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Abstract. Evidences showing that chromosomes in eukaryota, with their complex
organization, exhibit dynamism in structure and behaviour for controlling differentiation, variability and reproduction have been reviewed. An outline has been given of
the stepwise evolution of the functionally differentiated chromosome segments and
their chemical make up including protein components and sequence complexity of
DNA. The outline includes the origin of chromosomal control of metabolism in
extranuclear organelles.
During organogenesis, the chromosomes, maintaining the basic genetic skeleton,
undergo variation in structure and chemical components, thus exhibiting dynamism.
Addition, loss and inactivation of heterochromatic segments have been correlated with
adaptation and alteration in chromosome size. Data on the possible role of repeated
sequences in control and integration have been presented.
Endomitotic replication of the chromosome, in place of normal mitosis, during
differentiation is an example of dynamic behaviour, adapted to meet the need of uninterrupted transcription during differentiation without increasing the number of cells.
The predetermined symmetrical growth of the organism is thus maintained.
In several asexually reproducing species, dynamism is manifested in genetically
controlled unusual behaviour of chromosomes, where the somatic tissue often represents
a chromosome mosaic. It has been adapted to meet the need of generating variability
and genotypes through bud mutation in Lhe absence of effective sexual reproduction.
Data in favour of the concept of dynamism indicate that evolution of eukaryotic
chromosome has involved progressive complexity of chromosome structure on the
one hand, and flexibility in its behaviour and structure, maintaining the basic genetic
make up, on the other. It has enabled the chromosomes to exert supreme control on
all aspects of metabolism which are sequential and phasic in higher organisms.
Keywords. Chromosome; organogenesis; DNA.

1. Introduction
The chromosome in the prokaryotic system is usually referred to as the genophore
(Ris 1971) where the structure is merely a D N A molecule. The absence of a nuclear
membrane, chromosomal histone and a mitotic mechanism for separation, the
presence of a single replicon and the mode of genetic regulation, differentiate prokaryotes from eukaryotes, in addition to mitochondria, chloroplasts and other such cell
organelles which are essential for cell differentiation in eukaryota. The mode
through which the eukaryotic cells, with their chromosomes, have evolved, is much
debated since fossil evidences o f the intermediate steps are rare. Despite the lack o f
such evidences, the unquestionable relationship between these two major forms of
life is indicated by the universal applicability of the genetic code. The present day
prokaryotes have a long antecedent period of evolution--nearly three billions of
years--throughout which they have maintained the primitive cell type even after the
evolution of eukaryotic system.
*Based on an Academy Lecture delivered in Calcutta in March 1978
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The evolution of the complexity of chromosome mechanism in eukaryotes has been
associated, as the evidences reveal, with the emergence of a dynamic property of the
chromosomes exerting control on vital activities of all cell organelles responsible for
body differentiation and metabolism. An integration of the activities for the functioning of the cells, vis-a-vis the organ as a whole, has evidently been achieved. In
order to visualize the origin of such a dynamic chromosomal control, it would be
preferable initially to deal with the genesis and nature of semi-autonomy of these
important organdies, followed by the structural and behavioural complexity of the
chromosomes.

2. Dynamic control of cell organelles and their origin
The presence of self-replicating DNA in the chloroplastids and rnitochondria
(Swift 1965a), the two essential organdies, is well established. The possibility of
origin of this DNA from a single prokaryotic species (Klein and Cronquist 1967;
Stanier 1970; Raft and Mahler 1972; vide Taylor 1976) or from prokaryotic endosymbionts has been suggested (Sagan 1967; Margulis 1970, 1976). A similar endosymbiotic origin of microtubules, centriole and flagella has been visualized (vide
Reinert and Ursprung 1971). Overwhelming evidences are available in favour of
origin from prokaryotie symbionts (Mereschkowsky 1905; Ris and Plaut 1962;
Echlin 1966; Schnepf 1966; vide De Duve and Baudihin 1966; Edelman et al 1967;
Roodyn and Wilkie 1968; cf. Stubbe 1971; Wilkie 1973; Evstigneev 1975; Buclow
1976; Hanson 1976) as indicated in the nature of the genetic material, reproduction,
and some of the proteins and protein synthesizing systems (Kuntzel 1969; Schnepf
and Brown 1971). The DNAs of both the organdies are double stranded, circular
and their replicating systems are similar to those of bacteria or blue-green algae
(Remsen et al 1968; Schnepf and Brown 1971 ; Bennett and Radcliffe 1975). Lately,
it has been claimed (Lopez Perez and Turner 1975), on the basis of sedimentation
velocity experiments in Aspergillus nidulans, that a small amount of mitochondrial
DNA is in the covalently closed circular form, the rest being open circular or linear.
