about 24 hours.
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Figure 5. Biochemi-

cal network of the VKBL

model [12]. DA and DR

denote the promoter re-

gions on the DNA with-

out the activator A bound

for gene A or R; DA′ and

DR′ denote the promoter

regions on the DNA with

the activator A bound for

gene A or R; MA and MR

denote the mRNA for A

and R, while C represents

the complex formed by A

and R.

4. Summary

Realistic simulations of biological systems have become possible since many of the

basic rates ś the 𝑐𝜇’s for many elementary processes ś can now be measured, making

the overall system amenable to modelling. This methodology has greatly enhanced

our understanding of the existing genetic networks in biological cells and also helped

in the design of new ‘synthetic’ regulatory modules that can be used to engineer novel

biological and dynamical behaviour. Such modelling is an essential component of

the systems approach that can be used to address complex biological issues. Some

problems that have been explored through this technique include a study of the effect of

miRNA on existing gene oscillators, the coupling of ensembles of genetic oscillators,

the dynamics of regulatory modules, quorum sensing, natural and designed biological

switches, and so on [13].

When dealing with nanoscale systems, a mesoscopic approach is often essential, in

addition to being practical. The number of molecules of interest is much smaller

than Avogadro’s number but still too large to be treated accurately through atomistic

simulations. Modelling processes at this scale require stochastic methods. This has

also helped to clarify the effects of noise and ŕuctuations on the dynamics, both at

the level of isolated systems as well as at that of populations. In addition, as can be

appreciated, other effects that are crucial in realistic modelling can be incorporated

fairly easily [14]. Diffusion can, for instance, be accounted for by the introduction

of spatial degrees of freedom, and increasing the number of ‘reactions’ to allow for

species to move and to diffuse, while spatial heterogeneity can be included by having

differential site-dependent diffusion rates. In order to account for time delay, the
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Figure 6. Results from the stochastic simulations of the VKBL model showing the variation of repressor in (a)

and protein A in (b) as a function of time (in hours). The circadian nature of the oscillations is evident. In these

simulations we have used the parameter values 𝑐1 = 1 mol−1 h−1; 𝑐2 = 50 h−1; 𝑐3 = 1 mol−1h−1; 𝑐4 = 100 h−1; 𝑐5 =

500 h−1; 𝑐6 = 50 h−1; 𝑐7 = 10 h−1; 𝑐8 = 50 h−1; 𝑐9 = 2 mol−1 h−1; 𝑐10 = 1 h−1; 𝑐11 = 50 h−1; 𝑐12 = 0.01 h−1; 𝑐13 = 0.5

h−1; 𝑐14 = 5 h−1; 𝑐15 = 1 h−1; 𝑐16 = 0.2 h−1. Some of these reaction constants have been adjusted so as to give the

near 24 hour periodicity. The initial conditions are DA = DR = 1 mol, DA′ = DR′ = MA = MR = A = R = C = 0.

algorithms are somewhat more complex but a variety of procedures, both exact and

approximate, have been worked out [14].

Although we have mainly discussed biological examples, it should be noted that

stochastic simulations have been also used to study the dynamics of other systems

wherein the numbers of participating entities is not very large and/or when the natural

spatial dimensions are nano-scalar. Both these limits are realized in a variety of

situations that range from say the case of modelling epidemics and similar processes

in population dynamics to the simulation and study of reactions in conőned media or

on surfaces.

RESONANCE-75 Promoting Science Education 171



Ashwin B R Kumar and Ram Ramaswamy

Box 1. Outline of the Stochastic Simulation Algorithm

Gillespie [6] developed the SSA as follows. For each reaction R𝜇 it is necessary to determine the probability

that it can occur in the time interval (𝑡, 𝑡 + 𝑑𝑡), given the conőguration at time 𝑡. This probability, denoted

𝑎𝜇𝑑𝑡, is computed from the stoichiometry of the reaction as well as the reaction constant 𝑐𝜇:

𝑎𝜇𝑑𝑡 = ℎ𝜇𝑐𝜇𝑑𝑡 ,

where ℎ𝜇 depends on the stoichiometry and the conőguration. Thus, if the reaction is of the type X𝑖 →

products, then ℎ𝜇 = 𝑛𝑖 , namely the number of molecules of X𝑖 available. If the reaction is of the form

X𝑖+X 𝑗 → products, then clearly ℎ𝜇 = 𝑛𝑖𝑛 𝑗 , and if it is of the type 2X𝑖 → products, then ℎ𝜇 = 𝑛𝑖 (𝑛𝑖 − 1)/2,

and so on. All kinetic and thermodynamic factors are subsumed in 𝑐𝜇.

Given the instantaneous conőguration and the reaction constants (which must be determined either via

experiments or from other calculations), the relative probability of each of the reaction can be computed as

𝑎1, 𝑎2, . . . , 𝑎𝑀 . Denote by 𝑃0(𝜏) the probability that no reaction occurs at time 𝜏. Clearly, the probability

that there is no reaction up to time 𝜏 + 𝑑𝜏 is given by:

𝑃0(𝜏 + 𝑑𝜏) = 𝑃0(𝜏)

{

1 −

𝑀
∑︁

𝜇=1

𝑎𝜇𝑑𝜏

}

,

that is the probability that there was no reaction at time 𝜏 and further that no event occurs in the time interval

𝑑𝜏. This is easily solved to give:

𝑃0(𝜏) = exp[−𝑎0𝜏] ,

where 𝑎0 is the total propensity for the reactions to occur,

𝑎0 =

𝑀
∑︁

𝜇=1

𝑎𝜇 .

Figure A. Given the conőguration at time 𝑡=0, one computes 𝑎0 and generates an exponentially distributed

random number to get the time 𝜏1, namely the time for the őrst reaction. The őrst reaction is

determined to be R𝛼 (see Figure B). Carrying this out will change the conőguration, and with

this changed conőguration, one recomputes 𝑎0 to give the next time, 𝜏2 when reaction R𝛽 occurs,

and so on.

Box 1 continued . . .
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The probability that reaction 𝜈 occurs after time 𝜏 is therefore:

𝑃(𝜏, 𝜈) = 𝑎𝜈𝑃0(𝜏).

In other words, no reaction occurs for time 𝜏, and then reaction 𝜈 occurs. It is clear, therefore, that the

random variable 𝜏, namely the time between reactions follows an exponential distribution with rate 𝑎0 and

this leads to the following straightforward algorithm

• Step 1: Given a conőguration, compute the propensity for each chemical reaction, namely the factors 𝑎𝜇, 𝜇 =

1, . . . , 𝑀 and therefore also 𝑎0.

• Step 2: Generate the uniform random number 𝑟1 in the interval [0,1].

• Step 3: The next reaction will take place at 𝜏 = (− ln 𝑟1)/𝑎0 (𝜏 thus has the required exponential distribution).

A cartoon of this procedure is shown in Figure A (see caption).

• Step 4: Generate another uniform random number 𝑟2, also in the interval [0,1].

• Step 5: Use 𝑟2 to determine which reaction will take place as follows. Find 𝜈 such that

𝜈−1
∑︁

𝜇=1

𝑎𝜇 < 𝑟2𝑎0 ≤

𝜈
∑︁

𝜇=1

𝑎𝜇 .

(See Figure B for an illustration of how this is done.) Then reaction R𝜈 will take place after time 𝜏, and this

means that the conőguration should be changed accordingly. Using the stoichiometry of the reaction R𝜈 , it is

required that the numbers of the reactant species should be decreased, and correspondingly, the numbers of the

product species be increased.

• Step 6: Return to Step 1 with the changed conőguration, having advanced the time by 𝜏.

Figure B. Since one of the 𝑀 reactions must occur, and the total propensity is 𝑎0, one simply lines up the

different reactions R1, R2, . . ., R𝑀 and randomly selects one of these with probability proportional

to its relative propensity.
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Science Smiles

R K Laxman

DonŠt be silly, Professor! All our research and study

have shown this was extinct some two million years ago!

Reproduced with permission from Resonance, Vol.1, No.11, p.5, 1996.
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Science Smiles

R K Laxman

There, IŠve succeeded in quickening the evolutionary process!

Now he will conduct experiments on us!

Reproduced with permission from Resonance, Vol.1, No.5, p.3, 1996.
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Science Smiles

R K Laxman

Good news, professor, youŠve won an international award

for your achievement! But you have to share it with him!

Reproduced with permission from Resonance, Vol.2, No.8, p.3, 1997.
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Despite the protracted history of life on earth spanning well over 3.8 Ga, fossil

record of the Precambrian (>543 Ma) largely documents only microscopic life.

The mostly simple Precambrian life forms were followed by a sudden explosive

radiation of multicellular animals at the turn of the Cambrian period (543ś490

Ma) between 530 and 520 Ma ago, when almost two-thirds of the animal phyla

make their dramatic appearance in the fossil record. This unusual and amazing

burst of macroevolutionary change is called the Cambrian explosion.

In all probability life originated on earth ∼ 4 Ga ago (Giga annum=109 years; see

Sukumaran, Resonance: October and November 2001). Despite this long history,

multicellular life (the terms metazoans, multicellular animals and animals are syn-

onymous) appears őrst in the fossil record (see Box 1) only between 530 and 520 Ma

(Mega annum=106 years), after a gap of nearly 3.5 Ga since the origin of life. Amaz-

ingly, when they arrived, they arrived in profusion and geologically very abruptly.

The sudden and explosive diversiőcation of life forms at the early Cambrian period as

documented in the fossil record is called the Cambrian explosion. Palaeontologists,

evolutionary biologists and geneticists hotly debate the causes of this extraordinary

event in the evolutionary history of life.

Recent advances in genetics and molecular biology have shed new light on genetic

controls of body plan development (see Box 2) in metazoan phyla. New fossil discov-

eries and molecular techniques (see Box 3) have also brought in controversies: do the

∗Reproduced with permission from Resonance, Vol.9, No.9, pp.25ś38, 2004.

Box 1. The Fossil Record and Evolution

The particles of gravel, sand and mud, which are collectively called sediment, are transported by ŕowing

water and glaciers and eventually settle in layers at the bottoms of rivers, lakes and oceans. Shells and other

remains of life also settle along with these sediments. As the sediments accumulate they bury shells, bones,

leaves, pollen, and other bits and pieces of living things. With the passage of time, the layers of sediments are

compacted by the weight of overlying sediments and cemented together to become sedimentary rocks like

shale, limestone and sandstone. The buried remains of life become fossils. Successive rock layers contain

different groups or assemblages of fossil species. By studying the fossils present in the oldest sedimentary

rocks to the present it is possible to get a crude idea of the progression of life through the ages and thus the

trend in evolution.

Keywords

Fossils, evolution, macro-

evolution, development.
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Box 2. Animal Body Plans

All members of the kingdom Animalia show distinct architecture on which their body is built. It is based

on this architecture (also called body plan or bauplan) that the Animalia is divided into different Phyla,

each Phylum characterized by a unique body plan. Phylum represents the highest biological category in the

kingdom Animalia. The major body plans are: cell aggregate body plan (corals and jelly ősh), body sac plan

(coelenterates and ŕatworms) and tube-within-a-tube plan (crustaceans, insects, trilobites and vertebrates).

Box 3. Molecular Dating

According to the neutral theory of molecular evolution postulated by Motoo Kimura most of the nucleotide

substitutions in genes arising out of mutation are selectively neutral or of little functional consequence to

the organisms. This theory was slightly modiőed later to accommodate the observation that most molecular

evolution involves slightly deleterious substitutions rather than strictly neutral ones.

The molecular data consist of long sequences of nucleotide bases in the nucleic acids that make up the genetic

text in DNA. Segments of nucleotide sequences that code for a particular protein are called genes (Figure

A). While genes are nucleotide sequences, their protein products are amino acid sequences. Mutations in

genes produce variations in proteins. For instance, the protein haemoglobin is present in many species of

animals and its function is to carry oxygen from the lungs to various parts of the body through the blood.

But the amino acid sequence of haemoglobin is not the same in all species. The difference is due to mutation

and is a measure of the time elapsed since the species separated from a common ancestor in the course of

evolution. This method of inferring the divergence time of clades from a common ancestor by means of

gene/protein sequencing is called molecular dating. The time is calibrated against well-dated fossil data of

Phanerozoic era, which is then extrapolated to estimate the time divergence of phyla.

Figure A. The gene and its protein product.
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Box 4. Darwinism, Natural Selection and Neo-Darwinism

According to Darwin’s classical theory of evolution (Darwinism), life evolved from simple to complex forms

largely through natural selection, a process by which variants better able to survive and reproduce in a given

environment become more common in a population over generations. Following the advances in classical

genetics in the early 20th century, genetics and the theory of natural selection were welded together into

what is often called the Neo-Darwinian Synthesis in the 1940’s and 50’s. In this view, the ultimate source

of new genic variation is mutation, although in sexually reproducing organisms, genetic recombination in

itself produces numerous variants in each generation. The Neo-Darwinian synthesis provides an adequate

explanation for micro-evolutionary change i.e. changes over generations by which a population of a species

adapts to its environment. What has remained controversial is whether micro-evolutionary changes are

sufficient to explain ś in the long term ś changes at the macro-evolutionary level i.e. the evolution of

new species or higher taxonomic groups. (For a more detailed description of some of these concepts see

Resonance, Vol.7, No.11, pp.8ś17, 2002 and Vol.8, No.2, pp.6ś18, 2003).

metazoans have deep evolutionary roots in the Precambrian or do the palaeontological

data conőrm a major evolutionary milepost in the early Cambrian? Besides, molecu-

lar evidence shows that regulatory genes that control development of morphology in

animals are fairly similar in all phyla, but give rise to very disparate body plans. These

advances are providing new lines of evidence to look into the origin of metazoans and

thereby into the mystery of the Cambrian explosion.

1. Darwin’s Dilemma

According to Darwin’s theory of evolution (Box 4), species evolved from simple

to complex forms largely through natural selection. During Darwin’s time fossils

older than the Cambrian were little known and it was generally believed that life

itself originated in the early Cambrian. Subsequent fossil discoveries threw con-

siderable light on life prior to the Cambrian conőrming the continuous presence

of life on earth right from its advent 4 Ga ago. The abrupt appearance of di-

versiőed life at the beginning of the Cambrian period was not explainable if life

evolved gradually as envisaged by Darwin, under the inŕuence of the geologist Lyell.

Gradualism, of course, is not central to the notion that life forms evolve largely

through natural selection, and Darwin’s friend T H Huxley had argued that Darwin

should drop his insistence on evolutionary change being gradual. Darwin had no

answer to this puzzle and he was hopeful that future explorations would unearth

evidence for the continuity of life and eventually solve the problem of Cambrian

explosion. However, despite over 150 years of exploration since Darwin, the mystery

remains.
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Figure 1. Major events in the history of life.

2. The Earliest Metazoans

The Cambrian life was totally unlike that of the Precam-

brian (Figure 1). Single-celled microbes ruled the earth al-

most in the entire Precambrian and fossil remains of single-

celled organisms occur in the oldest sediments dated 3.5

Ga. Metazoan fossils predating the Cambrian explosion

are not totally rare. Among the earliest signs of meta-

zoans are small circular discs from northwestern Canada

that date from 610 to 590 Ma. Trace fossils in the form of

animal trails and markings are described from rocks as old

as 600 Ma and these constitute the unequivocal palaeon-

tological evidence for earliest metazoan life. The earliest

known shelly (with a protective outer shell) metazoan fos-

sils are simple tube-like structures called cloudinids that

őrst appear near the end of Precambrian. This was fol-

lowed by more frequent appearance of shelly fauna at the

base of Cambrian. There have been numerous reports

of still older animal fossils but none of them is yet con-

őrmed (Box 5). The ediacaran fossils believed to represent

the earliest metazoans are still very enigmatic. Chinese

palaeontologists have recently unearthed remarkably pre-

served metazoan eggs and embryos (Figure 2) from the

Yunnan province. These embryos dated at 570 Ma are the

earliest unequivocally recognized metazoan body fossils

known.

Box 5. Trace Fossil Evidence from India

While the timing of metazoan divergence remains controversial, the discovery of suspected metazoan trace

fossils from central India has added a new dimension to the controversy. Seilacher and group (1998) have

reported fossil markings from Precambrian sandstones of central India that have been interpreted as burrows

excavated by metazoans. Because these sandstones were thought to be older than 1000 Ma, these markings

were regarded as the oldest fossil evidence of metazoan life. If these are really metazoan tracks, this

discovery pushes back the origin of multicellular animals to well beyond 1100 Ma, almost doubling the time

span of the metazoan fossil record. The controversy deepened further with the report by Rasmussen and

coworkers (2002) that this sandstone was deposited 1.6 Ga ago indicating that complex animals probably

evolved a full 1 Ga before the Cambrian explosion.
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Figure 2. Fossil embryos

showing different stages

of early cleavage. (Devel-

opment, Vol.126, pp.851ś

859, 1999; Reproduced

with permission from The

Compnay of Biologists

Ltd.)

3. Salient Features of the Cambrian Explosion

The animals of the Cambrian explosion represent unusual evolutionary mileposts.

The explosion commenced around 530 Ma ago and ended around 520 Ma ago. The

10 Ma interval was marked by abundant mineralized hard parts (composed chieŕy

of CaCO3) in the fossil record. Several phyla level organisms appeared in relatively

rapid geologic succession during this interval and when the explosion ended almost

all known animal phyla were represented. Geologically speaking, 5 to 10 Ma is

an exceedingly short window of time, just the blink of the eye. What is baffling is

that almost all major innovations in the basic body architecture of living metazoans

occurred within such a short span of time. To denote the suddenness of appearance of

animal life at this time, the Cambrian explosion has also been nicknamed as biological

big bang, big bang of animal evolution or evolution’s big bang in analogy with the

big bang by which the universe came into being.

The Cambrian animals encompass 2/3 of the phyla of kingdom Animalia. About

37 phyla are recognized among present day animals, and almost all of them were

established by the close of the Cambrian explosion, including all shelled invertebrates

like mollusca, echinodermata and arthropoda (Figure 3).

Figure 3. A typical

Cambrian trilobite fossil.

(Geology, Vol.31, No.12,

cover page, 2003; Re-

produced with permission

from Robert R Gaines)

Thus, the evolution of major

life forms as represented in the fossil record is not a gradual one: there was very little

diversiőcation of basic body plan in the Precambrian, but a sudden burst at the early

Cambrian.

Another remarkable feature of the Cambrian explosion is the morphological disparity

and evolutionary stasis displayed by Cambrian fauna. We must differentiate between

diversity and disparity among animals. Diversity refers to small-scale differences

that are evident at the species level, whereas large-scale morphological differences

among animals evident at taxonomically higher levels than species are generally

referred to as disparity. Though the animals of the Cambrian explosion fall within

about 37 basic body plans, each of these body plans exhibit clear morphological

differences or disparity from the others. The body plans deőning each phylum

do not grade into one another over the course of geological history but maintain

their morphological isolation or disparity from all other phyla. In addition, instead

of diversity grading into disparity, disparity precedes diversity in the fossil record,

which is not expected if life-forms evolved gradually from one another. They also

exhibit a remarkable stability or stasis during their time on earth, meaning that after

We must differentiate be-

tween diversity and dis-

parity among animals.

Diversity refers to small-

scale differences that are

evident at the species

level, whereas large-

scale morphological dif-

ferences among animals

evident at taxonomically

higher levels than species

are generally referred to

as disparity.
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Yet another feature of

the Cambrian explosion

is the quantum jump in bi-

ological complexity. The

early Cambrian animals

had roughly 50 cell types

while the sponges that ap-

peared a little earlier had

only 5.

The consensus among

evolutionary biologists

today is that the Cam-

brian explosion is indeed

real.

their appearance they maintained their characteristic body architecture without any

evidences of alteration.

Yet another feature of the Cambrian explosion is the quantum jump in biological

complexity. The biosphere in the entire Precambrian comprised little more than

unicellular cyanobacteria. Compared to the small increase in complexity that occurred

between the origin of life ∼ 3.85 Ga ago and the őrst appearance of multicellular algae

(1 Ga ago), the Cambrian explosion is a huge increase in biological complexity. A

rough measure of biological complexity of animals is the number of cell types they

have. The early Cambrian animals had roughly 50 cell types while the sponges that

appeared a little earlier had only 5.

4. Was the Cambrian Explosion Real?

A few biologists advocating the narrow gradualistic version of Darwinism have argued

that the absence of Precambrian transitional forms merely indicates the incomplete-

ness of the fossil record, that is, intermediate forms did exist but somehow were not

fossilised. Unfortunately in spite of the earnest efforts by palaeontologists the missing

ancestors of the Cambrian fossils were never found. This led several biologists to

propose the artifact theory, which held that the missing ancestors existed, but for

various reasons were not fossilised and preserved in the fossil record.

It is well known that animals with a shelled exoskeleton stand a better chance of

fossilization than the soft-bodied animals. Advocates of the artifact theory therefore

presume that the Precambrian animals lacked hard parts necessary for fossilisation.

This is not always true. Soft-bodied fauna are abundant in the fossil record of the

Cambrian and representatives of several phyla are exclusively soft-bodied. The lower

Cambrian sediments near Chengjiang, China have preserved soft tissues and several

organs such as eyes, stomachs, digestive glands, sensory organs and nerves, besides

fossilized embryos. These observations shake the very foundations of the artifact

theory. Others have explained the absence of transitional organisms as the result of

their small shell size. However, fossils of őlamentous algae (cyanobacteria) have

been documented in Western Australia from rocks as old as 3.3 to 3.5 Ga. Besides,

2.7 Ga old species of single-celled algae and cells with nucleus have also been well

documented in the fossil record as also embryos at different stages of cell division

(Figure 2). The consensus among evolutionary biologists today is that the Cambrian

explosion is indeed real.

5. The Ediacaran Fauna

The Ediacaran fauna (565 to 548 Ma) is a distinctive group of large and soft-bodied or-

ganisms, fossils of which have been discovered from around the world suggesting that

they once had global distribution during the Vendian period (650-544 Ma). They are,

by and large, only fossil markings and not truly fossilised organisms. The ediacarans
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Figure 4. The deep di-

vergence of Cambrian an-

imals.

are enigmatic fossils that have no living representatives but appear as remains of

multicellular organisms. A few biologists are of the opinion that the ediacaran fauna

might represent transitional intermediates to the Cambrian animals. Seilacher (1992)

considered them as an altogether different group unrelated to any extinct or extant

fauna and named them as ‘Vendobionta’. According to Narbonne (1998) ediacarans

represent a failed experiment in the evolution of life. The ediacaran fossils appear

to bear no clear relationships to any of the organisms in the Cambrian explosion.

Although the soft-bodied ediacarans appear like animals, their classiőcation is hotly

debated and their metazoan status is still unclear.

Moreover, the ediacarans comprise only three or four phyla and do not represent

the whole range of expected intermediate ancestors to the Cambrian fauna. Fur-

ther, while the animals of the Cambrian explosion encompass at least twenty eight

phyla, the ediacaran organisms represent at best four phyla that leave 90% of the

Cambrian phyla with no ancestors in the Precambrian. Finally, even if the ediacaran

animals are considered as harbingers of the Cambrian explosion, the total time en-

compassed by the Vendian and Cambrian radiations together is still exceedingly brief

(∼ 45 Ma: from 565 to 520 Ma) and therefore would still constitute a relatively sudden

event.

6. The Deep Divergence

Could it be possible that the metazoans had an invisible evolutionary history in the

Precambrian, not reŕected in the fossil record? Recent molecular data (Box 3; Figure

4) are in support of such a claim that questions the explosive nature of the Cambrian

radiation. The protein sequencing data of Wray et al. (1996) provide compelling

evidence for a common ancestor of the Cambrian phyla dating from 1.2 Ga ago,

nearly 700 Ma before the Cambrian explosion! Wray et al suggest that the metazoan
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present in embryos (em-
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is this cell differentiation

that led to evolution of
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phyla diverged from a common ancestor 1.2 Ga ago and underwent a cryptic evolution

until the Cambrian explosion. The absence of missing ancestors is then accounted

using the artifact theory.

However, the deep divergence hypothesis has several shortcomings: Firstly an exten-

sive period of soft-bodied evolution is questionable from palaeontological point of

view. Preservation of numerous soft-bodied Cambrian animals as well as Precambrian

embryos and microorganisms undermines the deep divergence hypothesis. Secondly

subsequent molecular estimates by Ayala and colleagues (1998) are in agreement with

palaeontological evidence, questioning the deep divergence hypothesis. Further, the

proteins that Wray and colleagues have analysed are not involved in the development

of animal body plans and therefore they would not have played any role in the origin

of new phyla. Another major problem with the deep divergence hypothesis is that

the protein clock does not tick at a constant rate. Unlike radiometric clocks widely

used in dating rocks, molecular clocks depend upon both biological and environmen-

tal factors. For instance, different genes in different clades evolve at different rates.

Above all the molecular clock is calibrated with Phanerozoic (<550 Ma) fossil record

that may not be reliable in dating the origin of the much older (1 to 1.2 Ga old)

animal phyla.

Proponents of the deep divergence hypothesis emphasize that molecularMolecular data only

document the time of

divergence of lineages

while palaeontological

data record the diver-

gence of morphological

form.

data only

document the time of divergence of lineages while palaeontological data record the

divergence of morphological form. Morphological and genetic changes need not

necessarily be correlated over evolutionary time. The morphological expression and

therefore preservation of organisms as fossils occurs millions of years after lineages

diverge; there may be long gaps between separations of sister groups from a common

ancestor and manifestation of their morphological disparity (Figure 4) as fossils.

7. Mystery of the Cambrian explosion: View from Modern Genetics

Unicellular life is relatively simple; there is little division of labour and the single

cell performs all functions of life. Obviously the genetic information content of

unicellular organisms is relatively meagre. Multicellular life, on the other hand,

requires more genetic information to carry out myriads of cellular functions as their

cells are differentiated into different cell types, tissues and organs. But new cell

types themselves require specialised proteins, and novel proteins arise from novel

gene sequences, that is new genetic information. As the organisms that appeared

in the Cambrian explosion had many more novel and specialised cell types than

their prokaryotic ancestors, the amount of new genetic information that arose in the

Cambrian explosion represents a large increase in biological information.

In metazoans, cell differentiation from simple to multiple cell types is controlled by

genetic mechanisms. It is now understood that cells differentiate from master cells

called stem cells present in embryos (embryonic stem cells). It is this cell differentia-
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Figure 5. The metazoan

evolutionary tree.

tion that led to evolution of various body plan architecture in the Cambrian explosion.

Now the question is were there genetic controls in early eukaryotic cells for cell dif-

ferentiation. Many different classes of regulatory genes are present in metazoans that

are responsible for their body architecture. A set of such regulatory genes called Hox

genes occur in clusters in DNA segments of metazoans. These genes are best known

for their roles in determining developmental patterns in model biological systems

such as the fruit ŕy Drosophila and the nematode worm Caenorhabditis. It appears

that Hox genes are widely and probably universally distributed in metazoan phyla.

Molecular data conőrm that these regulatory genes were already in place before the

Cambrian explosion.

8. What Triggered the Cambrian Explosion?

Several factors must have collectively contributed to the Cambrian explosion. The role

played by regulatory genes, like the Hox genes for example, are crucial. New metazoan

phylogenies (Figure 5) reconstructed from gene sequencing suggest that much of the

basic gene regulatory machinery required for their body plan development was in

place signiőcantly before the Cambrian explosion.

The Cambrian explosion of animals occurred soon after late Proterozoic snowball

earth event (Hoffman and others 1998; also see Sukumaran, Resonance, December

2003) roughly 600 Ma ago. Extreme climatic events have catastrophic effect on the

biosphere. All forms of eukaryotic life would have perished under the climatic stress of

a global ice cover. The congenial habitats created on the earth by the disappearance of
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By the end of the Pre-

cambrian, oxygen had

grown to almost present

atmospheric levels, the

oceans had become more

ventilated with oxygen

and sulphate concentra-

tion had also become

more modern-like retain-

ing the nutritional ele-

ments required for ni-

trogen őxation. These

events in ocean chemistry

might also have paved the

way for the Cambrian ex-

plosion that ensued.

global ice cover are believed to have facilitated the explosive radiation of multicellular

life in the early Cambrian.

Events like the increase in molecular oxygen may also have been crucial. Giant fossil

insects (dragon ŕies with wing spans of 70 cm) are common in coal beds deposited

during the Permo-Carboniferous times (∼ 300 Ma) and insect gigantism has been cor-

related with increase in atmospheric oxygen to 35% at that time. Geological evidence

also attests to late Proterozoic increase in atmospheric oxygen levels. This event could

have favoured the rise of metazoans because all metazoans require molecular oxygen

for respiration as also to build the structural protein called collagen that all metazoans

have.

The period from 2 Ga to 1 Ga in earth history was very sluggish in terms of organic

evolution. All life that existed on earth during this time consisted largely of cyanobac-

teria. Molecular oxygen appeared only by 2.2 Ga and, in the absence of oxygen, the

primordial ocean was oxygen-free and iron-rich; in comparison the modern ocean

from about the late Precambrian is oxygen-rich and iron-poor. The ocean during the

intervening period was neither like the primordial one nor like the modern. Canőeld

(1998) suggested that the ocean during this interval was largely oxygen-deőcient be-

low the uppermost waters. Newly oxygenated atmosphere weathered large amounts

of sulphur into the sea, where it reacted with dissolved iron and precipitated as sul-

phides. Along with iron other nutrient metals like Mo, Cu, Zn, V and Cd were also

removed. In the absence of these nutrients eukaryotic algae could not őx nitrogen to

nitrates because the enzymes responsible for nitrogen őxation require iron and other

metals. According to Anbar and Knoll (2002) such a situation leading to nutritional

deőciency of the ocean was responsible for low ocean productivity and evolutionary

hiatus during 2 Ga to 1 Ga ago. By the end of the Precambrian, however, oxy-

gen had grown to almost present atmospheric levels, the oceans had become more

ventilated with oxygen and sulphate concentration had also become more modern-

like retaining the nutritional elements required for nitrogen őxation. These events

in ocean chemistry might also have paved the way for the Cambrian explosion that

ensued.

It is clear from the above account that many questions remain about this early radi-

ation of animal groups. Why did animals suddenly develop mineralized skeletons

that facilitated their preservation in the rock record? Does the Cambrian explo-

sion really represent an evolutionary event or merely a mineralisation event? The

puzzle of the Cambrian explosion poses a major challenge to evolutionary biolo-

gists. Some of the answers may come from the young őeld of evolutionary devel-

opmental biology (evo-devo) which seeks to understand how ontogenies themselves

evolve.
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Postscript (added by December 2021)

Seventeen years since publication of my above article, current literature on the subject

is replete with new data and theories, necessitating a postscript to accompany this

reprint. What triggered the Cambrian explosion still remains unclear. Increased

nutrient availability in the oceans, oceanic and atmospheric oxygenation, oceanic

anoxia, and change in seawater chemistry are some of the environmental triggers

suggested. A protective ozone shield was in place around the early Cambrian period,

as free oxygen reached the present atmospheric levels (PAL) by then. An ozone

layer might have enabled the radiation of complex land-based life, as opposed to

marine life. Horizontal gene transfer and resulting genetic enrichment required for

cell complexity is also considered as a cause (development of 157 bilaterian-speciőc

genes during early Cambrian, for instance). Besides, the extreme climate of the late

Neoproterozoic snowball glaciations may have caused a mass extinction, creating

a genetic bottleneck. The congenial environments following the snowball thawing

could have provided opportunistic niches for life to quickly diversify and develop

into more complex metazoans. The initiation of modern style Plate Tectonics and

amalgamation of the Gondwana supercontinent by the late Ediacaran period also could

have contributed to this remarkable palaeobiological event. However, the development

of a new theory of Cosmic Life and its implications on the radiation of terrestrial life

including the early Cambrian life needs some elaboration.

Hoyle-Wickramasinghe (H-W) Cosmic Theory of Life: Prior to the mid-1970’s the

idea of prebiotic carbon molecules existing in interstellar space or in comets was

not accepted by the scientiőc community. The detection of organic polymers in

interstellar space by Wickramasinghe (1974) proved to be the őrst step towards the

Cosmic Theory of life. A long series of articles by Wickramasinghe and Fred Hoyle

following that discovery, confronted the existing paradigm of the origin of life on the

earth by the so-called łprimordial soup theoryž. They speculated that the trillions of

comets in the solar system alone could have provided the setting for the origin of life.

The argument was that radioactively-heated (by U, Th, K decay) interiors of these icy

bodies would contain liquid water domains replete with interstellar organics that are

more favourable sites for the origin of life than the earth.

The accretion of the earth around 4.56 Ga ago was followed by epochs of early heavy

bombardments by residual bodies of accretion that culminated at ∼ 4.5 Ga, and by

4.3 Ga ago the crust had become stable. This was succeeded by epochs of late heavy

bombardments ∼ 3.8ś3.9 Ga ago. Thus there seemed to be some 700ś800 Ma time

span available for the origin of life between the time the crust became stable and late

heavy bombardment epochs. The earliest evidence for life in the geological record

is in the form of cyanobacteria-like fossils dating back to 3.5 Ga ago in the Apex

quartzite of Western Australia while molecular clock data suggest the origin of life

prior to the late heavy bombardment. Further, ∼ 4.1 Ga old detrital zircons from
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the Jack Hills Region of Western Australia have been found to contain micron-size

graphite spheres with isotopic signatures of biogenic carbon. The light C-enrichment

found within these inclusions is taken as an unequivocal evidence for the existence of

photosynthetic life on earth before 4.1 Ga. With recent discoveries of life’s signatures

in even older rocks this time interval has been much reduced or almost closed. It,

emerges, therefore that in order for life to reach the photosynthesising stage it must

have originated and evolved much earlier, further reducing the time window for the

origin of life on earth, too short a time for a complex system as life to have originated

and evolved to that complexity.

According to the standard thinking, life appeared on earth essentially instantaneously

by the transformation of non-living organic matter to bacterial life. This is an as-

sumption that looks relatively unlikely today especially when the time window is

very short, and the processes envisaged are non-replicable in the laboratory. This

led Hoyle and Wickramasinghe (1982) to propose that the origin of life on earth

should be sought elsewhere, beyond the earth; they visualised that comets contain the

seeds of life which are dispersed throughout the universe by impacts. Therefore what

appears more likely is that life emerged in one of those trillions of comet-incubators

at a very early time, after the birth of the Universe, perhaps 12 Ga ago; that life then

went on to infect via impacts other favourable bodies throughout the Galaxy and

then inter-connectedly throughout the Cosmos. A far more plausible possibility is

that fully-developed microorganisms arrived on the earth piggy back on impacting

comets, and these later became carbonised and trapped within growing mineral grains.

Recent astronomical observations make it clear that billions of earth-like planets exist

in the Milky Way alone and exchanges of materials between them must be occurring

routinely during impact events. According to the authors life thus is a universal phe-

nomenon, omnipresent in the entire universe. One is thus forced to conclude that the

entire cosmos constitutes a single connected biosphere. This, in essence, is the H-W

cosmic theory of life.

The view of life as a cosmic phenomenon is gaining ground in some quarters, as new

evidence from space science, geology and biology comes in. An important prediction

of the theory is that novel genetic material (DNA/RNA), in the form of bacteria

and viruses, arrives on the earth from space both continuously and in sporadic bursts.

Such a process is envisioned to have enhanced biological evolution by horizontal gene

transfer (HGT) from comet-introduced bacteria and virus to the existing terrestrial

gene pool, and eventually over galactic or cosmic dimensions. However, there is no

conclusive evidence clearly supporting this view as yet. Moreover, this hypothesis

does not address the origin of life at all.

Cambrian Explosion, a cosmic cause? Steele et al (2018) have made a review of the

salient evidences for the Cambrian event consistent with the H-W hypothesis of Cos-

mic Life. According to the authors recent studies date the emergence of the complex

retroviruses of vertebrate lines at or just before the Cambrian Explosion; such viruses
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are believed to be associated with major evolutionary genomic processes on earth.

They opine that this coincidence is consistent with a key prediction of H-W theory

that major extinction-diversiőcation evolutionary events coincide with virus-bearing

cometary impact episodes. The remarkable evolution of intelligent complexity in

Cephalopods culminating in the emergence of Octopus around 270 Ma ago is also

attributed to delivery of virus genomes during such an impact event. Microbial fossils

contained within meteorites as well as the detection in the upper atmosphere of appar-

ent incoming life-bearing particles (such as through spores-containing red rains) from

space also provide additional support to the H-W theory. The totality of the evidence

according to Steele et al and critical analyses assembled by Fred Hoyle, Chandra

Wickramasinghe and their numerous colleagues since the 1960s leads to the very

plausible conclusion, that life-bearing comet impacts may have seeded the earth as

soon as conditions on it became congenial for life to ŕourish. Living organisms such

as space-resistant and space-hardy bacteria, viruses, more complex eukaryotic cells,

fertilised ova and seeds have continuously been delivered to earth ever since, consti-

tuting an important driver of further terrestrial evolution with considerable genetic

diversity.

It is well known that a mass extinction event occurred at the close of the Ediacaran

period about 542 Ma ago, the immediate forerunner of the Cambrian Explosion. The

magnitude of extinction suggests the passage of the Solar System through a Giant

Molecular Cloud (GMC) that dislodged many Oort Cloud comets into the inner Solar

System, some of them impacting on the earth. The terminal Precambrian mass

extinction event was correlated with the impact of a giant life-bearing comet, and

the consequent seeding of earth with new cosmic-derived cellular organisms and

viral genes. The Precambrian impact event is not the only one in geological history.

The K-T (Cretaceous-Tertiary) extinction, 65 Ma ago and the P-T (Permian-Triassic)

extinction, ∼ 250 Ma ago are examples of similar impact-induced extinction events.

Besides, the recently recognised cometary impacts, with 26 Ma periodicities, also

may have had similar effects on terrestrial life. A plot of the number of genera of life

in the fossil record against geologic time shows a pattern of abrupt dips and sharp

rises with an average separation of 50 Ma between them. This is comparable to the

average frequency of comet impacts on the earth, and the sharp rise in the number

of families could be due to impact-derived viral ingress contributing to evolution of

species on earth.

The results reported recently of an experiment on survivability of life in outer space

are consistent with viral genomes contributing to terrestrial life. The report mentions

survival of two algae species for 16 months on the exterior of the International Space

Station despite extreme temperature ŕuctuations and the vacuum of space as well as

fatal UV and cosmic radiations.

RESONANCE-75 Promoting Science Education 195



P V Sukumaran

Suggested Reading

[1] J W Valentine, The prelude to the Cambrian explosion, Annual Review of Earth and Planetary Sciences,

Vol.30, pp.285ś306, 2002.

[2] J W Valentine, D Jablonski and E Erwin, Fossils, molecules and embryos: New perspectives on the

Cambrian explosion, Development, Vol.126, pp.851ś859, 1999.

[3] C S Morris, The Cambrian łexplosionž: Slow fuse or megatonnage, Proceedings of the National Academy

of Sciences, USA, Vol.97, pp.4426ś4429, 2000.

[4] A H Knoll and S B Caroll, Early animal evolution: Emerging views from comparative biology and geology,

Science, Vol.284, pp.2129ś2137, 1999.

[5] D Erwin, J W Valentine and D Jablonski , The origin of animal body plans, American Scientist, Vol.85,

pp.126ś137, 1997.

[6] G A Wray et al., Molecular evidence for deep Precambrian divergence among metazoan phyla, Science,

Vol.274, pp.568ś573, 1996.

[7] F J Ayala et al., Origin of the metazoan phyla: Molecular clocks conőrm palaeontological estimates,

Proceedings of the National Academy of Sciences, USA, Vol.95, pp.606ś611, 1998.

[8] A B Smith and K J Peterson, Dating the time of origin of major clades: Molecular clocks and the fossil

record, Annual Review of Earth and Planetary Sciences, Vol.30, pp.65ś88, 2002.

[9] Cordani U G et al, Dawn of metazoans: to what extent was this inŕuenced by the onset of łmodern-type

plate tectonicsž?, Brazilian Journal of Geology. Vol.50, No.2, pp.e20190095, 2020.

[10] Heger P et al, The genetic factors of bilaterian evolution. eLife, pp.1ś45, 2020.

[11] Schopf J W, Precambrian Paleobiology: Precedents, Progress, and Prospects. Frontiers in Ecology and

Evolution, Vol.9, pp.707072, 2021. http://dx.doi.org/10.3389/fevo.2021.707072

[12] Steele E J and 32 others, Cause of Cambrian Explosion - Terrestrial or Cosmic?, Progress in Biophysics

and Molecular Biology, Vol.136, pp.3ś23, 2018.

[13] Wickramasinghe NC, DNA sequencing and predictions of the cosmic theory of life, Astrophysics and

Space Sciences, Vol.343, No.1, 2012.

[14] Wickramasinghe N C and Tokoro G, Life as a Cosmic Phenomenon: The Socio-Economic Control of a

Scientiőc Paradigm. Astrobiololgy Outreach, Vol.2, No.2, 2014. DOI: 10.4172/2332-2519.1000113.

[15] Wickramasinghe N C et al, The Transition from Earth-centred Biology to Cosmic Life. Astrobiology

Outreach, Vol.3, No.1, 2015. http://dx.doi.org/10.41721/2332-2519.1000122

[16] Wickramasinghe N C, The Search for Our Cosmic Ancestry. World Scientiőc Publishing Company,

Singapore, 216 pages, 2015.

RESONANCE-75 Promoting Science Education196



Science Smiles

Ayan Guha

ŞLynn MargulisŠs name is as synonymous with symbiosis as

Charles DarwinŠs is with evolution.Ť (Jon Sapp, Historian)

Reproduced with permission from Resonance, Vol.26, No.4, p.471, 2021.

RESONANCE-75 Promoting Science Education 197





Body Size Matters in the Lives of Organisms ∗

T Ramakrishna Rao

T Ramakrishna Rao is

currently a Visiting Professor

at the Indian Institute of

Science Education and

Research (IISER),

Berhampur, Odisha. Earlier

he was a visiting faculty for

six years (2010ś16) at IISER,

Mohali. He had retired in

2004 from the University of

Delhi where he was the

Professor and Director of the

School of Environmental

Studies. He is an ecologist,

and his major research has

been on zooplankton ecology,

particularly on the roles of

competition and predation in

the life of freshwater

zooplankton.

Email: trrao39@gmail.com

Body size, arguably the most important attribute of all organisms in the liv-

ing world, is a reliable predictor of their physiological rates and life-history

attributes. Metabolic rates of all organisms (𝑀𝑅) are related directly to their

body mass (𝑀) as an allometric function 𝑀𝑅 = 𝛼𝑀
3
4 (Kleiber’s rule). The high,

mass-speciőc metabolic rates of small animals can be accounted for by their high

surface area/volume ratios. The much-discussed ‘metabolic theory of ecology’

is essentially an expansion of Kleiber’s rule equation to include two additional

metabolism-inŕuencing factorsÐtemperature and resource availabilityÐwith a

more generalized quarter-power exponent. According to this theory, many phys-

iological rates, life-history traits and ecological processes follow quarter-power

scaling laws. Living organisms must also obey the laws of physics. The relative

importance of different physical forces to the organisms living on land or in

water is also dependent on their body size.

1. Introduction

Why is a fall from a 10-storey building fatal to a human being but not to a cockroach?

Why is the lifespan of a mouse only a year or so, while the Asian elephant lives up to 60

years? Why are unusually small animals rarely found in polar regions? Adult human

heart rate at rest is 72 beats a minute, while that of a hummingbird is an amazing 600

or more per minuteÐwhy is it so? In any ecosystem, why are small animals generally

more in numbers than large animals? The common denominator of all these questions

is the body size of the organism, a readily recognized attribute of every organismÐ

from the minutest microbes to the mighty blue whale. Organismal body mass range

spans nearly 20 orders of magnitude (10−12 to 108 g), and if we include cells and

biomolecules within organisms, the range expands to a mind-boggling 27 orders.

Body
Body size is such an ob-

vious attribute that it gen-

erally elicits łwhy so?ž

kind of questions among

curious children as well

as enlightened scientists.

size is such an obvious attribute that it generally elicits łwhy so?ž kind of ques-

tions among curious children as well as enlightened scientists. As a school student, I

remember peering through an archaic, student-quality microscope, desperately look-

ing for the Paramecium that my biology teacher wanted me to see, and asking him

łWhy couldn’t Paramecium come in a respectable notebook size?ž Now, as an ecol-

ogist, I speculate on the different physical, ecological, and physiological constraints

that might be counteracting the evolution of foot-long mosquitoes and mouse-sized

hippopotamuses.

∗Reproduced with permission from Resonance, Vol.26, No.1, pp.61ś71, 2021.

DOI: https://doi.org/10.1007/s12045-020-1105-9
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Body size is a predictor

of many ecophysiologi-

cal parameters because of

its close relation with the

metabolic rate of an or-

ganism.

On the importance of body size in the life of organisms, physiological ecologist

Bartholomew says,

łIt is only a slight overestimate to say that the most important attribute of an animal,

both physiologically and ecologically, is its size. Size constrains virtually every

aspect of structure and function and strongly inŕuences the nature of most inter- and

intraspecies interactions. Body mass, which in many taxa is a close correlate of size,

is the most widely used predictor of physiological rates.ž

Intuitively we tend to conclude that bigger is better. Larger animals,

• generally, live longer,

• can access a greater variety of resources,

• are less affected by periodic adverse conditions in their habitat,

• have a better mate choice, and

• are less vulnerable to predation.

If all these were universally true, we would expect natural selection to favour larger

and larger body sizes in all taxonomic groups. But we all know that our planet is

inhabited by many more small-sized, admirably adapted organisms than larger ones.

In fact, in any ecosystem, smaller species outnumber larger species in both diversity

and abundance. Small species have

• low minimum resource requirements,

• high biomass-speciőc metabolic rates,

• higher population densities,

• more genetic variation due to large population sizes achieved,

• greater ability to colonize new habitats, and

• faster rates of evolution because of shorter generation times.

So, what is the right size to be? Are we humans too big or too small? What kinds

of problems are we likely to face if we grow to the size of a Godzilla or shrink to the

size of an ant? Does natural selection favour an optimal body size for every species?

Evolutionary biologist J B S Haldane őrst addressed this question in a 1926 paper ‘On

being right size’, in which he discussed how various biomechanical and aerodynamic

factors constrain the increase in body size beyond an optimum.

2. Body Size and Metabolism

Body size is a predictor of many ecophysiological parameters because of its close

relation with the metabolic rate of an organism. Metabolism is the cornerstone of

all physiological processesÐa set of biochemical reactions resulting in the release of
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Figure 1. Kleiber’s rule:

Metabolic rate in relation

to body mass. The al-

lometric relation is lin-

earized on a log-log scale.

(a). Kleiber’s mouse-

to-elephant curve (dashed

red line) showing the re-

lation between body mass

and total metabolic rate.

A slope of 3
4

is charac-

teristic of this allomet-

ric function (solid straight

line). (b) Mass-speciőc

metabolic rate as a func-

tion of body mass. Again,

the red dashed line shows

the nonlinearized data and

the solid straight line, the

linearized data. The in-

verse allometric function

has a slope of −1
4

.

(a)

(b)

energy, which is used for performing various activities or put away blocked in ATP

molecules within the cells. Basal metabolic rate (BMR), a commonly used measure

for mammals, is the amount of energy used by an animal at rest. As anybody working

out on a treadmill knows, the metabolic rate goes up with increasing walking speed,

as does the heart rate (pulse rate). Heart rate is, therefore, a reliable proxy of an

animal’s metabolic rate.

Metabolic Metabolic rate relates to

body size as an allometric

function.

rate (MR) relates to body size (mass M) as an allometric function of the

form: 𝑀𝑅 = 𝛼𝑀𝑏 (Figure 1a), where 𝛼 is the Y-intercept and 𝑏 is the slope (called

allometric coefficient or regression coefficient). The relationship between any two

biological variables is called allometric when the exponent value is not 1 (isometric).

Allometric relationships are quite common in biology and have been a subject of

discussion and disagreement regarding the value of the exponent and its mechanistic
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Metabolic demands go

down as body size in-

creases, which means that

larger animals are more

energy efficient.

Figure 2. Not just en-

dotherms, but ectotherms

and unicellular organisms

all show a similar allo-

metric relation between

body mass and whole-

body metabolic rate with

the same slope of 3/4.

Note that the elevations of

the regression lines are not

the same; for a given body

mass, endotherms have a

higher metabolic rate than

ectotherms.

basis. The body siześmetabolic rate relation is curvilinear (red dashed curve in Figure

1) and is linearized by plotting both variables on a log scale (straight line in Figure

1). The equation describing the curve is: log𝑀𝑅 = log𝛼 + 𝑏log𝑀 . Figure 1 clearly

shows that the total metabolic rate increases exponentially with increasing body size.

This is what we would have expectedÐlarger the animal, higher is the total metabolic

rate. Kleiber (1932) observed that over a wide biomass range (from a 25 g mouse to a

4 ×106 g elephant) whole animal MR scales to 𝑀
3
4 . This is called ‘Kleiber’s rule’, and

Kleiber’s well known mouse-to-elephant curve is shown in Figure 1a. Later, it was

discovered that this 𝑀𝑅 ∝ 𝑀
3
4 relation holds true for all invertebrates and unicellular

organisms. (Figure 2). In fact, the same relation is shown to be true even further down

in sizeÐindividual cells and organelles like mitochondria. However, the universality

of the three-quarters slope value has been questioned in recent years (see Box 1).

NowWith increasing body

size, the metabolic rate

per unit mass decreases

exponentially. That

means the smallest an-

imals have the highest

mass-speciőc metabolic

rates.

instead of whole-body MR, if we consider mass-speciőc MR (that is, the

metabolic rate per gram body mass) as a function of body size, the trend reverses

completely (Figure 1b) resulting in a negative slope of −1
4

. The most dramatic trend

evident in the curve is that with increasing body size, the metabolic rate per unit mass

decreases exponentially. That means the smallest animals (shrews, bumblebee bats,

hummingbirds) (Figure 3) have the highest mass-speciőc metabolic rates. See how

the average resting heart rate per minute correlates negatively with the body sizeÐ

elephant: 30, adult human: 72; human infant: 125, mouse: 500, hummingbird: 600.

Metabolic demands go down as body size increases, which means that larger animals

are more energy efficient. For example, a human adult weighs more than 450 times

the weight of a mouse, but his metabolic demand will be only about 100 times that of

the mouse. To meet such a high metabolic demand, a mouse must eat daily an amount
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Box 1. Body Size and Metabolic Theory of Ecology

The metabolic theory of ecology (MTE) advanced by ecologists James Brown and Brian Enquist, and

physicist Geoffrey West emerged from their conjecture that łthe essential features of living systems might

obey quantiőable universal lawsž. The theory is claimed to offer a quantitative framework to understand

ecological complexity from individuals to ecosystems.

The basic premise of MTE is Kleiber’s equation relating metabolic rate to body mass,

𝑌 ∝ 𝑌0𝑀
3
4 ,

where 𝑌 = metabolic rate, 𝑀 = body mass and 𝑌0 = normalization constant (Figure 1).

Exploring further, Brown showed that the scaling rule (with its 3
4

exponent) holds good, not just for mammals,

but for all organisms, and even down to cells and subcellular organelles like mitochondria. Metabolic rate

at any level is a function of temperature also. Therefore, the authors added another component to the basic

equation to show its temperature dependence also. Now the composite equation for the MTE becomes

𝑌 ∝ 𝑌0𝑀
3
4 𝑒

−𝐸

𝐾𝑇 ,

where 𝐸= activation energy, 𝐾 = Boltzmann Factor and 𝑇 = absolute temperature. (To this basic MTE

was added subsequently, an additional component relating to resource availability and its utilization by an

organism.)

According to MTE, after correcting for body size and temperature, metabolic rates will be quite similar for

an elephant, lizard, ősh, chrysanthemum or a large tree.

Brown’s team explored further and discovered that many physiological and ecological correlates can also

be related to body mass as allometric functions, but with different scaling exponents, each a multiple of 1
4

(−3
4

, −1
2

, −1
4

, 1
4
, 1

2
, 3

4
, 1, 5

4
, . . . ). Thus, they are generally referred to as ‘quarter-power scaling laws’.

Here are a few examples of quarter-power scaling:

Heart rate ∝ 𝑌0𝑀
−1
4 , Generation time ∝ 𝑌0𝑀

1
4 , Population density ∝ 𝑌0𝑀

3
4 .

Quarter-power scaling leads to some surprising generalizations. For example, in mammals heart rate scales

to ∝ 𝑀
−1
4 while lifespan scales to ∝ 𝑀

1
4 .

Therefore, the total number of heartbeats in a lifetime 𝑁 ∝ 𝑀
−1
4 × 𝑀

1
4 = 𝑁 ∝ 𝑀0.

This means, the total number of heartbeats during the entire life should be the same for a mouse, dog, or a

horse. Does this mean that we can prolong our lives by reducing our heart rate? We let the reader ponder

over it.

What is the mechanistic basis for the near universality of quarter-power scaling from subcellular mitochon-

drial to ecosystem levels? Brown and Enquist teamed up with Physicist West to seek a plausible answer. They

invoked the theory of fractal networks to account for it; its elaborate explanation involves a lot of physics

and fractal geometry. Essentially, the quarter-power exponents, according to them, are due to fractal-like

design of the networks and surfaces that supply energy, and materials used by cells in metabolism.
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The body siześmetabolic

rate relationship has im-

portant implications for

the maintenance of body

temperature.

Figure 3. Weighing

2ś5 g, these animals

are among the smallest

endotherms showing the

highest mass-speciőc

metabolic rates. (Credits:

Etruscan shrew: Wiki-

media Commons, Bee

hummingbird: Wikime-

dia Commons, Bumble-

bee bat: http://www.

flickr.com/photos/

furryscalyman/

673915993, Pygmy

jerboa: http://www.

flickr.com/photos/

julierohloff/

13633112943).

equal to more than 25% of its body weight whereas a whale’s daily food consumption

is only about 5% of its body weight. You can now imagine what rich energy sources

need to be available for hummingbirds to survive! (Most of them feed on energy-rich

nectar.)

An important take-home message here is that size-metabolic activity relationship

cannot be simply scaled up linearly (see Box 2). A ŕea can jump a distance equal

to 70ś75 times its size, and an ant can carry a twig or leaf ten times its weight. If

our own strength were to be scaled up linearly based on weight, we should be able to

jump across a football őeld or carry away a huge banyan tree on our back!

How do we explain this striking fact of metabolic rates increasing with decreasing body

size? The explanation lies in the simple geometry of the surface-volume relationship.

As the size (length L) of an object increases, its surface area increases as L2 but its

volume increases as L3, which means that smaller the object size larger will be its

surface area relative to its volume. D’Arcy Thompson, the Victorian era polymath

and author of the classic magnum opus On Growth and Form, was probably the

earliest scientist to recognize the inverse relationship between body size and surface-

to-volume ratio and relate it to the type of physical forces that organisms face according

to their body size. Fluxes of nearly all physical and physiological processes involved

in metabolism are all surface area dependentÐnutrient absorption by algal cells and

plant roots, gas exchange in lungs and gills, diffusion of oxygen through the walls of

capillaries, heat loss and heat gain through the skin, and many more, which explains

the observed inverse relationship between body size and mass-speciőc metabolic rate.

The body size-metabolic rate relationship has important implications for the main-

tenance of body temperature. Among all the living organisms, mammals and birds
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Box 2. Kleiber’s Rule and Scaling

One of the most beloved science őction classics is Jonathan Swift’s Gulliver’s Travels (1756) which chronicles

the adventures of Gulliver in the land of the Lilliputs. Schmidt-Nielsen (1972) őnds in it, an episode that

apparently called for the invocation of Kleiber’s rule to resolve a dilemma. Charged with the responsibility

of keeping the captured giant alive, Lilliputs enquire how much food needs to be provided to Gulliver. The

emperor, after a few calculations, recommends a quantity equivalent to 1728 Lilliput portions (the emperor

does not explain how he arrived at that őgure!). Did Jonathan Swift anticipate Kleiber by more than two

centuries? Schmidt-Nielsen wondered.

On a more serious note, Schmidt-Nielsen (1972) cites a published scientiőc study to illustrate how ignorance

of the implications of Kleiber’s scaling rule had led to totally unexpected consequences. The researchers

wanted to investigate the effect of the hallucinogenic drug LSD on elephants. They hypothesized that certain

expected behaviours under LSD inŕuence should be similar to those that a male elephant displays while

in rut (musth). Not being certain about how much LSD would be a safe dose to test on an elephant, the

investigators relied upon an earlier such study on cats to calculate the dose they needed to use. They simply

scaled up the dose based on body mass. When they used the calculated amount of LSD on the elephant, its

response was disastrously more pronounced than the predicted musth-like behaviour; the poor pachyderm

soon went into convulsions, collapsed, and died.

are the only groups that maintain a constant body temperature. Small endotherms face

a major problem to live

in a very cold habitat

(such as polar regions).

They lose body heat so

fast that they cannot get

enough food to sustain a

high metabolic rate that is

needed to keep body tem-

perature constant. This

is the main reason for the

near absence of small en-

dotherms like shrews in

such habitats.

They are called en-

dotherms (earlier termÐhomeotherms) because the heat necessary to maintain the

constant body temperature is generated largely by their metabolism. Small endotherms

face a major problem to live in a very cold habitat (such as polar regions). They lose

body heat so fast that they cannot get enough food to sustain a high metabolic rate

that is needed to keep body temperature constant. This is the main reason for the near

absence of small endotherms like shrews in such habitats. In high altitude habitats

where nights often get extremely cold and available energy resources are not enough

to meet their high metabolic demands, hummingbirds turn down at regular intervals

their metabolism to a quiescent state called torpor (In large Indian metros, when

on torrid summer days the power demand far exceeds production, energy providers

resort to periodic ‘load-shedding’. This power-saving practice is something like an

‘imposed torpor’!). Large endotherms living in harshly cold regions circumvent the

heat loss problem by having insulating fur (polar bears) or body fat (blubber) (right

whales and seals).

3. Physical Forces and Body Size

All living organisms must obey the laws of physics. How animals and plants deal

with physical forces is also related to their body size. Gravitational forces decrease

with decreasing body size, and for animals in the size range of a few millimetres
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Figure 4. The kinds of

physical forces that an or-

ganism faces is related to

its body size. Gener-

ally, below a body size of

1ś10 mm, cohesive forces

become relatively more

important.

(most small insects), kinetic energy becomes negligible (Figure 4).Gravitational forces de-

crease with decreasing

body size, and for ani-

mals in the size range of

a few millimetres (most

small insects), kinetic en-

ergy becomes negligible.

This is the reason why a

small insect falling from

heights is hardly harmed.

This is the reason

why a small insect falling from heights is hardly harmed. On the other hand, it is

the cohesive forces that become important for them. When you sprinkle drops of

water on an ant moving around in the kitchen sink, each drop for it must be like a

boulder! Also, you might have observed how a ŕy trapped in a drop of mucus or

honey struggles to extricate itself.

Water is a different ball game. Living in a neutrally buoyant medium, aquatic animals

are not affected so much by gravity, but viscous forces become progressively more

important with decreasing body size. Reynolds Number (Re), which is the ratio of

inertial forces to viscous forces, is directly proportional to the body size and speed

of locomotion of the animal and inversely proportional to kinematic viscosity of the

medium. Viscous forces dominate generally at Re numbers below 20ś30, but above

that boundary line, it is an inertial regime. Phytoplankton, ciliates and planktonic

animals like rotifers, by virtue of their small size and feeble powers of locomotion,

live perpetually in the viscous regime and experience only laminar ŕows, while large

animals like ősh, whales and human swimmers are always in the inertial regime and

experience turbulent ŕows (Figure 5). Copepods, a zooplankton group, are uniquely

situated near the boundary between the two regimes. Although by size they belong

in the viscous regime, when they lunge to capture prey, they enter the inertial regime

and experience turbulent ŕows. This sudden switch from viscous to an inertial regime

presents predatory copepods an unusual problem in capturing their evasive prey.

Our fascination with extremes of body size has been fueled by Hollywood science

őction movies like ‘Honey, I shrunk the kids’ (1989) and ‘Honey I blew up the kid’

(1992) earlier, and Downsizing (2017) more recently. In the movie, the inventor of

the downsizing process claims that shrinking humans to a height of 12 cm solves the

world’s overcrowding and global warming problems.
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Figure 5. In water,

the boundary between in-

ertial forces with turbu-

lent ŕows and viscous

forces with laminar ŕows

is around the Reynolds

Number (Re) of 1ś10. Re

is itself a direct function of

body size and speed of lo-

comotion of the organism.

If such science őction becomes a reality, making a human-shrinking machine readily

available, would you consider shrinking yourself and becoming a Lilliput? You better

think of all the metabolic consequences before hitting the button!
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Science Smiles

Ayan Guha

Amotz Zahavi suggested that costly behaviours or physical

features could serve as inherently reliable signals.

Reproduced with permission from Resonance, Vol.23, No.5, p.521, 2018.
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The Handicap Principle is an idea proposed by the husband and wife scientist

team of Amotz and Avishag Zahavi from Israel in the 1970’s. It is among the

most innovative ideas of the 20th century in the őeld of behavioural biology and

attempts to explain several long-standing puzzles that have baffled naturalists

since the time of Darwin. Although the theory was initially met with scepticism

by the scientiőc community, with time and with sophisticated mathematical

modelling it has now gained wider acceptance. In the book explaining their

idea, the authors discuss various observations of animal behaviour in the wild

and suggest how these can be explained using the handicap principle. Both

experiments and long-time observations of animal behaviour őt in smoothly with

the authors’ hypotheses for the most part. In this article I discuss the concept of

the handicap principle and its application to various biological phenomena.

1. Why Does the Peacock have a Cumbersome Tail?

Charles Darwin, in his path-breaking book, On the Origin of Species, proposed a

mechanism known as ‘natural selection’ to explain how the diverse living creatures

on Earth possibly evolved. Being both very meticulous and by nature diffident (it took

years to consolidate the book) he also simultaneously put before the public several

natural phenomena he had observed that he felt could not be adequately explained

by his theory of natural selection. Prominent among such puzzles was the tail of the

peacock. Why does the peacock possess an apparently cumbersome and huge tail?

To most of us it may even seem a stupid question on the face of it. ‘Because it is

attractive’ would seem to be the obvious answer, exposed as we are to tales of rain

dances and maybe the occasional lucky sighting of a peacock displaying its gorgeous

tail feathers to the peahen during the mating season. But in the animal world as we

understand it, it is not enough to be beautiful;

In the animal world as

we understand it, it is not

enough to be beautiful;

for a phenotype to be se-

lected, it must be ‘őt’ or

have a higher ability to

transmit the trait to the

next generation.

for a phenotype to be selected, it must

be ‘őt’ or have a higher ability to transmit the trait to the next generation. But the

heavy tail seems to almost impede the movement of the peacock and surely it must

make it a disadvantage in the face of predators and when it wants to take ŕight. Why,

then, is the long tail ‘selected for’ over evolutionary time?

This question has been tackled extensively by behavioural biologists over the years,

with Fisher’s ‘runaway sexual selection’ being perhaps the most innovative idea.

Fisher suggested that the reason for males of certain species to carry extravagantly

developed secondary sexual characters could indeed have started with a slight female

preference when the trait őrst appeared. Initially the slightly exaggerated feature

∗Reproduced with permission from Resonance, Vol.15, No.5, pp.434ś440, 2010.
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The peacock carries its

tail as an advertisement of

its őtness.

Assuming that you are

not a fool (and fools do

not survive long), if you

go out to bat against

Shoaib Akhtar without a

helmet, you are signalling

your genuine ability to

deal with short-pitched

balls.

was perhaps linked with stronger or biologically őtter males. However as selection

favoured these slightly more ornamented males, the trait itself got out of hand and

extravagantly decorative males evolved, individuals who no longer were physically the

strongest or best able to avoid predators, but had highest őtness (number of offspring)

because females preferred them. In other words, Fisher proposed that the peacock’s

tail may have been once upon a time associated with the strongest males but is not so

linked any longer and in fact has apparently become a burden.

2. A Fresh Idea

After Fisher, the subject of sexual selection received its share of interest but there

was no major breakthrough to offer in understanding this puzzle, not least because

experimental evidence was insufficient, if not absent. It was only in the mid 1970’s that

the husband and wife scientist couple of Amotz and Avishag Zahavi published a book

titled The Handicap Principle. In the book [1], they put forward a novel idea to explain

several previously baffling aspects of animal behaviour, including the famous tail of

the peacock. The principle relies on three chief tenets ś a) Animals communicate with

each other through signals; b) these signals, in order to be effective, must be honest,

and c) honest signals are expensive, i.e., the animal producing an honest signal incurs

a cost in doing so. The peacock carries its tail as an advertisement of its őtness. They

suggested that the elaborate tail is a means of saying that łin spite of carrying the

handicap of a cumbersome tail, I am able to carry on my daily activities as well as a

peacock which has a lesser tailž.

The Zahavis argued that a signal is liable to be effective when it is honest, that is,

when it conveys a true measure of how őt the signaller is. An honest signal, however,

must be expensive. Why? Because signals do not come for free. They cost something

(e.g., energy) to produce. The stronger you are, the more easily you can bear this

cost. A strong individual can afford to incur a larger cost than a weak individual can.

The upshot is this: if you convey the impression that you are handicapping yourself,

and if the nature of the handicap is such that a weak individual cannot afford it, you

are signalling that you are strong. Assuming that you are not a fool (and fools do not

survive long), if you go out to bat against Shoaib Akhtar without a helmet, you are

signalling your genuine ability to deal with short-pitched balls. This is the essence of

the Handicap Principle.

The Handicap Principle was a startling concept when the Zahavis őrst applied it

to animal behaviour. But in some ways it is an old idea. We have an instinctive

appreciation for what success is in the face of an impediment. Where a good violinist

is applauded, a good violinist who is blind is given a standing ovation. In his book The

theory of the leisure classes, the 19th century economist Thorstein Veblen attempted

to explain the squandering of resources by the wealthy. He called it conspicuous

consumption. Veblen’s explanation anticipated a form of the handicap principle. He

claimed that the wealthy indulge in waste in order to advertise their wealth.

RESONANCE-75 Promoting Science Education212



Laasya Samhita

Coming back to the peacock, do females in fact prefer males with ‘more beautiful’

tails? This was answered by a series of experiments carried out by Marion Petrie and

her colleagues at the Whipsnade park in the UK and the brief answer is yes, they do.

Marion Petrie et al. used several parameters to deőne what ‘beauty’ might constitute,

for example they used the weight of the tail (clearly a handicap), the number of feathers

and the length of the tail as some parameters. Interestingly they found that the number

of eyespots on the peacock’s tail is a measure used by the female in choosing a mate!

We do not know yet whether in fact the female has some way of counting these spots or

whether having more spots simply makes for a more impressive display, for example.

3. The Handicap Principle Implies That Signals Have to be Honest

The handicap principle can be used to account for mating preferences A desirable male is one

who is őt in spite of the

handicap he carries.

in animals. The

key idea here is that no female would choose a truly handicapped male to father her

children. A desirable male is one who is őt in spite of the handicap he carries. The

handicap works like a badge that announces quality. Only a conődent individual can

afford it. Consider a human parallel. Both popular cinema and common perception

proclaim that when in danger, a conődent individual adopts a frozen stance, with

hands folded across the chest and the chin pointing upwards, in fact the worst kind of

posture with which to prepare for a őght.

A handicap cannot be faked. This is what makes it honest, and reliable A handicap cannot be

faked. This is what

makes it honest, and re-

liable as a signal.

as a signal.

This is because ŕaunting the handicap requires a genuine investment on the part of

the animal. If an individual cannot afford to make that investment, it cannot afford

to cheat. The courting peacock’s eye-catching but heavy tail, the threatened gazelle’s

spectacular but attention-drawing jumps, the gullible crow’s feeding of baby cuckoos

ś all őnd an explanation in terms of the handicap principle. Let us look at two of

these situations in more detail.

4. An Example of the Handicap Principle in Operation

The hunter and the hunted would normally seem to us to have conŕicting interests.

After all, one is looking for food and the other does not want to be eaten. However,

it is in the interests of both to avoid a conŕict that is going to result in a waste of

energy because the prey can get away. If such an encounter is predictable before hand,

the predator would save time and effort and look elsewhere for weaker or easier prey,

while the potential prey can save the energy used in running away. The authors use the

behaviour of ‘stotting’ as an example here. Stotting refers to the up and down jumps

exhibited by gazelles upon spotting a wolf or other predators, prior to their running

away. The authors argue that this is illogical behaviour for a gazelle that is keen on

escaping, it should just run; and not apparently ‘waste time’ with such jumps. They

suggest that a gazelle that indulges in such a dangerous practice must be signaling its

physically őt status to the predator. By doing so, it is communicating to the predator
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Based on many őeld ob-

servations, it is known

that very often preda-

tors faced with stotting

gazelles leave and look

for other prey.

A male who has devel-

oped a őne tail plumage,

therefore, is offering

proof of his ability to suc-

cessfully look for and őnd

food even under condi-

tions of stress.

that it has seen it (therefore the advantage of surprise is lost), and it is strong enough

to outrun the predator in a chase. Based on many őeld observations, it is known that

very often predators faced with stotting gazelles leave and look for other prey. The

authors propose this as an example of an honest signal that has evolved as a means of

communication between predator and prey. It involves an investment of energy on the

part of the gazelle, and so cannot be faked. It would be suicidal for an unőt gazelle to

attempt such jumps; it would only expose its inability sooner and fall an easy prey.

5. Mating Displays Reveal the Handicap Principle in Operation

Like in the case of the peacock, other mating displays also are an oft-quoted example

by the authors. Typically, females invest more in their offspring than males do. Also

they are receptive only at certain times in the year, and once they conceive they will be

unable to conceive again for the period of the pregnancy and for some time after. So

they need to be choosy in picking a mate. Males, however, mate with several females

in the short period of time when they are receptive, thereby aiming to maximize the

chance that their genes are passed on. In the mating season, therefore, each male must

do his best to attract, and mate with, as many females as possible. The peacock, as

already discussed, holds his tail upright ś in itself a process that would seem to need

strength ś and shakes it vigorously from time to time. By doing so he appears to prove

his physical őtness to the watching female. Also, his tail feathers are developed at a

time of year when there is a scarcity of food. A male who has developed a őne tail

plumage, therefore, is offering proof of his ability to successfully look for and őnd

food even under conditions of stress, and hence is advertisings his desirability as a

mate.

In the mating season, the spectacularly coloured male bird of paradise hangs upside

down on a tree, spreads his feathers and ŕaps the wings. He is dancing with a

handicap. During the mating season white pelicans develop bulges at the base of the

beak (just ahead of the eyes). A bulge is a handicap. It makes it hard for the pelican to

see and impairs its ability to ősh. A successful ősher proves to potential mates that it

can ősh well in spite of the impairment. These mating display observations however,

have been made for several years and, as observations, are nothing new to naturalists.

However, when they discuss single celled fungi, the yeasts, the authors put forth both

a novel observation and a new hypothesis to explain it.

Yeast cells reproduce both asexually (by budding or őssion) as well as sexually. There

are two distinct mating types in yeast, referred to as ‘a’ and ‘𝛼’. Both use a peptide

molecule on the cell surface as a mating ‘signal’ as the authors term it. These peptides

are seldom bare, and usually carry oligosaccharide moieties and occasionally even

lipids attached to them. The authors suggest that yeast cells advertise their desirability

as mating partners by ‘decorating’ the peptide molecule that is their mating signal.

To make the modiőcation, they need to use expensive chemical resources (such as

lipids and sugars). The modiőed signal works like a handicap. Most importantly,
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the hypothesis is testable, and indeed a ‘decorated’ peptide appears to be preferred to

an ‘undecorated’ one, suggesting that the handicap principle could be one innovative

way of looking at signals even at the single cell level.

6. In Darwin’s Own Words

łAs these examples show, there is what looks like wastefulness behind many sexual

displaysž, and the handicap principle tries to explain why this is so. But this theme

has been a subject of discussion among naturalists for many years. Indeed, Darwin

himself proposed something reminiscent of the handicap principle when he wrote

łThe females are most excited by, or prefer pairing with, the more ornamented males,

or those which are the best songsters, or play the best antics; but it is obviously

probable, as has been actually observed in some cases, that they would at the same

time prefer the more vigorous and lively malesž (The Descent of Man and Selection

in Relation to Sex)ž.

Exciting and plausible as the handicap principle may be, the authors appear to be

carried away by their enthusiasm when they bring up human analogies using unsub-

stantiated data. Topics ranging from the colour of cheeks and lips to cave-paintings

are discussed as examples of the handicap principle in operation. Even beards are

not spared. In many instances, they appear to have picked something that could qual-

ify as a signal and then constructed an explanation around it. Having said that, the

idea still remains innovative, unique, and above all, provides ample scope for clever

experimental design and hypothesis-veriőcation.

When the handicap principle was őrst proposed in 1975, it met with wide scepticism.

Mathematical models seemed to show that it could not work. It appeared destined to

share the fate of other ideas in the history of science that were appealing but incorrect.

After 1990, however, scientiőc opinion turned around. This is because of increasing

support from observations and due to sophisticated mathematical modelling by Alan

Grafen that showed that this is a workable theory. It has come to be accepted as a

novel concept, with wide application in understanding animal behavioural strategies.

In speaking of the őfteen-year gap, Zahavi says łBiologists remained unimpressed by

the logic of the verbal model, and accepted the handicap principle only when expressed

in a complex mathematical model, which I and probably many other ethologists

(behavioural biologists) do not understandž. Budding biologists might well support

this rueful statement.

Suggested Reading
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ŞThough I had success in my research both when I was mad

and when I was not, eventually I felt that my work would be

better respected if I thought and acted like a ŚnormalŠ person.Ť

(John Forbes Nash, Jr.)

Reproduced with permission from Resonance, Vol.21, No.9, p.776, 2016.
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Every behaviourally responsive animal (including us) makes decisions. These

can be simple behavioural decisions such as where to feed, what to feed, how long

to feed, decisions related to őnding, choosing and competing for mates, or simply

maintaining one’s territory. All these are conŕict situations between competing

individuals, hence can be best understood using a game theory approach. Using

some examples of classical games, we show how evolutionary game theory can

help understand behavioural decisions of animals. Game theory (along with its

cousin, optimality theory) continues to provide a strong conceptual and theoret-

ical framework to ecologists for understanding the mechanisms by which species

coexist.

Most of you, at some point, might have seen two cats őghting. It is often accompanied

with the cats facing each other with puffed up fur, arched back, ears back, tail twitching,

with snarls, growls, and howls aimed at each other. But, if you notice closely, they often

try to avoid physical contact, and spend most of their time in the above-mentioned

behavioural displays. Biologists refer to this as a ‘limited war’ or conventional

(ritualistic) strategy (not causing serious injury), as opposed to dangerous (escalated)

strategy (Figure 1) [1]. Such behaviours, i.e., avoidance of physical contact in order

to minimize chances of injury when őghting for mate or territory, are also seen in

other animal groups such as dogs, wolves, as well as humans.

Now allow us to explain a few things about cat behaviour, which will help better

understand the limited war strategy. All cats (there are 38 species in the world) are

territorial animals, and they actively maintain their territories using scent-marking.

They mark either using their facial glands, or urine. If you have had a domestic cat

rub its face against your leg, it most likely marked you with excretions from its facial

glands. These marking behaviors act as signal to the other cats in that area about

its presence (identity). This makes other individuals think twice before intruding,

thereby reducing the chances of a conŕict. If the intruder decides to ignore these

signs, then sooner or later this will lead to a combat. Similar territorial behavior is

seen not only in other predators such as wild dogs, wolves, and mongoose, but also

among non-predators such as rhinos and antelopes which form a dung pile or speciőc

spots within their territory where they regularly defecate.

The interaction between the resident cat and the intruding cat can be considered a

game. Say ABOL and TABOL are the two male cats (i.e., the players) ready for

∗Reproduced with permission from Resonance, Vol.21, No.9, pp.803ś814, 2016.
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Figure 1. (a) Limited

war or conventional strat-

egy and (b) total-war or

dangerous strategy.

Sketch by : Ayan Guha

(a)

(b)

combat. They being vicious őghters, are capable of inŕicting serious injuries to each

other. When they meet to őght, both possess a set of strategies (tactic): the less

dangerous (no physical contact, but use behaviours mentioned above) or conventional

strategy ‘C’, and a dangerous ‘D’ strategy (having physical contact) which can likely

lead to serious injuries to its opponent, and also itself. So, cats that are only growling

and snarling at each other are using ‘C’ strategy, and when they inŕict wounds on one

another (paw őghting) they are using a ‘D’ strategy. The interaction between the two

cats is a game because the strategy used by ABOL depends on TABOL’s strategy and

vice versa. In most cat-duels the, ‘C’ strategy is more common [1].

This interaction between ABOL and TABOL can be explained by a classical game

ś the prisoner’s dilemma (Box 1), which was őrst described in the context of two

arrested prisoners, being separately interrogated, who have to independently decide

whether to confess or deny a crime.
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Box 1. Prisoners Dilemma

Imagine a situation where two individuals have been arrested for a crime they have co-operated to perform.

Now they are being questioned separately so that one implicates the other. If neither accuses the other, both

are set free ś the cooperative strategy.

The police decide to tempt them a bit, so that one or both defect. They give each prisoner the following

offer. If one defects against the other, then she is going to be set free (and will also receive a small reward)

and the other prisoner is imprisoned. But, if one of the prisoners implicates the other, and not vice versa,

then the implicated partner gets a harsher sentence. If both confess, both are imprisoned.Each prisoner’s

dilemma is that, if they both think rationally then the best thing to do is to implicate the other, even though

they would both be better off trusting each other

Let us look at the cat interaction using the prisoner’s dilemma game. As we mentioned

earlier, each individual has two strategies (conventional and dangerous). The outcome

of their interations, can be laid out in a matrix form, i.e., the payoff matrix (Figure

2). The best strategy for both ABOL and TABOL is to use strategy ‘C’, i.e., avoid a

őght and hence injury, which is an equilibrium payoff, i.e., a Nash equilibrium (both

ABOL and TABOL achieve a maximum pay-off). In evolutionary terms, it is called

an Evolutionary Stable Strategy (ESS), [1, 2]. In evolutionary game theory, a system

is

In evolutionary game the-

ory, a system is not driven

by its players, rather by

the differential success of

strategies in a population.not driven by its players, but by the differential success of strategies in a population

(described later).

In reality, animal combats are vastly complicated, and this simple game is likely to be

played over and over again. In this repeated game, also known as the iterated prisoner’s

dilemma [3], ABOL and TABOL play the prisoners dilemma game multiple times,

and each remembers the previous actions of its opponent and changes its strategy

accordingly. Let us try to represent their interactions:

ABOL : C C C C C C C C C D C C C C C C C D

TABOL : C C C C C C C C C D C C C C C C C R

Figure 2. A payoff ma-

trix between ABOL and

TABOL, which shows that

when they always cooper-

ate and play the conven-

tional ‘C’ tactic it is best

for everyone (for them and

their species) as opposed

to ‘D’, the dangerous tac-

tic or section őght.
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ABOL starts by cooperating (‘C’), TABOL retaliates with ‘C’. ABOL continues with

‘C’ for the őrst nine moves, but on the 10th move, it decides to play ‘D’, even though

TABOL played ‘C’ in the earlier move. This ‘provocation’ escalates their interaction,

and TABOL retaliates by playing ‘D’. In the above example, when ABOL provokes

in the 18th move, TABOL retreats (‘R’), and ABOL is the winner! If it was a good

territory (lot of food/mate) that they were őghting over, ABOL would have a greater

őtness beneőt (more number of offspring left behind). All is not bad news for TABOL.

Its decision to retreat not only reduced its chances of getting injured, but it also helped

save both energy and time, vital resources which could be used in another location

(e.g., challenging another individual, or seeking out new feeding grounds) or could

be spent on foraging.

1. Do Bad Guys Always Win: Not True

Animals have been playing games even before humans came along. These games

have given rise to multiple coexisting strategies. But all animals have individual

variation within a population, which in other words is their personality. Although

their strategies can range across a continuum of personalities, game theorists have

outlined a game with two main strategies: the HAWKs (bad aggressive individuals)

and the DOVEs (the good individuals). Hawks always őght to kill or injure their

opponents, whereas the doves display but never engage in serious őghts. Shouldn’t

the doves become extinct in the population?

No. Clearly an all-dove population is not stable since it can be easily invaded by a

hawk. However, an all-hawk population is also not possible since these individuals

will injure/kill each other (i.e., high cost) and not be able to produce offspring and

propagate their genes. Hence, in such a population, being a dove can be useful and

dove genes will spread in this population. Personality research in invertebrates and

vertebrates shows that although in the short term, aggressive individuals have an

advantage (greater access to food and mates), they make bad parents and mates and

hence have lower őtness overall [4]. Thus natural selection favours a mixed population

of hawks and doves [2], where they have similar average payoffs and the two strategies

are at equilibrium, hence are in an evolutionary stable state.

Can there be a middle path between the dove and hawk strategy? WhatCan there be a middle

path, between the Dove

and the Hawk strategy?

if individuals

could assess the different roles within a strategy, and had the choice of playing each

role when they thought it was appropriate? This means that although the frequency of

hawk and dove strategy remains the same, the individual chooses when to play which

strategy. Since now individuals have a choice of using a given strategy based on

their assessment, it is now a hawk-dove ESS, compared to a hawk-dove evolutionary

stable state. Such a strategy is called Bourgeois or the Retaliator. Such individuals

always play hawk if they are an owner and a dove if they are an intruder. Bourgeois

strategy has been observed among some group living mammals such as lions and

primates. For example, it has been found [5] that in a hierarchical society such as that
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Figure 3. A female

chacma baboon with its

young. Photo : Shomen

Mukherjee

of baboons (Figure 3), if a particular male baboon had a bonding with a female, then

a second male which has watched this relationship will not challenge the őrst male

for ownership (i.e., male # 2 plays dove). If at a later time, the second baboon forms

a relationship with another female, the őrst male will not challenge it (male # 1 now

plays dove). This reduces the probability of injury for all males.

2. The rock-paper-scissors game: Nash equilibrium that is not an ESS

One of the fascinating examples of a rock-paper-scissors game in Nature is the mating

game between males of the side-blotched lizard (Uta stansburiana), [6]. These lizards

are found in the coastal ranges of California, USA. In these lizards, males have three

color morphs (strategy):

• Orange throat ś large and very aggressive and defend larger territories (territory in-

cludes animal foraging ground and mates).

• Blue throat ś less aggressive, monogamous and have small territories.

• Yellow throat ś sneaky and do not defend territories.

In this game (Figure 4), ‘orange’ beats ‘blue’, as it is more aggressive and manages

to mate with many more females, ‘blue’ beats ‘yellow’ as ‘yellow’ cannot fool him as
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1 See Resonance, Revo-

lutions in Evolutionary

Thought: Darwin and After,

Vol.14, No.2, 2009.

2 See Resonance, Wallace

and Natural Selection, 158,

Vol.13, No.3, 2008.

Figure 4. The perpet-

ual game of rock-paper-

scissor seen in the side-

blotched lizards in coastal

California.

he has only one female to protect, and ‘yellow’ beats ‘orange’, by sneaking up on his

females and mating with them without having to guard any territory.

These three morphs have been locked in this perpetual game. When one color morph

become more abundant in a population, females have the unique tendency to prefer

the morphs that are rarer. The ratio of the three male morphs orbit around equilibrium

(1/3, 1/3, 1/3), but it does not reach an ESS, however, the population reaches an

evolutionary stable state.

3. Nash equilibrium and evolutionary game theory: A brief history

One of the most signiőcant contributions of John Nash was in theEvolutionary game the-

ory had its origin in

Charles Darwin’s theory

of Natural Selection.

őeld of non-

cooperative game theory (part of classical game theory), which seeks to explain

both cooperation and non-cooperation. He suggested a game where one looks at

a combination of strategies, one per player. If the players act according to this

combination, each player achieves his maximum payoff against any of the other

strategies played by the other player. This is the Nash equilibrium point among

the different strategies in a rational game [7], described in detail elsewhere in this

issue). In Nash equilibrium, no alternative strategies provide a better reply than the

equilibrium, making the equilibrium point the best response of one player with regard

to the other. Nash equilibrium point soon became revolutionary with its applications

in the őeld of economics.

Although evolutionary game theory had its origin in Charles Darwin’s1 theory of

natural selection2, which states that the őttest genetic make up or the best behavior

or strategy is more likely to survive, be successful, and hence replicate (survival
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of the őttest) to the next generation [8]. In 1973, John Maynard Smith3, a British

theoretical evolutionary biologist, and George Price, a population geneticist, came

up with a seminal concept łESSž [1], which changed the way biologists looked at

things. The idea of ESS őrst evolved in the context of intra-speciőc (within species)

outcomes, such as sex ratios and animal conŕicts. Maynard-Smith and Price derived

the theory of evolutionary games, partly from the theory of classical games and in part

from the work of Robert MacArthur [9] and William Hamilton[10] on the evolution

of sex ratios in animals. Julian Sorell Huxley had proposed [11] that ritualistic or

conventional behavior (as ‘C’ in ABOLśTABOL game) is more common, while the

use of dangerous behavior or weapons (as ‘D’ in ABOLśTABOL game) within a

population is rare, as it would be selected against the survival of a species. Natural

selection would select against individuals using a dangerous strategy. Individuals

with such a strategy would become rare in the population simply because they would

die of their injury.

Later, Hamilton also proposed that excessively aggressive individuals will injure their

close relatives and hence will be selected against in a population. After Maynard-

Smith and Price [1] mathematically derived why a given behaviour or strategy was

adopted by a certain proportion of the population at a given time, it was shown that a

strategy which is currently stable in a population need not be stable in evolutionary

time (across generations). Additionally it was suggested that an individual may play

a mixture of strategies. In 1981 Robert Axelrod conducted a computer tournament

where people were invited to submit strategies for playing 200 prisoners dilemma

game [12], and the strategy which won was the simple Tit-for-Tat strategy, submitted

by Anatol Rapoport. This strategy had two rules, on őrst move cooperate, and on the

successive moves do what your opponent did in the previous move. Tit-for-Tat proved

to be an ESS strategy, a very important strategy which could help explain reciprocal

altruistic behaviour among animals.

Though derived from the classical game theory, evolutionary game theory is different

from the classical game theory in its assumptions [13].

1. Rationality vs. natural selection: In a classic rational game, all players know the

full structure of the game and make conscious and rational choices to play the game.

Here, the assumption is that all humans are rational and an agent or player in a

game thinks or reasons rationally and intelligently and plays each move strategically.

Although humans compared to other species, are more intelligent and rational, łESSž

[1] provided an elegant way of extending game theory to the ‘less-gifted’ members

of the animal kingdom who might not make a conscious choice of a given strategy,

but are rather genetically programmed to do so. Initially, ESS was described as a

systematic equilibrium in a two-person (or two-strategy) game, in which the winner

is the individual who continues for longer. An individual who can play longer will

generally be larger and healthier and hence, natural selection will favor those traits.

However, larger body size might be disadvantageous while running from predators.

3 See Resonance, John May-

nard Smith (1920ś2004) ś

One of the last Grand Evolu-

tionary Theorists of the 20th

Century, Vol. 10, No.11,

2005.

Although humans com-

pared to other species, are

more intelligent and ra-

tional, ESS provided an

elegant way of extend-

ing game theory to the

‘less-gifted’ members of

the animal kingdom who

might not make a con-

scious choice of a given

strategy, but are rather ge-

netically programmed to

do so.
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4 In Biology, a mutant is an

organism with a new genetic

character, often a result of

mutation (a permanent alter-

ation of nucleotide sequence

in the genome). If such an

individual has a new strat-

egy, it would be called a mu-

tant strategy

Evolutionary games are

not only prevalent in large

mammals like cats, deer,

mice, and monkeys, but

this type of games are

seen in smaller inverte-

brates such as Daphnia

(water ŕea), dung bee-

tles, microbes and also in

plants.

Additionally, the size and strength of an animal may not change day-to-day, but can

change with age, which might impact the frequency of these traits (and underlying

genes) in a population [14]. Considering that the different players in a game are

members in a population of a species, the population can be divided into ‘n’ number

of strategies. Evolutionary games will consider the circumstances under which the

frequency of one strategy is stable against the frequency of others in a population.

Therefore, real life games, where outcome of a strategy depends on the physical

environment (where the player is) and the social environment (with whom the player

is interacting), situations become more complicated.

2. Payoff vs. őtness: In the classical game theory (e.g., Nash’s equilibrium theory), the

winning or losing of a strategy is the payoff of a particular strategy (utility function)

(Figure 2). In evolutionary games, this pay-off or the utility function is an equivalent

of the őtness function. Since natural selection is ruled by the survival of the őttest,

the őtness of an individual is the number of offspring an individual can conduce to the

next generation. In other words, this is the model of replication of a strategy (DNA

replication) so that it is carried over to the next generation.

Similar to the classical games, the evolutionary games also follow certain assumptions

[2], such as:

a) In a mixed-strategy population, the sum of frequencies of the strategies will be equal

to 1.

b) Depending on the mutant strategy4, which is against the parent strategy, a mutant will

either inőltrate or die-off in a population.

c) Member of a population will be paired randomly.

d) Birth and death rate are constant.

Evolutionary games are not only prevalent in large mammals like cats, deer, mice, and

monkeys, but this type of games are seen in smaller invertebrates such as Daphnia

(water ŕea), dung beetles, microbes and also in plants. For example, it has been

shown [15] that in plants, investment in plant height improves their access to light,

but imposes costs in construction and maintaining a large trunk that deőes gravity.

However, for a single plant, its access to light will depend on other height-strategies

that are present in the neighborhood. Falster and Westoby identiőed 14 ESS of traits

that inŕuence this competition for light. There is a diversity of such examples in

Nature. The very fact that different strategies are coexisting in Nature tells us about

a successful ESS. ESS was introduced to address the prevalence of ritual őghting

in interspecies animal conŕicts, which ultimately led to explorations in asymmetric

and multistep games. From conŕicts of mate choice, sibling rivalry, parentśoffspring

antagonism to theories of social foraging, dispersal, habitat selection, as well as

evolutionary arms race between predator and prey and virus and host, ESS has been

widely applied in biology [16].
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Although Nash’s equilibrium point became widely accepted in the context of rational

games, in his unpublished PhD dissertation, John Nash had provided another inter-

pretation of his equilibrium, the population-statistics [7]. As opposed to the rational

interpretation, where the game is played only once, in this approach the game is played

over and over again and the players do not actually know the structure of the game. In

his thesis Nash stated:

It is unnecessary to assume that the participants have full knowledge

of the total structure of the game, or the ability and inclination to go

through any complex reasoning processes. But the participants are

supposed to accumulate empirical information on the relative advantages

of the various pure strategies at their disposal. Since there is to be no

collaboration between individuals playing in different positions of the

game, the probability that a particular n-tuple of pure strategies will

be employed in a playing of the game should be the product of the

probabilities indicating the chance of each of the n pure strategies to be

employed in a random playing.

The concept of dynamic stability aims to understand what happens when the popu-

lation state is slightly perturbed, particularly when invaded by a rare (once extinct)

strategy. Although not widely known, Nash did identify dynamically stable popu-

lation states in large strategically interacting populations [17]. This suggests that

although biologists were unaware of this contribution of Nash to ESS, his ingenuity

was undoubted. He indeed had a ‘beautiful mind’.
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Of the 20 or more extant mammalian orders, the order Primates is surely the

most fascinating for us humans, as we too belong to this order; and the evo-

lution of primate morphology and behaviour has important bearings on the

development of our own society and culture. Most of us are familiar with the

group-living sociality of the commensal monkeys and some of the bigger apes

like the chimpanzees and the gorillas. However, another group of primates, the

nocturnal strepsirrhines, which are equally fascinating in their behaviour and

ecology, remain virtually unknown due to their small size and nocturnal habits.

In this article I discuss the social behaviour of the slender loris, a nocturnal

strepsirrhine found in India.

Before examining the behaviour of the slender loris, I őrst present a broad overview of

primate taxonomy, and of the closest relatives of the slender loris, because that would

give a better perspective into the sociobiology of this unusual primate. Cladistically,

i.e. based on shared-derived anatomical traits, the order Primates is divided into two

suborders - Strepsirrhini, the ‘wet-nosed’ primates, and Haplorrhini, the ‘dry-nosed’

primates (Box 1). Strepsirrhines include the lemurs, lorises and bushbabies, and

are considered to be primitive in comparison to the haplorrhines, which comprise

the tarsiers, monkeys, apes and humans. Some of the more distinctive anatomical

differences between strepsirrhines and haplorrhines are explained in Box 2. An

alternative classiőcation is the gradistic one that is based on overall similarities of life

histories and general appearance. According to this classiőcation, tarsiers are placed

along with the lemurs, lorises and bushbabies in the suborder Prosimii, and monkeys,

apes and humans in the suborder Anthropoidea. A cladistic classiőcation is generally

acknowledged to be more accurate as it is thought to be a more faithful representation

of the phylogenetic relationships between species.

1. Haplorrhini

Members of this group are divided into two infraorders: Tarsiiformes (tarsiers) and

Simiiformes (monkeys and apes). Found on the islands of south-east Asia, tarsiers

(Box 3) possess morphological characteristics that are common to prosimians and

anthropoids. Hence the different positions for this group in the gradistic and cladis-

tic taxonomic classiőcations. Simiiformes include the two main groups, Platyrrhini

and Catarrhini. Platyrrhini means ‘ŕat-nosed’ and platyrrhines are so called be-

∗Reproduced with permission from Resonance, Vol.9, No.1, pp.64ś81, 2004.
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Box 1. Primate Taxonomy

Order Suborder Infraorder Family Genus

Cheirogaleidae Cheirogaleus, Microcebus,

Mirza, Phaner, Allocebus

Lemuriformes Lemuridae Eulemur, Hapalemur, Lemur,

Prolemur, Varecia

Megaladapidae Lepilemur

Strepsirrhini Indridae Avahi, Indri, Propithecus

Chiromyiformes Daubentoniidae Daubentonia

Loridae Arctocebus, Loris, Nycticebus,

Loriformes Perodicticus, Pseudopotto

Galagonidae Euoticus, Galago

Otolemur

Tarsiiformes Tarsiidae Tarsius

Cebidae Callimico, Callithrix, Leontopithecus,

Saguinus, Cebus, Saimiri

Primates Aotidae Aotus

Pitheciidae Pithecia, Chiropotes, Cacajao,

Callicebus

Atelidae Alouatta, Ateles, Brachyteles,

Lagothrix

Haplorrhini Cercopithecidae Allenopithecus, Miopithecus,

Simiiformes Erythrocebus, Chlorocebus,

Cercopithecus, Macaca, Lophocebus,

Papio, Theropithecus, Cercocebus,

Mandrillus, Colobus, Piliocolobus,

Procolobus, Semnopithecus,

Trachypithecus, Presbytis, Pygathrix,

Rhinopithecus, Nasalis, Simias

Hylobatidae Hylobates

Hominidae Pongo, Gorilla, Pan, Homo
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Box 2. Differences Between Haplorrhines and Strepsirrhines

Typically strepsirrhines possess a moist rhinarium (the moist, hairless pad at the end of the nose seen in

most mammalian species), toothcomb (a dental modiőcation in which the incisor teeth form a comb-like

structure), grooming or toilet claws (elongated claws on the second digits of the hind feet, used for grooming),

tapetum lucidum (reŕective layer of the retina), epitheliochorial placenta (in which six tissue layers separate

the foetal and maternal blood supply and the chorionic villi rests in pockets in the endometrium), unfused

mandibular symphasis (separate left and right mandibles i.e. lower jaw) and post-orbital bar (bony ring

surrounding the lateral side of the eye socket). In contrast, the haplorrhines are distinguished by absence of

rhinarium, toothcomb and grooming claws, and presence of retinal fovea, hemochorial placenta (here the

chorionic villi are in direct contact with the maternal blood supply), fused mandibular symphasis (single

mandible) and post-orbital closure (a posterior bony wall to the eye socket, so that it forms a cup-shaped

structure).

The strepsirhine toilet or grooming claw

and toothcomb.

Photo credits : Phil Myers

(http://animaldiversity.ummz.umich.edu/chordata/mammalia/primates.html)

cause their nostrils have a wide septum and face outwards. They are also referred

to as New World monkeys (Box 4) because of their geographic distribution in the

tropical areas of Central and South America. Cattarrhines derive their name from

their narrow septum and hook-like, downward-facing nostrils. They are found in

Asia, Africa and Europe, and include the cercopithecoids or the Old World mon-

keys (Box 5), and the hominoids ś lesser and the great apes, including humans

(Box 6).
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Box 3. Tarsiers

Tarsiers include őve species. Weighing 80ś150 g,

they feed almost exclusively on animal prey, includ-

ing insects, small birds, lizards, and snakes. Some

of their ‘prosimian’ characteristics are nocturnality,

small body size, unfused mandible and grooming claw,

while their ‘anthropoidean’ features are the dry nose,

retinal fovea, enclosed bony eye sockets and lack of

toothcomb. Some unique tarsian characteristics are

the size of their eyes (larger than the brain!), and the

elongated hindlimbs (caused by the lengthening of the

tarsal, or ankle bones rather than the metatarsals). Photo credits : www.primates.com

2. Strepsirrhini

Extant strepsirrhines include őve families ś cheirogaleids, lemurids, megaladapids,

indriids, and daubentoniids ś that are found on the island of Madagascar, and two

families (lorids and galagonids) that inhabit Asia and mainland Africa (Box 7). Living

strepsirrhines retain several primitive morphological and behavioural characteristics.

For example, they possess toilet claws and toothcomb, place greater reliance on

Box 4. New World Monkeys

New World monkeys include the Callitrichids (marmosets and tamarins), Cebids (capuchins and squirrel

monkeys), Aotids (owl monkeys), Pitheciids (titis, sakis, and uakaris) and Atelids (howler, spider, woolly

spider, and woolly monkeys). They are small- to medium-sized primates with the callitrichids being less

than 1 kg, and some of the atelines weighing almost 10 kg.

Cotton-top tamarin Pygmy marmoset Owl monkey Red uakari

Photo credits : www.primates.com

RESONANCE-75 Promoting Science Education232



Sindhu Radhakrishna

Box 5. Old World Monkeys

Old World monkeys are divided into two groups: the leaf-eating colobines and the cheek-pouched cerco-

pithecines. Colobines include the colobus monkeys, the langurs and the odd-nosed monkeys, while the

cercopithecines include the macaques, mangabeys, baboons, and guenons. The differences between the

colobines and cercopithecines are mainly related to their different dietary adaptations ś the primarily folivo-

rous colobines have a complex stomach, which is divided into four chambers, whereas the more omnivorous

cercopithecines have a simple stomach, but possess cheek pouches which are used to store food temporarily.

Mandrill Hamadryas baboon Japanese macaque

Photo credits : www.primates.com

Box 6. Apes

Of the apes, the gibbons or lesser apes, and the orangutan, one of the great apes, are found in south-east

Asia, while the other great apes ś the chimpanzee, bonobo and the gorilla ś are found in the tropical forests

of Africa. Homo sapiens, needless to say, enjoys a geographic distribution that is unrivalled in its scope by

any of the other primates.

Lars gibbon Orangutan Chimpanzee Mountain gorilla

Photo credits : www.primates.com
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Box 7. Strepsirrhines

Mouse lemur Black lemur Slow loris

Lesser bushbaby Aye-aye Verreaux’s sifaka

Photo credits : www.primates.com

olfaction rather than vision, are solitary in lifestyle, and tend to have shorter lifespan

than other primates. Hence, they are of particular interest to evolutionary biologists

and primatologists, for their socioecology is an important key to understanding the

evolution of primate sociality and communication.

3. Social Organisation in the Strepsirrhines

The nocturnal strepsirrhines are usually labeled ‘solitary’, referring to the fact that

individual members of these species are most often found alone and not in groups, as

is more common with the diurnal monkeys and apes. However, the use of this term has

given rise to a number of misconceptions about the social organisation of these species.

In 1978, Charles-Dominique called attention to the fact that the term ‘solitary’ denoted
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Box 8. Primates of India

A total of őfteen primate species are found in India, inhabiting a variety of habitats from the trans-Himalayan

zone in the north to the dry scrub forests of the Eastern Ghats in the southern peninsular region. Twelve

of these species are cercopithecoids, with 7 species of macaques (the bonnet macaque Macaca radiata,

rhesus macaque Macaca mulatta, lion-tailed macaque Macaca silenus, stump-tailed macaque Macaca

arctoides, Assamese macaque Macaca assamensis, pig-tailed macaque Macaca nemestrina, and crab-eating

macaque Macaca fascicularis) and 5 species of langurs (golden langur Trachypithecus geei, Phayre’s langur

Trachypithecus phayrie, Nilgiri langur Trachypithecus johnii, capped langur Trachypithecus pileatus, and

Hanuman langur Seminopithecus entellus). Two strepsirhine species (the slender loris Loris lydekkerianus

and the slow loris Nycticebus coucang), and one lesser ape, the Hoolock gibbon Hylobates hoolock make

up the rest of the count.

Nine of these are classiőed as Schedule I species ś endangered and threatened species that are legally

protected from hunting, poaching and trade ś while the remaining 6 are listed as Schedule II species under

the Indian Wildlife Act. Ironically, the biggest threat to the continued existence of these species is forest

fragmentation and increasing pressure on wild ecosystems brought about by human populations.

the opposite of ‘gregarious’, not of ‘social’. Solitary strepsirrhines

are social, but the social

network of relationships

between conspeciőcs is

organised along rela-

tively subtle lines.

Solitary strepsirrhines are social, but here

the social network of relationships between conspeciőcs is organised along relatively

subtle lines. Intra-speciőc communication is usually displaced in time and space,

and species make use of chemical signals like urine and scent markings to message

conspeciőcs. In 1987, Bearder introduced the term ‘solitary forager’ to distinguish

between a solitary foraging state and a gregarious sleeping stage in most of these

species. Since then, an increasing body of work on the socioecology of nocturnal

strepsirrhines has shown that social organisation in these species is not uniformly

similar. Instead, the species exhibit varying social structures, with differing degrees

of gregariousness.

Social organisation in a primate species involves three main elements Social organisation in a

primate species involves

three main elements ś so-

cial system, mating sys-

tem and spacing system.

ś social system,

mating system and spacing system. Social system constitutes behaviour and relation-

ships within a group. In the nocturnal strepsirhines, direct social interactions between

individuals seldom occur and communication is also displaced in time and space.

Hence, assumptions about their social systems are made based on associations at

sleeping sites (sites in trees where individuals may meet and sleep together). Mating

system refers to reproductive interactions between individuals, whereas spacing sys-

tem refers to the spatio-temporal distribution of these individuals. Every individual

moves about in a speciőc area during the night and this is its home range. The size

and quality of a home range represents extent of access to food and mates. Hence,

the degree of range overlap between individuals is a critical pointer to inter-individual

social relationships.
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4. Divergent Social Organisations

Comparisons of behaviours among related species, based on differences in social

organisation, morphological qualities and habitat variations, are often helpful in

understanding the evolution of behavioural patterns currently displayed by a species.

Strepsirrhines display diverse social organisations, ranging from solitary foraging,

through dispersed pair-living, to large gregarious groups that share a common home

range. A brief look at the various social organisations exhibited by strepsirrhine

species follows.

Cheirogaleidae: Among the cheirogaleid species, the gray mouse lemurs are noctur-

nal, solitary foragers who form sleeping associations of up to 15 members. Males

may join these groups of females and offspring, or sleep alone. The female sleeping

associations are stable, though it is uncertain if the females are related. Males and

females have highly overlapping home ranges and both sexes have spatial access to

several potential mates. The fat-tailed dwarf lemur sleeps in family groups that are

made up of an adult pair and their offspring, and the range of the adult male coincides

with that of the adult female. Pygmy mouse lemurs, on the other hand, sleep alone

and do not form sleeping aggregations. In the Coquerel’s dwarf lemur, adults sleep

alone or in groups of up to 5 individuals. Male home ranges typically overlap several

female ranges, and several sleeping nests can be found clustered in the same area.

The fork-marked lemur is described to exhibit ‘social monogamy’ i.e. an adult male-

female pair and their offspring associate together and share a home range. However

the cohesiveness of pair partners is rather low and the social organisation is more

accurately described as comprising of ‘dispersed pairs’.

Lemuridae: Most lemurs are diurnal and live in groupsMost lemurs are diur-

nal and live in groups

of 3-10 individuals.

However some species

like the black lemur,

Sanford’s lemur, the

white-fronted lemur, the

crowned lemur, and the

red-bellied lemur are

also occasionally active

at night.

of 3-10 individuals. However

some species like the black lemur, Sanford’s lemur, the white-fronted lemur, the

crowned lemur, and the red-bellied lemur are also occasionally active at night. A

prominent feature of lemur social organisation is marked female dominance. In the

majority of the species, females are socially dominant (i.e. they win in all aggressive

őghts with males) and/or have female feeding priority. It has been hypothesized that

the primary reason for this lies in the highly seasonal environment of Madagascar,

where these primates live. Successful reproduction and survival of offspring require

that females have őrst access to food.

Ring-tailed lemurs live in groups of 3ś25 individuals that share a common home

range. Home ranges are defended, mainly by females, but overlap with those of

neighbouring groups. Black lemurs are reported to usually live in social groups of

between 7 and 10 individuals, although group sizes of between 2 and 15 have also

been observed. Group sex ratio is often biased in favour of males. Black lemur groups

maintain separate home ranges during the day, but several groups may congregate at

night. Similarly, large groups of individuals that gather together to sleep at night, but

break up during the day into smaller foraging sub-units, also occur in the white-fronted

lemur, and the crowned lemur. The mongoose lemur lives in small family groups of
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an adult pair and their offspring. These groups typically occupy small home ranges

that overlap with the home ranges of neighbouring groups.

The bamboo lemurs typically live in groups of 2-6 individuals, though in the Alaotran

gentle lemur, larger gatherings can be seen at the end of the wet season. The black-

and-white ruffed lemurs are usually found in family units of 2-5 individuals. Larger

associations of 8-10 animals occur when several pairs join together in highly degraded

forest zones.

Megaladapidae: Lepilemurids or sportive lemurs are nocturnal and solitary in their

lifestyle. Adults sleep alone or together. Males have larger home ranges than the

females and both sexes have overlapping ranges. Members of the same sex strongly

defend territories against one another, using vocalizations, chases, and even őghting

to drive trespassers out.

Indridae: Avahis or woolly lemurs are the only nocturnal species in this family. The

basic group is composed of an adult male-female pair and their offspring. In the

Western woolly lemur, home ranges of groups overlap considerably, whereas in the

Eastern woolly lemur group ranges do not overlap. Predictably, there is also a great

deal of inter-group aggression in the latter species, with much calling and chasing at

group home range boundaries. Pair partners in the Eastern woolly lemur do not forage

or travel together, but keep in contact during the night with ‘distant communication’

calls.

Named after the sound of their alarm calls, sifakas are relatively Named after the sound

of their alarm calls,

sifakas are relatively

large-bodied diurnal

strepsirrhines. Group

size differs with the

species, though generally

they fall within the range

of 2ś9 individuals.

large-bodied diurnal

strepsirrhines. Group size differs with the species, though generally they fall within

the range of 2-9 individ-uals. Quality of habitat also affects group size, with larger

groups forming in more degraded forest zones. In Verreaux’s sifaka, females are

socially dominant, and male dispersion occurs. Group size is usually limited to 3

animals, and it is common to őnd more males than females in a group. Coquerel’s

sifaka live in groups of 3-10 individuals, and age and sex composition of the groups

vary widely. Here too, females are socially dominant to males.

Indris are diurnal and largest in size among extant strepsirrhines. The basic group

here is composed of an adult male-female pair and their offspring. Larger groups

of 7-8 individuals are rare, and tend to occur in disturbed forest areas. Females are

socially dominant over males and have priority access to food resources. Females

also lead group progressions on a regular basis. Groups are highly territorial, and

there is minimal overlap with the home ranges of adjacent groups. Individuals from

neighbouring groups use the common overlap area to engage in ‘song’ vocalisation

battles to defend their home ranges.

Daubentoniidae: It is not surprising that the aye-aye was considered a rodent rather

a primate when it was őrst discovered. For one, it looks completely bizarre, and

for another, it has some specialized characteristics (for e.g. continuously growing

large incisors, and a mobile third őnger that can be twisted in any direction including

The aye-aye was con-

sidered a rodent rather

a primate when it was

őrst discovered. It has

some specialized charac-

teristics (for e.g. contin-

uously growing large in-

cisors, and a mobile third

őnger that can be twisted

in any direction includ-

ing backwards) unseen in

other primates.
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The slender loris is en-

demic to the Indian sub-

continent, being found

only in the dry and wet

forests of Sri Lanka and

southern India, and cur-

rently two species of slen-

der loris are recognised.

backwards) unseen in other primates. Aye-ayes are nocturnal and solitary foragers

who spend the major part of the night traveling and feeding. Adults sleep alone,

and there is little contact between females. Male ranges overlap extensively, but

female ranges do not overlap. Between the sexes, male home ranges overlap those of

several females. The mating system is multimale-multifemale, with strong inter-male

competition for a female in estrus. Females interact rarely and are usually highly

aggressive. Following the birth of an infant, males and females remain in close

proximity, with the male even sharing food with the infant.

Galagonidae: Bushbabies or galagos are nocturnal, solitary foragers that form day-

time sleeping associations. The size of such sleeping groups is usually in the range

of 2-8 members, though in some species it may be larger. The general pattern is a

matriarchal system, wherein related females associate in groups and sleep together

with their offspring. Males may sleep with the females or they may sleep alone.

Males and females have overlapping ranges and the home range of a single male over-

laps those of one or more female groups. Territoriality is year-round, and territory

boundaries are signalled by scent marks and vocalizations. Females of one group are

usually aggressive towards females of other groups. Males exclude conspeciőc males

of similar age and weight from their ranges, but tolerate the presence of younger and

lighter males. The degree of this kind of tolerance varies between species, reaching

a maximum in the brown greater galago. The Zanzibar bushbaby varies from the

general bushbaby spacing system; here the range of an adult male coincides with the

ranges of one or two females. Though they do not forage together, the adults of a

group maintain contact during the night through vocalizations.

Loridae: In comparison to the galagos, the lorids are more solitary. Adults sleep

alone or together, and though mother-offspring sleeping pairs occur, no matriarchal

grouping has been reported in any of the species. Sleeping associations of more than

3 individuals has been reported only for the slender loris. Male home ranges are

larger than female home ranges, and the general spacing pattern is characterised by

male home ranges overlapping two or more female home ranges. Female home ranges

overlap only minimally in the potto and the slender loris, whereas in the slow loris,

female ranges overlap more than those of the males.

Against this background, it is interesting to examine the social behaviour of a nocturnal

Indian strepsirrhine, the slender loris, and evaluate some of the more singular features

of its social system.

5. Slender Loris

Physically, the slender loris has a ludicrous banana-shaped body perched on stilt-like

legs, no tail, and huge eyes encircled by lighter markings (Box 9). The average weight

is around 265 g, and the fur colour varies from dark grey to reddish brown. It is

endemic to the Indian subcontinent, being found only in the dry and wet forests of Sri
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Box 9. The Slender Loris: The Baby of the Forest

The slender loris is called kadupapa in Kannada, which quite literally

translates as ‘forest baby’. In Tamil, it is called thevangu, and it is

common for a Tamil speaker to liken a thin person to a thevangu.

Unfortunately, however, this seeming empathy for the slender loris

does not extend beyond its name. According to popular folklore,

various body parts of the slender loris, most particularly its eyes,

impart strength to the consumer, and potions made out of boiling its

ŕesh and organs are recommended to cure illnesses.

Hunted for use in folk medicine, killed due to superstitious beliefs

about the ill-luck it brings, trapped for laboratory dissections, and

driven out of its natural habitat by forest fragmentation, the slender loris

is being driven towards gradual extinction. Only pocket populations of

the species survive today in scrubland, forest patches and orchards in

some parts of peninsular India. Tragically ironic, when you consider

the aeons that went into the evolution of the amazingly inconspicuous

sociality of the slender loris.

Photo credits : www.primates.com

Lanka and southern India, and currently two species of slender loris are recognised:

Loris lydekkerianus in India and Sri Lanka, and Loris tardigradus in south-western

Sri Lanka.

Slender lorises are nocturnal in their activity pattern. They actively forage and explore

during the night and sleep during the day. They are almost completely arboreal and

prefer to move on thin branches that can be grasped by the digits of their limbs. Insects

like ants, termites, walking sticks, and grasshoppers are eaten most often, though fruits

of particular plant species like Securinega and Ziziphus, and gum from tree species like

Acacia are also consumed. Typically, there is little direct contact between conspeciőcs

during the night. Individuals however monitor each other’s positions through indirect

means of communication like vocalisations and urine-markings.

Home Range Overlap: Slender loris males have relatively large home ranges that

overlap those of two or more females. Each female home range is also overlapped

by more than one male’s range. This kind of a range overlap system indicates that

both males and females have access to multiple mates. While females usually do

not trespass into other female ranges, movement of males into the home ranges of

other males is more variable. Thus, while some males intrude, others do not; again,

some males are aggressively attacked for intruding, while others are not. The fact that

females do not intrude into each other’s home ranges may be an indicator of intense
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female-female competition. Males occasionally compete for females, but details of

male-male competition are not clearly understood. Similar inter-male competition

also occurs in certain species of galagos, and it has been hypothesised that, in these

species, the regulating factor could be dominance rank (as indicated by body size), with

males preventing similar-sized males from gaining access to females without wasting

energy on smaller males. Another intriguing possibility, never really explored in

wild primates including prosimians, is that personality and temperament differences

between individuals could be responsible for differences in competitive strategies and

individual behavioural patterns.

Sleeping Groups: Slender lorises sleep alone or inSlender lorises sleep

alone or in sleeping

groups that consist of

2ś6 members. Although

individuals forage and

explore alone during

the night, members of

a sleeping group meet

up at particular trees at

dawn and sleep together.

sleeping groups that consist of 2ś6

members. Although individuals forage and explore alone during the night, members

of a sleeping group meet up at particular trees (sleeping sites) at dawn and sleep

together. Sleeping partners may be related, like mother-offspring-siblings, or they

could be an unrelated male and a female. Females carry their offspring for the őrst

few weeks following birth; after that they ‘park’ or leave their infants at the sleeping

sites and forage alone during the night. At dawn they return to the sleeping site to

sleep with the infants.