For chloroplastid DNA, in addition to the significant data of its cyanophycean origin,
analogy has been drawn between the grana and stacking of photosynthetic lamellae of
some bacteria like Ectothiorhodophora mobilis (Remsen 1968). The difference in
structure of chloroplastid ribosomes from those of Enterobacteriaceae has been clearly
indicated (Odintsova and Yurina 1975). Similarly it is observed between the 70S
ribosomes and their subunits of prokaryotes, ckloroplastids and mitochondria which
are different from the 80S ribosomes of eukaryotic cytoplasm (Stutz and 1'4oll 1976;
Hoober and Blobel 1969; Schnepf and Brown 1971). The former have nearly
identical sedimentation rates. Excellent reviews of their similarity with the prokaryotes and evidences of their origin have been published (Margulis 1968, 1976;
Reinert and Ursprung 1971). It is not unlikely that the genetic systems of mitochondria and chloroplastids have originated from free-living prokaryotes and a
process of endosymbiosis might have been involved. During endosymbiosis, the
larger amoeboid or flagellated forms of cells were possibly involved initially in
parasitism, evolving towards this specialized relationship (Smith et al 1969: Clawes
1971) and blue-green algae and anaerobic bacteria might have been injected into
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amoeboid protoplasts. This relationship permitted the cells to utilize solar energy and
to carry on photosynthesis along with other mechanisms of nutrition. Though this
mode of origin appears to be plausible, the organisms involved are not yet precisely
known.
2.1. Symbiotic origin and semiautonomy
There has been a considerable loss of autonomy in the evolution of these organdies in
course of their origin from prokaryotic symbionts. The dynamic control of chromosomes affecting their independence has been demonstrated (Bogorad 1975), which
has reduced them to a semi-autonomous state. Significant amount of the genetic
information is supplied by the chromosome. The exact interaction between the
nuclear and their own DNA products is however yet to be worked out. In this
respect, mitochondria have a lesser autonomy than the chloroplastids (Wilkie 1973).
Biochemically, a mitochondrion is deeply integrated in the cell structure (Carter 1975).
Its own fabric, outer envelope as well as several enzymatically soluble active proteins
are synthesized at extra mitochondrial sites under genetic control of chromosome
(Baxter 1971). Saccone and Quagliariello (1975) have reviewed the evidences of
co-ordination between cytoplasm and mitochondria in protein synthesis. Mitochondrial genome can undergo recombination but the nucleus exerts a profound
influence on transmission, as noted in Xenopus, Neurospora, yeast, human and even
man-mouse hybrid systems (Wilkie 1973). Genetic autonomy of mitochondria is
extremely restricted, and in the animal system it is roughly confined to a DNA molecule of 30 genes as calculated on the basis of their protein synthesizing capacity
(Kislev and Eisenstadt 1972). Reciprocal transfer experiments in Paramecium aurelia
have also indicated a minor control of mitoehondrial genome (Beale and Knowles
1976). In Saccharomyces cerevisieae, ATPase respiratory enzymes and several
phenotypie expressions have been shown to be under nuclear control (Trembath et al
1975; Tzagoloff et al 1975).
On the other hand, plastids enjoy a considerable degree of freedom from nuclear
control. The genetic information in the circular chloroplast DNA of Euglena has a
coding capacity of nearly 300 genes specifying polypeptides of average 20,000 tool. wt.