A sleeping group association is temporary and tends to be correlated with estrus

cycling and the duration of lactation in females. Females usually come into estrus

when they have been lactating for two months and male presence in sleeping groups

increases signiőcantly during this time. Hence, during the breeding season, the more

common sleep group compositions are a lactating female and her offspring as well as

adult male-female pairs and groups. With the end of lactation, females stop sleeping

with their offspring regularly. However, if the offspring are twins, they continue

sleeping together even in the absence of the mother. Even more noteworthy, the older

sibling, if still present in the natal range, also groups up to sleep with them. The male

who had been sleeping with the female may now join the female’s offspring to sleep

together with them, even though sometimes the female may herself be absent in this

association.

In fact, one of the more unusual aspects of social relationships inOne of the more unusual

aspects of social relation-

ships in the slender loris

is the relationship be-

tween the adult male and

the female offspring of an

adult female.

the slender loris is the

relationship between the adult male and the female offspring of an adult female. Male

and female slender lorises regularly exhibit dispersal away from their home ranges.

Offspring may emigrate from their natal range as soon as they reach adult status,

or they could move after reaching adulthood. Such migration is probably aimed at

increasing reproductive success, as well as avoiding inbreeding, and crowding of the

natal range. When immigrant males move into a range already occupied by a female

and her offspring, they try to establish social relations with the offspring by playing and

sleeping with it. Such overtures appear to be aimed at eventually establishing access

to the adult female, for migrations signiőcantly increase during breeding periods. But

interestingly, even in the absence of the mother, the male sleeping partner continues

to meet the female offspring to sleep with and allogroom her. Although the reasons
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behind such associations are not immediately clear, perhaps they represent strategies

of males to establish social bonds with future mating partners?

Allogrooming/Play-wrestling: Apart from home range overlap and sleeping associ-

ations, allogrooming and play-wrestling sessions are signiőcant indicators of inter-

individual relationships. Although individuals meet up occasionally during the night

to allogroom each other, such sessions are more common at dusk and dawn, when the

animals either split from the sleeping group or meet to sleep together. Allogroom-

ing sessions are sometimes interspersed with play-wrestling where two individuals

hang upside down from a branch and mock-wrestle and play together. Inclusion of

play-wrestling in an allogrooming session is idiosyncratic ś some individuals never

play-wrestle, while others habitually do. As in the case of male competitive strategies

outlined above, is this variation in play-wrestling bouts also indicative of individual

differences in temperament? Mirroring the variation in sleep group composition, al-

logrooming sessions can take place between mother-offspring pairs, siblings (siblings

in this article refers to offspring of the same mother; whether they are full- or half-sibs

is usually not known), unrelated adult males and females, as well as between an adult

male and the offspring of an adult female.

Mother-infant and sibling-sibling interactions: The The majority of social in-

teractions in the slender

loris are those between a

female and her offspring

and between siblings.

majority of social interactions

in the slender loris are those between a female and her offspring and between siblings.

A female sleeps with her offspring regularly until the beginning of weaning, and may

also play-wrestle with and allogroom them. Even after the offspring is completely

weaned, mother and offspring do meet to sleep together, though not as often as earlier.

Offspring remain in the natal home range until they are 10-11 months old; thereafter,

either the female or her offspring moves out of the home range.

Twin births are a common occurrence in the slender loris. Twin infants are parked

separately for the őrst few days following commencement of parking, after this they are

left parked together. Even though they explore and forage separately, they often meet

up during the night to play. Comparatively, twins spend more time interacting with

each other than they do with their mother. Twins playing together are reminiscent

of gambolling kittens, as they suspend and swing themselves from tree branches,

pounce on one other and grab and pull the playing partner’s ankles. As they grow

older, meeting up to play during the night gradually decreases, and twins older than

3 months do not meet up during the night to play. They continue to sleep together,

however, and even when the mother stops sleeping with them (during and after

weaning), twin offspring often continue to sleep together.

Apart from the close association between twins, older and younger siblings also often

interact socially. Slender lorises are potentially able to give birth twice a year, in

April-May and October-December. If the older offspring is still present in the home

range when the female gives birth again, the older and younger siblings share the

home range with the mother and sleep together with her. What is intriguing here

is that, not only do the older and younger offspring play-wrestle and allogroom at

RESONANCE-75 Promoting Science Education 241



Sindhu Radhakrishna

Male-female associations

are likely to be strongly

inŕuenced by reproduc-

tive necessity on the part

of the male to ensure őrst

mating access to the fe-

male.

It is notable that associ-

ations between siblings -

older and younger, as well

as twins - sustain them-

selves even in the absence

of the mother.

dawn and dusk when the group gathers to sleep together, but the older offspring also

visits the younger siblings during the night to play with them. Even in the absence

of the mother (as when she stops sleeping with the younger offspring during and

after weaning), the older sibling joins the younger siblings to sleep with them. This

association eventually terminates when the older sibling moves out of the natal home

range. It is not known if emigrating individuals return to the natal range in the slender

loris (emigrating males may return to the natal range in a bushbaby species), but it

is interesting to speculate that in the eventuality of a return to the natal range, past

associations between siblings may foster kin recognition in the future and facilitate

sharing of range resources.

Reproductive Behaviour: Mating in the slender loris is promiscuous, with three to

four males mating with one female in succession during a single mating session.

Males constantly őght for mating access to the female, and it is possible that the

male who mates őrst might be more successful than the others. As a corollary, it

would appear that male-female associations are likely to be strongly inŕuenced by

reproductive necessity on the part of the male to ensure őrst mating access to the

female. Male-female pairs that share greater home range overlap, sleep together and

allogroom more often than do other pairs. Such an association, however, does not

ensure őrst mating access to the female for the male. Whether other beneőts accrue

to either partner from such associations, or whether established ‘friendships’ between

males and females result in mating preferences much later in time, remain to be

discovered.

6. Future Research

The slender loris appears to be the archetype of a solitary primate species, with

most of the intra-speciőc social interactions occurring in biological contexts like

reproduction and parental investment. However, certain aspects of its social behaviour

excite attention and demand further research. One of these concerns the relationship

between siblings. The bushbaby-like matriarchal grouping of females does not occur

in the slender loris. However, it is notable that associations between siblings - older

and younger, as well as twins - sustain themselves even in the absence of the mother.

Taking into account that offspring are most likely to emigrate on reaching adulthood,

this leads to some interesting questions: would a pair of twins, provided both survive

to the same age, emigrate from the natal range together? If they did so, at what stage

would they terminate their relationship, especially under conditions of competition

for food and mates?

Other issues that would proőt from more őeld research would be the long association

between adult males and females, and the relationship between the adult male and the

female offspring of the female sleeping partner. In the case of a male who was present

in the range before the birth of the offspring, paternity, or at least its high probability,

might partially explain investment in the association on the part of the male. However,
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this cannot explain the case of males who immigrated into the range after the birth of

the offspring. It would also be interesting to test if similar relationships also develop

between the adult male and male offspring of the female sleeping partner.
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Molecular techniques are gaining importance in biodiversity conservation in

India. They are especially beneőcial in the case of rare species with cryptic

habits that make them difficult study subjects when using conventional őeld

techniques. Molecular tools can be used to decipher distributions and population

connectedness in fragmented habitats and identify populations of immediate

conservation concern. We discuss these with case studies on some cat species in

India.

1. Introduction

In the current global scenario with a burgeoning human population, the őght for

space is reaching critical proportions in many regions of the world. Natural habitats

are rapidly being converted to make way for human requirements resulting in an

unprecedented loss of biodiversity. Additionally, developmental activity, especially

since the industrial revolution, is pushing species extinctions to catastrophic levels

and threatening the productivity of ecosystems [1, 2]. Humans are not invulnerable to

this fallout since vital resources such as clean air, water, and food are intricately linked

to the health of ecosystems. As a realization, climate change has become a much-

dreaded catchword, and biodiversity conservation is regaining importance. The őeld

of ecology/biodiversity/natural history has come a long way in India and worldwide

during the last several decades and has been transformed from a largely observational,

őeld related exercise to a blend of various subjects. Conservation biology has gained

immensely from major technological advancements ranging from molecular genetic

tools to space technology.

Information on ecological aspects of several species that could not be obtained earlier

due to their cryptic nature or rarity is now easily accessible through these modern

techniques. Such information is useful in conservation planning with respect to

current actions required and future directions to be taken. In this article, we discuss

molecular ecology and conservation genetics that have contributed immensely to

unraveling patterns and understanding the processes behind species histories and

geographic distributions, with a focus on cats in India.

∗Reproduced with permission from Resonance, Vol.23, No.3, pp.309ś324, 2018.
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Felidae, phylogeography, distribu-

tions, conservation, ecology, scat,
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Molecular ecology and

conservation genetics

have contributed im-

mensely to unraveling

patterns and understand-

ing the processes behind

species histories and

geographic distributions.

At the level of popula-

tions within species, one

can also examine the ge-

netic diversity amongst

populations and őnd out

whether there are unique

or critical populations

that require special con-

servation.

2. Conservation Genetics: An Overview of Possibilities

Species distributions are fundamental to understanding their ecologies and planning

their conservation. With molecular markers (such as stretches of DNA, RNA or amino

acids), it is now possible to determine the distributions of species that are difficult

to study and to also reőne the existing knowledge about other species. Aspects

of ecology such as diets can also be determined. Apart from this, evolutionary

relationships among species (phylogeny or evolutionary tree), which were earlier

determined using morphological features such as body form and shape, can now be

constructed using genetic data. Such phylogenetic trees, along with fossil data, can

be used to estimate the time when species diverged from each other. Combining data

on distributions (biogeography) and evolutionary relationships between species with

research in the őeld of palaeontology can enable us to infer the climatic conditions

and habitat characteristics during some past period that have led to current species

distributions. With information from past and current distributions and prevailing

climatic conditions, one can predict how the species would fare in various climate

change scenarios in the future, allowing future conditions to be considered during

conservation planning to avoid catastrophic extinctions.

Moving from species to populations, genetic information can be very useful in manag-

ing different populations of a species. One can őnd out whether different populations

are genetically connected or isolated from each other, and whether the lack of connec-

tivity if observed, arose from speciőc natural or human-induced barriers. This őeld

of study known as ‘phylogeography’, examines genetic variation over geographical

space. Patterns are observed from current genetic samples and processes are inferred,

given the backdrop of ecology and evolution, and also considering the geography of

the regions over which populations are distributed. At the level of populations within

species, one can also examine the genetic diversity amongst populations and őnd out

whether there are unique or critical populations that require special conservation. The

őeld of population genetics can inform us about the extent of inbreeding, migration

between populations, and expected impacts of reduced population size on genetic

diversity.

Several analytical tools are common to these various spatial and temporal scales of

focus but the molecular markers used are different, depending on the information

they provide, and how resistant or amenable they are to mutation. For instance, some

DNA sequences are the same within species but differ between species, and these can

be used to study relationships among species ś phylogeny ś whereas, some stretches

are variable within species and hence provide access to information on populations

within species ś phylogeography. Yet other regions are useful for determining the

differences between individuals in a population and are used in population genetic

studies.

In order to carry out studies using molecular markers, samples have to be collected

from the organism that is being studied. The sample collected may be leaves in the
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case of plants, entire specimens in the case of small organisms such as invertebrates

or non-endangered larger organisms (e.g., ősh species), or pieces of tissue from larger

dead animals. When endangered or cryptic animals are the focus of study, one

often relies on fecal samples (dung/scat/pellets) or hair or feather samples. Fecal

samples are easier to locate than cryptic species and are a treasure trove for ecologists

studying such species. The outermost layer of fecal samples contains cells that are

shed from the colon of the individual. These cells contain DNA which can be used

for identifying the species and determining the sex of the individual. Further, it can

be used to determine relatedness of this individual to others in that population. If

the study organism is a carnivore, the inner part of scat (fecal sample of a carnivore)

contains remains of the prey that the organism has consumed. Therefore, the proőle

of the carnivore’s diet can be determined by extracting DNA from the remains of the

prey in scats.

3. Using Molecular Genetic Techniques to Study Cats

We will now discuss how molecular tools have been used to study distributions,

phylogeography, and population genetics of one family ś Felidae (Cats), which is

extremely well represented in India, with 15 of the 41 globally distributed cat species

found here. Molecular tools have allowed for a phylogeny (evolutionary tree) of cats to

be constructed [3, 4, 5]. Reconstructing the phylogeny of cats has been a challenging

task because morphological features are extremely similar across cat species, and

most species diverged over a very short time duration of approximately one to three

million years ago [4, 6].

All cat species are rare and cryptic, and most are small and nocturnal. All cat species are rare

and cryptic, and most are

small and nocturnal. This

makes them very diffi-

cult study subjects. But,

since all are severely im-

pacted by habitat loss, it

is imperative to gauge and

monitor their conserva-

tion status.

This makes

them very difficult study subjects. But, since all are severely impacted by habitat loss,

it is imperative to gauge and monitor their conservation status. Hence, ecologists

have resorted to studying them using indirect methods such as placing camera traps

for determining their distributions and densities (in some species) and collecting their

scats to study diets. The former is extremely labor intensive and hence covering large

areas at a time is logistically challenging. Scats of several similar sized cat species

(or even of cat and some canid species) are not possible to differentiate visually but

can be differentiated using molecular tools.

In the following sections, we will describe the methods we used for studying distri-

butions, phylogeography, and population ecology of some cats in India using scats.

Scats were collected in alcohol to prevent any degradation, and depending on the

questions in the study, either a portion of the scat or the entire scat (comprising of

several pieces) was picked. For addressing questions related to diets, the entire scat

was picked while for phylogeographic and population genetic studies, a small portion

was picked. Since scats are used as a means of communication in cats, an intensive

collection of entire scats could potentially disrupt their behavior and hence collection

should be regulated (e.g., collect samples from an area for a week and then move

RESONANCE-75 Promoting Science Education 247



Shomita Mukherjee and Uma Ramakrishnan

1 Polymerase Chain Reac-

tion: Used to make multiple

copies of target DNA with

primers designed according

to requirement.

2 Making multiple copies of

DNA using PCR.

Figure 1. Scat col-

lection. (Image credit:

SGNP Small Cat team).

The őeld kit included a

GPS (Global Positioning

System for recording geo-

coordinates), a scale (for

indicating size of the scat),

collection vials with la-

bels (for recording sam-

ple number, date, geo-

coordinate locations), and

a őeld notebook.

to another area) to minimize disturbance. On encountering a scat, the collection

vial was prepared with appropriate records of date, sample ID, and GPS coordinates.

Photographs of the scat with the GPS showing coordinates and a scale (Figure 1)

were taken. The scat was then gently nudged into the vial using a stick and later,

all scats were coated with 70ś100% Ethanol. In the laboratory, DNA was extracted

using commercially available stool kits and PCR1.

Scats had to be őrst assigned to a species. This was done by amplifying2 a speciőc

portion of DNA (called 16s rRNA region of mitochondrial DNA) that is present in

all species of cats. Although this segment of DNA is present across species, there are

different mutations in different species. By sequencing the regions, one can determine

which cat species the scat belongs to.

4. Distribution of Cat Species in India

We assigned the scats we collected to different species. Table 1 shows the results of

several years of scat collections across India and the outcome of such scat assignment

analysis. This is only a demonstration of how the technique can inform us about

distributions of rare taxa. For example, a couple of scats collected in Kanha Tiger

Reserve in Madhya Pradesh and BR Hills in Karnataka were found to be of Rusty-

spotted Cat, a species not reported from these areas earlier. On the other hand, there

were unsubstantiated reports of Fishing Cat from coastal Kerala. A survey in this

region including scat analysis and interviews with local people suggested that there is

no current evidence of the species in the region, and it perhaps does not exist there. In

Eaglenest Wildlife Sanctuary, in Arunachal Pradesh, scat analysis supported evidence

from camera trap data of Leopard Cat being the most abundant cat species. If carried

out systematically with the objective to determine distributions, this technique could

provide important information to inform conservation.
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Arid Semi-arid Western Himalayas Mangroves Total

Ghats (Eastern and /Inland

Western) wetlands

DNA extraction 66 21 27 468 114 696

*Success in PCR 33 14 14 304 37 402

ampliőcation (%) (50) (67) (52) (65) (33) (58)

Jungle cat 12 10 3 0 11 36

Fishing cat 0 0 0 0 19 19

House cat/

Asiatic wild cat 8 0 3 1 0 12

Leopard cat 0 0 4 295 3 302

Rusty-spotted cat 0 0 1 0 0 1

Snow leopard 0 0 0 1 0 1

Clouded leopard 0 0 0 1 0 1

Golden cat 0 0 0 5 0 5

Unresolved 4 1 3 0 4 12

∗ Not all scats have good quality DNA that can be ampliőed and since some scats could belong to other carnivores like

canids and the cat speciőc primers will not amplify the DNA from them. Note that the scats from mangroves/wetlands

have low success. This is because the outer layer of scats that contain the predator DNA get washed away in the

wet conditions in these regions.

Table 1. A summary of

species assignments from

DNA analysis of scats col-

lected across various bio-

geographic regions in In-

dia.

5. Comparative Phylogeography of Two Small Cats in India

We also compared the geographic distributions and genetic variations in two wide-

spread and similar sized species of wild cats ś Jungle Cat and Leopard Cat ś in India.

Their comparative phylogeography showed some unexpected results [7]. The Jungle

Cat, weighing on average 5 kg in India, is a short-tailed (tail measuring less than 40%

of its head and body length), long-limbed and long-eared cat with a uniform coat except

on the legs and tail, which are stripped. The Leopard Cat, in India, weighs on average 3

kg and has a medium sized tail (measuring about 50 to 60% of its head and body length)

with a strongly patterned (rosettes and spots) coat and relatively shorter limbs than the

Jungle Cat (Figure 2). These two species are the most widespread among small wild

cats in India. At the time of the study, known Jungle Cat distribution was contiguous

across India, and the known Leopard Cat distribution though widespread had a hole in

its distribution in Central India, where its occurrence was ambiguous [8, 9]. However,
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A B

Figure 2. (A) Jungle Cat

(B) Leopard Cat. Note the

difference in size of tails

of the two species. (Im-

age credits: Jungle Cat:

Nayan Khanolkar; Leop-

ard Cat: Prafull Choud-

hary )

the population was contiguous. Going by this distribution, we expected similar

genetic patterns for both species. Despite the contiguous distribution for the two cats,

various subspecies have been described based on morphological features (e.g., coat

color, pattern). For the Jungle Cat, four subspecies are described, one each from the

Himalayas, Northern Peninsular India, Southern India, and the Thar Desert, while two

have been described for the Leopard Cat, with one occurring in the western Himalayas

and the other through the rest of the country [10]. We also wanted to explore how the

subspecies compared with genetic subdivisions.

Scats were collected from various biogeographic zones in India since both species

were believed to be distributed across the country. We found that the Jungle Cat

showed high genetic diversity and genetic continuity with relatively low genetic dif-

ferences between biogeographic zones. The same level of genetic differences was

seen among the subspecies as well. Genetic continuity or the lack of it (called genetic

differentiation) can be inferred by how much difference there is between the genetic

compositions of individuals from different areas. If individuals from different areas

are not similar genetically, the areas are said to show genetic differentiation. We

found that the Leopard Cat had low genetic diversity, and the population in the West-

ern Ghats was highly genetically differentiated from the populations in the Western

and Eastern Himalayas and Eastern India, and the subspecies classiőcation did not

match the genetic data. This huge genetic differentiation between the Western Ghats

population and the rest was surprising, given that they were supposed to be distributed

almost across India. This indicated that perhaps, in reality, they were not continuously

distributed. We did not őnd any Leopard Cat scat in Central India, even from areas

where they were shown to be distributed. Was our sampling not adequate or were

they really not found there at all? To conőrm, we conducted another analysis that

can predict where a species could occur, based on the environmental conditions that

prevail in the places where they do occur. This revealed that the climatic conditions

in Central India were not suitable for the Leopard Cat which is perhaps limited by

high summer temperatures. Regions with highest temperatures exceeding 40o Celsius

had an extremely low probability of harboring Leopard Cat. This is just a model that

needs to be tested by surveying the regions with high summer temperatures for the
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Box 1. What Do You Think?

Can you predict what types of genetic patterns we might expect for

species with different distributions? Look at the distributions of two

cat species (Cat 1 and Cat 2) below. Which would be more genetically

differentiated? Why?

presence of Leopard Cat. Additionally, we searched through information from mu-

seum collections across the world that had Leopard Cat specimens, and there was no

specimen from Central India. Hence, we concluded that the Leopard Cat likely does

not occur through much of Peninsular India. Thus, it was the genetic data that őrst

pointed to the break in distribution. The Western Ghats population is disconnected

from all other Leopard Cat populations and hence requires special conservation at-

tention. This information has been updated in the current IUCN (International Union

for the Conservation of Nature) Red List of Threatened species [11].

6. The Phylogeography of World’s Largest Cat: Indian Tigers

Wild Tigers historically occurred across 70 degrees of latitude and 100 degrees of

longitude, spanning 30 present-day nations ranging from Armenia to Indonesia, the

Russian Far East to the Southern tip of India. This geographical range included a

variety of habitats, including taiga and boreal forests, tropical evergreen, moist and

dry deciduous forests, alluvial grasslands and mangroves. In historical times, we

have witnessed a dramatic range collapse of 93% for wild Tigers due to habitat loss,

prey depletion, and direct hunting. Current global estimates of wild Tiger populations

range between 3500 ś 4000 individuals. Of these, the Indian subcontinent is estimated

to harbor around 2500 Tigers or about 60% of the global wild population. We wanted

to understand the phylogeography or the distribution of Tiger genetic variation across

different parts of India. Like with the small cats, our starting material for Tiger DNA

was scat. Between 2006 ś 2008, we collected Tiger scat samples from across the Indian

subcontinent and found that Indian Tigers retain 60 ś 70% of the global species’ genetic

variation [12] (Figure 3). Further, our results revealed that Tigers are most probably

not originally ‘Indian’. Our data suggested (other researchers have also suggested this

[13]) that Tigers probably evolved in South China, and colonized India as part of a

secondary range expansion. Despite this, Indian Tigers retain a large proportion of

the species variation, possibly because they live in very varied habitats here.
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Figure 3. Genetic varia-

tion in tigers. Each circle

is a genetic variant of mi-

tochondrial DNA, called

a haplotype. The num-

ber of red dots on the

lines connecting the ge-

netic variants shows how

many mutations are there

between the haplotypes,

i.e., how different the hap-

lotypes are. Locations of

each haplotype within In-

dia correspond only ap-

proximately to the site of

sample collection. The

larger the circle size, the

greater the number of

tigers that had that genetic

variant. The different col-

ors show different tiger

subspecies. The sample

size (n) is the numbers of

each subspecies sampled.

Our analyses also revealed something interesting about relatively recent history. We

discerned a signature of a population bottleneck or a population crash. Very inter-

estingly, the timing of this crash corresponds well with when the British introduced

bounty hunting. The number of Tigers before the crash (around 200 years ago) size

was ten times higher than numbers today. That Tiger numbers have declined in the

last 200 years is no surprise. However, it is quite interesting that we could detect this

purely based on genetic data from scat! But in the last 200 years, have only Tiger

numbers decreased? Have we lost any speciőc genetic variants of Tigers during this

decline? The only way to compare historical Tigers to those that we have among us

today is to go back in time. We did this using museum skins of Tigers from the London

museum of natural history. Comparing Tigers alive today to those that lived in the

past revealed that genetic variation has been lost in the last 200 years [14], but, more

signiőcantly, the connections between Tiger populations have changed. What used to

be two relatively large Tiger populations have become three populations (Figure 4). In

the past, the semi-arid populations appeared to be connected to the Terai population,

and all of Peninsular India appeared connected. Now, the semi-arid population seems

to be cut off from the Terai. It appears that loss of habitats over the last 200 years has

resulted in the loss of Tigers that inhabited those spaces. Such a loss could have then

resulted in the loss of the genetic variants associated with those areas, culminating

in a breakdown of connections between populations, populations that now become

different from each other.

It surprised us that all Tigers south of Madhya Pradesh appeared to be a single

population. Was this true? Were Tigers in the Western Ghats, for example, able to
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Figure 4. Genetic data re-

veals that there are three

‘genetic clusters’ of Tigers

in India. The three clus-

ters: purple, orange, and

blue are found as shown

in the map. The or-

ange cluster is geographi-

cally the most widespread.

We earlier thought that the

orange and purple clus-

ters were connected. (Im-

age credit: Tiger from

Ranthambore Tiger Re-

serve by Kaushal Patel)

mate with those in Madhya Pradesh? To be absolutely sure, we needed to have more

information. So far, in all the research above, we had looked at segments in the DNA

that were 1000 ś 2000 base pairs long. New technologies allowed us to sequence

the whole Tiger genome (it is 2400 million base pairs long!), but we needed good

biological sources of DNA, like tissue or blood. While Tiger scats do provide us

DNA, sometimes the DNA from scats is not of very good quality and it is difficult

to get good information from it. We used next-generation sequencing to read 10,000

positions (SNP’s) in the Tiger genome across 38 wild individuals. This immediately

revealed that Tigers in the Western Ghats were not the same population as those in

Central India [15]. Again, this much more extensive genetic dataset reiterated that

semi-arid Tigers are isolated and have low genome-wide variation. This makes them

a population of conservation concern. Isolated populations with low genetic variation

have higher probabilities of extinction.

Our research on Tiger phylogeography over the last decade also exempliőes the process

of science; our understanding of nature deepens over time, every study reőned our

understanding a little bit. Technology changes, allowing us to get novel insights, and

these insights help prioritize conservation efforts.

Through the years and studies, Tigers in Central India always appeared to have high

variation. Was this because the Tiger reserves here were better connected? We used

landscape genetics and tried to zoom into the landscape to understand what types of

Through the years and

studies, Tigers in Central

India always appeared to

have high variation. Was

this because the Tiger re-

serves here were better

connected?

RESONANCE-75 Promoting Science Education 253



Shomita Mukherjee and Uma Ramakrishnan

Box 2. What Do You Think?

Ranthambore Tiger Reserve, in

Rajasthan, is the only semi-arid

Tiger population left. Based on

what you read above, this pop-

ulation is isolated and has low

genetic variation. If you wanted

to increase genetic variation in

Ranthambore what would you

do?

(a) Re-establish a corridor be-

tween Ranthambore and a close-

by Tiger reserve where Tigers

are breeding.

(b) Catch Tigers from Kanha

Tiger Reserve in Madhya

Pradesh and introduce them in

Ranthambore.

(c) Not do anything.

 

Kanha 

habitats are good or bad for Tiger movement here. Back to scat, we walked through

several protected areas, collected scat, generated genetic data, and investigated how

similar Tigers were across protected areas, and how the habitats between protected

areas affected this [16, 17]. Our results revealed that high traffic roads and big cities

were impediments to Tiger movement. In the same landscape, genetic data from the

much smaller Jungle Cat reveals that even small roads can be barriers for them to move!

7. Conclusion: The Way Forward for Endangered Species in India

Around 4% of India’s land area is protected for large cats like the Tiger and small

cats like the Leopard Cat and Jungle Cat. On the other hand, projections suggest

that in the next 40 years, 60% of India will be urban. Will cats in India be able to

navigate these increasingly urban landscapes? What will happen when they come out?

Some species, like the Jungle Cat, may co-exist (and do) around human settlements

like villages. But might they hybridize with domestic cats? Is hybridization really
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an issue, since closely related small cats are known to hybridize naturally, and new

hybrid species have been described [18, 19]? Hybridization may also preserve some

genes that may otherwise be totally lost with the species ś after all, biodiversity

conservation also includes genetic diversity. What about big cats like Tigers? They

might kill livestock and conŕict with people. To study the effects of fragmentation,

conŕict, and hybridization, the tools of genetics will be invaluable! We are moving

towards a future where technology may be available to sequence Tiger genomes in

the őeld! Maybe one of you will design a mobile lab that helps us understand what is

happening with India’s wildlife!

The most An understanding of the

natural history of a

species as well as of

the history and geography

of the region is funda-

mental to designing őeld

sampling protocols and

interpreting results from

molecular data.

important point to note is that őeld craft and laboratory skills should

work in harmony. Molecular tools are not very useful in the absence of őeld data.

An understanding of the natural history of a species as well as of the history and

geography of the region is fundamental to designing őeld sampling protocols and

interpreting results from molecular data. Patterns can have various processes leading

to them, and a sound knowledge of natural history is indispensable to biodiversity

conservation.
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Language is usually credited with being the major factor in making humans

so different from other higher animals. The fact that honey bees have a dance

language that is unparalleled in the rest of the animal kingdom is therefore

of great interest. Successful forager bees communicate information about the

source of food discovered by them, to their sisters upon returning home. They

do this by means of a round dance (which only says, there is food nearby) or a

waggle dance which gives information about the distance, direction and quantity

of food to be expected. Karl Von Frisch bagged the Nobel Prize in 1973, mainly

for deciphering the dance language of honey bees. However there are some

sceptics who believe that the dance that the foragers do perform may have no

communication value and that bees locate sources of food based on the scent left

behind by the discoverer on the way to and at the location of the food source.

While bees can őnd food based on such odours, recent experiments, using a

robot bee, convincingly demonstrate that bees can also őnd food, in the absence

of smell, on the basis of information communicated through the dance language.

1. Language - The Prime Mover

Humans and chimpanzees share 99% of their genetic information. What then makes

us so different from chimps? Our language is often credited with being the prime

mover in making humans what they are. We have a unique ability to modulate

our vocalizations because of the unusual structure of our vocal tract. For this we

incidentally pay the price of the risk of choking to death while eating or drinking.

Non-human apes can neither produce comparable variations in sound nor do they

choke as they can simultaneously eat or drink and breathe. The unique structure of

our vocal tract, taken together with our superior brains that permit us to detect virtually

inőnite variations in sound and associate them with objects or thoughts in an arbitrary

and symbolic (see below) manner, lead to man’s unparalleled ability to communicate

and change the world. The only sobering fact is that we are not quite alone, at least in

our ability to use a symbolic language. The only other example of a well-developed

system of associating environmental stimuli in an arbitrary and symbolic manner with

łuniversally understood meaningsž is seen in the dance language of the honey bee.

The claim is not that honey bees come anywhere near humans in their communication

skills but that no other non-human animal, vertebrate or invertebrate, can match even

the bee dance language.

∗Reproduced with permission from Resonance, Vol.1, No.1, pp.63ś70, 1996.

The waggle dance has

been shown to convey in-

formation on the distance

between the colony and

the food, the direction in

which the food source is

located as well as an indi-

cation of how much food

is to be expected.
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Figure 1. Karl Ritter

von Frisch, recipient of

the Nobel Prize in 1973 for

his discovery of the honey

bee dance language.

Courtesy : Prema Iyer

Figure 2. Dancers and

their followers. (Top):

round dance and (Bot-

tom): waggle dance.

Courtesy : Sanjeeva

Nayak

2. Honey Bees

Honey bees live in extremely populous colonies and maintain an elaborate social

organization. Every colony has a single queen, a few hundred drones (males) and

tens of thousands of workers (all females). The queen is an egg laying machine and a

chemical factory. She is responsible for all eggs laid in the colony and she manipulates

the behaviour of the workers through various pheromones (chemical messengers) that

she releases from time to time. The workers take on the responsibilities of nest

construction and maintenance, brood care, and foraging for nectar and pollen from

the environment. The drones do nothing for the colony itself and are chased away

(often with limited success) during times of food scarcity. The success of honey bees

to maintain such large colonies can be attributed to their ability to efficiently harvest

large but ephemeral sources of pollen and nectar from ŕowers in their neighborhood.

This in turn depends crucially on the unique ability of a successful forager bee to

quickly recruit large numbers of naive workers from its colony to a newly found

source of food. After decades of painstaking observations and many false starts, the

Austrian zoologist Karl von Frisch (Figure 1) discovered and deciphered the honey

bee dance language which enables such recruitment.

3. The Dance Language

A successful forager that returns to the colony attracts the attention of her sisters by

means of a chemical she releases upon arrival. This usually ensures her an attentive

audience to begin her dance. The forager, who alone possesses information on the

location of food, performs either a round dance or a waggle dance (Figure 2). During

a round dance the bee runs in small circles, often alternating between clockwise and

counter-clockwise directions. During the waggle dance, the forager waggles her body

from side to side about 13 times per second while running in a straight line, and then

returns to the starting point without waggling her body, in a clockwise or counter-

clockwise direction. She then repeats the waggle run, thus inscribing a őgure of eight.

The round dance is performed if the food is within 100m or so of the colony and the

waggle dance is performed if the food is located beyond that. The round dance appears

to provide no more information than that there is food close by. But the waggle dance

has been shown to convey information on the distance between the colony and the

food, the direction in which the food source is located as well as an indication of

how much food is to be expected. The dancer also carries the smell of the pollen

and/or nectar that she has recently encountered and that adds to the knowledge of the

potential recruits, both during the round dances as well as during the waggle dances.

4. Is it a Language?

The direction of the waggle run contains information about the direction of the food.

Most species of honey bees dance on the vertical surface of the nest which is built
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Figure 3. The waggle

dance orientations illus-

trated for three different

positions of the food

source. When the food

is in the direction of the

sun as in I, the waggle run

is directed upwards and

when the food source is

in the direction opposite

to the sun, the waggle run

is directed downwards.

When the food is 80

degrees to the left of the

sun, the waggle run is 80

degrees to the left of the

vertical.

Courtesy : Sanjeeva

Nayak

inside a dark cavity. Hence the bee uses The bee uses gravity and

not the sun as the refer-

ence point while dancing.

gravity and not the sun as the reference point

while dancing. For this the bees have to transform the angle between the sun (or, to be

more precise, the sun’s azimuth, meaning its projection on the horizon), the food, and

their nest, into an angle with respect to the vertical. This is where the arbitrariness

comes in. The symbolic representation that all bees seem to have łagreedž upon

is to represent the direction of the sun with a waggle run pointing straight up, a

direction against the sun with a waggle run pointing straight down, a location of food

60 degrees to the right of the sun with a waggle run direction 60 degrees to the right

of the vertical, and so on (Figure 3). Every direction in the outside world can thus

be accurately conveyed by the angle of the waggle run except only when the sun is

exactly overhead at the equator (when the bees simply rest for a few minutes!). The

number of őgure eight circuits made per unit time and the duration of each waggle run

indicate the distance between the nest and the food source. There are good reasons to

call this communication system of the honey bee a language. Firstly, the bee language

conveys information about something at great distance and not visible at the time of

communication. The notations are arbitrary; łupž means in the direction of the sun

because that is what the bees seem to have łagreedž upon, but it could as well have

been that łdownž means in the direction of the sun. More interestingly, the bee dance

language also has dialects. There are slightly different calibrations of the őgure of

eight circuit duration with distance depending on the races of bees one is looking at

(Figure 4).
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The question of inter-

est is whether bees can

ever successfully com-

municate using a sym-

bolic, arbitrary dance lan-

guage without the need

for scent marks of the dis-

coverer along the way to

and at the target location.

This can only be tested

by eliminating the scent

marks of the discoverer

and retaining only the in-

formation provided by the

dancer.

Figure 4. Different di-

alects of Egyptian, Italian

and German bees. The

distance corresponding to

a circuit duration of 2.5

seconds for example, is

about 200 m for Egyptian

bees, about 300 m for Ital-

ian bees and about 500 m

for German bees.

5. The Controversy

Karl von Frisch won the Nobel prize in 1973 for this discovery in spite of a challenge

to his theory of the dance language thrown up by two scientists from California,

Adrian Wenner and Patrick Wells. Their claim was that von Frisch’s decoding of the

dance language was a mere delusion and that bees really locate food discovered by

their sisters by means of scent left by the original discoverer on the way to and at the

location of the food. This counter argument cannot be dismissed out of hand because

bees have a very well developed sense of smell. They are indeed capable of őnding

food discovered by their sisters by means of the scent of the discoverer on the way

to and at the location of the food, under some circumstances. However, the question

is not so much whether bees can ever locate a food source successfully by means of

odour cues left by the discoverer. The question of interest is whether bees can ever

successfully communicate using a symbolic, arbitrary dance language without the

need for scent marks of the discoverer along the way to and at the target location.

This can only be tested by eliminating the scent marks of the discoverer and retaining

only the information provided by the dancer. This was accomplished in an ingenious

way by James L Gould of Princeton University. He made the bees łliež and proved

the existence of a true language!

6. Bees Can Tell Lies

If a bee nest is removed from its normally dark cavity, the dancers need no longer use

łupž to mean in the direction of the sun; they can as well aim their waggle runs in the
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direction of the food source using the sun directly as a reference point. The waggle

runs can now be in the direction of the sun, away from the direction of the sun or 60

degrees to the right of the sun and so on, depending on where the food is located. A

nasty trick used by Gould was to place a powerful source of artiőcial light close to the

nest. When you do this the bees then ignore the sun and confuse this light for the sun.

In other words, they orient their dances with reference to this artiőcial sun. If the light

is placed in a position very different from that of the real sun, bees use the real sun

while foraging, and the artiőcial sun while dancing and thus communicate completely

wrong information. In addition to their two compound eyes, honey bees have three

simple eyes called ocelli on the back of their heads. These ocelli are used to sense

the intensity of light and help bees to decide when to start and when to stop foraging.

The ingenuity of Gould’s experimental design was to paint the ocelli of the dancers

so that they could not see the bright light. They therefore reverted to using gravity for

conveying orientation and let us say indicated 60 degrees to the right of łupž because

the food was located 60 degrees to the right of the real sun. However, the recruits (the

dance followers) had normal unpainted ocelli and mistook the bright light to be the

sun. Thus the recruits were expected to go to the misunderstood location, 60 degrees

to the right of the bright light instead of going to the true location, 60 degrees to

the right of the real sun. Gould of course was waiting at this łwrongž location (60

degrees to the right of the artiőcial light, at the appropriate distance) where he was

conődent the recruits would go and sure enough he was rewarded by the arrival of the

bees! Notice that the bees should have gone to the correct location, 60 degrees to the

right of the real sun if they had relied on the scent of the dancers on the way to and

at the location of the food. Although von Frisch retained the Nobel Prize, even this

elegant experiment did not set the controversy to rest.

7. The Robot Bee Ð A Novel Solution

The main problem is that we cannot claim to know exactly what it is A Michelsen and B B

Andersen from Denmark

and Wolfgang Kirch-

ner and Martin Lindauer

from Germany have con-

structed a mechanical

łrobotž bee that talks to

the real bees through a

computer.

that the dancer

is telling the recruits. What we need is to be able to talk to bees in their own

language and restrict communication to only those elements of the language that we

have deciphered. Sounds impossible, does it not? Well, not quite. A Michelsen

and B B Andersen from Denmark and Wolfgang Kirchner and Martin Lindauer from

Germany have constructed a mechanical łrobotž bee that talks to the real bees through

a computer, programmed by the scientists based on their idea of the bee dance language

and, believe it or not, the bees understand! The robot bee was made of brass and was

about the size of a real bee (Figure 5). It was coated with a thin layer of wax and made

to sit in the nest among the real bees for about 12 hours and thus came to smell like

the bees. It had wings made of razor blades which when vibrated produced acoustic

signals similar to those produced by real dancing bees. Two rods attached to the robot

bee helped control its movements through a computer program. Most importantly

a plastic tube near the model’s head delivered, like the real bee, a drop of sugar
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Figure 5. Robot bee

offering food to a real bee.

Courtesy : Sanjeeva

Nayak / Mark Moffett

solution from time to time. This was essential to prevent the real bees from attacking

the model! Now by making the robot bee perform a waggle dance with a particular

orientation of the waggle run, Michelsen and Co. thought that they could make the

bees go wherever they wished them to go and sure enough they were right! This gives

us conődence that our understanding of the bee dance language is sufficient to make

the bees understand the true meaning of a message. This should lay the controversy

to rest and vindicate the Nobel Laureate’s theory but, knowing human nature, Wenner

and Adrian are not going to be convinced. That won’t be so bad really because it

will motivate someone to do an even more ingenious experimentÐ science, after all,

thrives on controversy and a penchant for disbelieving others’ őndings.

Postscript (added by October 2021)

It should come as no surprise that in the quarter-century following the publication

of this article, much new knowledge has been gained about the honey bee dance

language. It is fair to say that the basic idea that scout bees communicate the distance

and direction to food sources through their dance and that the recruits successfully

use this information to locate the intended food source is now on a őrmer ground

than it was 25 years ago. But the spirit of my article that scepticism drives scientiőc

progress has stood the test of time.

An important new vindication of von Frisch’s original hypothesis about the dance

language has come from efforts to understand how bees measure the distance they have

ŕown, which they need to communicate during their dances. We now know that bees

measure distance ŕown by quantifying the extent of optic ŕow in their eyes. Making

bees ŕy in a narrow tunnel and thereby increasing the optic ŕow they experience, makes

the bees report a much greater distance than they have actually ŕown [11]. Clinching
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evidence in support of the dance language hypothesis comes from the observation

that recruits who have followed the dances indicating overestimated distances of bees

who have ŕown through the tunnel ŕy out and search in the direction of the tunnel but

at the exaggerated distances indicated by the dancers and not inside the tunnel [12].

Perhaps the most convincing evidence yet has come by attaching harmonic transpon-

ders to the recruits and keeping track of their ŕight trajectories. Such experiments

have provided two powerful lines of evidence. First, the recruits indeed ŕy in the

direction indicated by the dancers and reach the vicinity of the indicated location,

even in the absence of any olfactory or other cues. Secondly, and more convincingly,

when the recruits are captured during their ŕight and displaced, they ŕy not towards

the place indicated by the dancers but in the direction, they should have ŕown if they

had not been displaced. In other words, the recruits have no knowledge of the location

of the food source except the distance and directional information contained in the

dance [13].

Meanwhile, robot bees have become ever more sophisticated and are being used with

much success to break down the signals generated by the dancer into its individual

components and study the response of the dance followers [14]. Robot bees are also

being used to understand how bees coordinate with each other by studying how robot

bees interact with each other [15].

Comparative studies of different species and sub-species of honey bees are now being

used to understand the adaptive signiőcance of the dialects in the dance language.

Dialects vary in the steepness with which the waggle duration changes with the

distance to the food site. Although the typical distances ŕown by different species

vary a lot and may not always be signiőcantly different from each other, the foraging

ranges are correlated with the distance dialects. Species with relatively short foraging

ranges, such as the Asian dwarf bee Apis florea, have a steeper slope of the distance-

waggle duration curve than Apis cerana, which has a greater foraging range. The

giant rock bee Apis dorsata, which has the greatest foraging range, has the shallowest

slope. Such a pattern is expected to be adaptive because species with a short foraging

range can afford to have greater accuracy in communicating distances [16].

In keeping with the day’s fashion, molecular biology techniques are being applied to

studying the honey bee dance language. A recent study showed, for example, that the

patterns of gene expression differed between bees that responded to the information

gained from following dances and those that used information gained from their

personal experience. It is not clear, however, whether the gene expression patterns are

the cause or the effect of the decision of the bees to use different kinds of information

[17].

Research on the honey bee dance language continues unabated, with each new insight

adding further to our admiration of this unique form of communication evolved by

these tiny-brained insects.
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Conrad Hal Waddington (1905ś1975) was a multifaceted English biologist. He

was among the earliest to emphasise that for a proper understanding of mul-

ticellular development, one needed to adopt an evolutionary approach. More

than 60 years ago he carried out a series of experiments with intriguing im-

plications for the evolutionśdevelopment link. They appeared to demonstrate

that it was possible for evolutionary change to take place, and a qualitatively

different developmental outcome to result, in the absence of selection on spon-

taneous mutations ś that is, outside the conventional neo-Darwinian route. The

őndings suggested that Lamarckian mechanisms might be at work, namely that

acquired traits might be heritable. However, as Waddington himself pointed

out, it was possible to understand the results within a Darwinian framework.

To see that, he said, one needs to recognize that natural selection can have

two distinct consequences. The őrst is that a trait evolves; the second is

that the precision with which the trait is expressed evolves. Over the course

of generations, the action of natural selection is both to strengthen the sig-

nal and weaken the noise, so to speak. Waddington’s work remains impor-

tant and is remembered today for three reasons. First, the experiments re-

ferred to, and his explanation of the results (for which he coined the expres-

sion ’genetic assimilation’), showed that signiőcant evolutionary change could

take place within a few tens of generations. Second, he pointed out that the

evolutionary outcome was intimately related to a developmental phenomenon.

Namely, an essential aspect of normal development, which he referred to as

‘canalisation’, was responsible for ‘buffering’ the properties of an organism (its

wild-type phenotype) against genetic variation and environmental perturbation.

Third, Waddington came up with an attractive visual metaphor for canalisa-

tion. The metaphor itself, and the term he used for it, ‘epigenetic landscape’,

have captured the imagination of experimental biologists as well as theoreti-

cians. For all these reasons, Waddington is justly recognised as one of the

founders of the burgeoning őeld of evolutionary developmental biology, ‘evo-

devo’ for short. What follows is an informal and non-technical account of his

work on evo-devo, along with a brief mention of his less successful effort to build

a theoretical biology.

∗Reproduced with permission from Resonance, Vol.15, No.6, pp.503ś513, 2010,

along with the addition of new material.

Keywords

Evolution, Evo Devo, theoretical

biology, systems biology.
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Waddington tried to

come to grips with gen-

eral phenomena rather

than focussing on de-

tailed results. This made

him adopt a theoretical

stance in his numerous

writings.

1 ‘Bifurcation theory’ is the

name of a mathematical

framework to study dy-

namical systems that un-

dergo large and sudden

changes following small per-

turbations in the parameters

deőning the system. ‘Catas-

trophe theory’ is a branch of

bifurcation theory that clas-

siőes the changes when cer-

tain conditions are speciőed

and shows that they can be

described by a limited num-

ber of characteristic shapes

(topologies).

1. Introduction

Among biologists generally, the current upsurge of interest in the evolution of multi-

cellular development (often abbreviated as Evo Devo) has made C. H. Waddington’s

name more familiar now, 47 years after his death, than it was during his lifetime.

Without being aware of it, even those who are not acquainted with his work acknowl-

edge his contributions whenever they use the word epigenetics. For Waddington

‘epigenetics’ was simply the backdrop to multicellular development. He used it to

refer to the coordinated working of genes in different cells at different times, as well

as to any other causal factors, that resulted in a predictable outcome ś the appearance

over time of more or less the same differentiated and patterned multicellular adult

form, starting from an apparently homogeneous structure, the fertilised egg. ‘Epi-

genetics’ as a őeld of study should be distinguished from ‘epigenetic inheritance’,

which is a form of inheritance based on factors other than the primary DNA sequence.

Waddington tried to come to grips with general phenomena rather than focussing on

detailed results. This made him adopt a theoretical stance in his numerous writings,

to which the special terms that he coined (there were many more) are pointers.

2. Career

Soon after his birth in England in 1905, Waddington was taken to live with his Quaker

parents, őrst to Wayanad and then to Coimbatore, where his father was a tea planter.

He was about four when he returned to the UK to be brought up by an aunt. Almost

two decades were to pass before his parents moved back; by then he was already

married. After high school he joined Sidney Sussex College in Cambridge University

and went on to study a wide range of subjects including geology, palaeontology and

philosophy. Climbing and folk dancing were serious hobbies. A diversity of tastes

and the desire to bring together concepts from different areas remained with him all his

life. The titles of some of the books he wrote show this: The Scientiőc Attitude, The

Ethical Animal, and Behind Appearance: A study of the relations between painting

and the natural sciences in this century. He wrote many books dealing with the

themes of evolution and development. Here too, he was among the őrst to propagate

the daringly radical explanation for biological patterns that had been put forward in

1952 by the mathematician Alan Turing. Later he tried to persuade biologists that

René Thom’s catastrophe theory1 could provide useful insights into morphogenesis

(the development of biological form), but the attempt did not get very far.

A friendship with Gregory Bateson, son of William Bateson (among the more vigorous

proponents of the laws of Mendel after they were rediscovered in 1900), sparked an

interest in genetics. In 1931, together with J B S Haldane he published a somewhat

involved algebraic analysis of a difficult problem concerning the effects of inbreeding.

How did the correlated transmission of genes, known as linkage, affect the expected

consequence of inbreeding, which is to make the offspring genetically more and more
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Box 1. Embryonic Induction

Research on embryonic induction revived after it was realised that the phenomenon of induction had as much

to do with the responding tissue as with the inducer, and that the various non-speciőc artiőcial inducers

seemed to be affecting the same set of genes in one way or another. Many inducers turn out to be members

of the family of molecules known as growth factors. They are active at very low concentrations and the

non-speciőc effects seen earlier are very likely because they are released by the stimulated tissue.

alike? The experience would seem to have left him dubious regarding the possibility

of making quantitative statements regarding evolution by using the mathematics-

based approach known as population genetics. (He expressed his reservations in a

symposium held in 1952, but Haldane rebutted him forcefully when he wrote the

Foreword to the volume containing the symposium proceedings.)

A serious interest in embryology began at about the same time. Like many others, he

had become fascinated by the ‘induction’ experiments of Hans Spemann and Hilde

Mangold in Germany. Spemann and Mangold discovered something astonishing

when they transplanted the dorsal lip of the blastopore, a small peiece of amphibian

embryonic tissue, to a different location: the transplant seemed to redirect the fate of

its neighbours to such an extent that it made them organise themselves into a second

embryo.

After spending some time in the laboratory of Honor Fell, a pioneer After spending some time

in the laboratory of

Honor Fell, a pioneer

in the technique of or-

gan culture, Waddington

managed to demonstrate

embryonic induction in

the chick.

in the technique

of organ culture, Waddington managed to demonstrate embryonic induction in the

chick. The hope of discovering the inducer, a chemical entity that was expected to

possess the property of inducing naïve tissue to form a whole new embryo, fuelled

much activity. The early excitement in embryonic induction gradually petered out as it

became apparent that inducer-like properties were present in the strangest substances:

in sterol-like compounds, the dye methylene blue and even in silicaeous earth. (See

Box 1)

Waddington spent the Second World War years in an Operations Research establish-

ment that was headed by the physicist P M S Blackett. After the war ended, he

was offered a Chair in animal genetics at the University of Edinburgh, a position

that was combined with having to oversee work on plant and animal breeding. It

was at Edinburgh that he carried out the work on genetic assimilation that made

him well-known. He had a number of distinguished coworkers at Edinburgh and the

laboratory attracted several famous visitors. J T Bonner, another pioneer of the view

that a proper understanding of multicellular development requires an evolutionary

viewpoint, was one of them (see the article by J T Bonner in Resonance, June 2010).

Tokindo S Okada, who played a major role in post-war biology research in Japan, was

another. Waddington published many papers on egg ultrastructure with Eiko Okada.
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2 The wild-type is the ex-

perimentalist’s and őeld-

biologist’s ideal prototype.

For a given age and sex, all

wild-type ŕies look essen-

tially the same and behave

similarly. They are healthy

and vigorous, and all their

traits are considered to be

‘normal’. The usual expla-

nation for the existence of an

invariant wild-type is that it

exhibits a set of adaptations

that have resulted from the

past action of natural selec-

tion.

Sivatosh Mookerjee and Leela Mulherkar were two Indians who were exposed to the

techniques of studying embryonic induction under Waddington. Both came back to

set up laboratories in India, but it would not be unfair to say that a tradition of carrying

out modern developmental biology did not take root in either case.

3. Genetic Assimilation

The experiment involved wild-type2 fruit ŕies. A stock of ŕies was brieŕy exposed to

an environmental shock, for example to high temperature or ether vapour. This was

done when they were at an early developmental stage, that is, when they were eggs or

pupae. Many died as a result of the shock. Among those that did not, some died after

developing a bit further. A few managed to complete metamorphosis and emerged as

adults. Many of the adults were aberrant in appearance and sub-normal in vitality.

Next Waddington did something that resembles what August Weismann (1834ś1914)

had done when he bred from generation after generation of rats whose tails had been

cut off. As is well known, Weismann made an unsuccessful attempt to get a line in

which the tailless condition appeared at birth. (That experiment is often quoted ś

with poor justiőcation ś as an argument against Lamarck’s theory of evolution based

on the inheritance of acquired characters.)

Waddington looked for those adults that resembled ś even if very slightly ś known

mutant ŕies. The important point was that the environmental shock (increased tem-

perature or ether vapour) was not mutagenic. It would not have been expected to cause

genetic alterations, certainly not in the way that ultraviolet light or X-rays would have.

Therefore the aberrant-looking ŕies, while not mutated themselves, copied the ap-

pearance of mutants. Such individuals are known as phenocopies. Phenocopies are

believed to develop when a critical developmental step is perturbed by an external

agency in a similar way and at the same time that it is affected in a mutant animal.

Some of the phenocopies that he worked with resembled mutants named bithorax

(more correctly, Ultrabithorax; such ŕies have four wings instead of the usual two)

and crossveinless (some cross-veins in the wings are missing). He picked out male

and female ŕies of the sort that he wanted, let us say the ones that showed a tendency

to develop four wings. Then he allowed them to mate, waited until the eggs developed

into pupae, treated these pupae as before, and so on, generation after generation. In

each generation the ŕies that were used to breed the next generation were the ones

that showed the most extreme transformation in the desired direction ś that is, those

in which the two extra wings looked most like normal wings (Figure 1).

There were three clear outcomes of the experiment. First, the proportion of adult ŕies

that were close to the desired type kept rising from one generation to the next. Second,

they began more and more to resemble four-winged ŕies of the Ultrabithorax mutant

type. Finally, and perhaps most interestingly, the intensity of the environmental shock

required to get the desired effect kept falling from one generation to the next. This
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last trend led eventually to the strangest outcome of all. After about 15 generations,

Waddington discovered that there was no need to provide the environmental shock

at all, because from then on the four-winged ‘phenocopies‘ began to breed true

(curiously, they had lost the ability to ŕy).

Although they had not been mutagenised at any stage, the ŕies appeared as if they

were Ultrabithorax mutants. However, their ancestors of a few generations earlier

had belonged to the wild type. It appeared that what had őrst looked like as an

environmentally induced character had somehow worked its way into the genome.

This was a huge surprise, because at the time when Waddington carried out these

experiments, the Lamarckian notion that traits acquired during an individual’s lifetime

could be inherited had long been discredited ś certainly in the case of animals. The

change from two to four wings was a major transition. It had occurred withing a small

number of generations, and the change seemed to mimic an evolutionarily ancestral

form (two-winged ŕies are believed to have evolved from four-winged ancestors). No

wonder that the results caused consternation.

In order to keep this description simple I have omitted a clever twist that Waddington

introduced. It made the phenomenon appear even stranger. The twist was this. After

the őrst episode of environmental shock, he separated the adults into distinct groups of

siblings. That is, all the ŕies in one group had the same parents ś the group consisted

of brothers and sisters. For breeding the next generation of ŕies, those brothers and

sisters that had given the best results were chosen for mating. However, they were

separated into two sets before being allowed to mate. The pupae resulting from one

set of matings (A) were given the environmental shock but the ones from the other set

(B) were not. The procedure was repeated in all subsequent generations. The progeny

of those brother-sister matings that had given the best results were used to bring out

the following generation. But the adults used for breeding were always chosen from

set B. The results were as described before: at the end of the experiment, Waddington

obtained ŕies that bred true for the four-winged form, and they had been derived from

quite recent ancestors that had bred true for the normal two-winged form. However,

the astonishing fact was that no individual in the entire lineage, that is, no direct

ancestor of a four-winged ŕy, had actually experienced the environmental shock.

How was one to make sense of the őndings? Waddington himself provided the

explanation. It invoked nothing more than standard Darwinian selection, but the

genes in question inŕuenced the working of other genes. Part of the explanation

relied on something that plant and animal breeders had known and practised for

centuries. Called sib-selection, it depends on the principle that if an individual

possesses a heritable trait, it is likely that close relatives will carry the genes that are

involved in the appearance of the trait. It does not matter whether they actually display

the trait or not. For example, suppose there is a genetic basis for milk yield in cattle

(which is a fact). Then, a good strategy for improving the yield of milk is to mate

cows that are high yielders to bulls whose sisters are high yielders. Those bulls will

(a)

(b)

Figure 1. Schematic

drawings based on

originals. (a) A multiply-

mutant ŕy with four

wings. The pair of wings

in front is normal; the

second (posterior) pair

is not found in wild-type

ŕies. It develops because

tiny dorsal metathoracic

appendages, the halteres,

have been transformed

into structures that re-

semble wings. (b) An

example of the outcome

after genetic assimilation

for the Ultrabithorax phe-

notype [8]. The normal

wings have been removed

to show more clearly the

modiőed, wing-like hal-

teres. Adapted from [6].

At the time when

Waddington carried out

the ŕy experiments, the

Lamarckian notion that

traits acquired during

an individual’s lifetime

could be inherited had

long been discredited.
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One way to improve the

yield of milk is to breed

from cows that are high

yielders and bulls whose

sisters are high yielders.

tend to carry ‘high yielding’ genes just as their sisters do, and the calves that result

from the mating will be enriched in such genes. The argument is valid whenever there

is a strong genetic basis for milk yield. The second part of Waddington’s explanation

went to the heart of what the term ‘wild-type’ means. In order to appreciate it we

need to remember that one belief held sway for many years following the explanation

of evolution by natural selection. The belief was that a species had been so moulded

by evolution that at every genetic locus, individuals had the ‘best’ genes appropriate

to that locus. (A small minority of mutant individuals, and differences between males

and females because of reproductive functions, were acknowledged as exceptions to

the rule.) In short, the members of a species were assumed to be genetically identical.

The assumption was believed to be conőrmed because it was noticed that in their

natural habitat, they looked by and large the same ś they were ‘wild-type’ individuals.

4. Canalisation

A combination of őeld work and laboratory experiments, many of themThere was a substantial

amount of genetic vari-

ation in the wild. Evi-

dently the variation was

not apparent in terms of

form or behaviour.

by Th. Dobzhan-

sky, showed that the assumption that all ‘wild-type’ individuals were genetically

identical, was incorrect. On the contrary, there was a substantial amount of genetic

variation in the wild. Evidently the variation was not apparent in terms of form or be-

haviour, namely in terms of those traits of the organism with which it has to tackle the

world, traits that are mostly relevant for survival and reproduction ś the ‘phenotype’.

According to Waddington, the reason for this was that the naturally occurring genetic

variation was masked by the effects of other genes. These other genes modiőed the

effects of the őrst set of genes and ensured that development led to the same ‘wild-

type’ phenotype (these days the words regulation and regulatory gene are used rather

than modiőcation or modiőer gene). Why were modiőers present at all? That, he said,

was because there was a őtness advantage possessed by the wild-type phenotype over

other alternatives. Therefore any genetic change that tended to make the outcome

of development resemble the wild type would be favoured by natural selection. The

upshot would be something like the effect of a buffer in chemistry; changes which

might have taken place on account of one factor are prevented from taking place by

the action of a second factor. Waddington named the buffering effect canalisation.

Canalisation, he said, enables development to work reliably towards the same end

in the face of genetic, and possibly also environmental, variation. That end is the

production of a wild-type adult. Because of canalisation, ŕies can contain a great

deal of genetic variation and yet look and behave as if they are ‘normal’, so that they

are classiőed as ‘wild-type’. The variation remains cryptic.

It is this cryptic variation that is being exposed by the environmental shock. How?

The development of different genotypes is indeed canalised or buffered in the natural

environment (in which selection for canalisation had taken place successfully). But

as with any other buffering, there are limits to the extent of phenotypic change that

can be tolerated without compromising with the ability of the organism to survive and
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GENETIC ASSIMILATION
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Figure 2. Waddington’s explanation of genetic assimilation. Panel I assumes a one-to-one relationship between

a set of genes (the genotype) G and phenotype P in the normal environment E. In the stressful environment E′,

the same genotype can correspond to several phenotypes. As a result many novel phenotypes become visible.

Selection takes place in favour of one of them (say for phenotype P′) and is followed by a return to the previous

environment. The őnal outcome is a new phenotype that breeds true, which makes it appear that, mysteriously, a

new genotype G′ has appeared. Panel II gives the explanation. Because of the canalisation for the wild-type in the

normal environment E, many genotypes (G1, G2, etc.) are consistent with the same phenotype P. A transfer to E′

results in a breakdown of canalisation and the genotypeśphenotype relationship becomes many-to-many. Selection

for P′ implicitly involves selection for a new set of genotypes G′. The long black arrows symbolise the shift from

one environment to the other and back. Adapted from [2].

reproduce. A sufficiently strong environmental shock can break down canalisation

and make it possible for the underlying genetic variation to be exposed in terms of

the different phenotypes that result. Once that happens, selection can be used to

discriminate between genotypes, because individuals that visibly belong to different

phenotypes show that they also differ in terms of their genetic capacity to respond to

the environmental shock. Normally that capacity remains invisible. In Waddington’s

experiment, selection, in the form of the choice of breeding partners, favoured those

genotypes which were most likely to give rise to the desired four-winged phenotype.

Therefore what looked like a Lamarckian outcome could be explained in conventional

Darwinian terms after all. But to do so, one had to think in terms of two sorts of

genes, a ‘structural’ set that affected the phenotype per se and a second, ‘regulatory’

set that inŕuenced the reliability with which the phenotype developed (Figure 2).

Today we know that the words ‘structural’ and ‘regulatory’ are often interchangeable.

A structural gene in one context can be a regulatory gene in another context, and
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Box 2

The gene has been said to be łthe central organizing theme of twentieth century biologyž. Wilhelm

Johannsen, a Danish botanist, coined the word in 1911. He meant it to stand for the physical and functional

unit of heredity whose existence was implied by the őndings of Mendel. For a long time the concept of

the gene was an abstraction. And yet the abstraction enabled scientists to construct the formal, elegant, and

enormously useful structure that constitutes the őeld of genetics. The existence of genes could be inferred in

two ways. One was via mutations, heritable changes whose effects were made visible by changed traits. The

other way was via recombination, which brings together and separates different genes. The understanding of

genes as giant molecules of DNA (and sometimes RNA) ushered in a revolution. Its foundations appeared to

be secured once it was recognised that a DNA sequence could specify implicitly (‘encode’) the amino acid

sequence of a protein. Ever since then we have learnt more and more about what genes are and how they work.

It is ironical that in parallel with these advances in knowledge a simple explanation of what ‘gene’ means has

slipped away from us. Wisely, people have not let that come in the way of doing genetics. This theme needs

a full article by itself, but in brief: genes are not indivisible, can be unstable, and need not encode proteins.

Johannsen’s deőnition was not so bad after all. See http://plato.stanford.edu/entries/gene/ for

a sophisticated discussion.

sometimes a gene can play structural and regulatory roles at the same time. (See Box

2) The experiments on genetic assimilation have been repeated by others with similar

results. These days genetic assimilation is used as a possible explanation for cases

of rapid, and often qualitative, evolutionary transformation, for example a change in

the type of symmetry of body form. (About 20 years ago there was the hint that a

possible molecular mechanism behind canalisation involved a protein named Hsp90.

More recent results make one question whether that is the full story.) Waddington’s

most important contribution in all this may have been to draw attention to the point

that there are two distinct but related consequences of evolution by natural selection.

The őrst is a certain average outcome and the second is the extent to which individual

outcomes vary around the average. Terms used in communication theory are useful

here: both ‘signal’ and ‘signal-to-noise ratio’ can evolve by natural selection.

5. The Epigenetic Landscape

The notion of epigenesis, the gradual manifestation during development of capacities

latent in the embryo, goes back to the Greek philosopher Aristotle (384ś322 BC) and

the Englishman William Harvey (1578-1657), better known as the discoverer of the

circulation of the blood. The word ‘epigenetic’ (though not ‘epigenetics’) was used

by Waddington in 1939; he used it as an adjective to describe the appearance over

time of forms and structures that were not already present. Older, ’preformationist’,

theories had held that the adult was already there in miniature within the sperm or egg.

RESONANCE-75 Promoting Science Education272



Vidyanand Nanjundiah

Those theories said that the transformation of an embryo into a larva or child could be

described in the same way as the transformation of a child into an adult, with growth

playing the most signiőcant role. In his words: ł. . . it is clear that the interaction of

these constituents [i.e. the constituents already present in the unfertilised egg] gives

rise to new types of tissue and organ which were not present originally, and in so

far development must be considered as ‘epigenetic.’ ž (An Introduction to Modern

Genetics). Implicitly, therefore, for Waddington, epigenetics was the causal analysis

of embryological development (The Strategy of the Genes). Some years before that,

Sewall Wright (1889ś1988) had used ‘epigenetic’ in the same sense. Wright, one

of the founders of population genetics, also made signiőcant contributions to devel-

opmental genetics - or physiological genetics, as it was known. In 1934 he stated

explicitly that development was an epigenetic process. Concurrently, he also came

up with an ‘epigenetic landscape’ picture (without using the term) in which branch-

ing, gene activity-driven, alternatives led to different developmental outcomes within

the same embryo. However, it appeared in an article whose focus was something

quite different, namely an attempt to explain dominance and recessiveness as auto-

matic consequences of enzyme-catalysed metabolic chemistry (Wright’s reasoning is

largely accepted today.) Possibly for that reason, Wright’s contribution to the idea of

development as an epigenetic process has been overlooked.

However, it was Waddington who őrst presented in his book An Introduction to

Modern Genetics (1939), a conception of the metaphor that has become famous as the

‘epigenetic landscape’. He gave it that name and expanded on the theme in Organisers

and Genes (1940) and presented the visual image in its őnal form in The Strategy of the

Genes (1957). He called it his łsomewhat romantic conceit, the epigenetic landscapež,

and got a professional artist, John Piper, to draw a two-dimensional version of what

he had in mind. The metaphor was based partly on inferences he drew regarding the

role played by genes in the development of adult body parts in Drosophila such as

the eye, leg, antenna and so on. The central point was that genetic mutations could

alter the form of one part while leaving other parts unchanged. Those inferences were

combined with evidence from observational and experimental studies of embryonic

development in other organisms. Here the central point was that by cutting off a small

piece of tissue and transplanting it elsewhere on the same or another embryo, it was

possible to alter the fate of the tissue surrounding the transplant. Waddington’s deep

reŕection on how best to put together the őndings within a common framework led to

a number of conclusions. At the risk of drastic simpliőcation, they can be summarised

as follows: (i) A fully differentiated structure forms gradually, through what appears to

be a continuous process; (ii) Normally, a given structure in the organism has a clearly

recognisable appearance that deviates very little from a standard ‘wild-type’ form;

(iii) One structure is clearly distinguishable from another ś there are no intermediates;

(iv) The course of development adopted by a group of cells can be perturbed by genetic

or environmental means, i.e., by a mutation or physico-chemical inŕuence; (v) The

earlier a perturbation acts, the more likely it is to change the form of a differentiated
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Figure 3. (Top): ‘Branch-

ing track’ model for the

development of a struc-

ture, the arista, that arises

from the third antennal

segment of Drosophila.

The process runs from

left to right, and af-

ter that along the nor-

mal arista track (straight

line, below); or, in the

ssa (aristapedia) mutant

ŕy, along a different track

(straight line, above). In

a mutant ŕy the arista

resembles a part of the

leg, the tarsus. The

curved and dotted lines

show how mutations in

different genes can open

up other branches which

are absent in the wild-

type. (Bottom) Repre-

sentation of the epigenetic

landscape by a ball poised

to roll down a slope. The

arrows stand for devel-

opmental fate (minima,

horizontal arrow), robust-

ness (depth, vertical ar-

row) and time (sloping

arrow). The red bars

mark branch points that al-

low left-versus-right alter-

natives. The actual epige-

netic landscape is shaped

by inŕuences from genes

as well as the environment

(not shown here). By rais-

ing or lowering heights,

mutations can inŕuence

the relative likelihood that

one branch is taken as

against another.

structure, and the more likely for the change to be drastic: development is labile to

begin with and becomes ever more stable over time; and (vi) Irrespective of whether

a successful perturbation is genetic or environmental in origin, it appears to act in the

same way: it causes one developmental course to switch or branch to another.

Waddington drew a number of conclusions. Development could be imagined to be

based on chemical reactions, driven by gene activities within cells, that led to a

steady production of speciőc substances over time until their levels plateaued. The

differentiated state of a cell was associated with the concentrations of a particular

set of substances. A genetic or environmental perturbation could cause the course

of development to branch off the normal path into another one. The image that

this conjured up was of a ball rolling down a slope in a landscape with many hills

and valleys. The valleys kept branching along the way and also became deeper,

so that it became increasingly difficult to push the ball from one valley to another

(see Figure 3).
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Today, Waddington’s picture of the epigenetic landscape permeates theoretical discus-

sions of development. Its scope keeps getting extended (to, for instance, modelling

the changes in cell state that take place during the development of cancer), and

mathematical biologists are attempting to come up with plausible landscape shapes.

6. Theoretical Biology

The culmination of Waddington’s lifelong desire to build a theory of the organism

was a series of four annual gatherings that he organised in Bellagio in northern Italy

from 1966 onwards. In an article that he wrote after the őrst two of them he pointed

out the glaring lack of a sub-area of biology that had the status of theoretical physics

within physics. The problems, he said, were three. There was the high level of

complexity of biological systems in terms of the number of variables that had to

be taken into account for describing them and the number of interactions among

those variables. Next, the prevailing gene-centred view failed to incorporate the fact

that genes were as much responders to external physical and chemical signals, as

actors that were involved in generating those signals. Third, evolution had to be

integrated into any theory of development. One needed to understand organisms and

their development by including the workings of genes and the environment in one

conceptual whole. It had long been Waddington’s complaint that classical population

genetics, the mathematical formulation of evolutionary theory, lacked just that.

The Bellagio meetings were as notable for the range of topics that were discussed

in them as for the relative absence of molecular biologists; Francis Crick and Robin

Monro were the two prominent exceptions (see the article by M H Cohen in Resonance,

June 2010). Among the themes that were taken up at the meetings, one that forms

part of the currency of discourse among modellers today is the analysis of biological

networks, which has been fuelled largely by the explosive growth and accessibility

of computational power. The conference volumes that resulted, entitled Towards a

Theoretical Biology, attracted prestige and bafflement in equal measure on the part

of biologists. A look at what has happened in the őelds that were Waddington’s

lifelong interest, genetics and embryology (or developmental biology), may help us

to understand why.

Both őelds ś embryology being much the older one ś had their own Both őelds ś embryol-

ogy being much the older

one ś had their own

favourite systems, exper-

imental approaches, ways

of thinking and traditions.

favourite systems,

experimental approaches, ways of thinking and traditions. For a long time it was not

obvious that the two had anything to do with each other. Waddington was among the

few who saw early that they provided complementary approaches to understanding

how a fertilised egg becomes an adult, and it was his hope to contribute to their

coming together. As it happens, their fusion came about in the late 1970s through an

unanticipated route. The crucial step in developmental genetics, as the study of the

genetic basis of development is known, was taken through experiments that focussed

on the genetic basis of embryological change. The object of study was the fruit ŕy

Drosophila melanogaster, which soon became the prototype for the genetic analysis of

One needed to understand

organisms and their de-

velopment by including

the workings of genes and

the environment in one

conceptual whole.
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developmental phenomena. It appears strange that Waddington, who had recognised

the importance of using genetics in the study of development before most others, did

not himself make the breakthrough years earlier. A possible reason becomes apparent

when one thinks about it a bit more.

The crucial element in the breakthrough achieved by developmental geneticists was

their focus on single gene mutations with major effects. On the other hand, Wadding-

ton sought explanations involving gene networks, not genes in isolation. His early

models of how genes inŕuenced development involved many genes. Each gene af-

fected many developmental pathways, and every pathway was inŕuenced by more than

one gene. Similarly, his goal as a developmental biologist was to achieve a uniőed

understanding of living organisms. He was what would be called a ‘systems biologist’

today. His attempts to build a theoretical biology were along the same lines. It was

not easy then, and it is not easy now, to see how this approach could be integrated

with what experimentalists do, grounded as they are most of the time in őrmly reduc-

tionist concepts. We still lack a theoretical biology of the sort that Waddington was

looking for. But there are promising signs, in particular from attempts to integrate

the mechanical properties of cells and tissues with the functioning of genes and gene

products.
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Science Smiles

Ayan Guha

George Price discovered the equation for altruism Ű and gave

away everything up to and including his life.

Reproduced with permission from Resonance, Vol.25, No.4, p.458, 2020.
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Fifty years ago, a small one and a half page paper without a single reference was

published in the leading journal Nature. The paper laid out the most general

mathematical formulation of natural selection that would work for all kinds of

selection processes and under any form of inheritance (not just biological evolu-

tion and Mendelian genes), although the paper discussed the issue in a genetical

framework. Written by a maverick American expatriate in England, with no

prior background of studying evolution or genetics, the paper had initially been

turned down by the editor of Nature as too difficult to understand. Largely ig-

nored by the evolutionary biology community till the 1990s, the Price Equation

is now widely recognized as an extremely useful conceptualization, permitting

the incorporation of non-genetic inheritance into evolutionary models, serving

to clarify the relationship between kin-selection and group-selection, unifying

varied approaches used in the past to model evolutionary change, and forming

the foundation of multi-level selection theory.

1. Background: Charles Darwin, Natural Selection, and Population Genetics

To fully understand the signiőcance of the Price Equation, we need to step back over

a century and a half to Charles Darwin and the principle of natural selection. Darwin

derived his concept of natural selection by analogy to plant and animal breeding,

in which varieties of domesticated organisms with desired characteristics could be

developed merely by choosing individuals with certain desired traits to breed from,

generation after generation. Darwin realized that the ecological struggle for existence

in nature, as a result of competition for limiting resources, would act as a natural ana-

logue of the breeder selecting which individuals got to reproduce, based on whether

they had the desirable traits, or not. Thus, individuals with traits that enabled them

to function well in their environment would tend to be more successful at surviving

to breed, and eventually produce more offspring than individuals that had traits less

suited to the environment. The connection between greater reproductive success in

the struggle for existence to longer term evolutionary change was provided by heredity,

which implied that offspring would tend to resemble their parents. Selection, there-

fore, involved both the differential survival and reproduction of certain individuals,

and the similarity in traits between those individuals and their offspring. Of course,

Darwin did not know the mechanisms of either the generation or the inheritance of

trait variations. Yet, he saw the important implication that, if offspring were relatively

∗Reproduced with permission from Resonance, Vol.25, No.4, pp.495ś512, 2020.

DOI: https://doi.org/10.1007/s12045-020-0967-1

Darwin saw that if off-

spring were relatively

more likely to carry trait

variations identical or

very similar to their par-

ents, and if individuals

with certain trait varia-

tions were to routinely

produce more offspring

than others, then even-

tually those ‘favourable’

trait variations would be-

come more common in

the population, resulting

in adaptive evolutionary

change.
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After the ‘rediscovery’ of

Mendel’s Laws in 1900, a

major focus of theoretical

research in evolutionary

biology was to reconcile

the mechanism of natural

selection with the princi-

ples of Mendelian inheri-

tance.

more likely to carry trait variations identical or very similar to their parents, and

if individuals with certain trait variations were to routinely produce more offspring

than others, then eventually those ‘favourable’ trait variations would become more

common in the population, resulting in adaptive evolutionary change.

After the ‘rediscovery’ of Mendel’s Laws in 1900, a major focus of theoretical research

in evolutionary biology was to reconcile the mechanism of natural selection with the

principles of Mendelian inheritance, especially since it had been widely believed that

natural selection would not be effective in mediating change in the face of the conser-

vative force of heredity11 See Resonance, Vol.5,

No.9, pp.3ś5, 2000 and

Resonance, Vol.22, No.6,

pp.525ś548, 2017; Boxes

1,2

. This naturally led to a focus on genic inheritance, leading to

population genetic models of the process of adaptive changes in populations under the

inŕuence of natural selection. These were classic models of dynamic systems, making

a number of simplifying assumptions, and focussing mechanistically on how genotype

or allele frequencies would change over generations under the inŕuence of various

evolutionary forces like mutation, migration, selection, and random genetic drift. It

was this blending of population genetics with the principle of selection that largely

made up the so-called Neo-Darwinian Synthesis. The Price Equation took a very

different approach, and sought to ask why various systems under selection changed

in the

The Price Equation

sought to ask why

various systems under

selection changed in the

manner they did, over

generations, rather than

focussing on how they

changed. Thanks to this

shift in focus, and its

avoidance of traditional

mechanistic modelling

aimed at prediction, the

Price Equation threw

light on the underlying

mathematical structure

of selection itself.

manner they did, over generations, rather than focussing on how they changed.

Thanks to this shift in focus, and its avoidance of traditional mechanistic modelling

aimed at prediction, the Price Equation threw light on the underlying mathematical

structure of selection itself, yielding insights of great originality and profundity into

the evolutionary process.

2. What is the Price Equation?

The Price Equation is simple and elegant, constituting a theorem encapsulating evo-

lutionary change. In one of its commonly encountered forms, it is presented as

Δ𝜙 =
1

�̄�

[

cov(𝑊, 𝜙) + 𝐸 (𝑊𝛿)
]

Here, in the familiar context of biological evolution by natural selection, 𝑊 is Dar-

winian őtness (the number of offspring an individual having a particular phenotype

leaves in the next time step), �̄� is the population mean őtness i.e., the mean number

of offspring produced per individual in the population, 𝜙 is the phenotype, 𝛿 is the

population mean of the difference between an individual’s phenotype and the mean

phenotype of its offspring, and Δ𝜙 is the change in the mean phenotype in the pop-

ulation after one round of selection. Before we get into examining what exactly this

equation means, and why, let us see where it is coming from. There are several differ-

ent ways in which one can derive the Price Equation. We will follow the derivation

in Chapter 6 of Rice (2004). Therefore, the notations used here are different from

those originally used by Price, which are shown in the accompanying Article-in-a-box

(Resonance, Vol.25, No.4, pp.459ś475, 2020).
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Consider a set of N individuals in the parental generation, and let 𝜙𝑖 denote the

phenotype of the 𝑖th individual (0 < 𝑖 ≤ 𝑁). Then, 𝜙 denotes the population mean

phenotype in the parental generation. Let 𝛿𝑖, 𝑗 denote the difference in phenotype

between the parental individual 𝑖 and its 𝑗 th offspring. Then, 𝛿𝑖 is the difference

between the phenotype of parental individual 𝑖 and the mean phenotype of all its

offspring. Finally, let 𝑊𝑖 denote the number of offspring of parental individual 𝑖, and

�̄� the mean number of offspring produced by individuals of the parental generation.

Given the above, the phenotype of the 𝑗 th offspring of the 𝑖th parent is given by

𝜙𝑖 + 𝛿𝑖, 𝑗 . The mean phenotype of all individuals in the offspring generation, 𝜙′, is

thus given by

𝜙′ =

∑𝑁
𝑖=1

∑𝑊𝑖

𝑗=1

(

𝜙𝑖 + 𝛿𝑖, 𝑗
)

∑𝑁
𝑖=1

𝑊𝑖

The numerator in this equation adds up the phenotype of all offspring of all 𝑁 parents,

and the denominator is the total number of all offspring.

Let us next examine the various summations in the above expression. Since the

individual phenotype of the 𝑖th parent, 𝜙𝑖 , is őrst being summed over its own 𝑊𝑖

number of offspring, rather than over the 𝑖 = 1...𝑁 parents, we can simply write this

sum as the product of 𝑊𝑖 and 𝜙𝑖 .

𝑊𝑖
∑︁

𝑗=1

𝜙𝑖 = 𝑊𝑖𝜙𝑖 .

Similarly, the summation of the difference in phenotype between each of the 𝑊𝑖

offspring of the 𝑖th parent with the parental phenotype (𝛿𝑖, 𝑗) can be written as the

product of the number of offspring of the 𝑖th parent (𝑊𝑖) and the difference between

their mean phenotype and that of the parent (𝛿𝑖), as

𝑊𝑖
∑︁

𝑗=1

𝛿𝑖, 𝑗 = 𝑊𝑖𝛿𝑖 .

And, őnally, the summation of offspring number per parent over all 𝑁 parents in the

denominator can be written as

𝑁
∑︁

𝑖=1

𝑊𝑖 = 𝑁�̄� .

Substituting these three values into the equation for 𝜙′, we get

𝜙′ =
1

𝑁�̄�

[

𝑁
∑︁

𝑖=1

𝑊𝑖𝜙𝑖 +

𝑁
∑︁

𝑖=1

𝑊𝑖𝛿𝑖

]

=
1

�̄�

[

𝐸 (𝑊𝜙) + 𝐸 (𝑊𝛿)
]

.

RESONANCE-75 Promoting Science Education 281



Amitabh Joshi

Box 1. Covariance of Two Random Variables.

A covariance, as the name suggests, is a measure capturing the tendency of two random variables to

vary together e.g., if one random variable shows a higher than average value, the other does too (positive

covariance), or if one random variable shows a higher than average value, the other tends to show a lower

than average value (negative covariance). Two random variables that are independent of one another will

show zero covariance. The covariance between two random variables 𝑥 and 𝑦 is deőned as cov(𝑥, 𝑦) =

𝐸 [(𝑥 − 𝐸 (𝑥)) × (𝑦 − 𝐸 (𝑦))]. If you are not comfortable with the notion of a mathematical expectation, you

can also think of the covariance in terms of a sample of 𝑛 measurements, in which on each individual you

measure both 𝑥 and 𝑦. Compute the arithmetic means, respectively, of the 𝑥 values and the 𝑦 values, across

all 𝑛 individuals. Next, for each individual, compute the quantity [(𝑥 ś mean of 𝑥) × (𝑦 ś mean of 𝑦)]. Sum

up this quantity across all the individuals and divide by 𝑛. This average product of the respective deviations

of 𝑥 and 𝑦 from their means is the covariance of 𝑥 and 𝑦 in this sample of size 𝑛.

The covariance between two random variables is also related intimately to the linear regression of one upon

the other. If we regress 𝑦 upon 𝑥, for example, what we are doing is őnding the line 𝑦 = 𝑎 + 𝑏𝑥 that

best őts the data, with 𝑎 being the 𝑦-intercept and 𝑏 the slope of the regression. Using expectations, it is

straightforward to show that cov(𝑥, 𝑦) = 𝑏 Var(𝑥), 𝑖.𝑒., the covariance is the product of the slope and the

variance of the independent variable.

Let us brieŕy examine what these terms on the right hand side are. Within the square

brackets are two expectations. If you are not quite familiar with the concept of an

‘expectation’ of a random variable, it is essentially very similar to the arithmetic mean

(for details, see Resonance, February 1996 pp.55ś68). For example, the őrst term in

the square brackets is the expectation of the product of number of offspring (𝑊) and

phenotype (𝜙), which is equivalent to the mean of the offspring number × phenotype

(product of őtness and phenotype) in the parental generation. Similarly, the second

expectation is essentially the mean, in the parental generation, of the product of őtness

and the difference between an individual’s own phenotype and the mean phenotype

of all its offspring.

Moving on with our derivation, we next use the standard relationship cov(𝑥, 𝑦) =

𝐸 (𝑥𝑦) − 𝐸 (𝑥)𝐸 (𝑦) to write the expectation of two random variables 𝑥 and 𝑦 in

terms of their covariance (see Box 1) and the product of their individual expectations,

respectively, as 𝐸 (𝑥𝑦) = cov(𝑥, 𝑦) + 𝐸 (𝑥)𝐸 (𝑦). Thus, we can write 𝐸 (𝑊𝜙) =

cov(𝑊, 𝜙) + �̄�𝜙, yielding

𝜙′ =
1

�̄�

[

cov(𝑊, 𝜙) + �̄�𝜙 + 𝐸 (𝑊𝛿)
]

=
1

�̄�

[

cov(𝑊, 𝜙) + 𝐸 (𝑊𝛿)
]

+ 𝜙 .
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Finally, we subtract 𝜙 from both sides of the equation to get the Price Equation,

Δ𝜙 =
1

�̄�

[

cov(𝑊, 𝜙) + 𝐸 (𝑊𝛿)
]

3. What Does the Price Equation Tell Us?

łA good notation", Bertrand Russell once wrote, łhas a subtlety and suggestiveness

which at times make it seem almost like a live teacher". Another way of putting

it is that a good ‘notation in the Russellian sense, is like a beautiful couplet or a

haiku, in that it expresses a deep insight in a limited number of terms, singing to us of

some fundamental truth. The beauty and strength of the Price Equation lie precisely

in the fact that, unlike typical mathematical models of real phenomena, it does not

make simplifying assumptions in order to attain predictive power with a mechanistic

model. It takes an alternative approach of examining a real phenomenon (in this case,

selection) and asking what mathematical structure emerges from a contemplation

of the phenomenon itself. It is, thus,

The Price Equation is

deőnitional rather than

predictive, clarifying the

inherent structure of the

selection process in a par-

ticularly lucid and trans-

parent manner.

deőnitional rather than predictive, clarifying

the inherent structure of the selection process in a particularly lucid and transparent

manner, rather than predicting how a given system will change under selection.

Moreover, it is independent of the speciőc system of inheritance involved: it is the

most general expression deőning any process involving selection.

In the previous section, we had derived the Price Equation using a context that

was explicitly one of biological evolution ś we spoke of individuals, phenotypes,

and Darwinian őtness, and of parents and offspring. However, the Price Equation is

considerably more general than that, and we shall now examine this generality in some

detail. When we refer to parents and offspring (or, as some authors do, to ancestors

and descendants) in the context of the Price Equation, all that is implied is that there

are two ensembles on which the same characteristic (or phenotype) can be deőned,

and that one can then understand from where the difference in mean characteristic

between them arises. The individual entities making up the two ensembles need not

even be of the same type, although they can be. The two ensembles can be separated

in time (in any units) or even space. All that is required is that there be some one-to-

one or one-to-many mapping between individual entities in one ensemble (arbitrarily

labelled ‘parents’) and individual entities in the second ensemble (arbitrarily labelled

‘offspring’).

For example, in Price’s original formulation, ‘parents’ were diploid individuals,

whereas ‘offspring’ were haploid gametes that successfully became part of the next

generation. Parents and offspring were, thus, different types of entities, separated

by one generation of time. The shared phenotype in Price’s formulation was the

frequency of an allele within an individual parent or offspring, taking values of 0,

0.5, or 1 in parents and 0 or 1 in offspring. In some phenotypic models, the mean

of the phenotypic values, say height, of the two parents and the phenotypic value

of each offspring reŕect the shared phenotype. The point to appreciate is that the

A good notation is like

a beautiful couplet or a

haiku.
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The logic of the Price

Equation would apply

even to the ‘migration’ of

items from a supermar-

ket shelf (‘parents’) to

a shopping basket (‘off-

spring’), under the action

of a conscious shopper.

The key covariance here

would be that between the

phenotype of the item and

its propensity to be cho-

sen by the shopper for

purchase.

same formulation would also hold true if the labels ‘parent’ and ‘offspring’ were to

be applied to the same individual at different points in time, i.e., selection is acting

through differential persistence rather than differential reproduction. For example, if

some subset of a population were to migrate from one location to another, then ‘par-

ents’ would refer to the individuals that were in the population originally, i.e., before

the migration event, and ‘offspring’ would refer to the subset of the ‘parents’ that

migrated during the event. Individuals among the ‘parents’ who did not migrate can

be treated conceptually either as parents who produced no offspring, or offspring who

died before migration. The covariance between phenotype and őtness here would be

that between phenotype and the propensity of an individual bearing that phenotype to

migrate and survive during the migration event. In this particular case, the individual

that migrated would still be the same phenotype as it was pre-migration (it is the same

individual, after all), and therefore the phenotypic difference between each ‘parent’

and its ‘offspring’ would be zero. It should be straightforward to see that the same

logic would apply even to the ‘migration’ of items from a supermarket shelf (‘parents’)

to a shopping basket (‘offspring’), under the action of a conscious shopper. The key

covariance here would be that between the phenotype of the item and its propensity

to be chosen by the shopper for purchase. Once again, the phenotype of ‘parent’ and

‘offspring’ would not differ. Another way of thinking of the labels ‘parent’ and ‘off-

spring’ is as referring, respectively, to the ‘original’ group and the ‘selected’ group,

regardless of the mechanism of selection and the details of how phenotypes of indi-

vidual entities linked by ‘parent-offspring’ labels in the two groups differ or not. The

latter is essentially ‘inheritance’, whereas the mechanism of selection, e.g., whether

by differential survival and reproduction, or choosing to migrate, or being chosen by

a shopper, distils the essence of the context. This is the strength of the PriceThe Price equation man-

ages to succinctly lay be-

fore us the underlying

formal structure of the

selective process, in a

form that is invariant to

changes in context or sys-

tems of inheritance! It is

the most accurate and el-

egant codiőcation of Dar-

win’s original insight.

equation:

it manages to succinctly lay before us the underlying formal structure of the selective

process, in a form that is invariant to changes in context or systems of inheritance! It

is the most accurate and elegant codiőcation of Darwin’s original insight.

Phenotype in the context of the Price equation simply means some characteristic that

can be assessed on both ‘parents’ and ‘offspring’ and expressed as a number, such

that each individual can have only one corresponding number denoting its phenotypic

value. It could even be a ‘complex phenotype’ e.g., height2/weight. Multiple individ-

uals, of course, may share the same phenotypic value, but one individual cannot have

more than one phenotypic value. Moreover, unlike the models used in population

genetics that track changes in the frequency (relative abundance in the population)

of individuals or alleles sharing a phenotypic value, ignoring which offspring arise

from which parent, the notation in the Price Equation tracks individuals and their off-

spring, regardless of whether the parent and offspring phenotypic values coincide or

not. All the remarkable insights bestowed upon us by this formulation stem from this

innovative and highly original notational shift, compared to the standard population

genetic models.
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4. Multiple Interpretations of the Terms in the Price Equation

A friend of mine, an accomplished poet in multiple languages, is fond of saying that a

good poem should have at least seven inherent layers of interpretations. The idea is that

the core image or metaphor of a good poem or couplet, when projected onto different

axes of experience, yields varied relevant insights. Indeed, this is what gives great

poetry its universal appeal, because different people, with very varied experiences,

can nevertheless derive some helpful insight from it. On this count, too, the Price

Equation ranks very high. In the above discussion, we have been interpreting the

two terms on the right hand side of the Price Equation, respectively, as a ‘selection’

term, representing adaptive change, and a ‘transmission’ term, representing non-

adaptive change. In other words, total change in mean phenotype over one step

of selection includes change due to the covariance between őtness and trait (the

‘selection’ term) and due to the fact that offspring and parent phenotypes need not

be identical (the ‘transmission’ term). In many simple population genetic models,

the transmission term is not easily recognized as its effects are implicitly embedded

in the calculation of the next generation’s allele or genotype frequencies. Actually,

the situation is a bit more subtle than just that. The covariance term encompasses all

factors that can drive a relationship between phenotype and őtness, not just selection

but also random chance, or drift. Similarly, the expectation term encompasses multiple

factors that can contribute to parent-offspring differences, some of which are not

immediately intuitively obvious. For example, it is immediately clear that genetic

assortment and recombination in diploid sexual species can drive differences between

parent and offspring phenotypes. In addition, mutation occurring in the process of

gamete formation is another factor that can contribute to parent-offspring differences

in phenotype. Likewise, the breeding system (who tends to mate with whom) can also

alter patterns of parent-offspring phenotypic similarity, giving rise to non-adaptive

evolutionary change even in the absence of selection [In this context, readers familiar

with simple one locus, two allele population genetic models may wish to see Box 2;

those unfamiliar with such models can safely skip it].

An even more non-intuitive and An even more non-

intuitive and far-reaching

interpretation of the

‘transmission’ term in

the Price Equation is that,

if the context is one of

selection acting between

individual organisms,

this term also includes

any differences between

offspring and parent

phenotype that can arise

as a result of selection

acting at a level below

that of the individual.

far-reaching interpretation of the ‘transmission’

term in the Price Equation is that, if the context is one of selection acting between

individual organisms, this term also includes any differences between offspring and

parent phenotype that can arise as a result of selection acting at a level below that of

the individual, even as selection is acting between individuals. Consider, for example,

the well known phenomenon of meiotic drive, őrst described by M. M. Rhoades in

1942. In meiotic drive, when individuals heterozygous for a single locus, or for a

multi-locus haplotype, reproduce, one of the two alleles or haplotypes is differentially

represented in the gametes formed, as opposed to the 1:1 ratio of the two gametic

types expected under Mendelian principles. This phenomenon, in terms of its effects

on allele or haplotype frequencies in the next generation, is a subset of gametic

selection, in which not all gametic types have equal fertilization success, because

The covariance term en-

compasses all factors that

can drive a relation-

ship between phenotype

and őtness, not just se-

lection but also ran-

dom chance, or drift.

The expectation term en-

compasses multiple fac-

tors that can contribute

to parent-offspring dif-

ferences, some of which

are not immediately intu-

itively obvious.
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Box 2. ‘Selection’ and ‘Transmission’ in Simple Population Genetic Models.

Most of us with any exposure at all to evolutionary genetics are familiar with the Hardy-Weinberg Equilib-

rium, wherein allele and genotype frequencies in a one-locus two-allele system remain unchanged from one

generation to the next in a very large population with random mating, in which there is no net mutation,

migration or selection with regard to the locus under consideration (see Resonance, No.10, pp.951ś970,

2008). From the perspective of the Price Equation, in this situation of an ideal large population, Δ𝜙 = 0,

i.e., the population is at equilibrium: there is no change in mean phenotype from one generation to the

next. Since we have assumed no selection, cov(𝑊, 𝜙) = 0, since all individuals have the same Darwinian

őtness, regardless of phenotype. Similarly, 𝐸 (𝑊𝛿) is also zero, in part because the ‘no selection’ assumption

also rules out gametic selection, and we have assumed no mutation, but also because of the fact that the

population is assumed to be a random mating one. In fact, if we look at individual genotypes, their offspring

are not necessarily identical to parents in type. For example, when an A1A1 individual reproduces via

random mating, a fraction 𝑝1 of its offspring will be A1A1, whereas the remaining 1 − 𝑝1 will be A1A2,

where 𝑝1 and 𝑝2 are the frequencies of the alleles A1 and A2, respectively, in the population. However,

at the Hardy-Weinberg Equilibrium genotypic frequencies ( 𝑓𝐴1𝐴1
= 𝑝2

1
; 𝑓𝐴1𝐴2 = 2𝑝1𝑝2; 𝑓𝐴2𝐴2 = 𝑝2

2
;), the

deviations of offspring from parental type for the three parental genotypes cancel out exactly, leading to the

average deviation being 0.

Consider, next, a similar ideal large population, except for the fact that reproduction is by self-fertilization,

not random mating. When the two homozygotes self-fertilize, they produce offspring that are identical to

themselves. But when the heterozygotes self-fertilize, half their offspring are homozygous for one or the other

allele, and only half remain heterozygous. Therefore, each generation, the frequency of the heterozygotes

will be reduced to half of what it was in the preceding generation, while those of both homozygotes will

proportionately increase. Here, too, there is no selection (cov(𝑊, 𝜙) = 0), as in the previous case, but there

is a non-zero 𝐸 (𝑊𝛿) term, due to the heterozygotes producing all three types of offspring. This non-zero

‘transmission term’ drives an evolutionary change in genotypic frequencies which is, however, non-adaptive

since the mean őtness of the population does not change in consequence.

Let us now move to ideal large population models of selection. If 𝑤𝑖 𝑗 be the Darwinian őtness of genotype

𝐴𝑖𝐴 𝑗 , let us consider a case where 𝑤11 > 𝑤12 > 𝑤22 (directional selection). In this scenario, as long as the

𝐴1 allele is not őxed, its frequency, and that of the A1A1 genotype, continues to increase in the population,

over generations. Here, both the right hand side terms of the Price equation are non-zero and positive, and

both contribute to change in mean phenotype over generations.

Finally, let us consider a case where 𝑤12 > 𝑤11, 𝑤22 (heterozygote superiority), a situation typically ex-

empliőed in textbooks with the example of sickle cell anaemia in malaria endemic areas. We know that

this system attains an equilibrium for allele and genotype frequencies in which both alleles are maintained

stably in the population. Of course, even at equilibrium, the differences in őtness between phenotypes

remain and, therefore, selection is still occurring, i.e., cov(𝑊, 𝜙) ≠ 0. However, since there is no change in

genotype frequencies, Δ𝜙 = 0. At the equilibrium frequencies of alleles and genotypes, the change due to

parent-offspring difference in type, 𝐸 (𝑊𝛿), exactly cancels out the change due to selection (cov(W, 𝜙)).
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of either disproportionate production, or disproportionate pre-fertilization mortality,

or disproportionate fertilization success and zygote viability of different gametic

types. Now, imagine a situation where all individual diploid genotypes have equal

survivorship and reproductive output, i.e., there is no selection among individuals

and, consequently, cov(𝑊, 𝜙) = 0. However, if there is gametic selection, there will

be mean phenotype change over the course of one generation, i.e., Δ𝜙 ≠ 0, and

this will be entirely due to the ‘transmission’ term, 𝐸 (𝑊𝛿), because selection, acting

among gametes rather than individuals, is driving a difference, on an average, between

offspring and parent phenotypes. Thus, if selection were simultaneously acting at two

levels, both between individuals and between gametes, the Price Equation would

permit a neat partitioning of the relative contribution of selection at the two levels to

total phenotypic change over one generation.

In fact, the Price Equation has the ŕexibility to do even more than that. The ‘transmis-

sion term’, or expectation, on the right hand side of the equation can be recursively

expanded into a covariance term and an expectation term, for as many hierarchical

levels of selection as one may wish to consider. Thus, in an analysis of group selec-

tion, where selection acts both between groups and among individuals within groups,

we get (for details of the derivations, and nuances of the notation, the interested reader

is directed to Chapter 10 in Rice (2004)):

Δ𝜙𝑔 =
1

�̄�𝑔

cov(𝑤𝑔, 𝜙𝑔) +
1

�̄�𝑖𝑇

𝐸 [cov(𝑤𝑖 , 𝜙𝑖)] +
1

�̄�𝑖𝑇

𝐸 (𝑤𝑖𝛿𝑖) .

Here, Δ𝜙𝑔 is the mean change in group phenotype, over one step of selection, in a

collection of groups of individuals that are experiencing selection at both the group

and the individual levels. Group phenotype is simply the mean phenotype of all

individuals in that group. On the right hand side of this equation, we can see that the

classic ‘transmission term’ has been split into a covariance term and a transmission

term. The őrst term, cov(𝑤𝑔, 𝜙𝑔), on the right hand side reŕects the change in mean

group phenotype due to selection between groups. The second term, cov(𝑤𝑖 , 𝜙𝑖),

captures the change in mean group phenotype due to selection between individuals

within groups. The third term, 𝐸 (𝑤𝑖𝛿𝑖), reŕects the change in mean group phenotype

due to factors relating to individual reproduction, and/or selection at a level below

the individual. This third term could again be similarly split into a covariance term,

reŕecting selection among entities below the level of individual (e.g. gametes), and

a ‘transmission term’, reŕecting the effect of factors relating to the reproduction of

these lower-than-individual level entities, and/or selection at an even lower level. This

particularly evocative and ŕexible recursive expansion of the ‘transmission term’ in

the Price Equation is the foundation of multi-level selection theory.

5. A Unifying Principle for Evolutionary Theory

Chronologically, the Price equation entered into evolutionary theory relatively late,

several decades after the Neo-Darwinian synthesis ś itself coming almost seventy-őve

The ‘transmission term’,

or expectation, on the

right hand side of the

Price equation can be re-

cursively expanded into

a covariance term and

an expectation term, for

as many hierarchical lev-

els of selection as one

may wish to. consider.

This particularly evoca-

tive and ŕexible recursive

expansion of the ‘trans-

mission term’ in the Price

Equation is the founda-

tion of multi-level selec-

tion theory.
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From the conceptual per-

spective of the formalism

of evolutionary theory,

the Price Equation is like

the ‘mother lode’, closely

mirroring Darwin’s orig-

inal insight in its simplic-

ity and generality, spin-

ning off practically ev-

ery preceding theoretical

result in population and

quantitative genetics al-

most as a by-product.

The Price equation has

greatly enhanced our nu-

anced understanding of

kin selection and the evo-

lution of altruism, clear-

ing up many of the confu-

sions that swirled around

in the wake of Hamilton’s

path-breaking papers on

social evolution.

years after Darwin’s book ś had successfully welded together Mendelian genetics and

the Darwinian principle of natural selection into a fairly comprehensive theory of

evolutionary change within populations. Yet, from the conceptual perspective of the

formalism of evolutionary theory, the Price Equation is like the ‘mother lode’, closely

mirroring Darwin’s original insight in its simplicity and generality, spinning off practi-

cally every preceding theoretical result in population and quantitative genetics almost

as a by-product, and also rooting many aspects of evolution, biological and otherwise,

previously treated piecemeal in an ad hoc manner, into one grand generalization.

For paucity of space, and because some of these aspects are fairly sophisticated and

technical, I will not discuss these myriad ramiőcations of the Price equation in great

detail, but merely mention them brieŕy. Interested readers are directed to the excellent

expositions to be found in the writings of Steven Frank, Andy Gardner, Sean Rice,

Alan Grafen, and Tobias Uller, among others.

In the domain of classical population genetics, all the marginal allelic őtness models,

as well as models requiring a focus on genotypes or mating pairs, such as sexual se-

lection and fertility selection models, can be derived from the Price Equation. Thanks

to the relationship between covariance and regression (Box 1), the Price Equation

can also be formulated in regression terms, thereby recovering all major results from

quantitative genetics as well, showing that the Price Equation also underlies Fisher’s

original insight that led him to focus on average effects of alleles, breeding values,

and regressions of őtness on allelic content to develop a phenotypic theory of evo-

lutionary change, though rooted in Mendelian genetics across multiple loci. Fisher’s

Fundamental Theorem, the univariate and multivariate Breeder’s Equations, Robert-

son’s theorem, and Li’s theorem all turn out to be special cases of the Price Equation,

though preceding it by decades. Even the rich őeld of sex-ratio evolution, originally

pioneered by Fisher and subsequently reőned by Hamilton and others, is also most

clearly understood through a Price Equation approach.

Most spectacularly, the Price equation has greatly enhanced our nuanced understand-

ing of kin selection and the evolution of altruism, clearing up many of the confusions

that swirled around in the wake of Hamilton’s path-breaking papers on social evo-

lution. Among other things, the Price Equation also yields a much more general

and accurate formulation of the so-called Hamilton’s rule that lays out the condi-

tions for the evolutionary increase of altruism within a population. In this context,

the Price Equation makes clear that the evolution of altruism within a population

involves processes of selection, both among individuals and among groups, and that

kin-selection was merely one special way of trying to model this phenomenon at the

individual level by focussing on within-population groups based on genetic related-

ness. Through its property of recursive expansion, the Price Equation also provided

the őrst clear formalism for understanding group selection, and its relationship with

individual selection, a topic that had been controversial for several decades before

George Price turned his attention to it. Moreover, the expansion of the Price Equation
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is the foundation for multi-level selection theory, permitting the analysis of selection

simultaneously acting at multiple hierarchical levels of organization. An important

and potentially very useful contemporary application of multi-level selection theory is

in understanding tumour progression in cancer, one more reminder of how advances

in basic understanding can have profound, often unexpected, practical implications in

the future.

At present, there is also considerable interest in the role of non-genic inheritance

in evolution, both biological and cultural. Cultural inheritance ś the acquisition of

behavioural phenotypes via learning ś is now recognized as playing an important

role in the evolution of behaviours, in humans and other animals alike. Ecological

inheritance ś in the sense of shared environmental factors driving parent-offspring

similarity in phenotype ś is also receiving increasing attention in evolutionary biology,

as is epigenetic inheritance, or the trans-generational persistence of added chemical

‘marks’ on DNA that can affect levels of gene expression. The Price Equation, once

again, plays an important role in formulating the effects of such non-genic forms

of inheritance on the evolutionary process because of its general form that does not

restrict itself to any speciőc mechanism of inheritance.

In the 1860s, shortly after Darwin’s book ‘The Origin of Species’ was published,

the German biologist Ernst Haeckel had predicted that evolutionary thinking would

unify not only diverse sub-areas of biology, but also bring into its domain many őelds

considered separate from biology, such as human behaviour, psychology, anthropol-

ogy, sociology, and linguistics. Today, we are in the midst of such an expansion of

the domain of evolutionary biology to include many areas not traditionally consid-

ered a part of it. Evolutionary psychology and evolutionary medicine are now active

research őelds internationally, though not yet in India. Evolutionary economics is

a more recent, but rapidly growing őeld. One of the key developments that some

researchers hope will truly unify the biological and social sciences is the development

of a general theory of intertwined biological and cultural evolution. If and when that

happens, George Price’s eponymous equation will have played a central role in the

realization of Haeckel’s dream.

6. Conclusion

Among those who can be said to have had a truly deep and Among those who can be

said to have had a truly

deep and intimate under-

standing of the process of

natural selection, George

Price would rank very

high indeed, alongside

Darwin, Haeckel, Wel-

don, Fisher, and Hamil-

ton.

intimate understanding of

the process of natural selection, George Price would rank very high indeed, alongside

Darwin, Haeckel, Weldon, Fisher, and Hamilton. He had an interesting but troubled

life and, like the mathematician Srinivasa Ramanujan and the philosopher Ludwig

Wittgenstein, made profoundly original and fundamental contributions to a őeld he

had no formal training in, something he had dreamt of doing for much of his adult

life (see Article-in-a-box in this issue, Resonance, Vol.25, No.4, pp.459ś475, 2020).

It is worth remembering, especially in these times of pragmatic and professionalized

science, that passionate and dedicated amateurs have a lot to contribute to the growth

An important and poten-

tially very useful con-

temporary application of

multi-level selection the-

ory is in understand-

ing tumour progression

in cancer, one more re-

minder of how advances

in basic understanding

can have profound, often

unexpected, practical im-

plications in the future.

Evolutionary psychol-

ogy and evolutionary

medicine are now active

research őelds interna-

tionally, though not yet in

India. Evolutionary eco-

nomics is a more recent,

but rapidly growing őeld.
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It takes a certain com-

bination of conődence,

open-mindedness and

generosity to be able to

recognize genius when

it shows up at one’s

door. Cultivating and

maintaining such conő-

dence, open-mindedness

and generosity is also

an important aspect of

science that we need to

preserve, nurture and

inculcate.

of human knowledge; both Charles Darwin and Gregor Mendel were amateurs, too.

Similarly, it is important to stress breadth and imagination in science education,

in addition to depth and technical detail. It is equally important to appreciate the

role played in the lives of Ramanujan, Wittgenstein and Price by the likes of G.

H. Hardy, Bertrand Russell, and William Hamilton, respectively, who recognized

and encouraged these ‘outsiders’ who brought their own unique, often seemingly

incomprehensible, insights to the őelds officially straddled by their mentors. It takes

a certain combination of conődence, open-mindedness and generosity to be able

to recognize genius when it shows up at one’s door. It is hard to imagine today

that someone with no experience or degree in the őeld could be appointed as a

Research Fellow in a major department simply because he or she had come up with

a really interesting equation. Yet, this is what happened to Price when he went to

show his covariance equation to leading statistical geneticist Cedric A. B. Smith at

University College London in 1968. Cultivating and maintaining such conődence,

open-mindedness and generosity is also an important aspect of science that we need

to preserve, nurture and inculcate.
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When photos of individual faces are combined together to give an averaged

face, people őnd such averaged faces to be more attractive than the original,

individual faces. This preference for the average phenotype can be described

under koinophilia. In this article, we explore the reasons why averaged faces

may be attractive.

1. Koinophilia and Human Facial Attractiveness

What makes a face attractive? There have been many studies on this topic, in the form

of presenting people with photos of different faces and őnding out what is common

about the faces that people rate as being attractive. Some studies have found that

people from different races and cultures rate the same speciőc faces as very attractive,

suggesting that there could be some universal structural features that are attractive to

humans. Preferences for attractive faces are seen even amongst infants, with infants

preferring the same faces that adults judged as being attractive [1]. Other studies have

found that different populations may have different standards of attractiveness [2].

People may also adjust their standards of beauty based on what they have experienced

and, therefore, the media can inŕuence beauty standards [3].

However, one very interesting and consistent őnding regarding facial attractiveness

has been that people őnd the average of faces in a population to be attractive (Figure 1).

This was discovered in the 19th century by Francis Galton in an attempt to fashion a

prototype for the ‘criminal face’ [4]. He discovered that when multiple photographs

of faces were superimposed, the resultant face from the composite photograph looked

more appealing than individual faces from any of the original contributing pho-

tographs. Much later, with the advent of computers, Langlois and Roggman averaged

faces using computers and they also found that people judged the averaged faces to

be more attractive than the individual faces [5]. This preference for the ‘average’ has

been termed koinophilia (koinos, Greek = common, average; philos, Greek = love or

fondness) [6].

2. Averaged Faces and Symmetry

Why does a composite (averaged) face look more attractive than an individual face?

One explanation is symmetry [7,8] since composite faces are more symmetric than

their original images. Since individual faces may be asymmetric in different ways, by

∗Reproduced with permission from Resonance, Vol.20, No.4, pp.311ś319, 2015.
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(a)

(b)

Images CC-BY-4.0 from L DeBruine and B Jones (2017). Face Research Lab London Set.

őgshare doi: 10.6084/m9.figshare.5047666.v3

Figure 1. Nine individual

faces (a) and a composite

face of these nine faces

(b).

Courtesy : L DeBruine

and B Jones, Face Re-

search Lab. See http:

//faceresearch.org/

demos/average for an

interactive averaging of

faces.

averaging several individual faces, asymmetries may cancel out one another and result

in a composite face that is more symmetric. Symmetry is thought to be preferred

because it possibly indicates developmental stability in a changing environment, which

would be an indicator of genetic quality in an individual.

Developmental stability is the ability of an organism to buffer its development against

environmental or genetic disturbances and produce a speciőc phenotype. If individ-

uals are not of high genetic quality, they may not be able to buffer their development

against environmental ŕuctuations and this would result in asymmetries. It has been

shown that people make judgments of health based on symmetry and, therefore, sym-

metry may serve as an honest signal of mate quality. Animals other than humans,

such as swordtail ősh, zebra őnches, sticklebacks, and, possibly, peafowl, also prefer
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symmetry over asymmetry [9ś11]. However, it was also found that while symmetry

played a role in the perception of attractiveness in humans, its role was signiőcant only

in those faces that were initially rated as very unattractive, and perfect symmetry was

not found to be necessarily attractive [12]. Moreover, averaged faces were attractive

in the absence of symmetry also (when photographs of faces in proőle were used)

[13]. There is also another view that symmetry may not really be an indicator of

genetic quality, and that preference for symmetry may simply arise from the cognitive

processes associated with the mechanism of recognition in organisms [14].

3. Averaged Faces and Familiarity

Another characteristic of averaged faces is that they are familiar looking [12]. Fa-

miliarity has been shown to make faces appear more attractive [15]. Just as genetic

quality is a possible evolutionary reason for symmetry to be preferred, what would

be a possible adaptive reason for familiar faces to be preferred? The averaged face

is an average of facial conőgurations, which would, therefore, be perceived as a

prototype face of the population. (This assumes a normal distribution ś otherwise

the modal value should be considered as the prototype face, not the mean.) Facial

recognition is an important cognitive ability in animals such as humans, in which

social communication via visual cues plays a signiőcant role in day-to-day life. It is

likely that the brain recognises faces by remembering an average prototype and then

comparing deviations of observed faces against it rather than by remembering exact

details of speciőc faces [16,17]. If only deviations are noticed, average faces would

appear familiar. Therefore, koinophilia would facilitate recognition of individuals

of the same species and appropriate sex during mate recognition, since identifying

conspeciőcs (individuals of same species) and the correct sex would be easier when

a face is average. Average faces would, however be difficult to recognize individually

as distinct individuals.

4. Koinophilia and Mate Selection

Koinophilia is thought to have evolved as a strategy for mate selection Koinophilia is thought to

have evolved as a strat-

egy for mate selection

because common pheno-

types are likely to be

‘safer’ than mutants.

because com-

mon phenotypes are likely to be ‘safer’ than mutants (if the advantages or disadvan-

tages of mutations can be ascertained only retrospectively and not at the time that

they arise) [6]. Koinophilic mating (in which individuals mate with conspeciőcs

showing the average phenotype) is different from assortative mating (Figure 2), in

which individuals choose mates based on their own phenotype as opposed to choosing

the average or common phenotype, irrespective of their own phenotype. Common-

ness would indicate that the phenotype was well suited to the environment and is,

therefore, likely to have high őtness. If it were true that the common phenotype was

the best suited to the environment and if this phenotype were heritable, koinophilia

as a phenomenon would spread through a population in which it arose (assuming

Symmetry is thought to

be preferred because it

possibly indicates de-

velopmental stability in

a changing environment,

which would be an indi-

cator of genetic quality in

an individual.
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Figure 2. Assortative

mating, in which individu-

als prefer to mate with oth-

ers having similar trait val-

ues (positive assortative

mating). The frequency

distribution of the trait

values is shown, with pair-

ings between insects hav-

ing the same wing colour.

In koinophilic mating, in-

sects of all wing colours

shown here would prefer

to mate with those hav-

ing the intermediate wing

colour (orange-red).

that koinophilia is itself heritable). Interestingly, koinophilia could, therefore, also

be a mechanism by which traits show a distribution analogous to classical stabilizing

selection, just as assortative mating can give rise to trait distributions akin to that

obtained through disruptive selection, if the traits are heritable and simple (see Figure

3). Perhaps koinophilia is a mechanism that maintains the traits involved in species

recognition under stabilizing selection. Another possibility is that there is some other

http://www.wikilectures.eu/index.php/File:Selectiontypes.png

Figure 3. Types of selec-

tion. The frequency dis-

tributions of trait values

(phenotypes) are shown

before selection and af-

ter selection. The arrows

within the three panels in

the middle point towards

the trait values that are se-

lected against. The direc-

tion in which the distribu-

tion will move after selec-

tion is shown by arrows

below the three panels on

the right. The population

mean will move towards

the right under the di-

rectional selection shown

above, while it will remain

unchanged under stabiliz-

ing and disruptive selec-

tion. The variance in the

trait decreases under sta-

bilizing selection, while it

increases under disruptive

selection. Courtesy :
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force that maintains species-speciőc traits under stabilizing selection and koinophilia

is an adaptation for selecting individuals given that distribution.

5. Koinophilia: Further Thoughts

It has been suggested that koinophilia could also be a mechanism for speciation [6]. If

individuals of a koinophilic species occupied different geographic areas with different

distributions of phenotypes, the average phenotype in each area would be different,

and individuals from other areas would be avoided as mates, leading to reproductive

isolation. If the variability in trait values is reduced because of selection of the average

phenotype, this may result in a lack of intermediate morphologies between species,

as seen in the fossil record [18]. However, this would require multiple species to

show koinophilia, as well as other mechanisms that lead to the initial differences in

phenotypic distributions across populations.