(Wilkie 1973). Plastid ribosomes are possibly coded by their own DNA, but the
chromosomal genes affect significantly the biosynthetic pathways of chlorophyll
and carotenoids. In Chlamydomonas, deficiencies of different photosynthetic
enzymes are due to nuclear gene mutations and it is likely that m-RNA for pigment
synthesis may migrate from nucleus to cytoplasm (Walles 1971). Bogorad et al
(1975) have demonstrated a dual control of three genes for chloroplastids, two being
located in the nucleus and one in the chloroplastid itself. Such a control is not
unexpected in view of their synchronous behaviour, including their separation during
cell and nuclear divisions.
2.2. Prokaryotic origin
Mahler and Raft (1975) have suggested a nonsymbiotic plasmid origin of mitochondria.
Cavalier-Smith (1975) has reviewed the concept of origin from a single prokaryotic
species. He has suggested the evolution of the entire eukaryotic system, including
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the nuclei, from a single-celledfacultative, phototropic, non-nitrogen fixing blue-green
alga through the mechanism of endocytosis. The origin of mitochondria, chloroplastids and nuclei and even chromosomes has been assumed through cell compartmentation and fusion of DNA associated thylakoids wherever necessary. The very
large size of some blue-green algae (Fogg et al 1973) has been cited as an evidence of
this possibility. In this theory, the origin of pole to pole spindle microtubules
(Oakley and Dodge 1974; Pickett-Heaps 1969, 1974), the only universal component
of the modern spindles, has been explained. Robertson's (1964) suggestion of the
origin of the genetic components of plastids and mitochondria from a portion of the
cell with satellite DNA is relevant in this regard. This theory of Cavalier-Smith
(1975), despite its rationality in providing a suitable model for the origin of the nucleus,
is yet to be substantiated from concrete evidences.
In any case, whatever the exact mechanism through which chromosomes have
evolved from prokaryotic system or systems, the overall chromosomal control
conferring different degrees of semiautonomy to cell organel!cs is unquestionable.
It may even be possible in the near future to obtain mitochondria and chloroplastids
in culture, with vital informational genes being supplied by the chromosomes, and
others by the organdies themselves.
2.3. Nuclear membrane in chromosomal control
The origin of the nucleus, having a nuclear membrane with clear demarcation between
areas separating the master templates of chromosomal DNA from the cytoplasm,
susceptible to direct stress and strain of intra and extracellular environment, was
achieved in different stages. Such an intermediate form may possibly have a structure
analogous to that of the ' central body' of Cyanophyceae where the differentiated
central area with the genetic materialis distinct fromthe area with protractile granules,
though without a typical nuclear membrane. The formation of nuclear envelope is
then a short step in evolution. Several lower forms of eukaryota, though having a
nuclear membrane, yet do not show typical mitosis as reflected in the absence of
centrioles, equatorial plate and spindle and in the distribution of chromatin throughout
the cell (e.g. certain fungi, cf. Heath 1974). They do not necessarily represent
degeneracies but rather an offshoot from the main life where sexuality in the true sense
did not develop (Dowben 1971).
The nuclear membrane has an important role in the dynamic and integrating control
of chromosomes on cell organelles and metabolism. It serves the function of delimitation and also is an active intermediary in the transfer of gene products, the genecontrolled reactions, in the perpetuation and formation of mitochondria, chloroplastids,
endoplasmic reticulum and other organelles as seen in several organisms (Kaufmann
and Gay 1958; Bell and Muhlethaler 1964; Frank and Sheer 1974; vide Kasper 1974;
Agutter et al 1976). On the basis of investigations on the banding patterns of
chromosomes, Chiarelli (1974) claimed that in eukaryotic system, chromosome
filaments remain attached to the annuli of the nuclear envelope. The importance of
the membrane in chromosome movement (Kubai 1975) and in transport of metabolites in animal cells has also been elucidated (Berlin and Oliver 1975; vide Mason
1972). Further, a relationship has been claimed between chromosome breakage and
association with nuclear membrane (Vig 1975). In comparison, the prokaryotic
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membrane system is less understood though the association of genophore with
termination and initiation points of attachment on the cell membrane has been shown
(vide Knempel 1970).