While koinophilia has been proposed as a mechanism that can explain diverse pro-

cesses, from mate choice to speciation [18,19], it cannot satisfactorily explain mate

choice based on sexual ornaments (such as deer stag antlers or the peacock’s tail)

or the ‘rare male advantage’ (when the rarest males in the population are sometimes

preferred by females). However, there seems to be some confusion in the literature

about species recognition versus individual recognition during the process of mate se-

lection, in the context of preference for the average. Mate selection involves choosing

individuals of the same species and appropriate sex, and then discriminating between

individuals of this set of ‘desirable individuals’. When choosing the correct species

and sex, one would expect individuals to choose those individuals whose trait values

are close to the population average in order to minimize acceptance error (the mistake

of wrongly identifying an undesirable individual as a desirable individual). However,

individuals should choose mates based on trait values that are away from the mean in

the correct direction when choosing amongst a set of individuals of the appropriate

gender and species. The traits used for species and sex identiőcation, therefore, need

not be the same as those used for individual discrimination. For example, secondary

sexual characteristics are not expected to be useful in species identiőcation but can

be useful in individual discrimination. Therefore, koinophilia would not be expected

with respect to such characteristics if it were a mechanism for choosing the correct

species.

Interestingly, since the averaged face is not only a prototype face of the population,

but is also rated as an attractive face, faces may be used for species/sex and individual

discrimination simultaneously. One would then expect different characteristics of

the face to be used for discrimination at different levels. For instance, face shape at

a broader level may indicate human ‘faceness’ while skin texture or details of face

shape may indicate individual quality. Composite faces have blemishes removed

and better skin texture, and it is known that skin texture is one of the cues used to

rate attractiveness. This could be one reason why composite faces are preferred.

When choosing the cor-

rect species and sex, one

would expect individuals

to choose those individu-

als whose trait values are

close to the population

average in order to min-

imize acceptance error.
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Box 1. Glossary

Developmental stability: This is the ability of an organism to buffer its development against disturbances

(environmental or genetic) and produce a predicted phenotype from a speciőc genotype [25].

Fitness: The ability of individuals of a particular genotype or phenotype to contribute offspring to the next

generation. This can be assessed in absolute terms or relative to other genotypes/phenotypes.

Trait value: A distinct variant of a phenotypic character, for e.g., ‘black’ is a trait value of the trait ‘hair

colour’.

Natural selection: This is a natural process by which heritable biological traits change in frequency in a

population because of differential reproductive success of individuals that carry variants of these traits. In

other words, individuals that are best adapted to their environment survive and reproduce to a greater extent

than other individuals because of heritable variation that the former individuals possess. Natural selection

is a mechanism by which populations evolve.

Stabilizing selection: This is a type of natural selection in which the intermediate phenotype is the most őt

and extreme values of the trait are selected against.

Disruptive selection: This is a type of natural selection in which extreme phenotypes (in either direction,

which are farthest from the mean) are the most őt and intermediate phenotypes are selected against.

Directional selection: This is a type of natural selection in which one extreme phenotype is the őttest and

the intermediate phenotypes and the other extreme phenotype are selected against.

Assortative mating: This is a non-random mating pattern in which individuals preferentially mate with

those who have the same phenotype as them (positive assortative mating) or with those individuals who

have a different phenotype from them (negative assortative mating).

Honest signal: This is a signal (behaviour or phenotype used actively by an individual to transmit information

and inŕuence the behaviour of another individual) that correctly represents the state of the signaller.

Acceptance error: This is the misidentiőcation of an ‘undesirable’ individual as a ‘desirable’ one. In

the case of mate selection, an undesirable individual may be one from another species, but during kin

recognition, most individuals of the same species would also be undesirable.

Rejection error: This is the misidentiőcation of a desirable individual as an undesirable one.
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If symmetry is indeed reŕective of genetic quality and developmental stability is

heritable, symmetry would be a trait for which high values would be preferred both

in the context of species recognition (because this would represent the population

average) and individual preference (because the averaged face would represent a high,

not average, degree of symmetry, which would be indicative of quality). Attractiveness

also depends on various other cues that the face bears, as well as the state of the

individual who is doing the rating [20]. It has also been found that while averaged

faces are attractive, the most attractive faces are not average and often have some

unusual characteristic about them [21, 22]. These unusual characteristics may serve

as signals of quality and there could be directional selection on them, with the preferred

individuals showing trait values away from the population mean.

Surprisingly, it has been found that the preference for the average Surprisingly, it has been

found that the preference

for the average is not

limited to faces: peo-

ple also rated averaged

heterospeciőcs, such as

birds or ősh, and artifacts,

such as watches or cars,

as more attractive than

their non-average coun-

terparts.

is not limited to

faces: people also rated averaged heterospeciőcs, such as birds or ősh, and artifacts,

such as watches or cars, as more attractive than their non-average counterparts [23].

This raised the question about whether there was any mate-selection advantage to

preferring the average or whether it was simply an outcome of how information is

processed in the brain. It has subsequently been shown that familiarity (which could

also partly stem from selective manufacturing of items with certain attractive traits)

seems to fully account for attractiveness of the average amongst artifacts but only

partially inŕuences attractiveness of the average amongst humans and other animals

[23]. Therefore, there is probably an evolved preference for the average face.

While there is some evidence for other species avoiding unusual or unfamiliar looking

mates [24], a preference for the average, as seen in humans, has not been tested. In

primates, preference for symmetry has been tested for but not averageness. This

is partly constrained by the inability of our perceptual abilities to determine the

perception of test animals. It will be interesting to see if other species show koinophilic

behaviours using visual and non-visual sensory modalities. Further research in this

direction may reveal much about recognition and mate-selection.
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Complex evolutionary forces determine whether plants are male, female or

hermaphrodite throughout their lives or whether they switch from one sex to

another. This article explores these often conŕicting forces and seeks answers

for sex change in plants.

In classical Greek mythology, Hermaphroditus, son of Hermes and Aphrodite, spurned

the advances of Salmacis, guardian nymph of a lovely pond. Salmacis plunged into

the water after Hermaphroditus and entangled him perforce in a powerful embrace.

Whilst thus entwined, Salmacis entreated the gods to unite her eternally with her

love. The gods were kindly and merged Salmacis with Hermaphroditus so that they

were but one androgynous body ever after. This is why plants and animals in which

both male and female sexual organs are present in the same individual are called

hermaphrodites.

1. A Conceptual Framework

The ancestral angiosperms or ŕowering plants had bisexual, perfect ŕowers (Figure

1). From this condition arose the variety of sexual systems found in seed plants today

(Box 1). About three-fourths of all ŕowering plants have the ancestral perfect-ŕowered

condition, while about ten percent are either dioecious or monoecious, the rest being

a mixture of sexual types.

Figure 1. The perfect

ŕower of the glory lily

waits to be pollinated and

have its pollen taken away.

(Courtesy : Ulhas Rane)

An hermaphroditic plant is one in which the male reproductive structures (stamens)

and female reproductive structures (carpels) are produced on the same plant either

in the same or within separate ŕowers, either simultaneously or sequentially. Se-

quential hermaphrodites are those that change sex at varying time scales. Why do

hermaphrodites adopt one or the other strategy? Are these strategies equivalent and

merely different answers to the same evolutionary problem of maximising an indi-

vidual’s őtness? Darwinian őtness is the measure of an individual’s survival and

reproductive success in terms of the number of offspring produced. Reproductive

success in plants can be achieved either through male or female functions via pollen

or ovules. The őtness of an hermaphrodite is, therefore, the combined őtness of its

male component in terms of the number of progeny sired by its pollen, and of its

female function in terms of the number of seeds produced.

∗Reproduced with permission from Resonance, Vol.3, No.4, pp.64ś78, 1998.
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2. Simultaneous Versus Sequential Hermaphroditism

Box 1. Terminology

Related to Mating

Systems in Plants

Perfect or bisexual

ŕower: Flower with

male and female repro-

ductive parts

Hermaphrodite: Plant

with bisexual or monoe-

cious ŕowers

Monoecy:

Hermaphrodite plant

with unisexual male and

female ŕowers on the

same plant

Dioecy: Male and fe-

male ŕowers on separate

plants

Andromonoecy:

Hermaphrodite plant

with bi-sexual and

unisexual male ŕowers

on the same plant

Gynomonoecy:

Hermaphrodite plant

with bi-sexual and uni-

sexual female ŕowers

on the same plant

Androdioecy: Coexis-

tence of hermaphrodite

and male plants in the

population

Gynodioecy: Coexis-

tence of hermaphrodite

and female plants in the

population

In 1969, Michael Ghiselin wrote an inŕuential paper in an attempt to explain patterns

of hermaphroditism in animals. His theories have now been applied to plants. The

low density theory of Ghiselin predicts that simultaneous hermaphroditism could

have an advantage in a population which is at a low density when in such populations

the probability of successful pollen transfer between individuals is also low. This

co-occurrence of sexes would be especially advantageous under such conditions if

the hermaphrodite could self-fertilise. Moreover, in such sparse populations, even

self-incompatible hermaphrodites, i.e. those unable to self-fertilise, would have a

greater opportunity of mating with the opposite sex, compared with a low density

population in which the sexes are separated in individual plants. For example, in an

extreme case where a population of simultaneous hermaphrodites was reduced to only

two individuals, each individual would have twice the probability of mating with the

opposite sex than if it were either male or female at any given moment.

Interest in theories of sex change was largely evoked by the sex reversals found in

many invertebrates like crustaceans and molluscs, and many species of őshes. In these

animals, individuals are of one sex when young and change sex when older or larger.

Ghiselin’s size-advantage theory which was developed for animals has often been

invoked to explain the phenomenon of sequential hermaphroditism. In this theory, sex

change is favoured if either male or female functions are best performed by individuals

of different sizes. In multicellular animals and plants, there is usually a considerable

difference in size between male and female gametes produced by an individual. Male

gametes ś sperm or pollen, are considerably smaller than female gametes ś eggs or

ovules. This condition of a large size difference between the gametes of opposite sexes

is referred to as anisogamy. So, it is generally assumed that pollen is less expensive

to produce than seeds. Therefore, maleness should be favoured in smaller, younger

plants and femaleness in older, larger plants with greater resource reserves.

3. Resource Budget for Reproduction

It is also often assumed that an individual plant has a resource budget demarcated for

reproduction. This may be a őxed or a variable proportion of its total resource budget,

the rest of which could be spent on many other functions. Although the size advantage

model has been inŕuential in stimulating research into the relationship between age,

size and reproductive success, other factors such as the resource cost of sex change,

length of reproductive life, and the rate of increase in reproductive success after the

sex change need also to be considered.

4. Why be an Hermaphrodite?

The conditions under which individual plants should allocate resources from their re-

production budget to both sexes or only to one sex have been explored in a fundamental
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analysis by Eric Charnov, John Maynard Smith and James Bull (Box 2) who showed

that in populations at equilibrium, if the sum of the pollen and ovule production of

an hermaphrodite relative to that of a male or a female is > 1, hermaphrodites with

bisexual or monoecious ŕowers should be expected. In other words, if the combined

male and female reproductive success of an hermaphrodite is greater than that of a

unisexual individual, hermaphroditism rather than dioecy would be selected for in the

population (see Box 2 for fundamental assumptions made by this theory). Populations

are said to be at equilibrium with regard to a particular evolutionary strategy, if the

population at that stable state cannot be replaced by individuals employing other more

successful strategies. In this case, the evolutionarily stable strategy for all individuals

in the population could be either hermaphroditism or dioecy. Explanations for the

presence of hermaphrodites as well as unisexual individuals in the same population

are more complex.

5. The Gene Lottery

It is important to remember, however, that őtness is not just a function of production

of offspring. Offspring should also survive and ultimately reproduce to ensure gene

transmission. Males or females that produce offspring that are either more genetically

variable or that disperse their progeny into a greater variety of environments may have

greater őtness because of the increased probability of the survival of such offspring

to their own reproductive stages. The greater the genetic variation among offspring,

the larger the proportion of offspring that will survive under the ŕuctuating demands

of a single environment. This is like ensuring that you have many lottery tickets

with different numbers. Correspondingly, the greater the diversity of environments

that offspring are dispersed into, the greater the probability that the genotype of the

offspring is suited to that environment. This is like having many lottery tickets with

the same number but ensuring that they all come from different lotteries! This mixing

and matching of offspring genes and environment is also important in the őtness

that a reproducing individual actually attains. Therefore, mere numbers of offspring

produced do not necessarily translate directly into őtness.

6. Bateman’s Principle

The Bateman principle1

1 In 1948, A J Bate-

man observed that individ-

ual male fruitŕies showed

greater variation in number

of offspring produced than

females. The vast numbers

of male gametes produced,

owing to their smaller size

and consequent lower costs

of production relative to fe-

male gametes, cause a dis-

parity between the sexes in

gamete mating opportunity.

when applied to plants states that male reproductive success

should be limited, i.e. have its upper boundaries set, by the number of ovules its pollen

can access, while female reproductive success should be limited by access to nutrient

and energy resources for seed and fruit production. However, if parental őtness is also

dependent on the genotype of the offspring, female success may also be limited by the

genotypes of the pollen received. It is now known that seed production can be limited

in some cases also by the amount of pollen received by the female. This can occur

when pollinators are generally scarce, as sometimes happens in high altitude plants.

Figure 2. Many snake

lilies change sex. They

are males when young and

later become female.

(Courtesy : Ulhas Rane)
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Box 2. When should a Plant be an Hermaphrodite?

Let 𝑚 = number of males, 𝑓 = number of females, and ℎ = number of hermaphrodites in a population. Let

𝑁 = number of pollen grains produced by a male and 𝑛 = number of ovules by a female. Then 𝛼 and 𝛽 =

amount of pollen and ovules produced by an hermaphrodite as a fraction of the pollen and ovules produced

by a male or female. Therefore, an hermaphrodite produces 𝛼𝑁 pollen + 𝛽𝑛 ovules.

Assumptions: 1. Random mating 2. All individuals have the same survivorship to adulthood. 3. Population

is at equilibrium. 4. Self-incompatibility 5. Sexual type is determined by genes.

Let 𝑅 = total number of offspring produced; 𝑊𝑚, 𝑊 𝑓 and 𝑊ℎ = the őtnesses of males, females and

hermaphrodites = expected number of offspring produced by each sexual type.

Total pollen produced by males = 𝑁𝑚

Total pollen produced by hermaphrodites = 𝛼𝑁ℎ

And, total pollen produced by males and hermaphrodites = 𝑁 (𝑚 + 𝛼ℎ).

Similarly, total ovules produced by females and hermaphrodites = 𝑛( 𝑓 + 𝛽ℎ).

Since each offspring has one father and one mother, 𝑅 offspring will have 𝑅 haploid genomes contributed

by pollen grains and 𝑅 haploid genomes contributed by ovules. 𝑁 (𝑚 +𝛼ℎ) pollen grains result in 𝑅 haploid

genomes. Therefore 𝑁 pollen grains (produced by a male) will result in 𝑁𝑅/[𝑁 (𝑚 +𝛼ℎ)] haploid genomes

(offspring). Therefore the őtness of a male will be 𝑊𝑚 = 𝑅/(𝑚 + 𝛼ℎ). The őtnesses of females and

hermaphrodites can be similarly derived.

Therefore, 𝑊𝑚 = 𝑅

(

1

𝑚 + 𝛼ℎ

)

, 𝑊 𝑓 = 𝑅

(

1

𝑓 + 𝛽ℎ

)

and 𝑊ℎ = 𝑅

(

𝛼

𝑚 + 𝛼ℎ
+

𝛽

𝑓 + 𝛽ℎ

)

.

In a population at equilibrium, the őtnesses of all sexual phenotypes i.e. males, females and hermaphrodites,

should be equal.

0.5

1.0

0.5 1.0

α

β

α + β > 1

α + β < 1

In a dioecious population at equilibrium, ℎ = 0 and 𝑊𝑚 =

𝑊 𝑓 . Such a dioecious population can resist invasion by an

hermaphrodite mutant only if 𝑊𝑚 = 𝑊 𝑓 > 𝑊ℎ.

i.e. when 𝑅

(

1

𝑚 + 𝛼ℎ

)

> 𝑅

(

𝛼

𝑚 + 𝛼ℎ
+

𝛽

𝑓 + 𝛽ℎ

)

or when 𝑅

(

1

𝑚 + 𝛼ℎ

)

> 𝑅

(

𝛼

𝑚 + 𝛼ℎ
+

𝛽

𝑚 + 𝛼ℎ

)

[Since 𝑊𝑚 = 𝑊 𝑓 , 𝑚 + 𝛼ℎ = 𝑓 + 𝛽ℎ]

Therefore, dioecy will prevail if 𝛼 + 𝛽 < 1, while

hermaphroditism will be selected for if 𝛼 + 𝛽 > 1.

(Adapted from : Charnov, Maynard Smith and Bull, 1976.)
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Box 3

It could also occur when the number of ŕowers on the plant or the quantity of nectar

is insufficient to attract an adequate number of pollinators (see conŕict between the

sexes with regard to this same feature later). Bateman’s principle needs to be applied

cautiously since factors such as pollen genotypes and pollen quantity can also limit

both the male and female components of reproductive success.

7. Pollen and Seed Shadows

There is another fundamental conceptual issue regarding the possible beneőts of

dual sex expression in plants. In a unisexual male plant, there could be a point

beyond which increasing expenditure on reproduction will not proportionally increase

reproductive success because there are no more unfertilised ovules available within

its pollen shadow. The shadow is the area over which the pollen of a ŕower or a

plant is dispersed (see Box 3). At this point, it would be preferable either to be an

hermaphrodite or to change sex. Similarly for a female plant whose seeds are usually

dispersed close to the maternal plant and only a small proportion of seeds is deposited

further away. Most of the seeds near the parent plant are likely to compete intensively

for nutrients and for space and only a few may be able to occupy available sites for

seedling establishment. Due to this seed competition, a stage could be reached when

further expenditure on female function will not result in a proportional increase in

female reproductive success. These are examples of the law of diminishing returns.

Moreover, the distance to which a male’s genes can be transmitted is usually greater

than a female’s genes because male genes move őrst through pollen to fertilise seeds

and then subsequently through the dispersal of those seeds. Therefore, a male’s
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progeny may be placed in more diverse microhabitats than those of a female. This

may also inŕuence the increase in őtness achieved by specialising only on one sex by

being either male or female.

8. The Plot Thickens!

Still further complications lie ahead. If a plant is both self-compatible as well as

capable of outcrossing, and if most of its pollen shadow is cast over itself, then

it would produce more seeds by self-pollination rather than by outcrossing. This

reduction in opportunities for outcrossing due to the movement of pollen and thereby

genes within plants rather than between plants is called pollen discounting. One way

in which a pollen shadow can linger over the same plant is if the plant produces very

showy and nectar-rich ŕower displays so that pollinators tend to move from ŕower

to ŕower on the same plant rather than between plants (note earlier opposite effect

on female reproductive success). This can have further serious consequences for a

plant incapable of self-fertilisation as the stigmas of its ŕowers may get clogged with

useless self-pollen. Therefore, the law of diminishing returns can apply not only to

the total pollen production on a plant over the entire ŕowering season, but also to

the total pollen presented to pollinators at any given time. This means that it might

be better for plants to present pollen in small amounts to reduce pollen discounting

which could inŕuence the pattern of male versus female optimal requirements for

reproduction. This may hold true for animal-pollinated plants but for wind-pollinated

plants, massive pollen production at any given time might be important.

It should be evident by now that the world of sex and consequently of sex change in

plants is extremely complex, and is even further complicated by the modular structure

of plant reproductive units. One can refer to the reproductive success of an individual

ŕower, an individual branch, or that of the whole plant. In theory it is possible to write

equations that sum up reproductive success across plant modules but for biologists to

measure the parameters to test the models is an extremely challenging task. It should

also be clear by now that there are multiple, complex and often opposing factors which

are acting simultaneously on the male and female within each hermaphroditic plant.

Therefore, models too are at best approximations of the real world.

Why do plants change sex? We should have őgured it all out by now or can we?

Sex change will be explored further in the next part of this article along with speciőc

examples.

Suggested Reading

[1] Eric L Charnov, The Theory of Sex Allocation, Princeton University Press, 1982.

[2] John Maynard Smith, The Evolution of Sex, Cambridge University Press, 1978.

[3] Mary F Willson, Plant Reproductive Ecology, John Wiley, 1983.
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Self defense is the basic response of every living organism. This response is read-

ily observed in animals because of their physical movements typically involved

in that process. Being immobile, plants have evolved highly complex defense

mechanisms that differ from those commonly seen in animals. Plants are able

to use chemicals of various kinds as their weapons against enemies.

1. Why Signaling?

The basic resources needed by plants such as soil nutrients, light, water and space

available for growth are often inadequate, and tough competition occurs between

plants for these natural resources. However, since plants are immobile, they must put

up with the conditions in which they őnd themselves. Therefore, to maximize the

acquisition of the basic resources plants have evolved elaborate mechanisms capable of

detecting incoming physical, chemical and light signals. Thus, plant cells experience

the inŕuence of many external signals originating from light, temperature, minerals,

water, atmospheric gases, wounding, mechanical effects of soil texture, etc. Internally,

they are subjected to signals from an array of growth regulators, sugars, peptides, cell

wall fragments, and cell wall imposed mechanical signals from the surrounding cells.

In addition to the inŕuence of the external and internal signals

Plants have evolved their

own complex defense

mechanisms against

both herbivores and

pathogens.

mentioned above,

plants are also exposed to natural enemies such as herbivores, pests, and pathogens

and, therefore, they need to defend themselves against these enemies. Most animals

have evolved defense mechanisms which mainly involve escaping from the predators

by utilizing their mobility. Plants, however, are őrmly anchored in the soil and are

easily attacked by their enemies such as herbivores. Moreover, higher animals like

mammals have a well organized immune system to protect themselves against invading

pathogens. However, plants have also evolved their own complex defense mechanisms

against both herbivores and pathogens.

In general, the major requirement for defense is the ability to sense in advance the

impending danger heralded by an approaching enemy. What is it that is sensed by a

plant cell, and what is the response of the plant to such a signal?

2. Causing Indigestion in Herbivores

Insects are the major herbivores which often cause severe damage to plants, and

protection against these herbivores is essential for the survival of plants. Plants

∗Reproduced with permission from Resonance, Vol.5, No.8, pp.43ś53, 2000.
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During the initial stage of

insect attack, the wound

caused by insect bite gen-

erates a signal within the

plant body heralding the

danger.

have evolved a mechanism to perceive well in advance the massive attack of the

all-devouring insects and make preparations to protect against the invading enemy.

During the initial stage of insect attack, the wound caused by insect bite generates a

signal within the plant body heralding the danger. The defense signaling against insect

attack involves the production of two kinds of signaling molecules in the plant, viz.,

systemin and jasmonates. The signaling system involving these two kinds of molecules

leads to the production of proteinase inhibitors in the plant cell. These proteinase

inhibitors inhibit the digestive enzymes (proteinases) which digest the proteins in the

insect gut. As a result, the insects which feed on the leaves of these plants develop the

problem of improper digestion of their food, resulting in stunted growth followed by

reduced reproduction. It has been recorded that a potato leaf accumulates proteinase

inhibitors up to 2% of its soluble protein content within 48 hours of initial leaf

damage by wounding. Interestingly, the Colorado beetle, which normally feeds on

these leaves, is able to detect the presence of proteinase inhibitors and avoids further

feeding and moves on to another plant. In their chemical nature, the proteinase

inhibitors are themselves proteins. Crop plants like potato and tomato produce two

general classes of proteinase inhibitor molecules referred to as proteinase inhibitor

I and II of molecular mass, 39,000 Da and 21,000 Da, respectively. In addition,

proteinase inhibitors are well-known constituents of many plant seeds where they

play a similar protective role in deterring insect feeding. However, the production

of these inhibitors in seeds is constitutive (not induced by any internal or external

factors) and also not controlled by the jasmonate signaling system.

3. Reaction to Injury

It has been shown that the initial wounding caused by insect bites őnally leads to the

production of proteinase inhibitors in the plant cell. The jasmonate signaling system

mediates this process. The wounding causes the production of prosystemin which is a

protein consisting of 200 amino acid residues. This large molecule is then processed

(trimmed), leading to the formation of systemin, an 18 amino acid-long oligopeptide

(Figure 1). The systemin molecule is systemic in nature, which means that it is readily

transported from one part of the plant to the other through the conducting tissue

(phloem). The systemin molecule induces the synthesis of jasmonates in the cell by

Figure 1. The amino acid

sequence of the tomato

systemin oligopeptide

molecule.
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initiating a cascade of metabolic events. This initiation begins with the recognition

and binding of the systemin to a receptor molecule in the plasma membrane. For

example, in tomato, the receptor is a systemin-binding membrane protein (SBP50)

of molecular mass 50,000 Da. The systemin-receptor complex appears to induce

the activity of the enzyme phospholipase which hydrolyzes the membrane lipids and

liberates their fatty acid components into the cytoplasm. These unsaturated fatty acids

(with 2-3 double bonds linking the carbon atoms), consisting of a chain of 18 carbon

atoms, such as linoleic acid with two points of unsaturation (18:2), and linolenic acid

with three points of unsaturation (18:3) are released from the membrane. These fatty

acids then become the substrates for the synthesis of jasmonates. A series of enzymes

acts on these substrate molecules, resulting in the synthesis of jasmonic acid (Figure

2). Structurally, jasmonic acid (JA) consists of a cyclopentanone ring with acetyl and

Figure 2. Octade-

canoid (18-carbon com-

pound) biosynthetic path-

way of jasmonic acid from

fatty acid liberated from

the membrane lipid bi-

layer by the hydrolytic re-

action of phospholipase.

RESONANCE-75 Promoting Science Education 307



G Sivakumar Swamy

Figure 3. Chemical

structures of the natu-

rally occurring jasmonic

acid isomers and methyl

jasmonate. The stereoiso-

mers, (-)-jasmonic acid

and (+)-7-iso-jasmonic

acid occur in the ratio

of 9:1 in the plant cell.

Methyl jasmonate is

highly volatile, and is

transmitted through air.

n-pentenyl group substitutions in positions 3 and 7 of the ring (Figure 3). Jasmonic

acid is also methylated to produce the highly volatile methyl jasmonate (MeJA).

4. Resistance Against Insects

Jasmonates are able to induce (turn ‘on’) a large number of genes in plants. The prod-

ucts of the jasmonate-induced gene expression are commonly termed as ‘jasmonate-

induced proteins’ (JIP). Proteinase inhibitors are one of the kinds of JIPs. The

proteinase inhibitor I and II genes (pin1 and pin2) are coordinately expressed, and

their expression is stimulated by wounding which may be due to a simple mechanical

shearing of leaves, or herbivore-induced injury. In either case, there occurs the release

of systemin which is followed by jasmonate synthesis őnally leading to the induction

of pin gene expression.

In addition to the systemin-mediated stimulation, the jasmonate-induced pin gene

expression is also stimulated by insect oral secretions. The chemical compound,

volicitin [N-(17- hydroxylinolenoyl)-L-glutamine] which is a component of insect

oral secretion has also been found to be an inducer of jasmonate biosynthesis (Figure

4). Therefore, insect attack may stimulate the biosynthesis of jasmonates in two

different ways, one through the wound-induced systemin production, and the other

through the insect oral secretion. In both the cases it leads to the expression of

pin genes resulting in the production of proteinase inhibitors. Thus, the following

sequence of events appears to be involved in the induction of proteinase inhibitors as

a consequence of insect attack:

Injury caused by insects −→ systemin production

↓

Insect bites −→ volicitin −→ Jasmonate biosynthesis

↓

pin gene induction

↓

Production of proteinase inhibitors

↓

Resistance to insects
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Figure 4. Signal percep-

tion and transduction. The

signal is perceived at the

level of the plasma mem-

brane by the membrane-

associated receptors. The

signals from the herbivore

injury in the form of sys-

temin, and the insect oral

secretion which contains

volicitin are perceived.

Similarly, elicitors formed

by pathogen invasion (oli-

gogalacturonides and chi-

tosan) are also able to

induce jasmonate biosyn-

thesis. The jasmonates

thus produced in the cy-

toplasm stimulate the ex-

pression of speciőc genes

in the nucleus. Jas-

monates induce the genes

which express the syn-

thesis of proteinase in-

hibitors, phytoalexins, or

the volatile terpenoids

that attract the carnivo-

rous insects. In ad-

dition, other jasmonate-

induced proteins (JIPs)

involved in other func-

tions may also be in-

duced. Jasmonates are

also transported from cell

to cell across the mem-

branes, and from organ to

organ through phloem.
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It appears that the insect

attack on plants may send

out a signal through air

to other plants growing

in the neighboring area,

and induce insect resis-

tance in them.

Phytoalexins are the

chemical compounds

produced by the host

plants against the invad-

ing pathogens and they

inhibit the growth of the

pathogens in the plant

body, thereby offering

protection to the infected

plant.

5. Communication Between Plants

The methyl ester of jasmonic acid, methyl jasmonate (Figure 3), is highly volatile,

and it is readily transmitted through air. In fact, this compound was őrst isolated

from the essential oil of jasmine (Jasminum grandiŕorum) as the fragrant component,

and its name is derived from the plant from which it was őrst isolated. CA ‘Bud’

Ryan, working at the Washington State University, Pullman USA, has shown that

methyl jasmonate is transmitted through air and induces the production of proteinase

inhibitors in uninduced plants growing at a distance. Therefore, it appears that the

insect attack on plants may send out a signal through air to other plants growing in the

neighboring area, and induce insect resistance in them. By doing this, plants can give

out warning signal to their neighbouring community. Using this principle, there have

been attempts to develop methods to control insects by growing plants which emit

methyl jasmonate. The plant, Artemisia tridentata (a member of Asteraceae) produces

methyl jasmonate, and growing rows of this plant in tomato őelds was considered to

be effective in inducing proteinase inhibitors in tomato plants. However, it should also

be remembered that insects are able to produce a variety of proteinases, and as the

result they can produce proteinases that are insensitive to proteinase inhibitors I and II

to which they are exposed. This leads to development of resistance to these proteinase

inhibitors. However, a careful study of different proteinase inhibitors induced in a

wide variety of plants, and judicial use of these inhibitors may lead to the design of

suitable pest management methods.

6. Response to Plant Pathogens

Invasion of the plant body by microbial pathogens like fungi or bacteria also leads

to damage and disintegration of the host plant cells in the infected regions. The

disintegration of the plant cell wall results in the liberation of broken wall components

such as oligogalacturonides (obtained from the cell wall pectin degradation) and

oligosaccharides (products of cellulose degradation). In addition, some fungal wall

components such as chitosans are also liberated. It has been discovered that these

wall components are also able to initiate the biosynthesis of jasmonates. These

wall components are collectively known as elicitors, and they appear to exert their

inŕuence in a manner similar to that of systemin, leading to the release of fatty acids

from membrane lipids which results in the biosynthesis of jasmonates in the cytoplasm

(Figure 4). In the infected plants, the jasmonates then stimulate the production of

phytoalexins. Phytoalexins are the chemical compounds produced by the host plants

against the invading pathogens and they inhibit the growth of the pathogens in the

plant body, thereby offering protection to the infected plant. It has been discovered

that the jasmonates are able to induce the expression of genes which produce the

enzymes involved in phenylpropanoid metabolism. The phenylpropanoid metabolic

pathway in turn leads to the synthesis of certain coumarin compounds which act as

phytoalexins in some plants. Therefore the following pathway appears to be involved
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in the pathogen-induced jasmonate signaling system: infection of plants by pathogens

−→ production of elicitors −→ synthesis of jasmonates −→ jasmonate-induced gene

expression −→ increase in the levels of the enzymes of phenyl-propanoid metabolism

−→ production of phytoalexins −→ inhibition of pathogens.

7. An Enemy’s Enemy is a Friend

Apart from the direct way of defending themselves against insects Plants can respond to

damage caused by her-

bivorous insects by pro-

ducing volatile chemi-

cal compounds that at-

tract carnivorous insects

which prey upon the her-

bivores.

by producing pro-

teinase inhibitors, plants are also able to defend themselves by indirect methods.

Plants can respond to damage caused by herbivorous insects by producing volatile

chemical compounds that attract carnivorous insects which prey upon the herbivores.

Carnivorous insects depend heavily upon information-conveying chemicals originat-

ing from the herbivore, from the plant, or from an interaction between herbivore

and plant to guide them to their prey. In Lima bean plants, infestation by the spider

mite Tetranychus urticae leads to the production of volatile terpenoid chemicals such

as (E)-𝛽-ocimene, 4,8-dimethyl-1,3(E), 7-nonatriene and linalool as well as methyl

salicylate. The volatile compounds produced by the plants have been found to attract

the predatory mite Phytoseilus persimilis. The production of the volatile terpenoid

chemicals by the infested plants sends out a signal through the air to the enemy of

the herbivore insect (predatory mite) which senses the incoming chemical signals

and directs its ŕight to the spot from where the chemicals are originating. Thus

the plant has evolved an ingenious way of recruiting its enemy’s enemy for its own

protection. Similar relationships have been observed in some other herbivores and

their carnivorous predators. Several different plant species, including corn (Zea mays)

infested by caterpillars of the beet army worm Spodoptera exigua, take revenge on

this pest by attracting the parasitoid Cotesia marginiventris. Cabbage plants infested

by the caterpillars of the cabbage whites Pieris brassicae and P. rapae send out their

‘chemical cry’ to the parasitoids Cotesia glomerata and C. rubecula. In a majority

of such relationships, the chemical signals transmitted through air have been found to

be two of the homoterpenes, 4,8-dimethyl-1,3(E),7-nonatriene, and 4,8,12-trimethyl-

1,3-(E), 11-tridecatetraene. In addition, (E)-𝛽-ocimene, linalool, (E,E)-𝛼-farnesene,

and (E)-𝛽-farnesene are also produced.

It has recently been discovered that the insect oral secretion product, volicitin [N-(17-

hydroxylinolenoyl)-L-glutamine] is able to induce the synthesis of volatile terpenoid

chemicals in the plants. Volicitin is the product of interaction of both the plant and

the herbivore insect. By using heavy isotope labeling technique it has been found that

the fatty acid portion (linolenoyl moiety) of the volicitin molecule is derived from the

plant, while the glutamine and 17-hydroxylation are contributed by the caterpillar.

Furthermore, the induction of volatile terpenoid synthesis is linked to the jasmonate

signaling system. Experiments conducted on tomato plants by spraying with jasmonic

acid conőrm that there occurs an increase in the production of volatiles which attract

parasitoid wasps that prey upon tomato caterpillars. Therefore, jasmonic acid is able to
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Box 1. Cloning and Transfer of pin2 Promoter

The proteinase inhibitor genes (pin) possess promoter regions adjacent to the region which is actually

expressed to produce the protein molecule by the process of transcription and translation. The promoter

regions act as ‘switches’ and control the gene expression. These promoter regions interact with speciőc

DNA-binding proteins leading to ‘turning on’ or ‘turning off’ of the genes. Analysis of potato pin2 promoter

indicates a G-box sequence, CACGTGG, in the jasmonate responsive element at the −574 region (a distance

of 574 nucleotides before the expressed region of pin2). A DNA-binding protein that binds to another

downward promoter region with the nucleotide sequence, TGACGT, has also been identiőed. This DNA-

binding protein has a basic domain having both leucine zipper and helix-loop-helix motifs, which are the

characteristic features of transcription factors. The potato pin2 promoter has been isolated and fused with

the b-glucuronidase (GUS) gene of bacterial origin and transferred to rice plants. The expression of the

GUS gene in rice plants was observed only after wounding or in the presence of methyl jasmonate This

demonstrates that induction of proteinase II production by wounding or by jasmonates is controlled at the

level of gene expression. Moreover, it also conőrms that potato pin2 promoter can bring the expression

of any adjacent gene under the control of methyl jasmonate in any transgenic plant including monocots.

Therefore, when this promoter is fused with any gene of importance and transferred to the crop plants, the

expression of that gene can be induced whenever required by treating with methyl jasmonate.

mediate the plants’ response toJasmonic acid is able to

mediate the plants’ re-

sponse to herbivores both

directly and indirectly.

herbivores both directly and indirectly. The following

sequence of events appears to function in the indirect defense of plants: herbivorous

insect bites −→ volicitin production −→ jasmonate signal initiation −→ jasmonic

acid production −→ jasmonate-induced gene expression −→ induction of terpenoid

biosynthesis −→ air transmission of terpenoids −→ attraction of carnivorous insects

−→ preying of herbivorous insects by carnivores −→ protection of plants against

herbivorous insects.

8. Where do we go from here?

The biological association between plants and insects has a very long evolutionary

history. A large number of chemicals are synthesized in plants in relation to their

association with insects of which only a tiny fraction has been discussed here. In

addition, tropical regions contain a large number of insect species compared to the

temperate countries where most research on this topic has been done. In fact, very little

is known about the interaction of plants and insects under tropical conditions. Future

studies in this direction would be of immense value both from the biological point of

view and also from the economic viewpoint of pest control. In general, the ecological

signiőcance of various airborne chemical signals in the interaction of plant and animal

communities in ecosystems is poorly understood. All these aspects have the potential

to provoke the interests of young biologists to pursue their career in biology.
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The most intriguing fact is that a single chemical compound is able to control a large

number of diverse metabolic events in plants. Besides their action in plant defense

against both insects and pathogens in entirely different ways, jasmonates are also able

to induce quite a few growth characteristics in plants. In fact, jasmonates are able

to regulate diverse developmental events in plants such as senescence, tuberization,

bulb formation, tendril coiling, induction of vegetative storage proteins, etc. On the

other hand, the same signaling and defense mechanisms discussed above are also

inŕuenced by other plant growth regulators as well as abiotic stress which have not

been covered in this article. There appear to exist complex temporally and spatially

regulated recognition systems at the molecular level for each hormone. There are also

multiple protein kinases and protein phosphatases which regulate speciőc functions.

The elucidation of the functioning of all those regulatory systems at the molecular

level, and their genetic dissection, are highly challenging tasks, making this a very

fertile area of study for future plant biologists.

Suggested Reading

[1] G S Swamy, Drought signaling in plants, Resonance, Vol.4, No.6, pp.34ś44, 1999.

[2] I T Baldwin and C A Preston, The eco-physiological complexity of plant responses to insect herbivores,

Planta, Vol. 208, pp.137ś145, 1999.

[3] P W Pare and J H Tumlinson, Plant volatiles as a defense against insect herbivores, Plant Physiol., Vol.

121, pp.325ś331, 1999.

[4] A Schaller, Oligopeptide signalling and the action of systemin, Plant Mol. Biol., Vol.40, pp.763ś769, 1999.

[5] R Tollrian and C D Harvell (Eds.), The ecology and evolution of inducible defenses, Princeton University

Press, Princeton, NJ, USA, 1999.

[6] L Taiz and E Zeiger, Plant Physiology, Sinauer Associates, Inc., Publishers, Sunderland, Massachusetts,

USA, 1998.

[7] H Koiwa, R Bressan and P M Hasegawa, Regulation of protease inhibitors and plant defense, Trends Plant

Sci., Vol.2, pp.379ś384, 1997.

[8] C Wasternack and B Parthier, Jasmonate-signalled plant gene expression, Trends Plant Sci., Vol.2, pp.302ś

307, 1997.

Besides their action in

plant defense against both

insects and pathogens in

entirely different ways,

jasmonates are also able

to induce quite a few

growth characteristics in

plants.

RESONANCE-75 Promoting Science Education 313





Science Smiles

Ayan Guha

ŞAs crude a weapon as the cave manŠs club, the chemical barrage

has been hurled against the fabric of life.Ť (Rachel Carson)

Reproduced with permission from Resonance, Vol.25, No.11, p.1480, 2020.
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Soils contain enormous numbers of diverse living organisms assembled in com-

plex and varied communities. Microscopic examination of a soil sample reveals

the presence of billions of organisms like nematodes, protozoa, fungi, algae, acti-

nomycetes, bacteria and cyanobacteria. These diverse organisms interact in the

ecosystem, forming a complex web of biological activity. Environmental factors,

such as temperature, moisture and acidity, as well as human activities such as

agricultural and forestry management practices, affect soil biological communi-

ties and their functions. Soil biology is an interesting area of soil research and

has yielded considerable information that is used in soil fertility management.

Soil organisms play a vital role in the sustainable functioning of ecosystems. They

act as the primary driving agents of nutrient cycling, regulate the dynamics of soil

organic matter, soil carbon sequestration and greenhouse gas emissions, modify soil

physical structure and water regimes, and inŕuence plant health.

1. Microbially Mediated Soil Processes

Carbon, which enters the soil from plant sources (e.g., as cellulose) is usually released

as carbon dioxide or methane. Disturbance in soil carbon cycling, which has been

observed under őeld conditions, is the result of several environmental factors.

Nitrogen cycling includes processes like mineralization, immobilization, nitriőcation,

denitriőcation, and nitrogen őxation, of which nitrogen őxation and nitriőcation are

most easily disrupted. Nitrifying bacteria (e.g., Nitrosomonas and Nitrobacter) are

reported to be sensitive to acidic environment and require aerobic conditions. Wa-

terlogged soils can become anoxic and thus may not support nitriőcation. Symbiotic

nitrogen őxation by bacteria in root nodules of legumes is known to be a delicate and

complicated phenomenon, and can be disrupted by some kinds of pollutants.

Phosphorus cycling can be affected by processes that interfere with mycorrhizal fungi.

Cycles involving sulfur, iron, manganese and other elements also depend upon the

signiőcant roles played by microorganisms.

2. Indicators of Biological Degradation of Soil

Community diversity can be used to assess perturbation of soil biology. Bacteria and

fungi can be evaluated by ‘viable count’ methods; most involve plating on nutrient-rich

agar. These methods are, however, controversial and sometimes provide erroneous

∗Reproduced with permission from Resonance, Vol.9, No.1, pp.26ś34, 2004.
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other classes of toxic or-
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results. Biodiversity of soil microbial communities can also be assessed by various

mathematical indices that emphasize richness (number of species), equitability (even-

ness of allocation of individuals among the various species), or combinations of these

two aspects.

Nutrient cycling can be indexed by measurement of soil enzymes, various components

of the nutrient cycle, cellulose or wood degradation, and respiration.

Accumulation of pollutants. Toxins may accumulate if soil microbial life is degraded.

The soil’s ability to dechlorinate organic compounds can be impaired, especially in

sulfate-rich anaerobic environments. Heavy application of animal wastes to low-pH

soils can lead to buildup of ammonium ions and a concomitant reduced functioning

of Nitrobacter, which would lead to nitrite accumulation.

Redox status. Anaerobic conditions can arise as a result of compaction or water

logging. Oxygen diffusion is only 1/10,000 as fast through water-őlled soil pores as

it is through air-őlled pores. Production of large amounts of methane would indicate

the strongly reducing conditions associated with anoxia.

3. Factors Affecting Biological Degradation of Soil

3.1 Toxic substances

Organic compounds are usually more speedily and readily degraded in warm rather

than cold climates. Toxic metals, on the other hand, can remain in soils and cause

long-term damage to soil microbial communities, even in warm climates.

Pesticides can inŕuence soil microbial activity, at times paradoxically. For example,

glyphosate or diquat + paraquat application can cause a buildup of Gaeumanno-

myces graminis var. tritici, the causal agent of ‘take-all disease’ of wheat, as well as

reductions in CO2 production, cellulose degradation, and nitrogenase activity. Nitri-

őcation and symbiotic nitrogen őxation are sensitive to pesticides, probably due to the

small numbers of microbial genera involved. At normal application rates, Amitrole,

2,4-DB, and diallate can inhibit nitriőcation for at least 8 weeks, whereas atrazine,

bromacil, picloram, and simazine may inhibit the process for shorter periods. Some

degradation products of these substances may also be inhibitory. For processes like

symbiotic nitrogen őxation, denitriőcation, and ammoniőcation, there are reports

regarding inhibition, no effect, and stimulation effects of these compounds. Soil res-

piration is relatively insensitive to pesticide application, but antimicrobial compounds

like fungicides, can suppress the process.

Toxic organic and inorganic pollutants can result from chemical synthesis, coal min-

ing, and petroleum processing. Organic pesticides show less dramatic effects on soil

microbiology than do other classes of toxic organics, probably because the former

are screened to avoid such effects. Oil spills in cold regions cause long-term dam-

age to soil microbial populations, including adverse effects on carbon (e.g., cellulose
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degradation) and nitrogen cycling (especially nitriőcation and nitrogen őxation). Con-

tamination by heavy metals (e.g., Cd, Cu, Ni, Pb, Zn) can cause long-term suppression

of carbon cycling, microbial biomass, nitrogen őxation, nitriőcation, dehydrogenase

activity, and mycorrhizal incidence. Toxic metals can be abundant in some sewage

sludges. Microbes can mobilize and increase the toxicity of cadmium, perhaps by

producing water-soluble ligands or otherwise changing soil properties. Acidiőca-

tion can occur when excavation of ores containing iron sulődes leads to oxidative

production of sulfates. Discharge waters from mine spiels may have pH values of

1-2, and can result in severe problems related to soil biology. Waters draining from

coal mines and associated spiels can be high in potentially toxic metals like Zn, Cu,

Ni, or Mn.

3.2 Effects of Land Management

In addition to the effects of pesticides and other toxic materials, In addition to the effects

of pesticides and other

toxic materials, soil bi-

ology may also be af-

fected through various

land management prac-

tices, including forest

management and crop

production.

soil biology may also

be affected through various land management practices, including forest management

and crop production. Burning of forests can lead to increased soil pH and enhanced

availability of Ca and Mg. These hot őres may also lead to loss of S, P, and B,

and destruction of surface structure resulting in lowered inőltration and increased

runoff and erosion. Cool őres would cause formation of hydrophobic surface layers

that decrease inőltration and consequent soil moisture. Fires may also inhibit certain

fungi whose mycelia previously imparted a hydrophobic character to the soil surface.

Under these conditions, inőltration can be increased. If őre darkens the soil surface and

increases insolation by opening the forest canopy, soil temperatures can be increased.

Effects of őre on soil microbiology are usually transitory, and mainly involve the

surface strata.

Cutting of hardwood deciduous or coniferous forests leads to a reduction of litter

inputs, increased microbial breakdown of litter, and a consequent reduction in forest-

ŕoor biomass, decreased shading, and increased soil temperature and pH. The latter

two phenomena result in increased nitriőcation, which in turn may lead to nitrate-rich

runoff and pollution of nearby streams. Under such conditions, increased release of

nitrous oxide, a signiőcant greenhouse gas, may also occur.

Microbial communities appear to be tolerant to normal farming practices, but may not

meet the nitrogen requirements of crops. Fallowing would lead to reduced microbial

biomass, mainly through reduction of fungi. The addition of manures would increase

carbon and nitrogen levels in soils without affecting the population of bacteria, fungi,

or protozoa.

Soil erosion is particularly deleterious to organic matter, which is less dense than

other soil solids available. The clay fraction of soil, to which organic matter is often

adsorbed, is vulnerable to erosion. Vesicular-arbuscular mycorrhizae (VAM) can be

adversely affected even by mild soil erosion. Survival of rhizobia in eroded soils

may depend on their tolerances to pH of deeper soil horizons. Erosion can lead to

Soil erosion is particu-

larly deleterious to or-

ganic matter, which is

less dense than other soil

solids available. The clay

fraction of soil, to which

organic matter is often

adsorbed, is vulnerable to

erosion.

RESONANCE-75 Promoting Science Education 319



Upasana Mishra and Dolly Wattal Dhar

decreased microbial activity due to loss of organic matter and exposure of inhospitable

deeper horizons.

Tillage, particularly of virgin lands, can lead to immediate and short-term increases

in microbial biomass and metabolism. On the other hand, soil mesofauna may

decline. Earthworms are often adversely affected by tillage practices. Incorporation

of crop residues disperses microbial activity to a greater depth than is seen in reduced-

tillage systems. The latter show aerobes, facultative anaerobes, and nitrifers mainly

concentrated in the surface strata.

Reduced-tillage (RT) practices supply less N than that of conventional tillage. Long-

term changes under tillage appear to be related to gradual decline in soil organic matter,

rather than to cultural practices per se. Tillage of virgin soils results in accelerated

degradation of organic matter and consequent deterioration of soil structure with

the increased threat of erosion. Under a given farming system, stabilization may

occur with time, but reversal of the initial degradation is unlikely. Restoration of soil

microbial communities may occur after cultivation ceases, but the recovery time is

unknown.

4. Soil Health Maintenance and Organic Agriculture

Reaping the beneőts of soil biological activity for agriculturalReaping the beneőts of

soil biological activity

for agricultural produc-

tion depends upon the ap-

plication of several eco-

logical principles.

production depends

upon the application of several ecological principles. Different soil organisms oc-

cupy different niches and favour different substrates and nutrient sources. Most soil

organisms rely on organic matter for food. Thus, a rich and varied supply of organic

matter in the soil will generally support a wider variety of organisms. Crops should

be mixed as far as possible and their spatio-temporal distribution

Crops should be mixed as

far as possible and their

spatio-temporal distribu-

tion should be varied, to

create a greater diversity

of niches and resources

that stimulates soil biodi-

versity.

should be varied,

to create a greater diversity of niches and resources that stimulates soil biodiversity.

Diverse habitats support complex mixes of soil organisms, and crop rotation or inter-

cropping, therefore, encourages the establishment of a range of soil organisms and

improves nutrient cycling. Soil biodiversity can also be nurtured by improving soil

living conditions, such as aeration, temperature, moisture, and nutrient quantity and

quality. In this regard, reduced soil tillage and minimized compaction and refraining

from the use of chemicals is of particular signiőcance.

Along with effective water and crop management, the optimal use and management

of soil fertility and soil physical properties is important for sustainable agriculture.

Enhancing soil biological activity is crucial to building up long-term soil productivity

and health. The practice of organic agriculture has been shown to signiőcantly

enhance soil biological activity and biodiversity. Organic agricultural practices such

as manipulation of crop rotations and strip-cropping, use of green manuring and

organic fertilizer (animal manure, compost, crop residues), minimum tillage and

avoidance of pesticides and herbicides are known to improve soil fertility status and

nutrient cycling as summarized below.
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Organic agriculture increases the abundance of beneőcial arthropods (insects, spiders,

etc.) living above ground, as well as earthworms. Mycorrhizal colonization of roots

is highest in crops in unfertilized systems, followed by organic systems. Conventional

crops have mycorrhizal colonization levels that are substantially lower. Mycorrhizae

are fungal associations with the root systems of plants that greatly enhance nutrient

uptake by the plants. In organically managed soils, the activity of microorganisms

like fungi and bacteria is high and organic soils therefore, not only mineralize more

actively, but also contribute to the build up of stable soil organic matter. Thus,

nutrients are recycled faster and soil structure is improved, with little light fraction

material remaining undecomposed in soils managed organically. The total mass of

microorganisms in organic systems is 20-40% higher than in the conventional systems

with manure, and 60-85% higher than in the conventional systems without manure.

The ratio of microbial carbon to total soil organic carbon is higher in organic system

as compared to conventional systems of agriculture. Thus, organic management

promotes soil microbial carbon and as a result soil carbon sequestration potential is

enhanced.

Organic practices also enhance biodiversity. Large organic őelds (over 15 ha area)

exhibit occurrence of wild ŕora upto six times more abundant than conventional

őelds. In organic grassland, the average number of herbs is 25 percent more than

in conventional grasslands. Vegetation structure and plant communities in organic

grasslands are more even than in conventionally managed systems. In particular, őeld

margin strips of organic farms and semi-natural habitats conserve weed species that

are endangered or at risk of extinction. Animal grazing or rooting activity (e.g. by

pigs) is also important in enhancing plant species composition in any system. In

organic orchards, weeds are sown in strips to reduce the incidence of aphids that

can inŕuence the diversity and abundance of arthropods. Many ŕowering weeds are

particularly beneőcial to pollinators.

Organic land management allows the development of a relatively rich weed-ŕora as

compared to conventional systems. Some ‘accompanying plants’ of a crop are desired

and considered useful in organic management. The presence of versatile ŕora attracts

beneőcial herbivores and other air-borne or above ground organisms. Their presence

improves the nourishment of predatory arthropods. When comparing diversity and

the demand of energy for microbial maintenance, it becomes evident that diverse

populations need less energy per unit biomass. A diverse microbial population

may divert a greater part of the available carbon to microbial growth rather than

maintenance. In agricultural practice this may be interpreted as an increased turnover

of organic matter with a faster mineralization and delivery of plant nutrients. Finally,

more organic matter is diverted to build-up of soil humus.

Organic soil management also improves soil structure by increasing soil activity and

thus, reduces erosion risk. Organic matter has a positive effect on the development and

stability of soil structure. Silty and loamy soils are beneőted from organic matter by

Mycorrhizae are fungal

associations with the root

systems of plants that

greatly enhance nutrient

uptake by the plants.
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an enhanced aggregate structure. Organic matter is adsorbed to the charged surfaces

of clay minerals. The negative charge decreases with increasing particle size. Silt is

very susceptible to erosion since it is not charged, but organic matter layers on the silt

surface favor aggregates with silt too.

5. Conclusion

Increasing population pressure, unsustainable use of natural resources, continuing

loss of farm land for non-agricultural uses and continuing destruction of ecosystems

rich in biological diversity are all leading to a situation where ensuring food security

may become a serious challenge. Strip mining and metal contamination are serious

threats to soil microbial communities, as is the application of pesticides. Remediation

of damage caused may require long time, and damaged sites that return to relatively

healthy status may not return to their pristine states. Injudicious use of natural

resources, mining for exploitation of earth reserves and industrialization is depleting

soil organic matter which in turn may be eroding soil biodiversity and in long term

affecting soil fertility and agriculture productivity.
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ŞArguably the best examples of TuringŠs and von NeumannŠs machines are

to be found in biology. Nowhere else are there such complicated systems,

in which every organism contains an internal description of itself.Ť

(Sydney Brenner)

Reproduced with permission from Resonance, Vol.24, No.10, p.1056, 2019.
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Contributions of Sydney Brenner, one of the recipients of the Nobel Prize in

Physiology and Medicine in 2002, to the area of molecular biology and genetics

remain unparalleled. He is undoubtedly the most famous South African biologist

with contribution to the central dogma (DNA to RNA to protein) of molecular

biology, and for proving that non-overlapping triplet codons specify amino acids

in a peptide. He pioneered the use of molecular biology to understand animal

development. Although inspired by T H Morgan and H J Muller, Brenner found

eutelic organisms, with a őxed number of cells in adult individuals, to be better

models to understand how an entire organism comes to be from a zygote. His

selection of Caenorhabditis elegans was so well thought out that it allowed him not

only to perform lineage analysis for each of the 959 cells but also let White and

Brenner draw the entire wiring diagram for the nervous system of C. elegans,

a feat not accomplished for any other animal so far. We intend this article to

summarize some of the key őndings of Sydney Brenner’s work on C. elegans

spanning two decades.

1. Genes Specify Organisms

Sydney Brenner spent the őrst 12 years of his professional life in United Kingdom,

South Africa and United States őguring out how the information contained in the

hereditary material (DNA) of an organism is used to make proteins. Through a set

of elegant experiments, he showed that an unstable RNA intermediate acts as the soft

copy of information in the DNA to instruct protein synthesis. He worked with Francis

Crick to show that the amino acids to make proteins are speciőed by non-overlapping

codons of 3 bases. He then left the realm of molecular biology and moved to solve

questions in developmental biology. As the őeld of molecular biology started to get

crowded, many of the successful scientists began thinking about applying lessons

from molecular biology to understand animal development and behaviour. George

Streisinger started zebraősh forward genetics while Seymour Benzer began studying

fruit ŕies. Brenner started tinkering with a variety of organisms for complexity. He

wanted to őgure out how genes specify whole organisms. He wanted to study an

organism more complex than bacteria to answer this fundamental problem. The őrst

step to solving this problem was to őnd a suitable model organism [1]. Brenner

presented his ideas for studying diverse organisms in a 1963 letter that also included

a longer-term possibility: łI would like to tame a small metazoan organism to study

∗Reproduced with permission from Resonance, Vol.24, No.10, pp.1061ś1069, 2019.

DOI: https://doi.org/10.1007/s12045-019-0876-3
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Figure 1. Forward ge-

netics analysis by Bren-

ner led to the identiőca-

tion of mutants with dis-

tinct morphological phe-

notypes [1].

development directly.žBrenner presented his

ideas for studying di-

verse organisms in a 1963

letter that also included

a longer-term possibility:

łI would like to tame a

small metazoan organism

to study development di-

rectly.ž

Brenner screened for an animal that could be easily grown

in the lab, that had fewer neurons than a fruit ŕy, and was small enough to őt in

the view of a transmission electron microscope allowing forward genetics, detailed

neural anatomy, and development in a single animal. Brenner wrote to Ellsworth

Dougherty in Berkeley who had studied some mutants of microscopic nematodes

called Caenorhabditis elegans. He wrote a single page proposal to Medical Research

Council, UK ś łTo start with we propose to identify every cell in the worm and trace

lineages. We shall also investigate the constancy of development and study its control

by looking for mutants.ž

Sydney Brenner formally started working with C. elegans in 1967 and had long in-

nings. C. elegans exists in nature as self-fertilizing hermaphrodites (XX) and as

males (XO). Brenner detailed how to conduct genetic analysis on hermaphrodite and

reported on hundreds of mutants ś long worms (lon), small worms (sma), rolling

worms (rol), dumpy-looking worms (dpy), uncoordinated worms (unc), blistered

worms (bli), and worms whose heads were notched or bent (Figure 1). Complemen-

tation and mapping identiőed as many as 96 loci on six linkage groups, matching

the known number of chromosomes [1]. This study startled critics who assumed that

nematodes are tubes that moved forward and backward and are too simple morpho-

logically and behaviourally to be of use. Instead, Brenner inspired people to look for

mutations in other genes which regulate structure or function, physiology, behavior

and so on.

Brenner and colleagues soon found that most of the interesting features are inside the

animal (Figure 2). The constancy of cell number (959 in the hermaphrodite), and the

uniformity of cell positions from individual to individual made C. elegans an ideal

specimen for observation with differential interference contrast microscopy, and laser

microsurgery. Brenner and others found that eutely was of fundamental importance to

the detection and reliable scoring of mutant phenotypes that alter cell lineages. John

Sulston, working alongside Brenner, deciphered the complete wild-type cell lineage

from fertilized egg to adult by observation of cell divisions and cell migrations in

living animals [2].
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Figure 2. Anatomy of

C. elegans hermaphrodite.

The alimentary canal and

reproductive system are

shown here. The C. el-

egans hermaphrodite is

transparent, 1.2 mm long

as an adult and has 959

cells in its soma.

2. The Structure of the Nervous System of C. elegans

The nervous system is one of the most complex systems in eukaryotic organisms. It

numbers 302 neurons in C. elegans, 10000 neurons in fruit ŕies, 75 million neurons

in mice and an astounding 100 billion in human beings. Understanding the structure

and function of the nervous system has been a holy grail for scores of neuroscientists

and psychologists over the last few centuries. Eutelic

Eutelic organisms such

as nematodes and tardi-

grades can serve as mod-

els to perform cell lin-

eage analysis and organi-

zation.

organisms such as nematodes

and tardigrades can serve as models to study organization in a given organ system.

Having elucidated gene-function analysis using forward genetics, Brenner along with

Ward [3] also attempted to understand tissue organization by sectioning of the anterior

or the head of C. elegans hermaphrodite. To visualize cells, the worms were őxed

in glutaraldehyde and osmium tetraoxide. The őxed worms were dehydrated slowly

using alcohol, immersed into a resin called araldite and sectioned using an ultratome.

The sections were visualized under an electron microscope. This allowed them to

describe the structure of the mouth as six symmetrical lips surrounding the triangular

opening of the mouth. Each lip is surmounted by a papilla which are the endings of the

inner labial sensillum. The lateral lips also contain an inpocketing of the cuticle which

is the opening of the amphid. Each of the lips also has endings of the cephalic and

outer labial sensilla. The non-neuronal cells were identiőed easily by their positions

and morphology. The neurons were identiőed by synaptic connections in the central

nervous system. Most of the neurons could be recognized just by the őne structure of

their anterior terminals (Figure 3).

Sydney Brenner decided to go one step further and decided to trace the connection

between each of the 302 neurons in the adult hermaphrodite. This required them

to obtain transverse serial sections, 50 nm thickness, of the nematode. Sections

were photographed on cut őlm with an electron microscope. Every section was

photographed in the region of the nerve ring and other areas of dense neuropile:

photographs of every third section was usually sufficed for following process bundles.

Some use was made of a computer-aided reconstruction system described by White

(1974) [4] and Stevens and White (1979) [5], but most of the reconstructions were

RESONANCE-75 Promoting Science Education 327



Kaling Danggen and Varsha Singh

Figure 3. Reconstruction

of the mouth of C. ele-

gans based on Ward et.

al 1973. Neurons, socket

cells, sheath glia and cuti-

cle could easily be identi-

őed in transmission elec-

tron micrographs.

done manually from a total of about 8000 prints. This led to the publication of a

340-page article occupying an entire issue of Phil. Transaction of the Royal Society

in 1986 [6].

In the landmark study published in 1986,In the landmark study

published in 1986, White

and Brenner established

that hermaphrodite worm

has 302 neurons in the

nervous system. Each

neuron has a unique

combination of proper-

ties such as ś morphol-

ogy, connectivity and po-

sition ś so that every neu-

ron may be uniquely la-

belled.

White and Brenner established that herma-

phrodite worm has 302 neurons in the nervous system. Each neuron has a unique

combination of properties such as ś morphology, connectivity and position ś so that

every neuron may be uniquely labelled. They showed that the neurons could be

placed into 118 classes. Two large sensilla, the amphids, are located laterally and

have internal channels, formed by the sheath and socket cells, which open through

the cuticle to the outside. Eight neurons have their ciliated endings in this channel; a

further four are associated with the sheath cell. There are two analogous structures,

the phasmids, in the tail, but they are simpler in that they only have two neurons

ending in the channel. The amphids and phasmids are generally considered to be the

main chemoreceptive organs in the animal because their structure permits a group of

nerve endings to be exposed to the external environment of the animal (Figure 4).

These neurons have nine outer doublet microtubules located and 2ś6 central singlet

microtubules in the cilia.

3. The Connectome of C. elegans

White and Brenner described two kinds of connections within the nervous system ś

chemical synapses and gap junctions. Gap junctions mediate electrical and metabolic

coupling between cells. They described hundreds of gap junctions. When gap

junctions were sectioned transversely, a gap of about 8 nm could be seen separating the
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Figure 4. The amphid

sensilla of C. elegans is

composed of chemosen-

sory neurons (shown in

(i), eśl) with cilia opened

to amphid sensory chan-

nel shown in ((ii), aśd).

membranes, and the junction existed in the form of a plaque of about 350 nm diameter.

The authors described that presynaptic process had a vesicle-őlled varicosity and a

specialized, darkly staining regions in the membrane adjacent to the point of contact

with the postsynaptic elements. The number of chemical synapses can vary from one

to nineteen. They also noted great variability in the area under chemical synapse.

Two kinds of vesicles were found in the presynaptic compartment. Small, lightly

stained vesicles (35 nm diameter) close to the presynaptic membrane and larger (53

nm diameter) dark stained vesicles farther away from the presynaptic specialization.

We now believe that the latter are dense core vesicles containing neuropeptides These

provide an extrasynaptic mode of communication between neurons as well as between

neurons and non-neuronal tissues. The authors described that several process pairs can

synapse onto each other reciprocally. This is signiőcant because such an organization

may provide positive or negative feedback in these synaptic connections. Altogether,

the study identiőed 5000 chemical synapses, 2000 neuromuscular junctions and 600

gap junctions.

4. Chemosensation in C. elegans

Brenner and Ward performed sensory responses with C. elegans mutants and found

that they could respond to chemical, mechanical and thermal stimuli. The nematodes

were attracted to at least four classes of molecules: cyclic nucleotides, anions, cations

and hydroxyl ions and repelled by acid, some forms of carbonate ions, and aromatic

compounds. From the altered chemotaxis of head-defective mutants, Ward concluded

that the receptors detecting the attractants must be located on the head.

Ward and Brenner reasoned that chemoreceptive neurons must either directly con-

tact the environment surrounding the nematode or contact another specialized cell

which then contacts the surrounding. Amphid and inner labial neurons satisőed

these criteria. They noted that a worm touched on the head backs up suggesting

We now believe that

the latter are dense core

vesicles containing neu-

ropeptides. These pro-

vide an extrasynaptic

mode of communication

between neurons as well

as between neurons and

non-neuronal tissues.
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Slidable worm displays

consecutive transmission
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(TEM) images of the
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tool to learn C. elegans
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other tissues. The images
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be colored by the user.

Figure 5. Chemotaxis in

C. elegans. Worms dis-

play robust chemotactic

behaviour to food related

cues, pheromones and re-

pellents.

mechano-sensation, but Brenner could not predict the sensilla responsible for the

reversal behaviour beyond proposing inner labial, outer labial and cephalic sensilla

as candidates for mechanoreceptors because they have neurons ending embedded in

the cuticle [4]. The chemotaxis assay is routinely used (Figure 5) to study behaviour

such as thermotaxis, food choice and pathogen aversion in C. elegans. For example,

AFD amphid sensory neuron is the primary neuron responsible for thermosensation

[7]. Using the connectome information provided by White and Brenner, the authors

ablated neurons synaptically wired to AFD neuron and found that AFDśAIY circuit

is responsible for thermosensation. We now have many examples where circuits

for chemosensation, gas sensation and other behaviour have been elucidated taking

advantage of connectome information from 1986.

5. Conclusions

Contributions made by Brenner and colleagues led to the initiation and establishment

of a model organism research community resources in a short span of 20 years. Sulston

and Brenner were instrumental in getting the worm genome sequenced in 1998 leading

to the very őrst publication and public access to the genome of a eukaryotic organism.

They also instilled the motto of sharing in the community such that majority of mutants

and transgenic animals are deposited in the C. elegans Genetics Center located at the

University of Minnesota, USA to make them accessible to the entire worm community.

Several online resources such as wormbase, wormbook, and worm atlas are used by

the entire C. elegans community daily. Speciőc resources such as slidableworm

and wormweb are resources developed using original data generated by Brenner and

colleagues. If one had to learn just one lesson from Sydney Brenner’s journey, one

would have to say that choosing the correct model organism for your question is the

most important step for a scientist.
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SLIDABLE WORM

Slidable worm displays consecutive transmission electron microscope (TEM) images

of the worm. It is a great tool to learn C. elegans anatomy and to identify speciőc

cells based on their position relative to other tissues. The images can be magniőed

and can be colored by the user.

WORMWEB

Managed by Nikhil Bhatia, wormweb.org is a go-to resource for C. elegans neuro-

biology community. One can őnd all neurons connected to a neuron of the user’s

interest. The interactive neural network displays a neuron in the centre, surrounded

by various other neurons connected by chemical synapses or gap junctions.
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Science Smiles

R K Laxman

They seem to have highly developed political sense, Sir.

They Ąght, split, regroup and again Ąght . . . split . . .

Reproduced with permission from Resonance, Vol.3, No.3, p.5, 1998.
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How is the immune system designed to choose between making antibodies against

some targets, killer cells against viral infections and helper cells for infected

macrophages?

1. How is the Immune System Organized?

We have argued earlier that parasites can use many points of entry to begin invasion.

They can enter through inhaled air like the tuberculosis bacillus; through the gut wall

like the typhoid bacterium; or via skin like malarial parasites which get in through

a mosquito bite. The immune system is scattered throughout the body, with its cells

patrolling almost all of the extracellular space. In effect, they travel in the blood, go

to the smallest capillaries, leave the blood stream there and go into the tissue space

outside the blood vessels. By a matter of simple probabilities, it is in these tissue

spaces that most invaders will initially land, no matter how they enter. The contents

of this space drain through so-called lymphatic vessels into organs that function as

‘way stations’ by screening the incoming material for invaders. It is in these security

stations, known as lymph nodes (such as the lumps that show up in the groin with an

infected wound on the leg, or swollen glands in the throat during tonsillitis), that cells

of the immune system will therefore be concentrated. Thus, after being born in the

bone marrow and, in the case of so-called T cells, maturing in the thymus, cells of the

immune system spend much of their life either sitting in lymph nodes, or travelling the

‘policeman’s beat’; - the recirculating route from the blood vessels to the extracellular

spaces to lymph nodes and back to the blood vessels. Immune response to invaders

can therefore be very quick, and the whole affair can be contained in the ‘regional’

lymph nodes rather than spreading all over.

2. What are the Actual Components of the Immune System?

So far, we have simply referred to ‘cells of the immune system’, as though they were a

homogeneous population. But clearly, given the number of functions they are expected

to carry out, specialization has to be the order of the day. This means that some cells

would make antibodies for example, while others may activate macrophages. So who

does what? To őnd this out, take the categories of offence-and-defence strategies that

∗Reproduced with permission from Resonance, Vol.2, No.6, pp.25ś38, 1997.
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Antibodies are im-

munoglobulin molecules

made and secreted by

plasma cells.

we have already talked about, and in each case look at the clonally uniform components

of innate immunity and the clonally diverse players contributed by adaptive immunity.

3. Who Deals with Extracellular Invaders?

The őrst invader niche is the extracellular space. For this, phagocytic (or ‘eater’)

cells that can engulf these invaders and kill them are needed. The clonally uniform

cells which do this are the granulocytic cells, mainly the neutrophil granulocytes, and

the macrophages. There are also molecular players in the clonally uniform category.

Since bugs may use all sorts of tricks to become so slippery that these cells are unable

to recognize them or to get a grip on them, the immune system uses various ways of

‘tagging’ the bug surface so that phagocytes can recognize the ‘ŕags’ and use them as

handles to grab and eat

The immune system uses

various ways of ‘tagging’

the bug surface so that

phagocytes can recognize

the ‘ŕags’ and use them

as handles to grab and eat

the bug.

the bug. Complement - a cascade of enzymatic transformations

resulting in the attachment of such tags on bug surfaces, is one such player, as is C-

reactive protein. Both of these recognize certain simple, common molecular shapes

of bacteria that are not found in mammalian bodies, and get attached to these motifs.

This can even lead to the breaking up of susceptible bacteria through the formation of

‘holes’ in their surfaces, and allow the phagocytes to recognize these marked bacteria

and kill them.

As usual, bugs can escape being tarred and feathered by complement and such others

simply by modifying the common structures that these clonally uniform mechanisms

recognize. The clonally diverse mechanisms of adaptive immunity therefore generate

unique secreted proteins, - ‘antibodies’, - against various target structures on the bug

surface. These antibodies will ŕoat around quietly in the body until they meet the

target they are designed to recognize. They will then clutch this target, if possible with

both their ‘arms’ and this binding will change the shape of their tails so as to convert

them into ŕags marking the bugs for disposal by phagocytes. In fact, the innate

and adaptive immune mechanisms interact by allowing these modiőed antibody tails

to bind complement, providing more than one signal for phagocytes. Antibodies

are immunoglobulin molecules made and secreted by plasma cells. These plasma

cells are the last stages of the maturation of B cells (so called for historical reasons

rather than rational ones!) responding to appropriate targets. B cells actually use an

immunoglobulin as a surface molecule instead of releasing it, so that a target binding

to it on the B cell surface will activate the B cell in many ways and cause their

maturation into plasma cells which release the same immunoglobulin molecules. The

pathways that cause optimal B cell activation involve many other cell types and need

a separate discussion.

4. Who Deals with Intracellular Invaders?

Parasites that rush in and squeeze themselves into host cells escape being marked by

antibodies or complement, and they cannot be eaten and disposed of by phagocytes

RESONANCE-75 Promoting Science Education336



Vineeta Bal and Satyajit Rath

Figure 1. The T cell re-

ceptor [TCR] simultane-

ously recognizes both a

cell surface protein [the

MHC] and a peptide frag-

ment derived from, say,

the target parasite.

on their own. Thus, the other major task of the immune system is to spot cells in

which intracellular parasites are hiding. The cells of the immune system which deal

with such infections [the T cells] must therefore be able to send signals to the infected

cells, rather than simply releasing immunoglobulin molecules which cannot get into

infected cells anyway. This means that T cells must only recognize cells as targets,

not free molecules in the blood, and release their products in a place where there are

no infected cells around to be affected. So they must simultaneously recognize both a

molecule unique to the parasite, as well as a marker that says that the parasite-derived

target molecule is cell-associated.

If these two target recognition processes, i.e. identifying a parasite molecule and

identifying a molecule that indicates the presence of a cellular target, are left indepen-

dent of each other, T cells may end up effectively recognizing a free parasite-derived

molecule while they are in contact with a perfectly healthy cell. They might then kill

this healthy cell. Therefore, T cells must recognize parasite molecules only after they

have been ‘processed’ or chewed up by the infected cell whose bits have then been

stuck onto a normal molecule of the cell surface (Figure 1). These carrier molecules

are coded for by genes in the Major Histocompatibility Complex (so-called, for his-

torical rather than rational reasons!), and are therefore called MHC proteins. MHC

proteins on the cell surface would thus be bound to small fragments, peptides (only

eight to twenty őve amino acids long), of both the host as well as parasite proteins.

Thus, an infected cell can signal the presence of a parasite within it to T cells outside

even if the parasite is hiding deep inside, since parasite proteins would inevitably be

accessible in some quantities, at least, for degradation by the infected cell.
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T cells can distinguish be-

tween an infected and a

normal cell by just look-

ing at their surfaces, with-

out looking inside for the

presence of the parasite

itself.

Though these peptides are derived from parasite molecules, their shape does not re-

semble the original molecules. There has to be simultaneous recognition of the MHC

molecule as well. Thus, receptors that will recognise the MHC and the parasite-

derived ‘foreign’ peptide together are needed (Figure 1), and the T cells bearing these

receptors must then be able to either kill infected target cells, or activate them so as

to help them kill their resident parasites. Incidentally, unlike many other terms in im-

munology, a rational reason is responsible for these cells being called T cells, because

they mature in the thymus! T cells can thus distinguish between an infected and a

normal cell by just looking at their surfaces, without looking inside for the presence

of the parasite itself. The T cells then make various biologically active molecules

called cytokines which can transmit the appropriate signals to the infected cell.

5. How are Different Kinds of Intracellular Infections Identiőed?

We have already argued that if the parasites are sitting in the bubble organelles, or

endosomes, of infected cells, these cells can, hopefully, be instructed to do something

special such as turn on some enzymes or free radicals to kill the parasite. This is

especially feasible because parasites will have a tendency to be taken up by the eater

cells, or phagocytes, such as macrophages and contrive to sit in their endosomes

without being killed. On the other hand, cytoplasmic takeover of a cell by invaders

such as viruses leave very little room for hope, and the infected cell itself needs to be

killed to stop the infection from spreading. So an obvious rule would be that if a T cell

sees an MHC-bound peptide from a parasite protein originating in the endosomes, it

should send a macrophage-activating signal saying ‘kill the bug’, while if it recognizes

an MHC-associated peptide from a parasite protein originating in the cytoplasm, it

should send a killing signal saying ‘die’ to the infected cell. Since these two functions

are different, various subpopulations of T cells should mediate them; - either ‘helper’

T cells in the őrst case, or ‘killer’ T cells in the second. But all that T cells can see

from the outside of the infected cell is a peptide-MHC complex. How can they guess

where the source protein came from?

The easiest way to do this would be to have two different kinds of

The MHC class I

molecules load pep-

tides from cytoplasmic

sources and the MHC

class II molecules load

peptides from endosomal

sources.

MHC molecules, one

loading peptides from cytoplasmic sources, and the other from endosomal sources,

which is what the immune system has. The őrst class is referred to as MHC class I,

and the second as MHC class II.

6. How are MHC Class I Molecules Loaded with Peptides?

MHC class I molecules, like all cell proteins that have to go out onto the cell surface, are

made in the tubular protein synthesis machinery of the cell - the rough endoplasmic

reticulum [RER]. As soon as they are made, they are stuck into the membrane of

the RER tube, and here the two proteins that together form the ‘heterodimeric’

MHC molecule are assembled by various molecular chaperones into a peptide-MHC
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Figure 2. MHC class

I proteins collect their

passenger peptides in the

rough endoplasmic reticu-

lum [RER] and take them

out to the cell surface.

The peptides in the RER

are generated in the cyto-

plasm by proteasomes and

brought into the RER by a

peptide pump.

complex, using any nearby peptide that happens to őt well (Figure 2). Where do

these nearby peptides come from? Proteins that are not folded correctly while being

synthesized in the cytoplasm are normally broken down by cytoplasmic factories

called proteasomes. The peptides generated in this process are then pushed into the

RER by a special peptide transporter protein pump in the membrane of the RER

(Figure 2). Thus, each individual MHC class I molecule takes the peptide with which

it is born out onto the cell surface. Since they come from proteasomal sources, most

of these peptides are likely to be from proteins of cytoplasmic origin.

7. How are MHC Class II Molecules Loaded with Peptides?

MHC class II molecules, on the other hand, are born similarly, but they assemble

in the RER along with a third protein called the invariant chain, which prevents any

peptides locally available in the RER from binding immediately to the newborn MHC

class II molecule (Figure 3). They are then carried to the endosomal compartment by

the invariant chain.

The endosomal compartment owes its existence to a peculiar paradox inherent in a

cell bounded by a delimiting membranous wall. The components of the wall, or the

plasma membrane, will be damaged with wear and tear, and must be replaced. But
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Figure 3. MHC class

II molecules are protected

from peptides in the RER

by the invariant chain.

They go to the endosomes,

lose the invariant chain

and take a peptide from

there to the cell surface.

The peptides in the endo-

somes are generated from

membrane and extracellu-

lar proteins.

how can the cell pull them back in, break them down and put fresh ones in their place,

all without breaching the wall in the process? The solution is an ingenious system

of little transport bubbles. The cell makes a new membrane in the form of a bubble

inside, takes it out to the cell surface, and patches it into the old membrane. In this

process, the contents of the bubble escape into the surroundings, and this ‘exocytotic’

pathway is also used by cells to release all sorts of material outside. The counterŕow

to this path is ‘endocytosis’, where a little bit of the old membrane is pinched off

inside the cell as a bubble, and is then carried via the endosomal compartment to

waste management centres, or ‘lysosomes’, where it is broken down for recycling its

component parts. The endocytic bubbles that are normally pinched off will carry a

little outside ŕuid in them; a process like taking little sips of the outside ŕuid into the
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cell called ‘pinocytosis’ or ‘cellular drinking’. Of course, the same basic pathways

are exploited in taking much larger sips, or even bites of solid particulate material, or

‘phagocytosis’, as we have already called it.

All of these bubbles carrying both membrane and extracellular material need to be

regularly broken down, and therefore the endosomal compartment has an increasingly

acidic and enzyme-rich environment. As the MHC class II molecule is brought here by

the invariant chain, the chain is lost by digestion, although the MHC class II molecules

are well and tightly assembled to be easily susceptible to such digestion themselves

(Figure 3). So these free MHC class II molecules can now bind to peptides generated

in the endosomes and carry them to the cell surface (these peptides are likely to be of

endosomal origin). Thus, MHC class I and MHC class II molecules carry peptides

of differing origins.

8. Do MHC Molecules Bind Only to Peptides of Parasite Origin?

It is important to remember that both parasite and cellular proteins would be similarly

handled by the processing mechanisms - MHC molecules make no distinction between

parasitic and cellular origins for the peptides they associate with. MHC molecules

of either class cannot have a stable shape unless they are associated with a peptide,

and even non-infected cells express copious amounts of MHC molecules. Thus most

peptides on MHC molecules are of cellular rather than parasitic origin. This is the

consequence of piggybacking the parasite recognition machinery onto a set of pre-

existing cellular housekeeping processes that deal with normal protein turnover in

the cell. Hence the majority of MHC molecules even in infected cells are likely

to be carrying cellular peptides rather than parasite-derived ones. This means that

the recognition mechanisms of a T cell must be exceedingly sensitive in order to

detect the few parasite peptide-loaded MHC molecules without losing the ability to

discriminate between MHC molecules loaded with different peptides in the process.

T cells use a whole bag of tricks to increase their sensitivity without compromising

their speciőcity.

But if T cells are so sensitive in their responses, what about the T cells that can recog-

nize cellular peptide-MHC complexes? The T cell repertoire is randomly generated,

and therefore there is no way to stop the generation of T cells that recognize such

targets. The existence of high levels of peptides of cellular origin on MHC molecules

makes so-called ‘autoimmunity’ from these T cells a real threat, and the issue of how

such ‘autoreactive’ T cells are to be eliminated needs separate discussion.

This scenario is further complicated by the obvious need for MHC diversity. If a

given MHC molecule is to bind some peptides well, it will inevitably be unable to

bind others. This means that one MHC molecule will not be able to bind all possible

peptides. So MHC molecules need to be diversiőed in order to enable the immune

system to have the chance to recognize as many parasite peptides as possible. In

The recognition mech-

anisms of a T cell

must be exceedingly sen-

sitive in order to detect

the few parasite peptide-

loaded MHC molecules

without losing the ability

to discriminate between

MHC molecules loaded

with different peptides in

the process.
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consequence, there have to be multiple types of MHC molecules in each of the two

classes, all simultaneously being expressed on the cells of the body. But a T cell,

presumably, sees only the peptide and adjacent bits of the MHC molecule with its

clonally diverse T cell receptor [TCR]. So will the T cell know if it is recognizing

MHC class I or MHC class II?

9. Why Does the Immune System Need to Select Useful T Cells?

Let us approach this class distinction from another angle. The principle of recognition

of MHC-plus-peptide by T cells, coupled with this diversiőcation of MHC molecules,

causes a major problem for the development of the immune repertoire. As we have

argued, the randomized generation of repertoires means that all sorts of ‘shapes’ of

receptors will be generated. This is őne for the B cell repertoire since all that needs

to be seen is parasite targets, but for T cells, no amount of invader-derived peptide

recognition is likely to be useful at all unless it sees this peptide on an MHC molecule

that is available in that particular individual. Randomly breeding populations, like

most sexually reproducing species, would have a variety of combinations of MHC

molecules of both classes, and these would be randomly reassorted during reproduc-

tion so that the child would have yet another combination. But a randomly generated

T cell repertoire will generate many receptors in each individual that can never see the

MHC molecule they accidentally happen to be designed for, and these cells are never

going to be of any use to that individual. So the T cell repertoire, needs to be weeded

free of the T cells that recognize their target peptides on an MHC molecule that is

not available in the body. This is a matter of keeping only those cells that are likely

to be useful to the body (although one does not know this for sure!) and getting rid

of all those that are deőnitely useless - a process that is conveniently called ‘positive

selection’. At this point in the developmental decision-making process, the T cell also

needs to be told which class of MHC molecule its TCR is recognizing, so that it can

appropriately mature into either a helper T cell or a killer T cell.

10. How Does the Immune System Positively Select T Cells?

How are the elements of these processes to be controlled? Imagine that, if a T cell is

going to recognize, say, peptide X on MHC A, then it is likely to bind, albeit weakly,

to MHC A even when it is carrying peptide Y. So, the developing T cell should

survive if and only if there is some weak interaction between its TCR and some MHC

molecule in its microenvironment. So if the right MHC molecule is present, even in

the absence of the right peptide, the T cell will discover that it may be useful to the

body, will receive a ‘rescue‘ signal and will survive (Figure 4). Otherwise it will die

following a built-in programme of suicide that all developing T cells are born with.

The next problem - the two classes of MHC molecules may well distinguish between

peptides of either cytoplasmic or endosomal origin, but how is a TCR to know which
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Figure 4. The goodness

of őt between the peptide-

MHC complex on the one

hand, and the TCR on

the other, decides the out-

come of their interaction.

class of MHC it is looking at, since all it sees are the variable portions of the MHC

molecule? The only practical way is to add a class-recognizing element to the TCR.

So newborn T cells randomly express one of two class-recognizing molecules on its

surface, - one speciőc for MHC class I, called CD8, and one speciőc for MHC class

II, called CD4. CD8-expressing T cells [CD8 T cells] would mature into killers,

while CD4-expressing T cells [CD4 T cells] would grow up into helpers. Now, if

a developing T cell with a TCR that binds weakly to MHC class I expresses CD8,

the CD8 and the TCR will bind together to the MHC molecule, and in co-operation

will provide the complete ‘rescuing’ signal that allows that T cell to survive and

mature as a potential killer CD8 T cell. However, if this developing T cell that has

an MHC class I-recognizing TCR expresses CD4 instead of CD8, its TCR will not

bind to the same MHC molecule that its CD4 will recognize. In other words, there

will be no MHC class-speciőc co-binding. This would be an inadequate signal, and

the T cell would still die. Thus, MHC class recognition by the ‘co-receptors’, CD4

and CD8, becomes an essential component of the correct maturation of the T cell

repertoire, since only those T cells that have the MHC speciőcity of their TCR and

their co-receptors matching will survive and mature into useful functionality.

11. Are there Innate Immune Mechanisms Dealing with Intracellular Parasites?

All these complex arguments, creating more convoluted interactions to deal with the

problems associated with careful invader identiőcation even when they are hiding in-
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side cells are concerned with the clonally diverse mechanisms of adaptive immunity.

Does this mean that there are no cells that are clonally uniform and still capable of

recognizing intracellular infections? Of course there are, and the macrophages imme-

diately come to mind. Although facultative intracellular parasites can survive inside

macrophages, evolutionary pressure in turn can help the macrophages kill some intra-

cellular parasites with greater efficiency even in the absence of help from CD4 T cells.

However, the real teaser in this category is the so-called ‘natural killer’, or NK, cell.

NK cells were originally identiőed as ones that killed tumor cells even without being

previously exposed to them. However, we have argued earlier that protection against

cancer is unlikely to be a major pressure in the evolution of the immune system. So

are the NK cells useful in any infections? The answer is that at least in some viral

infections, absence of these cells does lead to a more severe and prolonged course of

infection, and NK cells do kill virus-infected cells by mechanisms similar to those

used by killer CD8 T cells.

But we have been arguing that killer T cells must recognize viral peptides stuck onto

MHC class I molecules on the surface of infected cells as targets, and that this is

possible because killer T cells are clonally diverse. If NK cells are clonally uniform,

what sort of a molecular target do they recognize?

The strategy here is to recognize some changes in the cell surface that are common to

most virus infections. One easy way of doing this is to presume that cells which have

had their protein factories taken over by something else are likely to be infected, and

must therefore die. How does one őnd out from the surface if the protein factories of

the cell are no longer making its own proteins? One way is to look for the levels of

some marker protein. It appears that NK cells look for MHC class I molecule levels.

If the levels are high, the NK cell goes away quietly. But if the level is low it will

promptly label this as an ‘aberrant’ cell and kill it. Clearly, this suggests that NK cells

must also be ‘educated’ to recognize what levels of MHC molecules are acceptable,

and thus, selective processes must operate even on these apparently clonally uniform

cells. In fact, there is every indication that they may not be completely clonally

uniform, but instead may have quite some degree of diversity. However, this diversity

is clearly not in the same league as that of the true adaptive immune mechanisms,

where even completely synthetic ‘unnatural’ molecules that have never before existed

can be recognized. How the truly open-ended repertoires of B and T cells are formed

is thus our next concern.

Suggested Reading

[1] TJ Braciale and J Trowsdale, Eds., Antigen recognition, Current Opinions in Immunology, Vol.5, pp.1ś55,

1993.

[2] S Rath and V Bal, How do T-lymphocytes recognise their immune targets?, Resonance, Vol.2, No.2,

pp.90ś93, 1997.

[3] CA Janeway Jr and P Travers, Immunobiology : the immune system in health and disease, Blackwell

Scientiőc publication, [A concise and useful textbook for serious readers of Immunology].

RESONANCE-75 Promoting Science Education344



Stem Cells: A Dormant Volcano Within Our Body? ∗

Devaveena Dey and Annapoorni Rangarajan

Devaveena Dey is a PhD

student at MRDG, IISc. Her

areas of interest include

cancer biology, developmental

and evolutionary biology.

Email:

devaveena.dey@gmail.com

Annapoorni Rangarajan is an

Assistant Professor at

MRDG, IISc. The major

focus of research in her

laboratory is to understand

the mechanisms of

carcinogenesis. Currently her

lab is exploring the role of

stem cells in breast cancer

initiation, maintenance, and

progression.

Email: anu@iisc.ac.in

Stem cells constitute an important class of cells in the body that have the ability to

perpetuate themselves and remain in an uncommitted state by a process of self-

renewal as well as to specialize into new cell types. Their ability to differentiate

into multiple cell types marks the tremendous potential of stem cells for tissue

repair and organ regeneration. Realization of this potential is rapidly opening

up unexplored avenues for curing several ailments including diabetes and neuro-

degenerative diseases. However, very little is understood about the basic biology

of stem cells. For example, what are the biochemical tags that allow us to identify

a stem cell? Which are the signaling pathways that regulate their function? How

does the environment (niche) inŕuence major decisions made by a stem cell? Is

stem cell therapy the end to all woes, or is there a ŕip side to the story? This

article aims to give an overview of the current status of stem cell research and

raises some alarming issues related to stem cell-based therapies.

The life of a multi-cellular organism begins from a single cell ś the fertilized egg or

zygote. The zygote and the cells resulting from its őrst couple of cell divisions are

totipotent, that is, they have the potential to give rise to all the three germ layers (the

ectoderm, endoderm and mesoderm) and produce the extra-embryonic membranes

(such as the placenta) which together can give rise to an entire organism. As the

zygote starts its further chain of divisions, there is a slow and steady transition from

a solid ball of cells, the morula, to a hollow cellular ball, the blastula. Within the

blastula is a group of cells, the inner cell mass, from which are derived the embryonic

stem cells (Figure 1). These cells are pluripotent, that is, they have the potential to

give rise to all the three germ layers of an adult organism, but not the extra-embryonic

material. Therefore, they cannot give rise to a whole organism [1].

One of the inherent and fascinating characteristics of multicellular organisms is the

existence of tissue homeostasis, that is, maintenance of cell number and types in

any given tissue during the lifespan of the organism in the face of constant attrition

and injury. Nature has devised diverse mechanisms to sustain this homeostasis.

For example, amphibians and some reptiles can reverse ‘specialized cells’ back to a

more ‘primitive’ stage (de-differentiation), which then recapitulates the developmental

processes to form a new organ. Unlike amphibians, mammals cannot regenerate an

entire organ. However, they possess a small sub population of cells in many tissues

which, unlike the bulk of cells, have the potential to give rise to the specialized cells of

the given tissue type [2]. These are called the adult stem cells. Adult stem cells, also

termed as ‘somatic stem cells’, are multipotent, that is, they can give rise to cells of

∗Reproduced with permission from Resonance, Vol.12, No.3, pp.27ś34, 2007.
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Figure 1. Beginning of

Life: From a single cell to

the blastula.

the same lineage, but not that of other lineages. Thus, haematopoietic stem cells give

rise to all the cell types of the blood lineage, mammary stem cells give rise the three

cell types found in the mammary epithelium, and so on. Such adult stem cells have

so far been identiőed in the blood, muscle, breast, brain, skin, liver, lungs, pancreas,

intestine, and quite recently in the dental pulp [3ś11].

1. Two Hallmarks of Stem Cells

Stem cells are endowed with two fundamental properties: self renewalStem cells are endowed

with two fundamental

properties: self renewal

and multi-lineage differ-

entiation potential.

and multi-

lineage differentiation potential (Figure 2). Typically, a stem cell divides by mitosis to

make one daughter cell which is a complete replica of itself, such that it also inherits the

dual capacity of self-renewal and differentiation. This property of a stem cell to make

more of its own kind is referred to as self-renewal. The other daughter cell undergoes

a few rounds of rapid division, thereby generating a progenitor pool, which őnally

culminates in differentiation to generate the specialized (differentiated) cells (Figure

2). While the embryonic stem cells can give rise to all the three lineages, the adult

stem cells are usually restricted to their tissue of origin. Accordingly, adult stem cells

are also referred to as tissue-speciőc stem cells. It is this ability to give rise to different

cell types that makes stem cell research a hotly pursued area of research today for cell-

based therapies which aim to replace the existing non-functional cells with new cells.

Figure 2. A stem cell

has the dual property of

self renewal and differen-

tiation. It differentiates to

give rise to the terminally

differentiated cells via a

pool of progenitor cells.

These differentiated cells

constitute the tissue.
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Figure 3. The

haematopoietic stem

cell gives rise to all cells

of the blood lineage.

2. A Twist in the Rule

One of the hallmark features of multi-potent adult stem cell, as just discussed, is its

ability to differentiate into the cell types seen within the tissue of its residence. In the

past few years, however, exciting őndings [12] indicate a much broader differentiation

potential of adult stem cells ś a phenomenon known as trans-differentiation (Figure

3). This is the plasticity of a tissue speciőc stem cell, its ability to ‘switch’ its lineage

to that of some other tissue when given suitable conditions. Thus, bone marrow cells

have been observed to trans-differentiate into skeletal muscle, smooth muscle and

neuronal cells [13].

3. The Stem Cell ‘Niche’: Environment Matters!

In spite of their unique potential to self renew and differentiate, adult stem cells remain

in a ‘quiescent’ state through most of their lifetime [2]. They spring into action

(i.e. divide and differentiate), only in response to certain cues (extrinsic factors)

from their surrounding environment. This environment includes the stroma and

other differentiated supporting cells. The stroma has in it őbroblasts, macrophages,

neutrophils and endothelial cells. This surrounding microenvironment of a stem

cell is known as the stem cell niche. The concept of a stem cell niche came from

the observation that different signaling microenvironments can direct daughter cells

to adopt different fates. According to the niche hypothesis, signals from the local

microenvironment direct stem cell self renewal. Adhesion between stem cells and

either an underlying basement membrane or the support cells themselves appears to

play an important role in holding the stem cells within the niche, close to the self

renewal signals. In addition, the niche could also provide polarity cues to orient
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One of the most dis-

tinguishing features of a

stem cell is its marker

proőle. Markers refer

to molecules which are

unique to a given cell

type.

stem cells within the niche so that upon division, one cell is displaced outside the

niche into an alternative environment that encourages differentiation. Thus, stem cell

number, division, self renewal and differentiation are all likely to be regulated by the

integration of extrinsic cues provided by the niche and the intrinsic factors within the

stem cell itself.

4. How do Stem Cells Look?

In some tissues like the mammary gland, it has been reported that the stem cells are

smaller compared to other cells around them and appear lightly stained when observed

under an electron microscope [14]. Such a difference has not been reported for all

tissue-speciőc stem cells. So, what is it that sets apart this unique cell population from

the rest? One of the most distinguishing features of a stem cell is its marker proőle

[15]. Markers refer to molecules which are unique to a given cell type. They can

include cell surface proteins, trans-membrane receptors, or cell adhesion molecules.

Researchers have shown the expression of speciőc markers on different tissue speciőc

stem cells, for example, c-kit and Sca1 on haematopoeitic stem cells, nestin and GFAP

on neural stem cells, and so on. For many tissues, such as the breast tissue, no single

speciőc marker has been found as yet [14]. Such markers have been and are being

extensively used to isolate and purify stem cells from different tissues. Isolation and

enrichment of stem cells from a tissue is the őrst step towards understanding the

properties of this unique cell population. This understanding is the critical stepping

stone towards harnessing the potential of adult stem cells for tissue replacement.

5. Towards a Molecular Analysis of Stem Cells

‘Stemness’ refers to the common molecular process underlying the core stem cell

properties of self renewal and generation of differentiated progeny. Although stem

cells in different tissues with different cellular niches will, by necessity, have different

physiological demands and thus distinct molecular programs, there are likely to be

certain genetic characteristics speciőc to and shared by all stem cells. By observing

their total transcription proőles, many of the genes whose expression is enriched in

different adult stem cells have been identiőed [15,16]. By correlating and networking

the information obtained through such studies, it may be possible to develop a molec-

ular őngerprint of genes expressed speciőcally in stem cells. This őngerprint could

be used to help identify and isolate new stem cells.

The transcriptional proőling of stem cells has suggested that they share several distinct

molecular characteristics [15, 16]. Stem cells appear to have the capacity to sense

a broad range of growth factors and signaling molecules and to express many of the

downstream signal transduction components. Signal transduction pathways which are

perhaps active in stem cells include Notch, TGF b, Wnt, BMP, Hedgehog and Jak/Stat

family members [17]. Adult stem cells also express many components involved in
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establishing their specialized cell cycle related to maintaining cell cycle arrest in

G1 and hence establishing the ‘quiescent’ state [18]. Most stem cells also express

molecules involved in telomere1 maintenance and display elevated levels of telomerase

activity [19]. There is also considerable evidence that stem cells have signiőcantly

remodeled chromatin, acted upon by DNA methylases or transcriptional repressors of

histone deacetylase.

6. Stem Cell Therapies

Stem cells, due to their pluripotency, can be directed to differentiate into speciőc

cell types. This has made them highly preferred candidates for cell-based therapy,

wherein, introduction of these cells can replenish cells of any damaged organ, thus

enabling complete repair of the tissue or organ in question. Some of the diseases

for which stem cell therapy holds promise are ś Parkinson’s disease, Alzheimer’s

diseases, spinal cord injury, stroke, burns, heart disease, diabetes, and arthritis. Even

though currently much of the stem cell therapies are at experimental stages, many

believe that it is only short time before it will become available in the clinic.

All this is not without a price. The idea of derivation of embryonic stem cells from

the inner cell mass has stirred a grave ethical war in the world. According to some,

isolating these stem cells at the blastula stage would mean terminating a life. This

issue has had severe impact on embryonic stem cell research worldwide, with several

countries taking drastic steps like banning research on embryonic stem cells. In India,

the scientiőc ethical bodies have taken a middle path, respecting the sanctity of Life

as well as scientiőc research, by allowing derivation of embryonic stem cells from

excess, defective or dead embryos from in vitro fertilization clinics.

While adult stem cells are not surrounded by controversy, they are

While adult stem cells are

not surrounded by con-

troversy, they are much

limited in number and

difficult to get hold of.

much limited in

number and difficult to get hold of. There is a signiőcant gap to understand how to

isolate and enrich these types of stem cells before harnessing their true potential.

7. A Word of Caution: Can the Good Become the Bad?

It is today beyond doubt that adult stem cells hold a strong potential in successful

tissue replacement and repair. There is also a grave side to the story of adult stem

cells which is coming up strongly, based on emerging experimental evidences. This is

about the possibility and potential of a normal adult stem cell to become a cancer cell.

Normal stem cells and cancer cells share many key properties, some of them being

a high proliferation potential, ability to give rise to multiple cell types, migration,

expression of telomerase, similar signaling pathways operating within them, like the

Notch, Wnt and Hedgehog and common marker expression proőles. Given the striking

similarities between normal stem cells and cancer cells, there is a strong possibility

that cancer arises in a normal stem cell since many cellular mechanisms which are

1 Telomere is the structure

found at the terminals of

chromosomes and telom-

erase is the enzyme that

maintains the integrity of the

telomere during successive

divisions.
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Figure 4. Stem cells

in a tissue is thus, like

a dormant volcano, a

tremendous potential ex-

isting quietly unless pro-

voked.

L IFE

Normal Stem cellCancer Stem cell

DEATH
LIFE

Normal Stem cellCancer Stem cell

DEATH

found active in cancer cells are already active in stem cells, albeit in a controlled

fashion. Multiple mutations need to come together in a single cell for the cell to

become cancerous. Considering the fact that stem cells are the longest living cells

within the body, it is possible that a normal stem cell acquires multiple mutations over

a period of time and becomes cancerous, as predicted by the ‘stem cell hypothesis’

of origin of cancer [17]. Indeed, evidence is building up for the stem cell origin for

some leukemias [20].

In the face of these two opposing fates of stem cell biology (Figure 4), it is difficult

to conődently state what will happen when a population of stem cells is injected into

the human body ś will it remain the łgoodž stem cell, adding vitality to the damaged

tissue or will it ‘transform’ into the łbadž cancer cell ? The small population of

stem cells in a tissue is thus like a dormant volcano ś a tremendous potential existing

quietly unless provoked.
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Carl Ludwig Schleich (1859-1922) was an anaesthetist and a surgeon who for

the őrst time emphasized the role of neuroglia in brain function. In an era

that was dominated by the idea that neurons alone were functional units of the

nervous system and that glial cells were a mere glue holding neurons in place,

Schleich insisted that glia had a prominent functional role to play. He suggested

that interactions between neurons and glia were so strong that it is necessary

to consider brain as a neuron-glia system whose performance is dependent on

both the cell types. Today Carl Ludwig Schleich is considered the forgotten

ancestor to a new breed of neurobiologists, the gliologists, who specialize in

working on these neglected cells of the nervous system. Though outnumbering

the neurons and occupying almost half the volume of the brain, glial cells have

been given little importance in textbooks of neurobiology and are very often

cursorily mentioned in discussions related to brain function. Glial cells deserve

a better deal, for over the years a lot of evidence has accumulated to prove that

they perform a wide spectrum of functions. This is the őrst of a series of articles

that aims to update students on what is known about glia today. It provides an

overview of the various types of glia and their origins.

In the early 19th century, Camillo Golgi developed an extraordinary technique of

silver staining to visualize neurons. Glia too were, for the őrst time, seen as distinct

morphological units. Rudolf Virchow called them the ‘nerven kitt’ (nerve-glue),

clearly relegating them to a non-neuronal status with limited role. The fact that these

cells did not show any electrical activity like neurons or muscles reinforced these

ideas. Neuroanatomists and pathologists, however, had sustained interest in glia as

they appeared to be the most common cause of brain tumors. In the years to come

several important functions were attributed to glia: they not only provided packaging

for neurons, but acted like a scaffold to migrating neurons, and formed scar tissue

during repair of injury. It is now known that glia have far more say in the brain

function than previously thought. Glial cells maintain the integrity of the neurons

in health, disease and injury. They enhance conductivity of the nerves by providing

the myelin sheath and help in initiating, sustaining and, if required, strengthening the

synaptic connections. They help decide whether neurons will live or die. Following

damage, they support regeneration of neurons in peripheral nervous system but not

in the brain where precise wiring is obligatory. Continuously engaged in a chemical

dialogue amongst themselves, the neurons and the micro-milieu of the nervous system,

∗Reproduced with permission from Resonance, Vol.7, No.1, pp.4ś10, 2002.
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Glial cells maintain the

integrity of the neurons in

health, disease and injury.

They enhance conductiv-

ity of the nerves by pro-

viding the myelin sheath

and help in initiating, sus-

taining and, if required,

strengthening the synap-

tic connections.

Figure 1. Diagrammatic

representation of an acti-

vated microglia.

the glial cells have liaison functions to perform. As predicted by Schleich, who was

ahead of his times, the glia are turning out to be as important as the neurons for normal

brain and body function.

1. General Properties of Glial Cells

Glial cells are observed to be metabolically active, very like any other cell of the body,

with the usual array of organelles. Deposits of fats and glycogen are often seen in

their cytoplasm. Microscopically they can be distinguished from the neurons on the

basis of the absence of an axon. Glial cells also have a resting membrane potential

higher than that of the surrounding neurons. Unlike neurons, action potentials cannot

be initiated in glial cells, yet some of them do get depolarized or hyperpolarized when

exposed to neurotransmitters. Adjacent glial cells are often electrically coupled, such

that ions can be exchanged amongst these cells without passing through extracellular

spaces. The glial cells manage to produce large enough currents that can be measured

by external electrodes, and the EEG and ERG are the sum of electrical activity of

neurons and glia. Several speciőc antibodies have been developed that can not only

be used to distinguish glia from neurons, but can also be used to classify various

subtypes of the glia.

2. Types of Glial Cells

Broadly, two distinct classes of glia have been recognized in the vertebrate nervous

system. The őrst are the microglia (Figure 1), the tiny cells that act like scavengers

and clean up the tissue debris formed following an injury. Resembling the cells of the

immune system these cells are often considered non-glial. This is also so because,

unlike the other type of glial cells, microglia originate from blood forming cells. The

second major class of cells is the macroglia, the cells that predominate in the nervous

system. Three distinct types of cells belong to this class of glia. The oligodendrocytes

(Figures 2 and 3) are the cells that form myelin sheath around the neurons in the brain

and spinal cord. The Schwann cells myelinate the neurons in the peripheral nervous

system (Figure 4). Both oligodendrocytes and Schwann cells, though apparently

performing similar functions, have many more speciőc responsibilities that they take

up which makes them distinct in form. The third cell type classiőed as macroglia

are the astrocytes (Figure 5), the multifaceted star like cells of the central nervous

system. All these cells can now be distinctly identiőed and classiőed on the basis of

the specialized proteins each of them synthesize. Often displayed on the cell surface,

these proteins serve as markers not only to give a distinct identity, but can also be

used in tracing the embryonic origin of these cells.
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Figure 2ś5. Diagram-

matic representation of the

microglia depicting their

relation with the neurons.

3. Origin of Glial Cells

In a vertebrate embryo, one of the three germ layers, the ectoderm, in response to

local factors, folds into a tubular structure that gives rise to the central nervous system

(CNS). This is the neural tube that has sub-regions destined to become the spinal

cord, the hindbrain, the midbrain and the forebrain. Within each of these regions are

self renewing populations of progenitor cells that give rise to neurons as well as to

glial cells. Local factors and speciőc genes have been identiőed that commit cells to

either the neuronal or the glial lineage.
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In the dorsal part of the neural tube are a set of cells, the neural crest cells, that give rise

to the neurons and the glia of the PNS and the melanocytes depending on the stimuli

each cell receives from their immediate environment. These cells have been used

extensively to understand how glial cells originate in the peripheral nervous system.

Schwann cells, the predominant glia of the peripheral nervous system, originate from

neural crest cells. Schwann cells are of two types, myelin forming and non-myelin

forming. Both the cell types originate from common precursor cells and can be

easily identiőed as they synthesize a characteristic protein, ‘major peripheral myelin

protein’, (P0). Development of Schwann cells is initiated by signals from an axon in the

neighborhood. The Schwann cell lineage involves three transition steps. The neural

crest cells divide and differentiate to form Schwann precursor cells. These cells in turn

give rise to immature Schwann cells that can synthesize myelin. These immature cells

then further differentiate and either continue to synthesize myelin or differentiate into

non-myelin forming Schwann cells. Both myelinating and non-myelinating Schwann

cells are abundant and present in almost equal numbers throughout the peripheral

nervous system (PNS).

In the CNS, astrocytes and oligodendrocytes originate from a common precursor cell.

The factors that govern the formation of these two types of glia have been studied

using rat optic nerve as a model system. The precursor cells also called the O2A

precursors divide in presence of a growth factor called the platelet derived growth

factor (PDGF). The number of progenitor cells builds up as long as they are exposed

to PDGF. Oligodendrocytes develop from these precursors in presence of PDGF

and thyroid hormone. However, if these precursor cells are treated with another

growth factor called ciliary neurotrophic factor, they differentiate into astrocytes.

Interestingly, the growth factor, PDGF, that controls oligodendrocyte differentiation

is formed and secreted by astrocytes themselves. In other words, the two macroglia

self-regulate their numbers to ensure that optimal number of each subtype is present

in the CNS. Astrocytes (Type I), especially in the grey matter, are known to be formed

out of another set of independent precursor cells (Figure 6).

4. Functions of Glial Cells

Some glial phenotypes play a transient but important role in earlySome glial phenotypes

play a transient but im-

portant role in early em-

bryonic development of

the vertebrate brain. The

neurons undergo well

regulated cycles of divi-

sions, migrate to their po-

sitions and form connec-

tions.

embryonic develop-

ment of the vertebrate brain. The neurons undergo well-regulated cycles of divisions,

migrate to their positions and form connections. As the number of neurons produced

far exceeds the number required, some of them are induced to commit suicide or

apoptosis (see Resonance,Vol. 5, No. 4, p. 74, 2000). Glial cells provide support

during all these cellular events. A specialized set of glial cells called the radial glia

appears transiently to act as scaffold to migrating neurons. Dense network of radial

őbers are formed along which neurons align themselves and move to the outer layers.

Adhesion molecules, such as astrotactin, on the glial cell surface and the surrounding

matrix provide binding sites for the axon as the neurons wind up along the radial
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Figure 6. Diagrammatic

representation of origins

of glial cells in the CNS.

cells. These radial glia are formed in response to the factors (such as glial growth

factor) secreted by the young newly formed neurons. Once the embryonic neuronal

migration is over, the radial glia transform into smaller, star shaped astrocytes.

A set of glial cells with radial phenotype called the Müller cells persist in the neural

retina. These cells, functionally astrocytes and oligodendrocytes rolled into one,

maintain the retinal microenvironment. Müller cells modulate neuronal activity by

controlling concentration of neuroactive substances in the retinal extracellular milieu.

They mop up the potassium ions released because of neuronal activity and remove

neurotransmitters released at the synaptic termini. Re-uptake of glutamate and gamma

amino butyric acid (GABA) for recycling is also initiated by Müller cells. These cells

also provide metabolic support to retinal neurons.

5. Conclusions

The glial cells, formed embryonically along with the neurons, become a pool of cells

with diverse phenotypes and functions. Each glial cell type performs a specialized

function in a speciőc location in the nervous system. Well integrated into the tissue,

each cell type caters to local needs to ensure normal function of the neurons. Modi-
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fying their function to meet the emergencies during injury and disease, glial cells are

indispensable for CNS repair and cell survival. The advancement in glial cell biology

in the recent years has been immense.

Postscript (added by December 2021)

The role of glia in health and diseases has been studied extensively. Some interesting

information that has emerged and been conőrmed in the last decade is brieŕy men-

tioned in this postscript stressing the multiple morphology they have and the varied

functions that they carry out in the nervous system. While the original article does

mention some important molecules playing a role in their origin and function, the

deluge of information available in this area makes it impossible to touch upon these

aspects. The additional reading provided would help a little to bridge this gap.

On the basis of their morphology, molecular proőles functions, localization studies

glial cells are known to be heterogeneous cell populations.

Glia in Central Nervous system

Each cell type, astrocytes, oligodendrocytes and microglia which are in the Cen-

tral nervous system are different, displaying regionality and functional differences.

Protoplasmic astrocytes, predominantly present in the grey matter of the brain are

branched and are associated with blood vessels and neurons while the astrocytes that

are in white matter are less őbrous, with simpler processes and are in contact with

oligodendrocytes and axons in nodes of Ranvier. Peripherally too glial cells associate

with the neuronal cells in different forms. Some recent insights on each of these cell

types is given below.

Astrocytes are considered a partner in synapse formation along with pre- and post-

synaptic neurons, they generate intracellular Ca2+ oscillations in response to neuro-

transmitters, release neuroactive molecules. Astrocytes act as sensors for various

metabolic signals and allow glutamate uptake from the extracellular space protecting

the brain from excitotoxicity. End feet of astrocytes on micro-vessels in the brain

ensure that the blood brain barrier is maintained.

Oligodendrocytes myelinate axons in CNS by a well deőned process that involves

selection of axon by oligodendrocyte followed by stabilization of the axon oligo-

dendrocyte contact and formation of node of Ranvier. This is followed by myelin

wrapping of the axon, compaction and elongation of the axon along with myelin

sheath. Oligodendrocytes provide metabolic support to maintain the axonal structure.

Oligodendrocytes display heterogeneity in the way myelination is carried out and

mature oligodendrocytes are involved when axons are remodeled.
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Microglia are innate immune cells in the brain with phagocytic function. They

reőne developing brain structure by removing redundant cells, őne tune synaptic

connection, remove myelin debris and enhance remyelination as and when required.

Subtypes of microglia with differences in time of development, response to insults

and localizations have been characterized.

Radial Glial cells appear very early during neural tube development and have an

elongated bipolar shape with one end extending to the pial surface and the other

end attached to the ventricular surface. These cells originally thought to act as a

scaffold for migrating neurons have in fact been shown to be the progenitors to all the

neocortical neurons in addition to astrocytes. Radial glial cells undergo symmetric

cell divisions for self renewal, and asymmetric division to give rise to the post-mitotic

neurons. Synthesis of speciőc mRNA and its localized translation signals in the

radial cells regulate cytoskeletal remodeling that leads to appropriate development of

cortical architecture.

Glia in Peripheral Nervous system and other locations

Schwann cells enwrap both myelinated and non myelinated axons. Schwann cells are

of two types. One that myelinates large single axons with diameter more than 1 micro

meter and the other called the łRemakž cells, which are non myelinating and ensheath

several smaller axons with diameter less than 1 micrometer together. Schwann cells

play a role in clustering ion channels at the node of Ranvier, in regulating axon

diameter and in neuronal survival and axon repair.

Satellite glial cells completely enwrap neurons to form ‘neuronśglial units’. These

cells are found in sensory, parasympathetic and sympathetic ganglia. This organiza-

tion allows glia-neuron interaction in an enclosed environment.

Müller glia are present in retina spanning its complete thickness and interacting

with all the six retinal cell types. Müller glia play a key role in retinal electrolyte

and water homeostasis, modulation of synaptic activity in inner retina, generation

of antioxidants that protect retina, protecting photoreceptors, maintenance of blood

retina barrier and in decreasing reŕection at vitreous-retinal interface. In addition, it

is reported that a subset of Müller glia harbor regenerative capacity.

There is a cellular cross talk between glia and neuron, and amongst various types

of glial cells (astrocytes with oligodendrocytes and astrocytes with microglia) which

has been investigated extensively in health and disease. Molecular proőling of these

cross talks has been in focus and has added new areas of glial cell investigations. The

role of glial cells in synaptic plasticity is increasingly appreciated and has added new

dimensions to regulation of brain function by these non neuronal cells. Glial cells are

prominently involved in repair and remodelling after disease or injury of CNS and

PNS. Glial cell research has proved to be rewarding and is likely to be pursued by

scientists in the years to come.
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We forget often. But some memories last a lifetime. This means that our brain

is capable of protecting memories for years. This is a remarkable feat given that

the biochemical hardware involved in creating new memories is a hostile place

for its storage. What are the challenges involved? And what type of biochemical

mechanisms may overcome them? This article explores a major hypothesis that

molecular switches may be behind our remarkable ability to remember for a

lifetime.

1. Introduction

Our brain is made up of roughly 100 billion neurons, joined together with over

100 trillion connections called synapses. Each neuron on an average makes 1000

connections. It is now widely accepted that persistent changes in these connections

caused by sensory experiences create memories.

Let’s label these synapses as 𝑠1, 𝑠2, . . . 𝑠𝑛. During memory formation, a subset of

these synapses will undergo changes. For example, my memory of being chased

by a ferocious street dog named Lalu (let’s call it 𝑀Lalu) is stored in the set of

synapses 𝑀Lalu = (𝑠10, 𝑠21, 𝑠12, . . . , 𝑠331) i.e., these connections were changed during

my troubling encounter with Lalu. I sometimes recall this memory whenever I see a

similar looking dog.