2.4. Origin of chromosomal control
The chromosomal control of cell organelles being established, the next step is to
explore the mechanism through which such a dynamic control has evolved. Information as presented above shows that the organelles originated as independent units, but
they had to sacrifice a considerable degree of independence, including even their
genetic units of control, to the host chromosome during the course of evolution.
Evidences of such transfer of genetic material from precursors of mitochondria and
plastids to the chromosome are difficult to obtain. But the possibility of such a
transfer can be visualized from the analogy of the established evidence of prokaryotic
gene transfer to eukaryotic chromosome during malignant transformation. The
incorporation of vital genome in the chromosomes of the mammalian transfoxming
cell lines is well known (vide Blangy et al 1974; Gross 1974; vide Grundmann 1974;
Zhdanov 1975). On the basis of these data, Sharma (1976) had suggested that, in the
course of evolution from prokaryotic to eukaryotic system, certain parts of the
genome of mitochondrial or plastid precursors were transferred to the chromosome.
Such a transfer involved likely some of the vital controlling genes of the cell organelles.
This shifting of the controlling genes to the chromosomes proved to be of advantage
to the organism as it ensured harmony and synchrony of nuclear and extra nuclear
systems. This advantage, leading to a congenial nucleocytoplasmic interaction, aided
such an adaptive system to be favoured in nature and to be established with the
progress of evolution. Occasional molecular hybridization between nuclear and
mitochondrial DNA, as initially reported by Du Buy and Riley (1967), may be due to
the presence of some similar molecules or DNA repeats, though unusual, originating
in mitochondrial precursors prior to their partial transfer to chromosomes.

3. Structural differentiation of chromosome--its evolution

The chromosome structure of eukaryotes, with its vast complexity, has evolved
possibly through different steps from a simple genophore (Sharma 1969). In this
respect, the chromosomes of Dinoflagellates may be regarded to represent an intermediate stage. In this group of algae, a nuclear membrane delimiting the nucleus
and cytoplasm has been acquired but the structure and behaviour of chromosomes
retain both the prokaryotic and eukaryotic affinities (Godward 1966; Soyer and
Haapala 1974). The prokaryotic affinity is exhibited in the fibrillar diameter of
chromatin, swirl pattern in sectioned chromosomes (Loeblich 1976), ver~ low basic
protein in chromosomes and attachment of chromosomes to the membrane (cf.
Chiarelli 1974). On the other hand, similarity with the eukaryote is reflected in the
repeated and highly complex DNA, presence o f ' S' phase in DNA cycle and heavy
amount of basic proteins and extra nuclear microtubules as a spindle support. The
peculiar behaviour of chromosomes in Gyrodinium has been interpreted as due to
centromere linkage, absence of cross-over or unusual one-division meiosis (Himes and
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Bean 1975). Based on their pigmentation, a separate origin of plastids has been
suggested. Loeblich (1976) has proposed a new order, Syndiniales, having special
characteristics such as low chromosome number with V-shaped morphology, adequate
chromosomal basic proteins, possession of centrioles associated with mitosis, intracellular parasitism as a mode of nutrition and lack of cellular cover containing plates.
Palaeontological evidences show thecate type to be more primitive than the nonthecate one. This ancient group is also regarded to have diverged very early from a
eukaryotie lineage with the evolution of repeated DNA but before the evolution of
typical eukaryotic chromatin (Loeblich 1976).
3.1. Development of functionally differentiated segments
Irrespective of the exact status of Dinophyceae between prokaryota and the highly
evolved eukaryota, it has unquestionably a chromosome structure which is not merely
a simple D N A molecule, but where the characteristic functional differentiation of
eukaryotic chromosome system has not yet been attained. Apparently it is a step in
evolution towards progress in complexity. With the gradual evolution of a well
organized mitotic mechanism, chromosome movement and spindle, the necessity for
spindle attachment region was felt and certain genes had to be allocated for this
specialized function, i.e. organization of centromere. Initially, in different algae,
such as in Spirogyra and other Conjugales (Godward 1966), the function was not
restricted to a specific segment and the genes remained in a more or less diffuse state.