I can recall an experience as long as the set of synapses in which the particular

experience was stored remains intact (Figure 1). Therefore, our ability to remember

is contingent on our brain’s ability to keep its connections intact. But on the other

hand, our ability to learn depends on our brain’s ability to change its connections.

And here is the őrst challenge!

Figure 1. Memory forma-

tion and forgetting. Dur-

ing the formation of a

memory, some synapses

become stronger (larger

black dots). The longer

you can maintain these

connections, the longer

you can hold on to this

memory.

Learning

Forgetting

∗Reproduced with permission from Resonance, Vol.24, No.9, pp.963ś975, 2019.

DOI: https://doi.org/10.1007/s12045-019-0863-8
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← rigid plastic→

Learning
Remembering

Ability to change

(plasticity) is good for

learning, but bad for

remembering.

1.1 Learning Quickly v/s Forgetting Slowly, a Zero-sum Game

For 𝑀Lalu (or any other memory) to remain intact, each synapse which participated

in its formation (i.e., 𝑠10, 𝑠21, 𝑠12 . . .) should remain intact. The longer a synapse can

keep itself unchanged, the better it will be at keeping the memory safe. Let’s assume

that somehow I create a synapse which maintains its state for a very long time (i.e., a

rigid synapse). This synapse will not forget easily, but it will not participate in any new

memory formation either. Learning requires synapse to change and a rigid synapse

cannot change. Rigid synapses behave like a read-only Compact Disk (CD). On the

other hand, if I create a synapse which is easily changeable (i.e., a plastic synaspe),

it will be good at learning new experiences but would not be able to retain them for

long. Plastic synapse forgets easily. We know that we not only remember things for

long time, we are also capable of learning quickly. And not just us, most animals are

quick to learn. Honey bees can learn the location of a food source such as ŕowers

after a single encounter. Indeed, a good memory system is the one which learns as

quickly as possible and forgets as slowly as possible. Forgetting and remembering

are two sides of the same coin. They are conŕicting demands i.e., improving one will

deteriorate the other ś a zero-sum game. The challenge is to strike a balance.

2. Hopőeld Network ś Associative Memory Network

Memory storage and retrieval are trivially done by a computer. It will be helpful to

compare memory storage in the computer and the brain. In the computer, we always

know the address of every stored memory, and we access it by providing this address.

The őle icon on your desktop is a graphical way of encoding this addressing scheme.

This process is similar to looking up the index page in a reference book to őnd a topic.

Our brain, on the other hand, is very unlikely to have such an indexing scheme.

We recall when we are provided with cues. For example, when you see some part

of a familiar person in a wedding album, you could easily identify the person even

though most of the person is hidden behind others. Many other memories of that

person will also be recalled. A famous class of recurrent neural network popularly

known as Hopőeld network can do just the same as shown in Figure 2.

How this recurrent network works isPut simply, recurrent net-

works have loops, usually

from output to input.

beyond the scope of this article. Readers

are encouraged to explore more by themselves. łHow well can we explain biological

memory using these networks?ž is an active research area. Though these networks are

extremely successful in accomplishing various brain-like computations (a la machine

learning), I would like to advise the reader to be skeptical by noting the following:

• Neurons used in these networks are highly simpliőed. Real neurons are not this simple.

Even though these simpliőed neurons capture the essential all-or-none (electrical spike)

way of communication and learning by changing synaptic connections, they do ignore

rich local computations which can be accomplished by branches of these neurons called

dendrites.
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if I + ∑i wiii > 0 then 1 else -1

Simplified Neuron

w1
i1

w2

i2
w3

i3

I

A

1

2

d

...

1

2

K

...

Hopfield Network

Stored Patterns
B

Input cue
B+50% noise

Recall
after 1 step

Recall
after 2 steps

Input cue
X+50% noise

Recall
after 1 step

Recall
after 2 steps

C

Figure 2. Hopőeld net-

work with 100 spiking

neurons. These recur-

rent conőgurations give

rise to interesting brain-

like computation. (B)

6 patterns (memory) i.e.

NCBSXY are stored in

this network. (C) When

a very distorted cue is ap-

plied to the network input,

it fetches one of the stored

patterns which is the clos-

est to the applied cue.

• There is no evidence that neurons make such dense recurrent connections. However,

some studies have shown that Hopőeld network can work with very sparse recurrent

connections as well.

• Activity in these networks does not match the usually observed activity in the primate

brain during memory-recall experiments.

Nonetheless, these networks provide us with a framework to concretely think about

the problem of memory storage and recall. We learn a great deal about a problem by

pointing out the limitations and failures of models which describe it.

Hopőeld network has properties which will sound very natural to us. Can you store as

many memories as you like in these networks? No. There is an upper limit. Adding

more patterns over the maximum limit distorts memories. When a cue is given, the

network no longer fetches the right pattern. It often fetches a pattern which was not

even stored; the retrieved pattern instead resembles some mixture of stored patterns.

When too many memories are stored, they corrupt each other by mixing up. One

can ask more questions. When connections decay in these networks and memories

start disappearing, which memory disappears őrst: the weakest or the newest? And,
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Solutions proposed by

other disciplines often

provide very useful in-

sight, but in the end,

all solutions must work

well under the constraints

imposed by biology and

chemistry.

when a new memory closely associated with an old memory is added, what happens

to those old memories?

After this necessary detour, let us go back to the main theme: how do synapses

maintain their state?

3. How does a synapse maintain its state?

Very complex biochemistry plays out during learning that changes the synapse. Sur-

prisingly, the net effect of this complex biochemistry can be summarised by a simple

mathematical expression. Ah, the unreasonable effectiveness of mathematics [1]!

Let’s assume that synaptic strength 𝑤 is tightly correlated with a chemical species

𝑋 found at the synapse i.e. 𝑤 changes with 𝑋 . Therefore, the problem of ‘synapse

maintaining its state’ becomes the problem of ‘molecule 𝑋 maintaining its state’ ś a

more concretely deőned problem.

Let’s assume that 𝑋 is converted to its active form 𝑋∗ by adding aX X*

X* + P X*P X + P
phosphoryl

group (https://en.wikipedia.org/wiki/Phosphoryl_group) (PO2−
3

). The

phosphoryl group is removed by a phosphatase (𝑃) and 𝑋∗ is turned back into inactive

𝑋 . Phosphorylation and its counterpart dephosphorylation are very common mo-

tifs for controlling various chemical reactions by activating and deactivating protein

molecules. Once most 𝑋 has been turned into 𝑋∗ during memory formation, how do

we make sure that 𝑋∗ does not turn back into 𝑋 (lose memory)?

Let’s mull over a solution to this problem of long term maintenance of 𝑋∗. Here is

one potential solution. Can you think of any other solution?

1. Ampliőcation: 𝑋∗ auto-phosphorylates itself i.e. X X
∗ . If we manage to

get sufficient 𝑋∗ somehow, it will act as a catalyst to its own production. 𝑋∗ will always

remain high.

2. Dephosphorylation of 𝑋∗ is minimized by controlling the number of phosphatase (𝑃)

or by reducing the reaction rate.

Both (1) and (2) help in making 𝑋∗ highly stable. Problem solved? No. Now we have

constructed a rigid synapse. Recall the rigid v/s plastic synapse dilemma discussed

previously (section 1.1). This synapse will deőnitely remember for longer but it will

not participate in any new learning anymore.

As long as we are in the realm of theory, let’s propose a solution to this problem.

We add another reaction say 𝑃′ + 𝑋∗ → 𝑃′𝑋 → 𝑃′ + 𝑋 which deactivates 𝑋∗

when the need arises. Phosphatase 𝑃′ is different from 𝑃. This adds another layer

of control to an already complicated problem i.e., forgetting is now controlled by

another process. This requires one more explanation: how does this new mechanism

controlling forgetting work? And philosophically ś if you care about it ś it violates

the principle of parsimony which recommends picking the simplest explanation.
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Figure 3. A hypothetical

network which can solve

the problem of chemical

noise and turnover with

suitable parameters. The

activation step is divided

into slow and fast com-

ponents such that ŕuc-

tuations caused by back-

ground noise do not cause

the system to activate it-

self. 𝑋∗ also partially acti-

vates 𝑋 to 𝑋∼ to overcome

turnover.

X X∼ X∗

P

Turnover

Activation X slow X∼
fast X∗

Deactivation X∼ + P X∼P X+P
X∗ + P X∗P X + P

Turnover X∗ X

We still have two big problems hiding underneath.

The volume of a typi-

cal synapse is∼10
−20

m
3.

At this volume, 1 µM

concentration is roughly

equal to 6 molecules!

We have not considered the

underlying biological hardware i.e. synapse in any detail where this biochemical

network is supposed to function. The őrst problem is the chemical noise. For a

biochemical system operating in very small volume, effect of chemical noise can

be very strong. There are over 200 types of protein molecules in a typical synapse.

Indeed, most proteins found at synapse has copy number as low as few tens. The brain

is always active and the chemical noise caused by the brain’s background activity will

surely turn some molecules of 𝑋 into 𝑋∗. Then due to auto-phosphorylation, sooner

than later, all 𝑋 will be turned into 𝑋∗. As a result, we have created a very stable

memory of nothing but background noise. This is highly undesirable!

The second problem is turnover i.e., old molecules are continuously degraded and

being replaced by newly minted molecules. Let’s assume that at the time of memory

formation, we had 100 molecules of 𝑋∗ in the synapse and, on average, every day

one newly formed molecule replaces an old one (𝑋∗ → 𝑋). After 50 days, half of

the synaptic strength is gone! To counter this, we must have a refresh mechanism by

which the newly added molecule quickly changes its state according to the state of

synapse i.e., newborn 𝑋 becomes 𝑋∗ if most molecules at the synapse are 𝑋∗.

Effectively, we want a stable ON state (all 𝑋 are 𝑋∗) which is immune to turnover (see

Figure 3 for a potential solution). We also want a stable OFF state so that noise does

not turn 𝑋 into 𝑋∗. We want a switch-like behaviour i.e., if it is OFF or ON, it tends to

stay OFF or ON. If a few 𝑋 are turned into 𝑋∗ by background noise, we want them to be

quickly turned back into 𝑋 by the phosphatase 𝑃. And if during memory formation, a

signiőcant portion of 𝑋 has been turned into 𝑋∗, then we want that any 𝑋∗ deactivated

into 𝑋 is quickly activated again into 𝑋∗. This system should operate like a switch

which does not ŕip unless signiőcant force is applied. This is called bistable switch.

Is there any evidence that bistable chemical reaction networks exist? Do they occur

in all living cells? What is the reason for their selection by evolution? And what do

they accomplish? (see Box 1)

Bistability, from one point of view, is an irreversible way of taking YES or NO

decisions. A phage 𝜆 virus can use it to decide if to remain dormant or become active;

Bistability (and its close

relative ś oscillations) is

very common in biology

from cellular levels (ge-

netic switch) to popula-

tion levels (predatorśprey

dynamics).
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Box 1. Bistability in Reaction Network

In a world full of ŕuctuations, stability is indeed a very useful property. Life is remarkably stable even

though it is made up of inherently noisy components. Bistable chemical networks are ubiquitous in biology.

In bistable chemical networks, noisy components act together to give rise to highly (bi)stable behaviour.

Also note that even though the underlying reactions are almost always reversible, the bistable switch is

usually not reversible. Isn’t it a neat way to make a very decisive cell?

A bistable system ś as its name implies ś has two stable states. From the point of view of an experimentalist,

if you obverse a bistable system for a very long time, you would almost always őnd it in either of its two

stable states. Just like an electrical switch which you would almost always őnd in either ON or OFF state (and

rarely in transition between states).

0 500 1,000

A

B

# Steps

A sample behaviour(i)

↔

A
stable

B
stable

x

E

Deterministic (ii) Stochastic

A B

P(A → B)

P(B → A )

(iii)

Figure A. (i) A conceptual model of bistability. The energy landscape of a bistable system has two minima

(𝐴 and 𝐵), therefore, the system always ends up in either of them. It is a deterministic bistable system. (ii)

A conceptual representation of stochastic bistable system as state transition diagram. The arrows depict the

probability of transition from one state to the other. In (iii) We simulate the system described in B with

probability of transition from 𝐴 to 𝐵 (𝑃(𝐴 → 𝐵)), and from 𝐵 to 𝐴 (𝑃(𝐵 → 𝐴)) set equal to 0.01.

Such bistable motif are commonplace in biology [2], especially found in situations where cell has to make

a decision or store information (memory). One such motif is shown below (Figure B) in both deterministic

and stochastic settings.

b a c
inhibit inhibit

+feedback +feedback

Exchange Reactions

(i)

0 500 1,000 1,500

0

0.5

1
·10− 3

Time

Stochastic
c b

(iii)

0 500 1,000 1,500

0
2
4
6
8

·10− 4

Time

Deterministic
c b

(ii)

Figure B. (i) A bistable chemical system adapted from [2]. Species b and c catalyze their production

(positive feedback) and inhibits production of a. Two trajectories are shown in different settings. (ii) System

is deterministic; (iii) System is stochastic. There are three necessary conditions a network must have to

be able to show bistability: positive feedback, mechanism to őlter out small stimuli, and a mechanism to

prevent explosion [3].
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a cell can use it to decide whether to move to M phase from G1 phase or whether

to enter apoptosis or not. From another point of view, bistability is a way to store

1 bit of memory (1 and 0, ON or OFF, ACTIVE or INACTIVE). Memory is older than

brain! There are plenty of living organisms without brain as we deőne them but I

cannot imagine a living organism without memory. So it would not be surprising if

we discover bistable switches operating at synapses as well. Indeed, various studies

have shown that calcium/calmodulin-dependent protein kinase II (CaMKII) (see Box

2) may form bistable switches in the synapses.

4. Molecular Bistable Switch at Synapse

Late John Lisman hypothesised that a

X X∗
kinase

Phosphatase

PO 4

A TP

K2
Stim

Output

Reaction in a bistable

switch proposed by John

Lisman. Modiőed from

[6].

kinase and a phosphatase together can form a

bistable switch immune to turnover. CaMKII and its phosphatase PP1 were identiőed

as the hypothesised kinase and phosphatase. This chemical system has been exten-

sively studied using computational models for over two decades [4]. There is some

evidence that CaMKII is bistable in vitro conditions. Whether CaMKII is bistable

inside a living neuron is still an open question (see Box 2 for an overview of CaMKII

properties at a synapse.).

In our computational study of this pathway, we explored the effect of subunit exchange

on CaMKII pathway [5] (see Box 2). A CaMKII molecule is made up of 12 to 14

subunits which it can exchange with other molecules. This makes CaMKII a rare

molecule, perhaps unique. Subunit exchange enables CaMKII to act at a position

away from its current location. Due to its unique properties, CaMKII is often called

the memory molecule.

CaMKII acts as an integrator of calcium activity. The capacitor is a good example of

an integrator. The potential across its terminal 𝑉 is given by 1

𝐶

∫
𝑖 𝑑𝑡 i.e., a capacitor

integrates current. By measuring voltage across the ideal capacitor at time 𝑡, you can

tell how much current must have passed through it till time 𝑡. That is, you can tell the

history of current by measuring the present value of voltage. Integrators can also be

used to store information. Indeed, in many storage devices, a fully charged capacitor

represents bit 1 and a discharged capacitor represents bit 0. The real world capacitors

are leaky ś they leak charge, and information is lost after some time. So devices which

use them to store information has to periodically recharge these capacitors.

Like a capacitor, CaMKII also integrates. It integrates Ca++ activity i.e., [CaMKII]=∫
[Ca] d𝑡. By measuring CaMKII activity, one can estimate the history of Ca++

activity. But just like a real world capacitor which leaks charge, CaMKII also leaks.

A single CaMKII’s ability to retain information is bounded by this leak ś it roughly

last a minute.

We found that the subunit exchange improves information retention capacity of

CaMKII. Individual CaMKII acts as leaky integrator of Ca++ activity (see Box 2).

With subunit exchange, the leaky integrator becomes less leaky because of coopera-

A leaky integrator leaks

the stored variable, just

like a leaky bucket which

leaks water or a leaky

capacitor which leaks

charge. After some time,

any stored variable will

be lost forever.
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Box 2. CaMKII at Synapse: A Brief Overview

CaMKII constitutes roughly 2% of more than 2000 proteins found in brain. It is enriched in the hippocampus

ś a brain structure necessary for memory formation. Indeed, CaMKII is known to play an essential role in

learning and memory. In experiments involving mice, deactivating CaMKII in any way has always resulted

in the impairment of memory formation and learning.

CaMKII molecule has interesting properties which makes it an attractive candidate for storing information.

It is unique among proteins for its dodecameric/tetradecameric structure (Figure C(i)), structure from Protein

Data Bank, its ability to exchange part of it with others (Figure C(i)) and its complex response to calcium

signal. Usually it acts as a integrator of calcium activity in synapse (C).
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Figure C. (i) Summary of CaMKII pathway. Upon its inŕux into the synapse, calcium (Ca++) binds to

calmodulin (CaM) and creates a complex calcium/calmodulin complex (Ca++/CaM). Ca++/CaM binds to

CaMKII and phosphorylates its subunit (red balls). CaMKII is dephosphorylated by protein phosphatase 1

(PP1). (ii) Subunit exchange between two holoenzymes i.e., a fully active CaMKII holoenzyme can lose an

ACTIVE subunit which can be picked up by another holoenzyme which becomes partially active.

Activation of CaMKII requires two steps: the őrst step is very slow for it requires binding of two Ca++/CaM

simultaneously. Once a subunit has been activated (red ball), phosphorylation of its neighbours requires

binding of only one Ca++/CaM and, therefore, second step proceeds at much faster rate. Note that the őrst

very slow step can be overcome by subunit exchange when an inactive holoenzyme picks up an active subunit

released by other holoenzyme. Thus subunit exchange helps in spreading CaMKII activation.

CaMKII integrates Ca++ signal: A single CaMKII holoenzyme acts as a leaky integrator of Ca++ activity

i.e., it sums up Ca++ activity in time. And it also decays with a time-constant (leaky). See Figure C(ii) to

compare the behaviour of three integrators of calcium activity (𝑥): a non-leaky integrator and two leaky

integrators with small and large amount of leakage. Mathematically, it is similar to a leaky capacitor charged

by current source. Integrators are useful when you want to accumulate enough information about something

(say 𝑥) before taking a decision e.g. a plant can decide to ŕower or shed leaves only if integration of moisture

in air and/or temperature during the day crosses a threshold value.

RESONANCE-75 Promoting Science Education368



Dilawar Singh

Figure 4. (A) (left) Three

clusters of CaMKII in a

synapse. (right) This

system’s ability to hold

memories increases ex-

ponentially with the sys-

tem size: 52 holoen-

zymes can keep the mem-

ory intact roughly for 100

years! (B) Subunit ex-

change improves CaMKII

ability to store informa-

tion. (Red) 3 individ-

ual bistable switches in-

dependently without sub-

unit exchange. (Blue)

When subunit exchange

is enabled, these inde-

pendent switches synchro-

nize. Notice that now the

system spends more time

in its stable states.
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tion among holoenzymes. An active holoenzyme can help its neighbour remain active

for a longer period by exchanging active subunits with it. As a result, a CaMKII close

to an active CaMKII can retain its active state for a longer time.

Moreover, CaMKII holoenzymes often come together and form a cluster. The be-

haviour of a cluster could be very different than the behaviour of individuals in it.

The clustering of CaMKII give rise to a bistable switch (Figure 4). Such clustering

by various molecules have been observed in experiments and is now thought to play a

very important role. We found that subunit exchange synchronizes bistable activity of

distributed clusters. That is, multiple bistable switches act as a single but much more

stable bistable switch. In nutshell, we found the subunit exchange makes CaMKII

molecule better at retaining information.

5. Conclusion

In this article, we have discussed why bistable motif is an attractive candidate for

storing biological memories (Box 1). They are ubiquitous in biology and are natural

solution to the problem of memory maintenance under chemical noise and turnover.

We have also discussed a potential pathway (CaMKII) which may be bistable at

synapses. Now let’s put all of this to a reality check. Let’s assume that bistable

mechanism exists at synapses. If the underlying mechanism is bistable, then I must

observe a bimodal distribution. We know that the size of a synapse is tightly correlated

with its strength. That means we can observe synapse size as the proxy of its strength.

If we observe synapse for a long time and record its size continuously, what would we

observe if our hypothesis is correct? If size distribution is bimodal (two peaks) then

it is a strong suggestion (not a proof!) that underlying mechanism is bistable.

There is now growing experimental evidence that synaptic size change in all-or-none

(ON and OFF) manner, a őnding which is consistent with the idea of synaptic switch.
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Figure 5. All-or-none v/s

graded synapse and mech-

anism which may give

rise to them. (A) A

bistable mechanism (red)

controlling the synaptic

strength (blue). Synap-

tic strength changes in

all-or-none fashion. (B)

A multi-stable mechanism

(red) gives rise to a graded

synapse (blue). Synaptic

strength changes in a step-

wise manner. Note that

a multi-stable mechanism

can be constructed by

adding multiple bistable

switches. In this case,

4 bistable switches were

used (shown in light blue

in background and red

curve is the algebraic

sum).

Time

Multistable (Sum of bistables)

Time

Single bistable

Time

Synaptic Strength

Time

Synaptic Strength

A B

Some other studies have claimed that changes are graded i.e., a synapse changes in

a step-wise manner much like a multi-stable synapse. A multi-stable synapse is an

additive ensemble of many bistable components (Figure 5).

Whether CaMKII is bistable in the synapse is still an open question; neither there is

any concrete evidence that it is nor it has been ruled out that it is not, especially near

the membrane. Our aim in this article was to point out why the bistable mechanism

is a viable solution to the problem of storing memory for long time. Even if CaMKII

turns out not to be bistable at synapse, there could still be other mechanisms which

are bistables ś a few of them have been proposed. Given that bistable chemical motifs

are widespread, it is reasonable to suggest that there are indeed switches in our brain

ś much like ŕip-ŕops in the digital memory card of your phone ś which are evolved

to keep our memories safe from the onslaught of time and noise.

Simulations presented in

this article are available

here.
https://gitlab.com/dilawar/

Resonance2018
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Programmable nucleasesÐZFNs, TALENs and CRISPR-Cas9Ðhave equipped
scientists with an unprecedented ability to modify cells and organisms almost
at will, with great implications across life sciences: biology, agriculture, ecol-
ogy and medicine. Nucleases-based genome editing (aka gene editing) depends
on cellular responses to a targeted double-strand break (DSB). The őrst truly
targetable reagents were zinc őnger nucleases (ZFNs) showing that arbitrary
DNA sequences within a mammalian genome, could be addressed by protein
engineering, ushering in the era of genome editing. ZFNs that are fusions of
zinc őnger proteins (ZFPs) and FokI cleavage domain, resulted from the basic
research on Type IIs FokI restriction enzyme, which showed a bipartite struc-
ture with a separable DNA-binding domain and a non-speciőc cleavage domain.
Studies on 3-őnger ZFNs established that the preferred substrates were paired
binding sites, which doubled the size of the target recognition sequence from
9 to 18 bp that is large enough to specify a unique genomic locus in plant and
mammalian cells, including human cells. Subsequently, a ZFN-induced DSB
was shown to stimulate homologous recombination in frog eggs. Transcription
activator-like effector nucleases (TALENs) that are based on bacterial TALEs
fused to FokI cleavage domain expanded the capability. ZFNs and TALENs have
been successfully used to modify a multitude of recalcitrant organisms and cell
types that were unapproachable previously attesting to the success of protein
engineering, long before the arrival of CRISPR. The recent technique to deliver
a targeted DSB to cellular genomes are RNA-guided nucleases as exempliőed
by the Type II prokaryotic CRISPR-Cas9 system. Unlike ZFNs and TALENs
that use protein motifs for DNA sequence recognition, CRISPR-Cas9 depends
on RNA-DNA recognition. The advantages of the CRISPR-Cas9 system, which
include ease of RNA design for new targets and dependence on a single con-
stant Cas9 protein, have led to its wide adoption by research labs around the
world. The 2020 Nobel Prize for Chemistry was awarded to Jennifer Doudna
and Emmanualle Charpentier for harnessing CRISPR-Cas9 system to provide
a simpliőed technique for genome editing. The programmable nucleases have
also been shown to cut at off-target sites with mutagenic consequences, which is
a serious concern for human therapeutic applications. Therefore, applications
of genome editing technologies to human therapeutics will ultimately depend on
risk versus beneőt analysis and informed consent.

∗Reproduced with permission from Resonance, Vol.26, No.7, pp.971ś998, 2021.
DOI: https://doi.org/10.1007/s12045-021-1195-z
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1. Introduction

The nucleotide sequence of an organism’s genome encodes its form and function. For

example, each human cell contains 3 billion base pairs (3×10
9 bp) within its genome.

Scientists estimate that the human genome codes for 20,000 to 25,000 different genes,

which gives an individual form and function. The genes are distributed among the

23 pairs of chromosomes and code for all of the human body’s proteins. While the

functions of several human genes have been deciphered, many others are yet to be

determined. The gene function, in many cases, can be inferred by how well the gene

and its protein sequence are conserved across species, and if the gene function of

one of the homologs is already known. The function of a gene can be

The gene function, in
many cases, can be in-
ferred by how well the
gene and its protein
sequence are conserved
across species, and if the
gene function of one of
the homologs is already
known. The function of
a gene can be determined
experimentally by knock-
ing out (deleting) or mu-
tating that speciőc gene
individually in a cell and
observing the resulting
phenotype.

determined

experimentally by knocking out (deleting) or mutating that speciőc gene individually

in a cell and observing the resulting phenotype. Mutations in the coding region

of critical genes can lead to the formation of abnormal proteins, result in disease

phenotypes, premature death, or failure of an embryo to develop. Moreover, mutations

that affect the regulatory genes can result in aberrant gene expression within cells and

give rise to cancer phenotypes. The ‘holy grail’ of human gene therapy is how genes

might someday be used, modiőed, or even changed to correct various human diseases.

2. Genome Editing ‘Gedanken’ (Thought) Experiment

In the early 1990s, Srinivasan Chandrasegaran at the Bloomberg School of Public

Health, Johns Hopkins Medical Institutions, conceived a genome editing gedanken

experiment, which is shown in Figure 1. The experiment involved the targeted

replacement of a mutant gene (shown in red) with a normal gene (shown in green)Figure 1. Genome

editing gedanken exper-

iment (thought experi-

ment). The objective of

the experiment is the tar-

geted replacement of a

mutant gene (shown in

red) with a normal gene

(shown in green) in a hu-

man cell. In the converse

experiment, one could re-

place a normal gene with

a mutant allele, essentially

knocking out that gene in

cells. If the experiments

are performed in germline

cells, one can produce

transgenic organisms.
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in a human cell. In the converse experiment, one could replace a normal gene

with a mutant allele, essentially knocking out the gene in cells. We then asked the

following questions: (1) Do we have the molecular tools necessary to carry out such

an experiment in a human cell? and (2) If we had the necessary tools, could we

successfully perform the experiment without killing the cell?

In the early 1990s, the answer to both questions was a deőnite ‘no’. Restriction

enzymes that usually recognize 4ś6 bp sites and cut DNA are not useful for this task

since these sites would occur much too frequently in the human genome. Even sites

for rare cutters that recognize >8 bp, would occur once every 65,536 bp in the human

genome and cut too many times, killing the cell. Hence, this needed programmable

enzymes that could recognize 16ś18 bp sites to induce a unique targeted double-strand

break (DSB) within the human genome.

3. Genome Editing

Scientists have long sought site-speciőc manipulation of Scientists have long
sought site-speciőc ma-
nipulation of plant and
mammalian genomes,
including the human
genome. How does one
achieve targeted genome
editing, also known as
gene editing or genome
engineering, of plant and
mammalian genomes?

plant and mammalian genom-

es, including the human genome. How does one achieve targeted genome editing, also

known as gene editing or genome engineering, of plant and mammalian genomes?

Cells use the universal process of homologous recombination (HR) to mediate site-

speciőc recombination to maintain their genomic integrity, especially during the

repair of double-strand breaks (DSBs). DSBs are otherwise lethal to cells since they

can scramble the encoded information of the genome. DSB repair of a damaged

chromosome by HR in a cell is the most accurate form of repair, which works by

copy and paste mechanism, usually using the homologous DNA segment from the

undamaged sister chromatid as a template.

Gene targetingÐthe process of replacing a gene by HRÐuses an extrachromosomal

fragment of donor DNA and invokes the cell’s own repair machinery for gene conver-

sion. While spontaneous gene targeting is very efficient in bacteria and yeast cells,

it is a very inefficient process in plant and mammalian cells; only one in a million

treated cells undergo the desired gene modiőcation. However, the introduction of a

chromosomal DSB at a unique site within a genome has been shown to stimulate HR

by several orders of magnitude at that local site. The challenge then was to develop a

general means of introducing a targeted DSB at a unique chromosomal locus of plant

and mammalian genomes to induce homology-directed repair (HDR) at that site with

the exogenous donor DNA provided by the investigator.

Towards this end, Chandrasegaran lab embarked on the quest to create programmable

molecular scissors that were needed to perform the genome editing (aka gene editing

or genome engineering) experiment in plant and mammalian cells. In 1996, Chan-

drasegaran lab reported the creation of the őrst programmable nucleases called zinc

őnger nucleases (ZFNs) [1, 2]. In 2001, Chandrasegaran lab, then in collaboration

with Dana Carroll lab in Utah, showed that ZFNs by inducing a targeted DSB, stim-

Gene targetingÐthe pro-
cess of replacing a gene
by HRÐuses an extra-
chromosomal fragment
of donor DNA and in-
vokes the cell’s own re-
pair machinery for gene
conversion.
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In 2021, it is safe to say
that we have the neces-
sary tools (ZFNs, TAL-
ENs and CRISPR-Cas9)
available for targeted ma-
nipulation of the human
genome.

ulate local site-speciőc HR in frog oocytes, ushering the era of site-speciőc genome

editing [3].

In 2021, it is safe to say that we have the necessary tools (including ZFNs, TALENs

and CRISPR-Cas9) available for targeted manipulation of the human genome; and

that the gedanken experiment has been performed successfully by many labs in many

previously recalcitrant organisms that include plants, animals, insects and human cells

[4]. Such genome editing experiments are now conducted routinely by labs around

the globe.

4. Engineering Chimeric Nucleases for Genome Editing

4.1 Zinc Finger Nucleases (1996)

The őrst truly programmable were the zinc őnger nucleases (ZFNs), which showed

that arbitrary DNA sequences could be targeted for cleavage by protein engineering,

ushering in the era of genome editing. ZFNs resulted from basic research on zinc őnger

proteins (ZFPs) and FokI restriction enzyme that revealed a bipartite structure with a

separable DNA binding domain and a non-speciőc cleavage domain. Chandrasegaran

lab’s studies on proteolytic fragments of FokI endonuclease revealed a 41 kDa N-

terminal DNA-binding domain and a 25 kDa C-terminal domain with non-speciőc

DNA-cleavage activity. Crystal structures of the native FokI and FokI bound to DNA

conőrmed the modular nature of FokI endonuclease [5]. The structures revealed

that the cleavage domain is sequestered in a piggyback fashion by the recognition

domain, which was consistent with the DNA foot-printing analysis. Thus, FokI

crystal structures were in complete agreement with the model derived from rigorous

biochemical studies. Furthermore, the native FokI enzyme crystallized as a dimer,

through the interaction between aspartic acidśarginine residues at the dimer interface,

occurring between the cleavage domains [5].

The modular nature of FokI endonuclease suggested that it might be feasible to con-

struct ‘chimeric’ nucleases with novel sequence-speciőcities by linking other DNA-

binding proteins to the cleavage domain of FokI endonuclease. This indeed proved

to be the case. Chandrasegaran lab reported the construction of the őrst chimeric

nuclease by linking the Drosophila Ubx homeodomain to the cleavage domain of

the FokI enzyme. Chandrasegaran lab then reported the creation of novel ZFNs by

linking two different three zinc őnger proteins to the FokI cleavage domain [1]. ZFNs

are artiőcial proteins that combine FokI endonuclease activity with the ability of zinc

őnger motifs (ZFs) to speciőcally recognize a base triplet in DNA.

4.1.1 DNA Recognition by ZF Motifs

The Cys2His2 ZF motif can target speciőc sequences by virtue of its unique 30 amino

acid residues with a 𝛽𝛽𝛼 structure that is stabilized by a zinc ion (Figure 2a) [6].
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Figure 2. Zinc őnger nu-

cleases (ZFNs) combine

the nonspeciőc cleavage

domain of the FokI re-

striction enzyme with de-

signed or selected ZFPs to

provide a general mecha-

nism to introduce a site-

speciőc DSB within the

genome. (a) The structure

of zinc őnger motif (ZF).

(b) Amino acid residues

within the ZF motif that

make contact with DNA.

(c) The structure of three

ZF motifs that are fused in

tandem to form a 3-őnger

ZFP and the cognate DNA

sequence. (d) Modelling

ZFPs fusion to FokI cleav-

age domain to form ZFNs.

Dimerization of FokI nu-

clease domains is required

to cut DNA. Two ZFNs

bind to their cognate sites

(inverted repeats) on DNA

with dimerization of the

FokI catalytic domains to

cut the target site.

Each ZF motif recognizes a 3- to 4-bp DNA sequence by inserting the 𝛼-helix into the

major groove of the double helix (Figure 2b). Pavletich and Pabo reported the crystal

structure of a set of 3-őngers from the mouse transcription factor Zif268, which gave

a glimpse of ZFs recognize their cognate sequence (Figure 2c) [13]. Amino acids

within the 𝛼-helix (positions -1, +1, +2, +3, +4, +5 and +6) of the ZF motif that makes

sequence-speciőc contacts to DNA (Figure 2b), can be changed while maintaining

the remaining amino acids as a consensus backbone to generate ZF motifs with new

triplet sequence speciőcities. Most ZFs make contact with their target 3-bp site;

however, when there is an aspartic acid present at the +2 position of the 𝛼-helix, it

can reinforce an adenine or cytosine residue outside the 3-bp site at the next base of

the non-contact strand of DNA via cross-strand contact, changing ZFs recognition to

a 4-bp site (Figure 2b & 2c). This ZF contact outside the 3-bp site further inŕuences

the speciőcity of neighbouring ZFs. This complicates the generation of ZFPs by

simple modular design, wherein each ZF recognizes a triplet sequence. In theory,

three ZF motifs that act independently of each other can be linked together in tandem

to generate a ZFP that binds to a 9-bp site, which is a composite of the individual

DNA triplet subsites recognized by each of the three ZF motifs. However, in practice,
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since some ZF motifs inŕuence their neighbours through the cross-strand contact, the

design and selection of each ZF have to be performed in a context-dependent fashion

to obtain highly sequence-speciőc ZFPs, which is laborious, time-consuming and

makes their production very expensive.

4.1.2 ZFNs

ZFNsZFNs combine the non-
speciőc cleavage domain
of the FokI restriction en-
zyme with the designed
or selected ZFPs to pro-
vide a general mecha-
nism to introduce a site-
speciőc DSB into the
genome.

combine the nonspeciőc cleavage domain of the FokI restriction enzyme with

the designed or selected ZFPs to provide a general mechanism to introduce a site-

speciőc DSB into the genome (Figure 2d) [2ś4]. Furthermore, binding of two

3-őnger ZFN monomers, each recognizing a 9-bp inverted site, is necessary because

dimerization of the FokI cleavage domain is required to produce a DSB [2ś4]. Thus,

three-őnger ZFNs effectively have an 18-bp recognition site, which is long enough to

specify a unique address within the human genome. Two ZFNs with different sequence

speciőcities can bind to appropriately positioned heterologous sites in tandem and

induce a targeted DSB within the human genome (Figure 3a) [2ś4]. The sequence

speciőcity could be enhanced further by increasing the number of ZF motifs within

the ZFPs, and hence ZFNs (as shown in Figure 3a).

4.2 Transcription Activator-like Effector Nucleases (2010)

The accidental discovery of a novel DNA-binding module, called TALE (Transcription

Activator-Like Effector) modules found in the plant virus from Xanthomonas bacteria,

led to the construction of TALENS (Figure 3b) [7ś9]. The TALE central repeat

domain consists of repeating units of 30ś33 amino acids. The TALE modules are

largely identical except for highly variable amino acids at positions 12 & 13, known as

the repeat-variable diresidues (RVDs). Unlike ZF motifs which recognize 3- or 4-bp

DNA sites, each TALE module recognizes a single nucleotide [7, 8]. The recognition

speciőcity of the TALE modules is determined by the RVDs: NI (asparagine &

isoleucine) recognizes adenine, HD (histidine & aspartic acid) recognizes cytosine,

NG (asparagine & glycine) or HG (histidine & glycine) recognizes thymine, and NN

(asparagine & asparagine) recognizes guanine or adenine (Figure 3b). Unlike the ZFs,

the recognition of DNA by TALEs is largely independent of the neighbouring modules.

The DNA recognition code thus provides a simple one to one correspondence between

an array of TALE units and the nucleotide sequence of the cognate site. This simple

recognition code and modular nature of TALE motifs make them a versatile tool for

generating custom nucleases.

TALENs are designed and constructed in a modular style very similar to that of ZFNs,

using the immense experience gained from ZFN architecture (Figure 3a & 3b). While

ZFNs use ZF motifs as DNA binding modules, TALENs use TALE motifs as DNA-

binding modules, but both use the FokI catalytic domain as the DNA cleavage module

[4]. TALENs and ZFNs appear to have similar cleavage efficiencies. The genes

encoding TALENs are about three times larger than ZFNs; this is because TALEs
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Figure 3. Gene editing

tools include ZFNs, TAL-

ENs and CRISPR-Cas9.

ZFNs were the truly

targetable reagent that

was developed őrst; they

laid the foundation for

targeted genome editing

of various organisms.

ZFNs and TALENs re-

quire protein engineering

for target recognition,

which is difficult by

nature. CRISPR-Cas9

target recognition is done

by RNA, which is much

easier to design. (a) ZFNs

binding to their cognate

sites.(b) TALENs binding

to their cognate sites. (c)
Schematic of CRISPR-

Cas9 and sgRNA binding

to their target site. The

crystal structure of

Cas9/tracrRNA/crRNA

complex bound to the

target DNA is also shown.

The year in which the

gene-editing tools were

introduced is shown in

brackets.
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Bacteria and archaea
have evolved an adaptive
defence mechanism
that uses CRISPR-Cas
systems to degrade com-
plementary sequences
present within invading
virus and plasmid DNAs.

are similar in size to ZFs but recognize a single base, while ZFs recognize 3ś4 bp

sequences. Since TALENs are easier to generate than ZFNs, they are also relatively

inexpensive.

5. RNA-guided CRISPR-Cas9 (2012)

5.1 Discovery of CRISPR Repeat Sequences

In 1987, JapaneseIn 1987, Japanese re-
searchers studying the
isozyme alkaline phos-
phatase gene observed
the presence of őve
highly homologous se-
quences of 29 nucleotides
arranged as direct repeats
with 32 nucleotides spac-
ing downstream of the
gene.

researchers studying the isozyme alkaline phosphatase gene ob-

served the presence of őve highly homologous sequences of 29 nucleotides arranged

as direct repeats with 32 nucleotides spacing downstream of the gene. The őrst repeat

was included in the putative transcription termination site and showed less homology

to the other four. The well-conserved sequences exhibited a 14 nucleotides dyad

symmetry, which were similar to the ones that were previously found in E. coli and

S. typhimurium, but the signiőcance of the repeats was unknown. In 1992, Francisco

Mojica doing his thesis work at the University of Alicante was studying microorgan-

isms belonging to the Archaea family, halophile microorganisms that require high-salt

conditions to survive. Mojica and his colleagues were interested in understanding

how Archaea can grow in high salinity and how they adapt to changes in salinity.

DNA sequencing led to the observation that the halophiles’ genome possessed a se-

ries of regularly spaced repeats, which they labelled as tandem repeats (TREPS) that

were later renamed as CRISPR (an acronym for Clustered Regularly Interspaced Short

Palindromic Repeats). They also observed that these repeated regions in the halophiles

were actively transcribed indicating that the cell was reading this information in each

of the growing conditions that they tested and that the repeats were important for

the cell. Furthermore, when sequencing one strain of E. coli, Mojica discovered that

there were sequences between the repeats known as ‘the spacer regions of CRISPRs

that matched the sequence of a particular virus. These DNA sequences protected the

bacteria from being infected by viruses carrying the same sequence in its genome.

The virus could not infect the cell, which suggested that it was an adaptive immune

system evolved by prokaryotes. Exploration of sequencing data revealed that this was

the case in many other organisms as well. Further research by scientists led to the

identiőcation of Cas enzyme systems that were involved in the acquisition of spacer

sequences and the mechanism of adaptive immunity in prokaryotes.

5.1.1 Harnessing CRISPR-Cas9 for Genome Editing

Bacteria and archaea thus have evolved an adaptive defence mechanism that uses

CRISPR-Cas systems to degrade complementary sequences present within invading

virus and plasmid DNAs [10]. Type II CRISPR-Cas systems rely on the integra-

tion of foreign DNA fragments into the CRISPR loci, which upon transcription and

processing result in CRISPR RNAs (crRNA), which then anneal to trans-activating

crRNAs (tracrRNAs) enabling Cas proteins to direct sequence-speciőc degradation
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of foreign DNA (Figure 3c). In 2012, scientists established that the Cas9-crRNA

complex functions as an RNA-guided endonuclease, with RNA-directed target DNA

recognition and protein-mediated DNA cleavage, paving an easy way to engineer

universal programmable RNA-guided endonucleases [11]. Virginĳus Šikšnys (at Vil-

nius University, Lithuania) and co-workers reported that the Cas9-crRNA complex

functions as an RNA-guided endonuclease with RNA-directed target sequence recog-

nition, and protein-mediated DNA cleavage, paving the way for the engineering of

universal programmable RNA-guided DNA endonucleases [12]. Jennifer Doudna,

Emmanuelle Charpentier and co-workers at the University of Berkeley showed that

Cas9-mediated cleavage can also function efficiently using the fusion of crRNA and

tracrRNA to form a single guide RNA (sgRNA), which greatly simpliőed the applica-

tion of the CRISPR-Cas9 system for genome editing (Figure 3c) [12]. Subsequently,

Feng Zhang lab in the Broad Institute at MIT, along with several other labs, reported

that they could engineer the CRISPR-Cas9 system to function with custom sgRNA in

human cells to direct sequence-speciőc cleavage [13]. The targeting efficiency of the

endogenous loci in human cells was better than that observed with ZFNs and TAL-

ENs targeting the same loci. Furthermore, genome editing of multiple sites within

the human genome was possible by simultaneous introduction of several sgRNAs into

the cell.

Unlike ZFNs and TALENs, which require protein engineering of two nucleases,

CRISPR-Cas9 depends on RNA-DNA recognition for genome editing. RNA design

is much simpler and easier when compared to protein engineering of two nucleases,

each recognizing one-half of the genomic target sequence as in the case of ZFNs

and TALENs. The advantages of the CRISPR-Cas9 system include the ease of RNA

design for new targets, the dependence of a single, constant Cas9 protein and its ability

to address multiple targets simultaneously with multiple guide RNAs. These have led

to its wide adoption in research laboratories around the world. The CRISPR-Cas9

methodology is also very inexpensive, making it very affordable for small labs.

The 2020 Nobel Prize for Chemistry was awarded to Jennifer Doudna and Em-

manuelle Charpentier1 for harnessing the CRISPR-Cas9 system for genome editing

and providing a simpliőed technique. Many scientists were surprised that ZFNs’

original contribution that includes launching the era of genome editing, and laying

the foundation for genome editing, was not recognized to share the 2020 Nobel Prize.

6. Development of CRISPR-Cas Diagnostic Kits

Rapid detection of nucleic acids is an essential part of clinical diagnostics. CRISPR-

based diagnostic applications have been reported by several labs. Two such diag-

nostic systems are described brieŕy here. Feng Zhang lab in Broad Institute at

MIT, USA, reported a diagnostic platform called SHERLOCK (an acronym for Spe-

ciőc High Sensitivity Enzymatic Reporter unLOCKing) that combines nucleic acid

pre-ampliőcation with CRISPR-Cas9 for speciőc ampliőcation of DNA and RNA

1 Rajesh Ramachandran,

CRISPR-Cas9 System:

2020 Nobel Prize in Chem-

istry, Resonance, Vol. 25,

No. 12, pp. 1669ś1680,

2020.

RESONANCE-75 Promoting Science Education 379



Alok Kumar Singh, Sivaprakash Ramalingam, Desirazu N Rao and Srinivasan Chandrasegaran

sequences. The method comprises two steps: (1) recombinase-mediated polymerase

pre-ampliőcation of DNA or RNA sequences that is followed by (2) Cas13- or Cas12-

mediated detection using ŕuorescent and calorimetric readouts that provide results

in less than an hour. Maiti, Chakraborty and coworkers at CSIR-IGIB, New Delhi,

India, have reported a diagnostic platform called FELUDA (an acronym for FnCas9

Editor Linked Uniform Detection Assay) to detect coronavirus during the COVID-19

outbreak. This system also pre-ampliőes the RNA extracted from the nasal swab of

patients using a single-step RT-PCR. This approach then uses FnCas9 that recognizes

a different PAM (Protospacer Adjacent Motif) sequence than SpCas9. The FELUDA

mix is prepared by incubating the dead FnCas9 protein (in which the active sites

of the enzyme are mutated), guide RNA that is speciőc for the coronavirus target,

and the ampliőed viral DNA. The dipstick contains gold nanoparticles that bind to

the FELUDA complex. The gold particle-FELUDA complexes are then captured

by streptavidin to constitute the test line on the dipstick. The unbound particles are

captured on the control line. If colour develops only on the control line of the dipstick,

it indicates the patient is negative. If colour develops on both control and test lines, it

indicates that the patient is positive for coronavirus infection. The dipstick test takes

1ś2 minutes to perform. Several labs have developed other diagnostic applications,

which are not discussed here.

7. Off-target Effects of Programmable Nucleases

Off-target effects of programmable nucleases is a continuedOff-target effects of pro-
grammable nucleases is
a continued concern in
genome editing.

concern in genome edit-

ing. Early ZFN studies suggested that some ZFNs could bind and form dimers at

sequences other than those for which they were designed, and cleavage at secondary

targets was the cause of the cell lethality. Off-target cleavage has been conőrmed

in many other situations with TALENs and CRISPR-Cas9 as well by analyzing the

genomic sequences for induced mutations. Strategies have been designed to enhance

the speciőcity of all the programmable nucleases. For ZFNs and TALENs, mutations

were introduced to destabilize the dimer interface of the FokI cleavage domains that

allow heterodimers to form, but not homodimers. This signiőcantly reduced the tox-

icity of ZFNs and TALENs and was quite effective in reducing the off-target effects.

With CRISPR-Cas9, truncating sgRNA had a positive effect on speciőcity, apparently

because a small number of mismatches in a shorter duplex has a larger destabilizing

effect at secondary sites [4]. Other approaches include introducing a mutation at one

of the nuclease active sites of Cas9 converting into a nicking enzyme. Providing two

sgRNAs directed to targets in close proximity to the DNA leads to paired nicking,

which is quite effective in inducing NHEJ and HDR while increasing speciőcity by

demanding simultaneous recognition by both guide RNAs [4]. How much off-target

cleavage matters depends on the situation in which the programmable nucleases are

used. For many research applications, the designed alteration in the target is most

important, accommodation can be made for things happening in the background. To
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Figure 4. Genome

engineering using

ZFNs, TALENs and

CRISPR-Cas9. Targeted

genome editing by non-

homologous end joining

(NHEJ) or by homologous

recombination (HR) using

gene editing tools. In

homology-directed repair

(HDR) experiment, cells

are transfected with both

gene editing tool and a

wild-type DNA segment

(for mutation correction)

or transgene donor DNA

for targeted addition. For

targeted knock-out of a

gene, cells are transfected

with gene editing tool

alone.

attribute a phenotype to an engineered change, however, one must use independently

derived mutant alleles or rescue the phenotype by complementation [4]. For applica-

tions to food organisms and human therapeutics, much more stringent criteria must be

applied. When cloned cells or whole organisms are edited, whole-genome sequencing

can reveal all induced sequence changes [4]. Whole-genome sequencing of mixed

cell populations needs to be very deep in order to reveal infrequent but potentially

harmful changes. Several methods developed recently can also capture cleavage sites

more broadly, and they are quite powerful and revealing [4].

8. Applications of Genome Editing to Life Sciences

Genome editing techniquesÐZFNs, TALENs and CRISPR-Cas9Ðall deliver a tar-

geted chromosomal DSB within cells to stimulate recombination (Figure 4). Cells

have evolved two classes of mechanisms to repair DSBs: (1) non-homologous end

joining (NHEJ); and (2) homology-directed repair (HDR). NHEJ is an error-prone

repair mechanism that often results in variable lengths of insertion and deletion mu-

tants (also known as ‘indels’), generating a pool of mutants. Thus, NHEJ can be

used to knock out genes. Nuclease-based breaks are efficiently mutated during NHEJ

because perfectly rejoined sequences will be cut again until they acquire an indel, after

which they no longer can be cleaved. HDR normally relies on recombination with

homologous sequences of the undamaged sister chromatid, but cells can be tricked

into using the investigator-provided donor DNA. HDR leads to the introduction of

precise alteration to the genome that is speciőed by the donor DNA template.

Genome-editing can be used to correct, introduce or delete almost any DNA sequence

in many different types of cells and organisms (Figure 4). Genome-editing (also

called gene-editing) seeks to modify the genes of living organisms to understand gene

function and develop ways to use genes to treat genetic or acquired diseases.

A few examples of how genome-editing technologies are revolutionizing life sciences

are discussed below.

Genome-editing can be
used to correct, intro-
duce or delete almost any
DNA sequence in many
different types of cells
and organisms. Genome-
editing (also called gene-
editing) seeks to mod-
ify the genes of living
organisms to understand
gene function and de-
velop ways to use genes to
treat genetic or acquired
diseases.
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Figure 5. A few selected

examples of genome edit-

ing applications in life sci-

ences. (a) The edible

white button mushrooms

have been edited to re-

sist browning by knock-

ing out one of the PPO

genes. (b) The orna-

mental Japanese morning

glory ŕower colour has

been edited from violet to

white by knocking out the

DFR-B gene. (c) Scien-

tists have edited dairy cat-

tle to lack horns by dis-

rupting the POLL locus of

the cow genome, which is

responsible for horn de-

velopment. (d) Editing

the Lsdia1 gene in natural

dextral (clockwise) pond

snails led to off-springs

with the rare sinistral (an-

ticlockwise) shells, sug-

gesting that Lsdia1 is key

to determining the crea-

tures’ ‘handedness’.

8.1 Anti-browning Mushroom

Scientists at the University of Pennsylvania reported engineering of the edible fungusÐ

the common white button mushroomsÐto resist browning (Figure 5a). It was

achieved by knocking out one of the six families of genes that encode polyphenol

oxidase (PPO) enzymes. The targeted PPO gene was inactivated by deleting a few

base pairs in the gene of the mushroom’s genome using CRISPR-Cas9; this resulted in

the reduction of the PPO enzyme’s activity by 30% in the anti-browning mushrooms.

In 2016, the
In 2016, the US De-
partment of Agriculture
(USDA) decided that it
will not regulate a mush-
room that has been mod-
iőed genetically using
CRISPR, making it the
őrst CRISPR-edited or-
ganism to get approval
from the US government.

US Department of Agriculture (USDA) decided that it will not regulate

a mushroom that has been modiőed genetically using CRISPR, making it the őrst

CRISPR-edited organism to get approval from the US government. The decision

means that the mushroom can be cultivated and sold without passing through the

agency’s regulatory process. Prior to this, several other plants, made using ZFNs and

TALENs, have passed the USDA regulatory process. The gene-edited mushroom did

not trigger USDA oversight because it does not contain any foreign DNA, such as

virus or bacteria. Such organisms were necessary for genetically modifying plants

and fungi in the 1980s and 1990s when the US government developed the framework

for regulating GMOs.

8.2 Changing Flower Colour

Japanese scientists have used CRISPR-Cas9 to change the ŕower colour of the orna-

mental plant, Japanese morning glory (Ipomoea nil or Pharbitis nil) from violet to
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white (Figure 5b). Japanese morning glory or Asagao was used because its genome is

sequenced, and DNA transfer methods are well established to carry out gene editing.

The researchers targeted a single gene, dihydro- ŕavonol-4-reductase-B (DFR-B), en-

coding an anthocyanin biosynthesis enzyme, which is responsible for the colour of the

plant’s stems, leaves and ŕowers. Two other closely related genes (DFR-A and DFR-C)

were adjacent to DFR-B. CRISPR was used to speciőcally and accurately target and

inactivate enzyme DFR-B gene without altering DFR-A and DFR-C. Disruption of

DFR-B should de-activate the enzyme, resulting in the absence of the colour pigment

anthocyanin. The CRISPR-Cas9 system was inserted into tissue-cultured embryos

of Japanese morning glory plants using the plant bacterium Rhizobium. The DFR-B

enzyme was successfully inactivated in 75% of the transgenic plants with green stems

and white ŕowers. Non-transformed plants with an active enzyme had violet stems

and ŕowers. Furthermore, genetic analyses conőrmed that the DFR-B target gene had

been altered in the transgenic plants, with either DNA insertions or deletions in both

copies of the genes (bi-allelic mutants). DFR-A and DFR-C genes were unaltered

with no mutations.

8.3 Hornless Dairy Cattle

Over the last 10,000 years, humans selectively bred cattle to produce more meat

or milk, selecting distinct genetic variations over non-domesticated cattle. Cattle

have evolved horns to defend themselves against predators and gain a reproductive

advantage over competing peers by signifying health and vitality to females. Horns

on dairy cattle can injure their handlers and other cattle. Physical dehorning of

cattle is widely practised, which is a bloody and painful process that pits animal

rights activists against it. Conventional selective breeding is a slow and expensive

process, usually taking many generations before the trait is at a high frequency in the

population. However, some cattle breeds, like the Angus beef breed, are hornless due

to a natural genetic variation or allele that arose in the distant past. Scientists have

shown that the mutant allele, called Polled, prevents horn growth when an individual

inherits one or two copies of the Polled gene from its parents, i.e., the Polled allele

is dominant to the usual Horn allele, at one speciőc chromosomal locus of the cow

genome. The complete DNA sequence of the cow genome, including its genes are

known. Dairy cattle do not carry the Polled allele, and hence these animals have horns.

Genome-editing has offered a simple and efficient way to transfer the small and natural

Polled allele from beef cattle to dairy cattle, and quickly produce dairy cattle without

horns and importantly while preserving the elite dairy cattle genetics such as high

yielding milk cows that were generated by classical breeding. As an alternative,

gene-editing technologies can precisely and permanently eliminate horns from dairy

cattle, without sacriőcing the elite dairy production genetics. Thus, genome editing

offered a genetic alternative to removing the horns physically. Using TALENs, the

researchers demonstrated the birth of two hornless male cattle in 2015, in reproductive

crosses where the offspring normally should be horned (Figure 5c). These bulls then

Japanese scientists have
used CRISPR-Cas9 to
change the ŕower colour
of the ornamental plant,
Japanese morning glory
(Ipomoea nil or Pharbitis

nil) from violet to white.

Dairy cattle do not carry
the Polled allele, and
hence these animals have
horns. Genome-editing
has offered a simple and
efficient way to trans-
fer the small and nat-
ural Polled allele from
beef cattle to dairy cat-
tle, and quickly produce
dairy cattle without horns
and importantly while
preserving the elite dairy
cattle genetics such as
high yielding milk cows
that were generated by
classical breeding.
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Genome-editing ap-
proaches when coupled
to stem-cell technology,
can have a huge impact
on the future of personal-
ized precision medicine.
A combination of these
approaches has been
tested in clinics for their
therapeutic beneőt for
some diseases, using
either ex vivo or in vivo
gene therapy.

sired six hornless calves born in 2017. Thus, genome-editing technology is a safe

and relatively fast way of transferring a small and naturally occurring genetic variant

from one breed of cattle into another. Gene-editing can speed up what humans have

been doing for thousands of years using the very slow process of selective breeding

for desirable traits.

The greatest challenge, however, to using genetically edited hornless cattle in the dairy

industry is the approval of the Food and Drug Administration (FDA), which classiőes

these cattle in the same category as a new animal ‘drug’. It must be pointed out that

Angus beef breed of cattle has been consumed by humans for a thousand years, and

the Polled genetic variation was transferred into a breed of dairy cattle, whose milk

has been consumed by humans for hundreds of years.

8.4 Altering Snail Shell Spiral

Japanese scientists have used CRISPRśCas9 gene-editing to knock out a gene called

Lsdia1 in the snail, Lymnaea stagnalis. Lsdia1 encodes a protein that helps to govern

a cell’s internal framework. Snails normally have a dextral shell that spirals out from

the centre in a clockwise direction (right-handed). But a few left-handed snails have

sinistral shells that coil in the opposite counterclockwise direction. CRISPR genome-

editing has helped to pinpoint Lsdia1 as the gene that is involved in establishing an

embryo’s body plan.

The researchers found that snails missing the gene had offspring with the rare an-

ticlockwise shells, suggesting that Lsdia1 is key to determining the ‘handedness’

(Figure 5d). These snails passed on the mutated gene and shell-type to subsequent

generations. Those with Lsdia1 functioning copies of the gene had shells that coiled

the normal clockwise direction. Lsdia1 gene appears to inŕuence the pattern of cell

division from the stage at which snail embryos divided from one cell into two. Scien-

tists believe that research on Lsdia1 could shed light on a rare human condition called

situs inversus, in which the positions of the organs in the body are reversed.