The spindle fibres appeared to be organized along the entire chromosome length.
This state of centromere, termed diffuse or polycentric by different authors, is present
in some of the angiosperms as well, such as Luzula (Camara 1951 ; LaCour 1952) and
species of Cyperaceae (Sanyal and Sharma 1972). The occurrence of localized
centromere in most plant, animal and human systems, represents an evolutionary
advance since it is a step towards directed and organized chromosome movement on
the spindle. The evolution from diffused to localized centromere is, in effect, the
replacement of a large number of genes performing similar functions by a single gene
or a group of genes localized in a specialized region. It ensures maximum efficiency
with the minimum expenditure of the resources.
The tendency of localization of function through differentiation of chromosome
segments is evidently one of the principal features of evolutionary progress. The
evolution of eu- and heterochromatin is also a step in this direction. The original
concept of Heitz that all heterochromatin may be condensed and decondensed at
certain stages has now been modified to the extent that there may be at least two types
of heterochromatin, constitutive and facultative (Brown 1966), the latter correlated
with certain particular phases of development. Constitutive heterochromatin has a
distinct location, mostly near the centromere and its function is not yet precisely
understood. It has been shown to have an effect on homologous pairing, control of
cross-over and non-disjunction (Lindsley and Novitski 1958: Ayles et al 1973;
Cattanach 1975). The existence of this distinct segment of a chromosome, set apart
for some specialized function/functions, is one of the best examples of an evolutionary
advance from a random or diffuse state to specific, functional delimitation of genes in
chromosome loci. Comparatively shorter intercalary segments or larger heterochromatin blocks may have a role in gene regulation and even in karyotype evolution
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(Guille and Quetier 1973; Pathak et a11973). In species of Trillium, heterochromatin
blocks, often noted in older regions, may further indicate functional specialization in
relation to adaptation (La Cour 1951) serving as an example of facultative heterochromatin. The emergence of heterochromatin, with its increasing divergence, from
other chromosome segments is an index of progressive chromosome complexity in
eukaryotie system. The need of a regulatory mechanism for certain common vital
functions and a buffering medium to meet the adaptational exigencies might have
necessitated the evolution of this complexity of chromosome system. The function
of repeated DNA content of heterochromatin which has been discussed later under
' sequence complexity ' may help to substantiate this statement.
Similar delineation of a specific segment for a vital function is manifested in
secondary constrictions and nucleolar organizing regions. In Spirogyra of the Conjugales, the nucleolus organizing function is dispersed throughout the chromosome
(vide Godward 1966). Amongst the angiosperms, in different species of Musa, Scilla
and others, several chromosomes bear a high number of nucleolar secondary constrictions, resulting in a large number of nucleoli (vide Stmrma and Sharma 1958, 1959).
In a species of Musa (Chakravarty 1950, 51 nucleoli have been counted corresponding
to 51 secondary constrictions. In all such cases, a correspondence between the
number of nucleoli and the number of secondary constrictions has been recorded.
The organizational efficiency however demands the demarcation of a specific segment
for nuclcolar synthesis, rather than the distribution of the function throughout the
chromosome.
Investigations have shown that not all secondary constrictions are nueleolar (Pardue
et al 1973). Corroborative evidences through ' N ' band (Matsui and Sasaki 1973;
Funaki et a11975; Goodpasture and Bloom 1975), ammoniacal silver and if possible,
in situ hybridization techniques (Pardue and Gall 1970)are needed for identifying the
differentiated nucleolar organizing regions in a chromosome. The occurrence of
differentiated chromosome segments set apart for nucleolar organization is fully
confirmed. So far as chromosome-nucleolus relationship is concerned, progress in
the evolution of chromosome complexity has been associated with nucleolar organizing function restricted to a particular segment of one or a few chromosomes (Sharma
and Sharma 1958). Molecular evidences of this functional efficiency in one or a few
segments of chromosomes, instead of at several loci, have been suitably demonstrated
in the satellite DNA and ribosomal DNA cistrons, representing in general, homogeneous repeats in maize, Xenopus, Triturus, rat, and other higher organisms, where
they are located in cytologically identifiable nucleolar organizing regions (Pardue
and Gall 1970; Walker 1971 ; Mazrimas and Hatch 1972; Pilone et al 1974; Kano
et al 1976; Doerschug 1976).
3.2. Integrated functioning of differentiated segments
Simultaneously with increasing diversity in structure and number of chromosomes,
the mechanism for an integrated functioning had to be developed. The most simple
example of coordinated functioning is observed during ribosome synthesis where
cistrons for 18, 28 as well as 5S RNAs occur at different loci of different chromosomes
(Brown and Weber 1968; Birnsteil et al 1972; Steffensen and Wimber 1972; vide
Ghosh 1976). In the eukaryotic system as a whole, where the constituent units or
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tissues of an organ are innumerable, the simultaneous functioning of several genes, not
necessarily located on the same chromosome, is imperative. The dynamic control of
chromosomes on their coordinated functioning is evidently exerted through the
production of repressors or derepressors, acting at an inter-chromosomal level. The
need for physical association of participating chromosomes in specific cases for
information transfer is also comprehensible. An elegant example of chromosomal
association is the chromocenter in Drosophila, where heterochromatin plays the
most significant role. In human systems, constitutive heterochromatin is involved in
the formation of chromosome associations, not only between acrocentrics, but also
between non-acrocentric chromosomes (Sckmid et al 1975). The importance of
heterochromatin in forming chromosome associations in plant systems has been
recorded previously (Sharma 1955). Such chromosome associations are not uncommon in other biological systems as well (Comings and Okada 1972b; Emmerich
1973; Jaffray and Geneix 1974) which are possibly mediated through heterochromatin.
The need for interchromosomal information transfer in higher biological systems
and the heterochromatin-mediated chromosomal associations recorded suggest that
certain forms of heterochromatin play an active role in the execution of dynamic
control of chromosomes in the integration of gene-controlled reactions. Thus the
structural differentiation of chromosomes, reflected in cytologically distinguishable
segments, has been a prerequisite, evolved to control eukaryotic differentiation.

4. Complexity in chemical composition of chromosomes
Chemical complexity of the chromosomes of eukaryotes is well-established (Beermann
1972). In the most complex eukaryote, the human system, DNA is in the form of a
stiff fibre about 20 A in diameter and fragments of 100-200/~ have been isolated
(Ris 1971). About 1 metre long chromosome matter is present in the haploid cell,
an average chromosome length being 40,000/z in the human system. Further complexity is observed in the presence of chromomeres and interchromomeres (Beermann
1972; vide Schwarzacher 1976). One chromomere alone in the eukaryote is
comparable to the entire Escherichia coli genome. Similarly an average chromatid
of Vieiafaba has DNA 1 metre long, 800 times longer than E. coli and the replication
is 100 times faster due to the presence of many replicons and initiation points (CaUan
1973). Though different chemical components enter into the chromosome structure,
their interrelationships have not yet been fully ascertained. This extreme complexity
is understandable in view of the entirely contradictory functions that chromosomes
have to perform, to satisfy the diverse requirements of the cell. They control sequential and phasic growth, maintain continuity, at the same time leaving enough scope
for the emergence of discontinuity through mutations. To meet the needs ofmeristemarie activity, which require a high rate of cell division, and on the contrary, differentiation (Nagl 1975), where excessive cell division may upset the controlled gro'~th,
the behaviour of chromosomes has to be differential. Equational division is needed
in certain organs, but reductional in others. It has to permit recombination to secure
variability and new adaptations, but to check recombination in others for the maintenance of stability. Mutation is to be generated in some and suppressed in others.
In other words, flexibility in genetic control of diverse functions is the keynote of
chromosome organisation.