9. Applications of Genome Editing to Human Therapeutics

Genome-editing approaches when coupled to stem-cell technology, can have a huge

impact on the future of personalized precision medicine. A combination of these

approaches has been tested in clinics for their therapeutic beneőt for some diseases,

using either ex vivo or in vivo gene therapy. In ex vivo therapy, the defective gene

is repaired in vitro in patient-derived stem cells and then progenitor cells are infused

back into the patient. In the case of in vivo therapy, the genome-editing reagents are

packaged in suitable delivery vehicles such as viral vectors or nanoparticles and then

delivered directly into the patient to achieve in vivo editing of the targeted gene in the

patient’s cells within the desired tissues. Below, we outline a few selected biomedical

applications of genome editing for monogenic diseases in humans and look at the
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future prospects in the context of cellular therapy and regenerative medicine using

blood disorders as examples. ZFNs are the most advanced in the clinic to treat several

human conditions.

In the USA, the National Institutes of Health (NIH) supports gene-editing approaches

in somatic cells for many diseases. Since somatic cells are not involved in human

reproduction, genomic changes in them will not be inherited by future generations.

Genome-editing approaches are funded and being pursued as part of NIH’s Cure

Sickle Cell Initiative.

10. Blood Disorders

Blood disorders encompass a range of diseases, many of them caused due to genetic

mutations. Presently, allogenic bone marrow transplantation (BMT) is the only cura-

tive therapy available for a range of blood disorders. Over the last several years, the

number of treated patients using BMT has signiőcantly increased. Though numerous

blood disorders can be cured, the treatments have the potential for signiőcant com-

plications. An emerging alternative to allogeneic BMT is the precise modiőcation

of hematopoietic stem/progenitor cells (HSPCs) using the targeted genome editing

approaches.

10.1 𝛽-haemoglobin Disorders

𝛽-haemoglobin 𝛽-haemoglobin disorders
are a group of autoso-
mal recessive blood dis-
orders caused by genetic
mutations in the adult
haemoglobin (HBB) gene
on chromosome 11.

disorders are a group of autosomal recessive blood disorders caused

by genetic mutations in the adult haemoglobin (HBB) gene on chromosome 11.

HBB gene encodes the 𝛽-globin protein, which is a vital component in the functional

haemoglobin present inside red blood cells (RBCs) and is essential for oxygen delivery

to the tissues. Mutations in the HBB gene result in deőciency of functional RBCs

(anaemia), multi-organ dysfunction and death. 𝛽-thalassemia (BT) and Sickle Cell

Disease (SCD) are the most prevalent disorders in 𝛽-haemoglobinopathies worldwide.

SCD results from the production of dysfunctional haemoglobin (HbS) protein, while

𝛽-thalassemia is the result of insufficient production of functional HBB protein. There

are two different methods to develop genome-engineering based therapeutic strategies

for 𝛽-haemoglobin disorders, which are as follows: (1) Genetic correction of the adult

HBB gene and (2) Enhancing fetal haemoglobin (HbF) production in patient-derived

hematopoietic stem and progenitor cells (HSPCs).

10.2 Genetic Correction of HBB Gene

As the HBB gene possesses two major disease-causing mutations, genetic correction

of this gene is a primary focus of the genome editing based therapies. In this ap-

proach, sickle cell mutation in patient-derived HSPCs is corrected ex vivo by donor

DNA-based HDR, employing gene-editing nucleases. The corrected HSCs are ex-

panded and then transplanted back to the same patients (Figure 6). This autologous

In the USA, the National
Institutes of Health
(NIH) supports gene-
editing approaches in
somatic cells for many
diseases. Since somatic
cells are not involved
in human reproduction,
genomic changes in them
will not be inherited
by future generations.
Genome-editing ap-
proaches are funded and
being pursued as part of
NIH’s Cure Sickle Cell
Initiative.
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Figure 6. A schematic di-

agram showing the ex vivo

genome-editing based au-

tologous cell replacement

therapy for blood disor-

ders. CD34+ HSPCs are

isolated from a patient,

and the defective gene is

then repaired, or a beneő-

cial mutation is generated

using gene editing nucle-

ases through viral or non-

viral approaches. Edited

cells are characterized in

vitro and then infused

back into the bone marrow

of the patient.

transplantation of genetically corrected HSCs eliminates the need for allogeneic trans-

plantation. Hoban et al., reported the őrst successful correction of SCD mutation in

patient-derived HSPCs using ZFNs [14]. In this study, the corrected HSPCs main-

tained their ability to engraft non-obese diabetic (NOD)/SCID/gamma mice (NSG

mice) and showed multi-lineage differentiation potential. Subsequently, Dever et

al., demonstrated efficient correction of SCD mutation in patient-derived HSPCs

using CRISPR-Cas9, sgRNA ribonucleoprotein, and rAAV6 for HR donor delivery

[15]. The corrected HSPCs successfully differentiated into erythrocytes express-

ing normal HBB levels. The above gene-editing studies in HSPCs have performed

on the use of viral vector donors for HDR. However, DeWitt et al., demonstrated

the selection-free HBB mutation correction in SCD patient-derived HSPCs using

optimized design and delivery of ribonucleoprotein (RNP) complex consisting of

SpCas9 and sgRNA, along with single-stranded DNA oligonucleotide. In addition to

HSPC, several research groups have shown that gene editing nucleases can be used to

stimulate effective HBB gene correction in SCD patient-derived induced pluripotent

stem cells (iPSCs).

BT is caused by the array of mutations in the adult 𝐻𝐵𝐵 gene, which makes to develop

a mutation-speciőc correction for each and every BT mutation. The situation gets

worse in the case of patients having two compound heterozygous mutations. Xu et

al., have successfully targeted IVS-110 G>A and IVS2-654c>T using CRISPR-Cas9

and CRISPR Cas9/Cpf1 respectively in BT patient’s HSPCs. To date, no attempt has

been made to correct the BT mutation in patient-derived HSPCs using HDR-based

genetic correction.
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10.3 Enhancing Fetal Haemoglobin Production in Adults HSPCs

The production of 𝛾-globin subunit leads to the synthesis of fetal haemoglobin (HbF)

in early life (fetal stage), but is silenced and replaced by the production of 𝛽-globin

resulting in the synthesis of adult haemoglobin (HbA). Usually, 𝛾-globin produc-

tion is very minimal (<1%) in adults, but there are some healthy individuals with

higher HbF levels, and this condition is known as hereditary persistence of fetal

haemoglobin (HPFH). Remarkably, observations suggest that the patients of SCD

and BT show mitigation in clinical manifestation if there is coinheritance with het-

erozygous for HPFH, which occurs due to certain mutations in the 𝛽-globin cluster

at chromosome 11 that lead to an enhanced expression of the 𝛾-globin genes namely

HBG1 and HBG2. These mutations disrupt either expression of 𝛾-globin repressor

genes or their binding sites and thereby help reactivate HbF. Most of the reported

HPFH mutations have been classiőed into two subtypes: (1) Non-deletional HPFH

mutations are single nucleotide polymorphisms (SNPs) found upstream of HBG1/2

genes. 2) Deletional HPFH mutations that are the deletions of a wide range (13ś

106 kb) DNA segment, mostly found in the 𝛽-globin gene cluster on chromosome

11, encompassing 𝛾-globin repressor binding sites and competitive genes (HBD and

HBB). Hence generating HPFH or HPFH like genotype to reactive HbF in patient-

derived HSPCs using genome-editing, has enormous promise for curative treatment

for 𝛽-haemoglobinopathies.

10.4 Haemophilia

Haemophilia Haemophilia is an X-
linked monogenic disor-
der caused due to deő-
ciency in coagulation fac-
tors in the intrinsic co-
agulation cascade. Stud-
ies employ gene-editing
nucleases for the correc-
tion of haemophilic mu-
tations. One of the őrst
studies that showed the
possibility of genome-
editing as a viable ther-
apeutic strategy to treat
haemophilia was by Li et
al.

is an X-linked monogenic disorder caused due to deőciency in coagula-

tion factors in the intrinsic coagulation cascade. Haemophilia is broadly classiőed into

two types, namelyÐHaemophilia A and Haemophilia B, based on the site of genetic

mutation. Haemophilia A is a more prevalent form of haemophilia, and occurs in 1

in 5000 live male births due to a mutation in the gene coding for factor VIII (FVIII),

resulting in the loss of functional FVIII protein. Due to the high treatment costs,

frequencies of infusions, and potential health burden, there is a need for alternative,

more cost-effective therapies for haemophilia.

More studies are employing gene-editing nucleases for the correction of haemophilic

mutations. One of the őrst studies that showed the possibility of genome-editing as a

viable therapeutic strategy to treat haemophilia was by Li et al., 2011. They showed

that ZFNs can induce DSBs efficiently when delivered directly to the mouse liver

and that when co-delivered with an appropriately designed gene-targeting vector,

they can stimulate gene replacement through both homology-directed repair and

homology-independent targeted gene insertion at the ZFN-speciőed locus. They have

demonstrated that the level of gene targeting achieved was sufficient to correct the

prolonged clotting times in a mouse model of haemophilia B and remained persistent

after induced liver regeneration.
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10.5 Human Immunodeőciency Virus

In 2014, theIn 2014, the őrst clinical
application of genome-
editing involved the use
of ZFNs to make human
cells resistant to HIV-1 by
disrupting CCR5, the co-
receptor needed for the
viral entry into cells. The
gene-editing approach as
a form of gene therapy for
HIV was enabled by the
őnding that a small subset
of population across the
world, naturally has a 32
bp deletion in the CCR5

gene (CCR5Δ32).

őrst clinical application of genome-editing involved the use of ZFNs

to make human cells resistant to HIV-1 by disrupting CCR5, the co-receptor needed

for the viral entry into cells. The gene-editing approach as a form of gene therapy

for HIV was enabled by the őnding that a small subset of population across the

world, naturally has a 32 bp deletion in the CCR5 gene (CCR5Δ32). This creates a

premature stop codon, thereby resulting in truncated, non-functional CCR5 protein.

Studies have shown that individuals with CCR5Δ32 appear to be permanently resistant

to HIV infection. In 2008, Perez et al., established the őrst proof-of-concept for

CCR5 gene-editing by delivering adenoviral vectors carrying both ZFNs into primary

human CD+ T-cells. In 2010, Holt et al., then showed CCR5 gene-editing in human

CD34+HSPCs. Holt et al., also showed that CCR5 depleted mice develop 0 patients

with the mean modiőcation efficiency of 17% in CD34+ HSPCs. Furthermore,

mouse studies showed that edited HSPCs, when transplanted, demonstrate a selective

resistance to HIV infection.

10.6 Hunter’s Syndrome (MPS II)

In 2017, Sangamo Therapeutics Inc. in the USA launched a Phase I clinical trial test-

ing of ZFNs to correct Hunter’s syndrome (MPS II) caused by iduronate-2-sulfatase

enzyme deőciency, which is responsible for breaking down complex sugars in the

body. Hunter’s syndrome can cause abnormalities in the skeleton, heart and res-

piratory systems. The clinical trial was the őrst in vivo genome editing approach

administered directly to patients, and the treatment was effective without side effects.

10.7 Chimeric Antigen Receptor (CAR) T-cell Therapy

TALENs haveTALENs have also
been used in T-cell im-
munotherapy approaches
to create ‘off-the-shelf’
universal donor T-cells
that do not have to be
developed for every
cancer patient.

also been used in T-cell immunotherapy approaches to create ‘off-

the-shelf’ universal donor T-cells that do not have to be developed for every cancer

patient. One approach is the development of CAR T-cell therapies that use immune

cells collected not from patients, but from healthy donors. The idea is to create so-

called off-the-shelf CAR T-cell therapies that are immediately available for use and

do not have to be manufactured for each patient. Cellectis (a French company) has

launched a Phase I trial of its off-the-shelf CD19-targeted CAR T-cell product in the

USA for patients with advanced acute myeloid leukaemia. The company’s product

has already been tested in Europe previously, including in two infants with ALL who

had exhausted all other options. In both cases, the treatment was effective.

11. Safety, Ethical and Policy Concerns

Applications of genome-editing have raised scientiőc, safety, ethical and policy con-

cerns. The National Institute of Health (NIH) in the USA does not fund any use of
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genome-editing in human embryos. The US Congress has prohibited the use of fed-

eral funds for the creation of human embryos for research purposes or for research in

which human embryos are destroyed. Furthermore, off-target effects of the genome-

editing approaches pose serious and unquantiőable safety and ethical issues when

altering the germline, which will affect future generations without consent. Also, a

lack of compelling medical applications does not justify the use of genome-editing in

the human embryo when other alternatives such as prenatal screening are available.

The National Academies of Science, Engineering, and Medicine (NASEM) have is-

sued a report, entitled Human Genome Editing: Science, Ethics, and Governance

(2017), which recommends that clinical trials using gene-editing in embryos should

be permitted only within a robust and effective regulatory framework, and only when

certain stringent criteria are met.

The safety and bioethical concerns raised by use of genome-editing in somatic gene

therapy are same as that were raised for recombinant DNA technology and human gene

therapy. These concerns are well-addressed by the current oversight structures in the

United States. The US Food and Drug Administration’s (FDA) regulatory authority

oversight will now apply to clinical research involving genome-editing somatic cells

in humans. Biosafety guidance for conducting genome editing research is provided

by the NIH Guidelines for Research Involving Recombinant or Synthetic Nucleic Acid

Molecules.

A draft document on Genome Edited Organisms: Regulatory Framework and Guide-

lines for Risk Assessment has been prepared by Dr S. R. Rao from the Department

of Biotechnology (DBT), Ministry of Science and Technology, India. The proposed

regulatory framework and guidelines for risk assessment is yet to be approved by

the Indian Government. The Indian statutory committees for authorization and over-

sight of genome-editing research and products include IBSC (Institutional Biosafety

Committee), RCGM (Review Committee on Genetic Manipulation), GEAC (Genetic

Engineering Appraisal Committee) and statutory market.

12. Summary

Genome-editing technologies have revolutionized life sciences. Their impact on

biology, agriculture, ecology and personalized medicine have been tremendous and

will be felt for years to come. Nobody thought that rewriting life was possible

before. Genome editing and synthetic biology have changed all that. These őelds

have enabled scientists to do precise genome surgery and create new organisms from

scratch, respectively. It is a wonderful time for young undergraduate students, graduate

students and medical professionals to enter these őelds seeking a research career in

biology and/or personalized precision medicine.

RESONANCE-75 Promoting Science Education 389



Alok Kumar Singh, Sivaprakash Ramalingam, Desirazu N Rao and Srinivasan Chandrasegaran

Box 1. Glossary

Conservative changes: Substitution of one amino acid by another, possessing similar biological properties.

Degenerate codons: Multiple codons that specify the same amino acid.

Genotype: Genetic information present within a cell of an organism. It contributes to the physical attributes

or phenotype of the organism.

Heterozygous: A gene having two different types of alleles for a speciőc trait.

Introns: Non-coding regions of DNA within genes that initially were identiőed as non-essential, but some

of which were later shown to have regulatory functions.

Phenotype: Observable physical characteristics of an organism, which depends on the genotype, are referred

to as phenotype.

Proteomics: Study of the complete set of proteins produced by a cell.

Silent mutations: Changes in one of the letters of a codon, which does not alter the amino acid.

Transcription: The process of copying genetic information from the DNA template to RNA is called

transcription.

Transcriptomics: Study of the complete set of all RNA transcripts produced by a cell.

Translation: The process of protein synthesis from mRNA using ribosomes within a cell.

Homologous recombination (HR): A type of genetic recombination in which nucleotide sequences are

exchanged between two similar or identical molecules of double-stranded or single-stranded DNA in a cell.

Homology-directed repair (HDR): A mechanism in cells to repair double-stranded DNA lesions by HR.

HDR mechanism occurs in cells only when there is a homologous piece of DNA present in the nucleus,

mostly in G2 and S phase of the cell cycle.

Non-homologous end joining (NHEJ): NHEJ is an alternative pathway present in cells to repair double-

strand breaks (DSBs). During NHEJ, the DSBs are directly ligated without the need for a homologous

template as opposed to HDR, which requires a homologous donor sequence.

Insertion-deletion (indels): Cellular repair of DSBs by NHEJ that is error-prone, that results in insertion

or deletion of bases (aka indels) in the genome of an organism.
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Genome Editing Applications

Postscript (added by December 2021)

Desirazu N Rao and Srinivasan Chandrasegaran

Genome Editing Technologies

Programmable nucleases ś especially ZFNs, TALENs and CRISPR-Cas9 - have

equipped scientists with an unprecedented ability to modify cells and organisms

almost at will, with great potential for life sciences and medicine. The őrst truly

targetable reagents were ZFNs, which showed that protein engineering could be used

to cleave arbitrary DNA sequences within genomes to stimulate local site-speciőc

recombination within cells, ushering in the era of genome editing. TALENs with a

similar architecture to ZFNs but use a different kind of DNA-binding modules soon

followed. ZFNs and TALENs together laid a solid foundation for genome editing.

ZFNs and TALENs have been successfully used to modify a multitude of recalcitrant

organisms and cell types that were unapproachable previously, long before the ar-

rival of CRISPR. However, the difficulty and costs associated with generating highly

speciőc ZFNs and TALENs by protein engineering, hindered their utility especially

by small labs. RNA guided nucleases, which are typiőed by CRISPR-Cas9, depend

on RNA-DNA recognition unlike ZFNs and TALENs, which use protein motifs for

DNA sequence recognition. The ease of RNA design for new targets and dependence

on a single constant Cas9 protein, have led to CRISPR’s wide adoption by research

labs around the world. The 2020 Nobel Prize for Chemistry was awarded to Jennifer

Doudna and Emmanualle Charpentier for harnessing CRISPR-Cas9 system to provide

a simpliőed technique for genome editing.

Recent Applications of Genome Editing

2020 is most likely to be remembered as the year of COVID-19 pandemic that caused

huge loss of life and human misery. The pandemic led many life scientists to change

their research focus to understanding how the novel coronavirus causes disease and

őnding a cure for the virus. Although Genome Editing research slowed somewhat over

the past few years, progress was being made in many fronts. Some of these include:

1) Mutations in haemoglobin can lead to two different disorders, namely sickle cell
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anemia and 𝛽-thalassemia. Successful ex vivo genome editing of a sickle cell disease

patient with her own CRISPR-edited stem cells to increase the fetal haemoglobin level

was reported. Two years into the treatment, the billions of genetically modiőed cells

that were infused into her body appear to be alleviating virtually all complications of

her sickle cell disease. However, the long-term safety and efficacy of the treatment

need to be monitored before it can be considered curative. A similar strategy is being

pursued to treat 𝛽-thalassemia. Other clinical trials that are underway include CAR-

T immunotherapy for cancers, treatment for Leber Congenital Amaurosis (LCA), a

common cause of inherited childhood blindness, and treatment for a rare protein-

folding disease called hereditary transthyretin amyloidosis, a fatal disease caused by

mutations in the gene TTR. 2) FDA has authorized two CRISPR-based diagnostic

tests, both for detecting SARS-CoV-2. It marked the őrst time the FDA has allowed a

CRISPR-based tool to be used on patients. The CRISPR diagnostic tests return results

in about one hour, faster than using PCR to detect SARS-CoV-2, which typically takes

four to eight hours. 3) Remarkable progress has been made with gene-edited animals.

Gene editing has made pigs immune to the deadly viral pandemic called porcine

reproductive and respiratory syndrome, PRRS. Precise CRISPR-Cas9 editing of the

NHE1 gene in chickens have rendered them resistant to the avian leukosis virus.

Scientists at UC Davis have altered the genome of a black bull calf so that 75% of

his future half spring will be males rather than the natural 50%, which suggests to the

future possibility of making all male beef herds. The beneőt of this work relies on the

fact that the male beef cattle convert feed to protein more efficiently than the female

beef cattle.

Needed improvements to Genome Editing

Several additional improvements to Genome Editing Technologies could enhance

their utility further. They include: 1) Many of the Genome Editing applications

so far have centered around knocking-out genes. The editing efficiency of targeted

transgene addition by homologous recombination is very low, especially for crop

improvement applications. Methods to increase recombination efficiency during

editing need to be developed for crop improvements. 2) Effective strategies to deliver

gene editing reagents and donor DNA into cells are crucial for increasing applications,

especially for crop improvements. Some success has been reported with nanoparticle

delivery. 3) Resistance to gene edited crops and GMO need to be overcome both

by Governments and world population for successful use of crop improvements.

4) Exorbitant pricing of GMO seeds by commercial outőts to farmers, especially

in poor countries, need to be strictly regulated by their respective Governments.

Licensing of international patents and read through rights in the licensing agreements

may also need to be examined carefully and regulated by Governments. 5) Off-

target effects by gene editing technologies are still a major concern with medical

applications. Improvements to reduce off-target effects are essential for patients’
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safety. Also, affordability of these life-saving treatments may require regulation by

Governments to beneőt poor populations of the world.

In summary, Genome Editing Technologies using programmable nucleases are at early

stages of development and are already impacting life sciences: biology, agriculture,

ecology, and medicine. They will continue to usher in many exciting applications and

discoveries in the future.
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Science Smiles

R K Laxman

Thanks doctor, I am able to see far better now.

Reproduced with permission from Resonance, Vol.1, No.12, p.3, 1996.
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If you had been born at the end of the 18th century, you would likely not have

lived to celebrate your 40th birthday! What do you think made our present-day

long lives possible? In this article, we aim to highlight the importance of the

small, oft-ignored inventions in the area of medical science that have had a big

impact on our lives and in the world around us and yet remain under-appreciated

and even unacknowledged.

Compared to the 18th century, today the average life expectancy has shot up nearly 3

times; so much so, that one almost takes it for granted that they will live to see their

60s [1]. In the Western world, one is actually considered young at 50! This has, of

course, brought it’s own share of medical, social, political and economic problems.

In fact, chronic and degenerative diseases like cancer, arthritis and Alzheimer’s, that

were virtually unknown for long, are rapidly becoming household ailments. However,

despite the prevalence of these diseases, we are all grateful for our long lives.

If we were to be asked for the reasons behind this magniőcent achievement, we would

think of modern medicine and technology ś the ‘hi-tech’ hospitals with their myriad

specialities, X-ray machines, CAT-scans, MRIs, ICUs and the brightly lit, instrument-

laden operating theaters along with the big pharmaceutical companies with their wide

range of expensive drugs. We have come to adopt a worldview, where technology has

become synonymous with success. While this article is not meant to trivialize the

many successes of technology, it is dedicated to champion the cause of the ‘small’.

1. Dangerous Beginnings ś the Perils of Childbirth

Unlike today, pregnancy and childbirth were life-threatening events in the 18th and

19th centuries. In the United States today, about 28 women die in pregnancy or

childbirth per 100,000 live births, as compared to 600 women just a century ago. In

the 1600s and 1700s, maternal death rates are estimated to have been double. Sim-

ilar estimates are unavailable for India, but a striking decrease in maternal mortality

rate from 560 (in 1990) to 190 (in 2013) is evident [2]. Historically, women died

of puerperal fever, infections during childbirth, poor nutrition, hemorrhage, eclamp-

sia and obstructed labour. In the őrst few decades of the 20th century, as medical

science found its foothold, overall mortalities fell and the quality of life improved

∗Reproduced with permission from Resonance, Vol.20, No.12, pp.1136ś1153, 2015.

The opinions reŕected in this article reŕect the views of the author and not of the organizations they

are affiliated with.
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Kangaroo care is a tech-

nique practiced on new-

born (usually preterm)

infants wherein the in-

fant is held, skin-to-skin,

with an adult. Named

for its similarity to how

certain marsupials carry

their young, this tech-

nique was initially devel-

oped to care for preterm

infants in areas where in-

cubators are either un-

available or unreliable. It

has been shown to be

successful in preventing

hypothermia and reduc-

ing infant mortality espe-

cially in cold weather in

developing economies.

(thanks to better nutrition, access to clean water, better housing, etc.). Paradoxi-

cally however, maternity-related deaths actually increased! Shocking as it may seem

now, this increase was due to the doctors and due to the proliferation of medical

technology.

For most of history, childbirths had been arranged and supervised by midwives whose

levels of competency varied vastly from the meticulous to the minimalist. The best

ones improved on the techniques and treatments, and they were certainly getting more

efficient by the early 19th century. However, till this period, doctors rarely attended

to childbirth. After all, the study and practice of medicine were restricted to men.

On the other hand, social propriety found it obscene for a man to be present during

labour. Nevertheless, as the medical profession gained ground in the 1800s, doctors

realized that childbirth was a proőtable venture and started to tap into it, though

it was still considered a low-status speciality and was neglected by most medical

schools. This resulted in a medical disaster. The number of women and babies

dying during labour rose sharply as ill-qualiőed doctors eagerly used surgical tools

and invasive procedures (such as forceps, episiotomies, anesthesia, deep sedation and

other ‘state-of-the art’ tools). Moreover, unaware of the importance of disinfection,

‘trained’ doctors shuttled between the patient-bed and the morgue, carrying pathogens

wherever they went (Figures 1a, b). All this reŕected on the precarious health of

women, especially those from rich families who alone had access to doctors. Just as

it is today, when compared to the rich, the poor were more vulnerable to all kinds of

threats to life; but for childbirth, the rich women ended up paying a steeper price!

It was only in the 1940s, after several reports had linked high death rates to faulty

medical practices, that doctors cleaned up their acts ś literally and metaphorically

[3]. Obstetric training őnally improved, and doctors abandoned the most dangerous

interventionist techniques for a more minimalistic approach, ultimately leading to safer

pregnancies as we see today. The introduction of sulpha drugs and antibiotics during

the same period (i.e., 1930ś40s) was another major boost in reducing Streptococcal

infections that caused the often-fatal puerperal fever [3, 4].

2. Navigating the Wonder Years Safely

Today, childhood is a special and cherished time across most of the world; but

historically, infancy has been precarious and dangerous territory. Infant mortalities

ŕuctuated wildly with war, weather, harvest and epidemics. In fact, reŕecting this

grim reality about child health, anthropologists have found that many societies did

not name their children until they were a year old [7]! Improvements in food and

nutrition, access to treatments for infectious diseases, antibiotics and vaccination,

access to clean drinking water, better housing and sanitation were all responsible for

the steady decline of infant mortality (Figure 1c) and yet, these seminal developments

remain unacknowledged and under-appreciated.
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(a) (b)

(c)

Figure 1. (a) The ‘terror of childbirth’ ś contemporary depiction of crude and unscientiőc methods used for

delivery in the 19th century. [5] (b) Use of state-of-the-art devices, such as forceps, in the 19th century, endangered

life of both mother and child. [6] (c) Decrease of under-5 mortality rates worldwide. The number of children dying

before they reach age of 5 years has seen a steady fall. Graph developed using data from ourworldindata.

org (https://ourworldindata.org/grapher/child-mortality-around-the-world?country=OWID_

WRL~CHN~IND~USA~Low-income+countries~Lower-middle-income+countries)

Clean Water: Nothing in the developed world is more taken for granted than clean,

hygienic potable water that may well be the biggest lifesaver in history. Some histori-

ans attribute 50% of the overall reduction in mortality and two-thirds of the decrease

in child mortality to it. The ‘clean water revolution’ started in 1854, when John Snow

correctly deduced that the causative agent of a raging cholera epidemic was spreading

through a water-pump that was located close to a leaky sewer. (Figure 2a). Snow’s

pioneering study on the epidemiology of water-borne infectious diseases heralded a

new era in public health. Soon, big cities were investing heavily in cleansing water.

As late as the 17th cen-

tury, many Europeans

even considered a reg-

ular bath as unhealthy!

But, it was a popu-

lar habit among those

‘whites’ who had arrived

at, or were settled in, the

Indian subcontinent.
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1 Herd immunity is a form

of indirect protection from

infectious diseases that hap-

pens when the majority

of a population has been

immunized to a pathogen,

thereby providing a mea-

sure of protection for indi-

viduals who are otherwise

not immune. Children,

immune-compromised indi-

viduals and senior citizens

are usually the most vulner-

able members of a commu-

nity and not all of them can

always be vaccinated. Thus,

the existence of a broader

herd-immunity in a critical

mass of individuals can in-

directly protect these groups

by preventing the transmis-

sion of the pathogen.

(a) (b) (c)

Figure 2. Clean water and the birth of epidemiology. (a) John Snow’s map shows the localization of cholera

victims (black areas within red circle) around a single hand-pump (marked as yellow-red triangle). (b) Inspired by

antiquity ś advertisement for Palmolive soap, 1915. (c) Advertisement for one of the őrst commercially-available

sanitary pads, late 19th century. All figures courtesy : https://en.wikipedia.org

The initial attempts used sand and gravel to physically remove the dirt from the water;

but this failed to stop the bacteria and ultimately paved the way for the chlorination

of water. Another major understanding, pioneered in Chicago, was that sewage and

drinking water channels needed to be completely separated and, in 1900, this led to

the construction of a drainage canal that reversed the ŕow of the Chicago River [8, 9].

Vaccinations: The impact of vaccinations on children and adults cannot be over-

emphasized given its instrumental nature in combating COVID and in engineering

the reopening of our societies as we enter into a new, post-pandemic era. However,

even outside of COVID, each year, vaccinations are believed to save 6ś9 million lives

worldwide including that of 3 million children. In USA, vaccinations have reduced

infant mortality by over 95%. According to WHO, the impact of vaccinations is

second only to that of clean drinking water. Diseases like measles, mumps, rubella,

polio, small pox, etc., are no longer the threats of epidemic proportions that they were

in the past century. Vaccines are effective not only because they protect vaccinated

individuals but also because they confer a broader protection for entire communities by

establishing ‘herd immunity1’. Children are especially vulnerable to certain diseases

and this makes vaccinations especially effective in reducing infant mortality. However,

despite the paradigm shift brought about by vaccines in an infant’s survival, their

impact remains challenged and questioned in the popular press ś even today! Parents

are still reluctant to vaccinate their children ś not just in developing countries, but

even in a developed country like USA, where even in 2015, the minimal levels of

herd immunity needed to prevent an outbreak are often not attained. COVID-19 has
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inŕicted further set-backs on public health campaigns across the world resulting in a

resurgence of many childhood diseases like Measles, Rubella, Polio etc.

Soap: No childhood is complete without its share of playing in the dirt, cuts and

bruises. And yet, we fail to acknowledge the power of soap. The simple hygiene

of washing and using soap has saved innumerable lives. The historical evidence for

soap manufacture dates back to ∼2800 BC. Amongst the earliest records is the Ebers

Papyrus written in 1550 BC, according to which, the ancient Egyptians combined

animal and vegetable oils with alkaline salts to create a soap-like substance for use in

their baths [10].

Despite its early origins, however, soap manufacture gained importance in Italy and

Spain only during the 6thś8th century AD. In fact, the regular use of soap was not

a plebeian practice until we developed a better understanding of hygiene thanks to

Lister’s revolutionary work in the late 19th century. Two Englishmen, James Keir

and Andrew Pears, were pioneers in soap manufacture, with Pears introducing the

eponymous high quality, transparent soap in 1807. However, it was only in 1886 ś

when brothers William and James Lever developed a new type of soap from glycerin

and palm oil ś that production could be scaled-up across Europe and our modern-

day brands like Lux, Vim and Lifebuoy were born [11]. Subsequently, in 1898,

B J Johnson developed soap from palm and olive oils and appropriately named it

‘Palmolive’ (Figure 2b). So huge was its commercial success, that Johnson renamed

his company after the brand; and ‘Palmolive’ continues to be popular to this day.

Surprisingly, even today, large parts of the world do not use soap regularly, resulting in

more than 6 million infant deaths due to diarrhea and pneumonia. Myriam Sidibe, in

her TED Talk, estimated that the mere use of soap can cut down respiratory infections

by a third, diarrhea by a őfth and reduce the incidence of other life-threatening diseases

like ŕu, pneumonia, SARS, trachoma and even Ebola. Soap remains a silent lifesaver

whose full potential is still untapped [12].

ORS ś from the Kitchen to the Clinic: Cholera and diarrhea are some of the biggest

killers of young children even today. Cholera2, dubbed the ‘blue death’, killed millions,

especially in developing countries until the 1960s and caused massive epidemics on

a scale akin to the plague. The őrst breakthrough in treating cholera came in 1906,

when it was found that intravenous ŕuid solutions alone reduced mortality rates from

near 100% to 30%.

However, the single most effective treatment for diarrhea that heralded one of the

greatest medical innovations in history ś the ORS ś did not emerge from the research

laboratory, but from the kitchen. ORS (Oral Rehydration Solution) is basically a

solution of sugar, salt, and water that could be prepared in a modest kitchen and yet,

when researchers David Nalin and Richard Cash conducted a small trial during an

epidemic in Dhaka, the results were striking. It’s efficacy was based on the őnding

that the sugar in ORS helped the rapidly dehydrating gut to absorb ŕuid even when

The word ‘shampoo’ is

derived from the Hindi

word ‘champoo’. An

effective shampoo, pre-

pared from an extract of

soapberries and goose-

berry (aamla), was in

use in the subcontinent

since ancient days. Kasey

Hebert, considered the

inventor of the modern

shampoo, introduced sur-

factants into the mix-

ture of shaving soap

and herbs, facilitating the

breakdown of the oils and

sebum.

2 A toxin released by the

pathogen, Vibrio cholerae,

causes a great loss of ŕuid

into the intestinal lumen,

resulting in diarrhoea ś a

characteristic symptom of

the disease. Worse, drink-

ing water cannot replace the

ŕuid loss because the in-

testines do not absorb it

readily.
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administered orally. Nalin and Cash found that, unlike regular water, the patients had

no trouble drinking enough ORS to reduce or even eliminate the need for intravenous

ŕuids [13, 14].

Inspite of its early success, ORS did not become regular practice till the Bangladesh

Liberation War of 1971. At that time, while directing medical assistance at a cholera-

stricken camp overŕowing with refugees and lacking in IV supplies, an Indian physi-

cian named Dilip Mahalanabis resorted to the ‘Dhaka solution’ of sugar, salt and water.

It turned out to be a miracle ‘drug’ with only 3.6% mortalities; a massive improvement

compared to the 30% mortality that usually happened when intravenous ŕuids were

used. In addition, ORS required minimum specialization ś and a large number of the

patients were sufficiently alert to drink it and save themselves. The simple kitchen

remedy went on to become a major public health policy in India, Bangladesh and

many cholera-stricken Asian countries. In addition to its effectiveness, this treatment

was simple, scalable and inexpensive ś a true magic bullet. Health workers across

the country trained housewives and caregivers on the measurements of salt and sugar

within a few minutes, and this saved millions.

3. Navigating the Challenges of Youth

Historically, mortality rates declined signiőcantly once children crossed the age of

ten; this however, did not mean that adult life was not dangerous or challenging.

Sanitary Pads: Crossing into adulthood involvesThe őrst sanitary pads

were very similar to ban-

dages used to stop exces-

sive bleeding of wounded

soldiers in the battle-

őelds.

many physiological and psycholog-

ical changes, like the monthly menstrual cycles which are especially disruptive for

women all over the world. Not surprisingly, various forms of menstrual protection

including mud, rags and woodpulp bandages have been used over the centuries. But,

none of them were as convenient or hygienic as the modern day sanitary-pads and

tampons. Ironically, this ultimate gift to womankind originated in the battleőelds

where it was őrst designed for men. The őrst pads, made from woodpulp bandages,

were designed by nurses to stop bleeding and were absorbent and cheap enough to

throw away afterwards. Commercial manufacturers built on this concept and the very

őrst disposable pads were available in 1888. By the 1890s, Johnson and Johnson (US)

had developed the Lister’s towel, while Hartmann and Co (Germany) also had their

own product (Figure 2c) [15, 16]. Initially, pads were usually made of cotton wool

covered with an absorbent liner. But, these were not comfortable designs and later

adhesive strips were added for attachment to the undergarment. A notable addition

since the 1980s has been the addition of petroleum-derived superabsorbent gels like

polyacrylate and sphagnum, which have improved absorbancy.

However, even though sanitary pads have been available for more than a century,

their prohibitive price continues to limit their use in developing countries, forcing

women to go for more traditional and less hygienic options. It is in response to this

ever-present need for low-cost sanitary pads that Arunachalam Muruganantham, a
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social entrepreneur from India has invented a low-cost pad-making machine that can

manufacture sanitary pads for less than a third of the commercial price. In addition

to his machines, he is creating awareness and challenging the traditional taboos

surrounding menstruation in rural India. The quest for safer, chemical-free and more

sustainable options is increasingly resulting in the rapid adoption of menstrual cups

as an alternative to pads and tampons.

Contraception: In his book on the history of contraception, Jonathan Eig writes: łFor

as long as men and women have been making babies, they’ve been trying not tož [17].

Rearing children is an expensive proposition, especially so for the women. In a

world where women are increasingly empowered, we forget that for most of hu-

mankind’s history, women have spent almost the entirety of their lives taking care

of children. Women in tribal societies could extend intervals between children by

nursing them longer. However, this approach did not ease their burden or give them

a lot of control over their reproductive rights. Historical records suggest the use

of many different approaches to birth control ś ranging from the mildly effective

(like coitus interruptus) to the ridiculous and straight-up bizarre3 and even poten-

tially lethal4[18]. The men were not far behind; in 1564, Gabriele Falloppio (Figure

3a) wrote a treatise on syphilis where he described the efficacy of a linen condom

after it had been tried by 1100 men [19]! However, it is generally believed that

although several archaic methods of birth control were somewhat effective and not

lethal, ideas such as ‘drinking watermint juice at coitus’ or ‘fumigation by elephant

dung’ did not provide the assured convenience and simplicity of today’s birth control

methods [20].

The modern condom, one of the most popular birth control methods today, owes its

origin to Charles Goodyear, an American manufacturing engineer. In 1844, Goodyear

patented the vulcanization of rubber ś a process which facilitated both the automobile

revolution as well as the large-scale production of rubber condoms and even the birth

of the rubber cervical cap. However, though men gained greater reproductive freedom

and protection through the ready availability of a condom, the women (even in the

1920s) were resorting to desperate measures of little efficacy, such as the domestic

cleaner Lysol and even Coca Cola.

It was only in the 1950s that women őnally gained some reproductive control when

Carl Djerassi, a scientist in Mexico City, successfully synthesized a progesterone

pill ś from wild yams ś that could block ovulation (Figure 3b). Soon, GD Searle

and Co came up with Enovoid, the őrst oral contraceptive pill and, in a landmark

decision in May 1960, the FDA approved it. As Megan Gibson elaborated in the

TIME magazine, łBy 1965, almost 6.5 million American women were on ‘the pill’,

the oral contraceptive’s enduring vague nickname (thought to have stemmed from

women requesting it from their doctors as discreetly as possible). . . Indeed, by 1973,

a whopping 70% of married women between the ages of 15 and 44 were using some

form of contraceptionž. ‘The pill’ revolutionized the lives of women, freeing them

3 One of the earliest

‘physical barrier contra-

ceptives’ was a thick paste

of crocodile dung, honey

and sodium carbonate that

Egyptian women inserted

into the vagina before sex

during ∼1500 BCE.

4 It is believed that concu-

bines in ancient China drank

a concoction of lead and

mercury to prevent preg-

nancy. Given that a concu-

bine had a good chance of

getting poisoned by such a

drink, it’d have been very ef-

fective indeed!
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(a) (b)

Figure 3. (a) A page from De Marbo Gallico, Gabriele Falloppio’s treatise on syphilis, which discussed the efficacy

of the condom after conducting a large-scale medical trial (1564). (b) The 1956 patent for Progestin, which led to

the development of the contraceptive pill. All őgures courtesy: https://en.wikipedia.org

from the burden of child-bearing and child-rearing and gave them a voice in their own

reproductive rights. Carl DjerassiThe oral contraceptive

pill is a combination of

the hormones estrogen

and progesterone. The

pill raises their levels in

blood and inhibits release

of the pituitary hormones

FSH and LH. Lack of

FSH and LH leads to in-

hibition of follicular de-

velopment in the ovaries

and also prevents ovula-

tion. In addition, the

pill reduces water con-

tent of cervical mucus;

sperm penetration is re-

duced due to increased

viscosity of the mucus.

declared that with the invention of the birth control

pill, łsex became separated from its reproductive consequencesž and łchanged the

realities of human reproductionž. Not only was this a biological revolution, it was

also a paradigm shift in the social, political and economic spheres [18]. Today,

at a time when a woman’s reproductive freedom is increasing under attack (even

in developed societies like the United States) - availability of safe, effective and

inexpensive contraception is only more important.

End to the Horrors-of-Surgery ś the Trinity: Many surgeries including an open-heart

procedure are treated as fairly routine today; so much so that people actually elect

to have surgeries that are not lifesaving. This would have been inconceivable in the

Victorian era when any surgery was an almost certain way to painful death. Until the

mid-19th century, surgery was a dangerous enterprise. In spite of rigorous practice on

cadavers, surgeons faced daunting challenges when operating on live human patients.

In the absence of an anesthetic, they were compelled to work at breakneck speed, with

nothing but alcohol and opium to sedate the patient. The fear of excruciating pain,
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Figure 4. (a) ‘Pain-

less surgery’ ś the pub-

lic demonstration of ether

as an anaesthetic at Mas-

sachusetts General Hospi-

tal, Boston, October 1846

[21]. (b) Carbolic acid

sprayer, as used during

Joseph Lister’s era [22].

(c) Bayer A G intro-

duced aspirin powder to

the world market in 1899

[23].

(a)

(b) (c)

when one was conscious during surgery, was enough to deter many patients from

going to a surgeon! But, even the few who survived the excruciating trauma soon fell

victim to post-operative infections.

Anesthesia, analgesia and antiseptic were the triumvirate that empowered the physi-

cians and the patients. The őrst of these discoveries, anesthesia, was pioneered by

Crawford W Long in 1842. However, it was the public demonstration on October

16th, 1846 at the Massachusetts General Hospital that has come to be known as ‘the

historic moment’ (Figure 4a). There, William Morton, a Boston dentist, opened the

nozzle of a glass vaporizer that contained ether. A few sniffs of the ether made his

patient Edward Abbott fall into a deep sleep and thus allowed Morton to make a little

incision in Abbott’s neck and operate on a łmalformed blood vessel with a quick
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Lister’s instructions to

his team of surgeons

included wearing clean

gloves and washing their

hands before surgery with

5% carbolic acid. Instru-

ments, the operating table

and the whole operating

theatre were washed and

sprayed with the same so-

lution.

stitchž. When Abbott regained consciousness, he said he had not experienced any

pain even though he had a feeling of the ongoing surgery [24].

However, until the 1860s, post-operative infections remained common and universally

lethal. It was only in 1865 that Joseph Lister, a Scottish surgeon, connected two

apparently unrelated observations. First, open wounds quickly turned gangrenous,

while closed wounds would often remain clean and uninfected. Secondly, in Paris,

Louis Pasteur had observed that meat broth exposed to air turned turbid and began to

ferment, while meat broth sealed in a sterilized vacuum jar remained clear. Combining

these two observations, Pasteur boldly speculated that the turbidity in meat broth was

caused by the growth of invisible bacteria that had fallen from the air into the broth.

Taking this cue, Lister correctly extrapolated that an open wound was very similar

to the meat broth. It implied that the microbes that had spoilt the broth could also

cause human ŕesh to rot. It also meant that an antibacterial process or chemical that

would curb the growth of these bacteria would in turn prevent post-surgery infections.

In August 1867, a 13-year old boy with a severely cut arm was brought to Lister.

Although gangrene was sure to set in, instead of amputating the arm, Lister applied

5% carbolic acid (i.e., diluted phenol), hoping to keep the arm uninfected (Figure 4b).

It seemed the wound indeed got worse, but instead of amputating, Lister intensiőed

the carbolic acid washes. A month later, the wound had completely healed. It was

a superb medical breakthrough and Lister published his observation in The Lancet

and expanded these early efforts. Soon, he successfully removed a breast tumor from

his sister using his dining table as an operating table, with ether as anesthesia and

carbolic acid as his antiseptic [25].

Analgesia was yet another indispensable component that revolutionized modern

medicine. Opium was the world’s primary analgesic till the late 1800s and its role

in pain alleviation is even mentioned in the famous quote from Karl Marx, łreligion

is the opium of the massesž. However, the most popular pain-reducing drug today

is ‘aspirin’ ś acetylsalicylic acid, and its topical variant, methyl salicylate (known as

‘Oil of Wintergreen’). The history of aspirin goes way back to ancient Sumer and

Rome, where willow-bark extracts, rich in salicylate, were used for pain relief. But, it

was only in 1763, when Edward Stone presented his őndings to the Royal Society on

the dramatic ability of this extract to cure intermittent fever and pain that our journey

to this modern day painkiller began.

The development of aspirin (and of many other essential chemicals) is linked to

the development of organic chemistry in 19th century Europe. Several chemists,

such as Joseph Buchner (1828), Henri Leroux (1829) and Raffaele Piria (1838)

isolated the ‘active principle’ from willow extract. It was named salicylic acid.

Although increasingly popular, the nasty side-effect of gastric irritation limited its use

as analgesic. A major breakthrough came from the studies of Felix Hoffman. Working

at Bayer AG, he initiated a systematic study for isolating chemical fever-reducers in

the 1890s. In August 1897, Hoffman drew on the work of earlier researchers and
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developed a better method for synthesizing acetylsalicylic acid, by reŕuxing salicylic

acid with acetic anhydride. It was a stable compound; the acetylation of the ś

COOH group made it less acidic. Bayer carried out large-scale clinical studies to

test its efficacy and scaled up the manufacture. In 1899, Bayer released glass bottles

containing powdered aspirin to the world market (Figure 4c). Aspirin őrmly secured

its place in medicine during the 1918 Spanish ŕu pandemic. It reduced fever, often

allowing patients to őght through the duration of the infection. Today, it continues to

be a household presence across the globe.

4. Surviving Old Age

As humanity continues to evade death and extend its life expectancy, we are all

increasingly certain of encountering the other őend ś old age. As we live longer,

we are not necessarily living better; as age advances, different systems of our body

ś including our gateways to the world ś our eyesight, hearing and mobility ś slowly

degenerate and fail.

Corrective Eyeglasses: A simple pair of glasses In 1604, Johannes Ke-

pler properly explained

how convex and concave

lenses could correct eye-

defects such as presby-

opia and myopia.

is an amazing ‘vision-correcting

device’ that has literally opened up the world to millions of people. ‘Reading glasses’

were in use in Italy as early as the 13th century. Although its exact inventor(s)

remains unknown to history, it seems they drew inspiration from the Latin translation

of Kitab-al-Manazir (Book of Optics), written by the Arab polymath Alhazen in the

11th century. One of the earliest documented manufacturers of corrective glasses was

Friar Alessandro della Spina of Pisa (d. 1313). However, the presence of merchants’

guilds that regulated sale of eye-glasses in Venice suggests a more extensive network.

These primitive eye-glasses provided relief against both hyperopia and presbyopia, but

a signiőcant improvement was the invention of bifocals by the American polymath,

Benjamin Franklin, who suffered from both myopia and presbyopia (Figure 5a, b).

Besides the lens, the frames have also evolved over the years. Early eye-glasses were

held in place by hand (almost like a magnifying glass) or pressed on the nose. Later,

they were positioned by a ribbon passed over the user’s head and balanced by the

weight of his hat. The ‘modern spectacles’ where the temples are supported over the

ears, was developed in the early 1700s [8, 26].

Wheelchair: Yet another ‘simple invention’ that has revolutionized patient care and

health is the wheelchair. Although many types of wheelchairs ś mechanical, mo-

torized, standing, all-terrain, sports-models ś are available today, its classical role

has been to facilitate movement of the invalids. Historical records suggest that the

Chinese in 2nd century BCE were the őrst to modify a wheelbarrow into a wheelchair.

In fact, by 525 AD, the Chinese had developed a customized-wheelchair speciőcally

for the disabled (Figure 5c). It seems to have been a Chinese novelty till the 16th

century AD, when European craftsmen began to design wheelchairs. However, the

forerunner of the ‘modern wheelchair’ was a 3-wheel Bath chair, whose invention in

1783, is attributed to John Dawson, an Englishman. Although a popular device, it was

There is an anecdote that

Hoffman was inspired to

do this research to al-

leviate the pains of his

father, a long-term pa-

tient of rheumatism who

suffered from the side-

effects of salicylic acid.
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(a) (b) (c)

(d) (e) (f)

Figure 5. (a) Painting of Biblical scholar Hugh of Saint-Cher, showing him wearing ‘reading glasses’ (1352).

(b) Benjamin Franklin using ‘bifocals’. (c) Medieval depiction of Confucious riding a wheelchair, China. (d) Rene

Laennec invented the monoaural stethoscope in 1820. The prototype shown here was made of wood and brass.

(e) Alexander Wood, inventor and popularizer of the all-glass-and-graduated hypodermic syringe. (f) photograph

of an old syringe. All figures courtesy : https://en.wikipedia.org

heavy and unwieldy. A big breakthrough came in 1932, when an American engineer,

Herbert Everest got paralyzed due to an accident and his friend Harry Jennings used

steel tubes to build the őrst lightweight, collapsible wheelchair so that Everest would

not have to walk on crutches. Inexpensive and handy, this wheelchair soon entered

mass production and became indispensable to modern medicine [27, 28].

The list of neglected, unsung inventions is a long one, but we will conclude by

highlighting the evolution of the fundamental totems of modern medicine ś the

stethoscope, the clinical thermometer and the hypodermic syringe.

Thermometer: Assessing body temperature has been an indispensable part of medical

diagnostics since ancient times. Early thermometers had been devised since the 15th

century, but the őrst successful clinical thermometer was invented by Sir Thomas C

Allbutt, a successful medical practitioner of Leeds, who improved upon the existing
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thermometers of his day and described a new ∼6 inch device in 1870 [29]. Measure-

ment with this new device could be done in 5 minutes, a big leap compared to the

20 minutes that was needed for its predecessors. The small size also meant a doctor

could carry it in his pocket, while the ‘kink’ ensured that the mercury did not drop

before the reading could be noted.

Stethoscope: The stethoscope ś yet another The stethoscope was the

őrst major non-invasive

device that could be suc-

cessfully used to under-

stand internal anatomy.

symbol of a doctor ś is a rather modern

invention and funnily enough, its origins lie in the relics of social propriety that

separated men and women. In 1816, René Laennec, a Parisian doctor, found himself in

a difficult situation to diagnose and treat a young woman who was probably suffering

from a diseased heart. In his own words, ł. . . [direct auscultation, i.e., listening

to heartbeats] being rendered inadmissible by the age and sex of the patient. . . ž,

Laennec devised the őrst monoaural stethoscope. It was a 25 cm × 2.5 cm hollow

wooden cylinder (Figure 5d), and very similar to the common ear-trumpet. Laennec

was ł. . . pleased to őnd that I could thereby perceive the action of the heart in a

manner much more clear and distinct than I had ever been able to do by the immediate

application of my earž [30]. Subsequently, the young doctor systematically studied

the chests of a large number of patients at different stages of health and succeeded in

correlating the sounds captured by his stethoscope with speciőc pathological changes

in the chest. Laennec’s invention was followed prominently by Godling Bird who, in

1840, developed the modern-looking stethoscope with a ŕexible tube and by the Irish

physician Arthur Leared who invented the binaural stethoscope. The stethoscope’s

design was őnally standardized in 1852 by George Cammann (who also wrote a

major manual on diagnosis by auscultation and introduced the stethoscope for mass

production) [31]. His device was as close to perfection as possible and has needed

few changes over the past century and half.

Syringes: Another example of being rendered invisible by ubiquity is the hypodermic

needle and syringe. So commonplace are these ‘tools’ that it is difficult to imagine

that their invention and popularization was largely the result of a paradigm shift in

pharmaceutical science in the 19th century. By this time, medical practitioners had

become increasingly aware of the efficacy of direct delivery of drugs (e.g., opium,

strychnine) in small, controlled doses. This led to the development of the hollow

needle and the all-glass-and-graduated syringe by Alexander Wood in 1851 (Figure

5e). The advantage was that the doctor could directly see how much volume of drug

solution was being injected [32]. Wood was primarily interested in administering

local anesthetics such as morphia or opium, but he also became a champion of

the needle and syringe among the medical fraternity and the general public. A

subsequent observation by Charles Hunter that the effect of an injected anesthetic

could be systemic further led to widening the scope of drug administration [33]. The

hypodermic needle or syringe is beautiful and efficient in its simplicity and its basic

model has stayed effectively unchanged for the past 160 years. A notable change was

the introduction of disposable plastic syringes, pioneered by a New Zealander, Colin

Murdoch in the 1950s.
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5. The pandemic and ‘the power of small’

COVID-19 has been such a long, bitter (and ongoing) tragedy of humongousVentilator technology

were helpful and did

save many critically ill

patients.

However, it was soon

clear that given the sheer

scale of this pandemic,

simpler, cheaper and

easier interventions like

prone positioning could

provide similar relief to

everyone.

proportions

that none of us are likely to forget its scars even after decades. Much has been written

about the pandemic and we would not add a lot here. Nevertheless, three factors

deserve to be highlighted.

1. The extraordinary, ‘almost sci-ő’ advancement of modern science that allowed us

to detect, identify and study a new pathogen within weeks of its emergence, such that

vaccines could be developed, tested, mass-produced and released for worldwide use

within a year and half. This stupendous success of relatively-new technology is still

too close for us to realize its true signiőcance, but will certainly be celebrated in all

future textbooks of the natural sciences and medicine.

2. But, it was not only hi-ő tech that saved our lives during the pandemic. The ‘power

of small, simple yet indispensable’ has been on display every single time we have

worn our masks, of whatever makes and quality it may be. There is no doubt that

masking has saved millions from falling sick and thousands from dying a gasping

death. Masks are, of course, nothing new. Surgeons have been using them almost

Figure 6. Increase indoor ventilation to facilitate diffusing

out of virus-őlled aerosols is an important (yet neglected)

method for reducing COVID-19 infections. Open windows

and doors, especially of non-residential commercial spaces

such as offices, banks, shops and malls, gyms, classrooms,

restaurants, cabs and public transport. Install exhaust fans

in public toilets.

since the time of Lister. And fundamentally, a mask

is similar to other ‘selective őlters’ like the mosquito

net and condom. Yet, the frustrating fact that there

have been formal and informal obstructions to mask-

ing shows how often we pooh-pooh essential things

simply because they seem too simple to be good.

3. However, while masking has had a partial success,

another simple thing continues to be ignored at our

own peril. Our efforts to reduce infections would

have been way more effective if, only if, we had

updated our scientiőc knowledge about how SARS-

CoV-2 gets transmitted. It is now well established

that virus-őlled aerosols [34,35, 36] that spread over

several feet and remain suspended in air for a long

time are the predominant way the virus has spread so

well and so fast. This is also why the majority of in-

fections have happened indoors [37, 38], especially

when windows are shut and airŕow and ventilation

are poor. How to reduce the possibility of indoor in-

fections? Two options- 1) Install (rather expensive)

ventilators or air-puriőers, or 2) simply keep win-

dows and doors open in non-residential commercial

and office spaces. Unfortunately, this simple highly-

effective solution continues to be ignored, certainly

in India. In contrast, the excessive thrust on fumi-
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gating surfaces and endless sanitization of hands, in spite of scientists reiterating that,

contrary to initial data, COVID-19 rarely (if at all) spreads by surface/fomite trans-

mission in non-hospital settings [39, 40]. Undoubtedly, cleaning surfaces is another

simple, general hygiene method and we know that for over a century. But too much

thrust on it (while ignoring indoor-ventilation) is useless, a waste of effort and őnances

and achieves little beyond a false sense of security against COVID-19. Notably, both

international and national guidelines now talk of indoor ventilation. But publicity has

been plain lacking!

To sum it up. The őght against COVID-19 has to be through:

1. Proper vaccination programmes

2. Use of masks, especially in indoor non-residential settings like air-conditioned offices,

banks, malls and big shops, crowded transport, classrooms and restaurants.

3. Opening of windows of non-residential places to maximize indoor ventilation

6. The Road Ahead

In our relentless march towards advanced technology and greater complexity, the small

and the simple have often been relegated to a passing mention. And yet, it is several of

these small, everyday things that have made biggest impacts on our lives. Vincent van

Gogh had observed that, łGreat things are done by a series of small things brought

togetherž, and we hope that, through these many illustrations, we have convinced you

of the revolutionary potential of ‘small’. In a developing country like India, we believe,

that instead of being reverential only to technological advancement, we must learn to

embrace the simple and the effective. While building newer hospitals with gleaming

new equipment and the latest medical technology is wonderful, it is not going to solve

all our problems. What we need is a systematic adoption of many small steps that can

together spur a social and medical revolution. As a country where high infant mortality

rates continue to be a problem, we have organizations and entrepreneurs building low-

cost neonatal incubators and NICU care centers. Research, however, has shown that

tiny measures like Kangaroo care can dramatically cut down infant mortality rates

by preventing hypothermia [13]. Not only would this be easier to implement, it

would be cost, energy and labor efficient. Vaccinations, clean water, better sewage

disposal, insect repellants, improved indoor ventilation, cleaner fuels, better nutrition

and cheaper sanitary pads can make the collective health of our country much better

than the investment in MRI machines and CAT scans. We do not advocate abstinence

from technology, merely ask for recognition of the small in bringing big change.

As someone has wisely said, łHandle the little things well; for they become the great

things.ž
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