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Attempts have been made to distinguish those chemical components of chromosomes, which are responsible for their structural integrity, from others transitory
(so-called) in appearance connected only with certain aspects of metabolism (vide
Prescott 1970). Along with DNA--the genetic material--the roles of RNA, histories,
nonhistones, as well as divalent cations have been discussed in this context. Whether
the constituents which are considered to be transitory are truly so or not, is debatable.
4.1. Role of different components

In the different eukaryotes, including even the mammalian systems, metaphase chromosomes containing DNA, RNA as well as proteins (vide Chrispeels 1973; Prescott
1974) have been isolated and analysed in different species. Protein helps in condensation, control of DNA and RNA synthesis as well as maintenance of chromosomal
integrity (Izawa et al 1963; Bonner et al 1968; Prescott 1970; Sobell 1973; Stein et al
1974; vide Cameron and Jeter 1974). Though histones are mostly associated with
the condensed state (Busch 1973), their occurrence in dispersed condition in polytene
chromosome is on record (Gorovasky and Woodward 1965; Swift 1965b). Chromomeres are regarded as regions where DNA-histone fibres are densely packed and
stretched DNA at the interchromomeric regions represents possible initiation sequences (Callan 1973). Activation of transcription may involve loosening of the
DNA-histone link rather than complete removal of histone (MacInnes and Uretz
1967). The presence of histone-DNA complex in superhelix of about 120 A in
diameter has been recorded.
Histone is mostly associated with DNA throughout and its role in cross linking of
adjacent loops of DNA has been suggested (Pardon et al 1967; Davies 1968). Though
random distribution of histone in chromosomes (Jackson et a11975) has been claimed,
its presence in low amounts in the interband region of polytene chromosomes in
Drosophila (Swift 1962) is also on record. Varsharsky et al (1976) have postulated the
arrangement of histones in clusters separated by stretches of free DNA. Salt induced
migration of histones along or between DNP filters can result in unification of different clusters with long stretch of free DNA, the total amount of DNA remaining
constant.
The importance of nonhistone proteins is also being increasingly realized (vide
Cameron and Jeter 1974). Thermostable chromatin consisting of smaller non
histone protein molecules has been noted (Matsui and Sasaki 1975). Nonhistone
chromosomal proteins in the regulation of transcription in eukaryota (Stein et al 1975)
including even the binding of histone to DNA, have been shown. The absence of
the requisite diversity in histones, as envisaged by geneticists to control regulation of
a multiple of characters, has been emphasized. Thus, though the significance of
proteins in regulation is well known, the precise mode of interaction is yet to be
explored.
The role of protein in lateral and serial linking of DNA molecules in order to maintain chromosome integrity was suggested, but evidences obtained through autoradiography and enzyme digestion do not provide any clue to the presence of such
linkers (vide Prescott 1970). If polynemic models of eukaryotic chromosomes are
proved correct, then proteins may serve as cross linkers, but Prescott (1970) has
argued that interaction of mere DNA molecules can perform the same function. On
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the other hand, enormous evidences of uninemic structure of eukaryotic chromosomes
have been recorded by Callan (1973).
There are conflicting observations on the role of RNA in the so-called primary
structure of the chromosomes (vide Prescott 1970; Huang and Smith 1972). Comings
(1966) suggested that RNA is associated with the surface of the interphase chromosomes as in HeLa cells, human lymphocytes and fibroblasts, and does not enter into
the chromosome skeleton. Earlier (Mirsky and Ris 1947) RNA was recorded as an
essential constituent o f ' residual chromosome' responsible for chromosome integrity
present in the ultimate structure of the plant chromosomes (Sharma and Roy 1956).
Paul and Duerksen (1975) noted the presence of RNA in the transcriptionally inactive
stage of avian erythrocytes. Its occurrence in chromatin is recorded in T-T hepatoma as well as brain and liver cells of mouse. Chromatin-associated RNA has
therefore been claimed as a structural component of heterochromatin.

5. Sequence complexity of DNA
The evolution of complexity of chromosome structure in eukaryotic systems has been
associated with sequence differentiation of DNA, in addition to the presence of different types of protein and RNA, throughout or in certain stages of the divisional cycle.
Increasing diversification of DNA is manifested in the emergence of repeated, highly
repeated and non-repeated unique sequences. The repetitive sequences are very
common in eukaryotie system, starting from the flagellates to mammals, including
the human cells (Britten and Davidson 1971; Laird 1971; Rae 1972; Jones 1970,
1976; Tartof 1975). Normally 10-30% of DNA may be repetitive but even 80%
repeats have been noted in Amphiuma. Highly homogeneous repetitive fractions
are located in the satellite DNA's in several organisms and their function in relation
to synthesis of ribosomal RNA has been established (Wallace and Birnsteil 1966).
Similarly in Drosophila, highly repetitive fractions are present (vide Cattanach 1975)
and in D. melanogaster two light satellites have been recorded in intermediate and
decondensed regions, heavy satellites occurring in the highly condensed regions (vide
Pimpinelli 1975). A significant amount of human DNA has been found to be repetitive (Comings 1972; vide Ohno 1972; Tartof 1975), and containing three single fractions of satellites (Jones 1973), which are non-transcribing in vivo (Walker et a11969).
Heavy amounts of repeated sequences occur in plants (Cullis and Schweizer 1974;
Schwartz and Taylor 1974; Wimber et al 1974; Flavell and Smith 1975). Even 70-75 % of repeated sequences are present in rye DNA (Ranjekar et al 1974). Chromosomes of higher plants have been shown to contain thousands of similar nucleotide
sequences of different categories, as well as segments present in one or a few copies
per haploid genome. Heterochromatin rich in repetitive sequences often plays a role
in intraspecifie variations (Vosa 1973; Marks 1976). In barley and wheat (Ranjekar
et a11976), DNA has been analyzed through reassociation kinetics, melting properties
and sedimentation behaviour. Nearly 96 % of the redundant sequences have been
categorized under very rapidly and very slowly ~reassoeiating fractions. The fact that
satellite DNAs are involved in the synthesis of ribosomal KNA ~tnd nuclcolar metabolism has been confirmed through molecular hybridization technique at the in situ
level of chromosomes (Pardue and Gall 1970), in Xenopus laevis and in other systems
as well.
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This technique of localization at the in situ level has been advantageously employed
in working out the distribution of repeated DNA sequences in the chromosomes of
the ribosomal RNAs. Nearly 450 to 650 copies of 18S and 28S types are found in
the haploid genome of Xenopus laevis which occur in clusters in the nucleolus organizing regions on the short arm (Wallace and Birnsteil 1966). Both 18S and 28S rDNAs
have been observed in the nucleolar organizing regions of different biological systems
(Henderson et al 1972, 1974a, b; Evans et al 1974; Purdue 1974; Piloni et al 1974;
Purdue and Hsu 1975; Hsu et al 1975).
Hsu et al (1975) suggested that a single nucleolar organizing region is the more
ancestral form of rDNA distribution, and long stretches of repeated cDNAs have
been gradually broken and transposed to other segments, as in multiple sites of the
heterochromatic short arm in Peromyscus cremiens or telomeric sites of Chinese hamster, during evolution. No evidence of selective advantage of multiple sites has so
far been found and it is likely that localization at one locus may lead to more efficient
functioning. On the other hand, 5S RNA genes may be present in 9000 (Birnsteil
et al 1972) to 24,000 copies (Brown et al 1971) per haploid genome of Xenopus laevis
or present in the telomeres of the long arm of different chromosomes, including the
nucleolar organizing chromosomes, and occasionally in or near the nucleolar organizing region (Purdue et al 1973). Amongst the 5S RNA genes which have a high
number of repeats (Comings and Okada 1972a), nearly 1/7th part code for the 5S
RNA molecules and the rest act as spacers (Brown et al 1971). Spacer sequences of
5S DNA show some heterogeneity (Brown and Sugimoto 1973), and have been
claimed to represent a family of related genes (vide Pardue et a11973). In Drosophila,
5S, 18S and 28S genes are present more or less in equal amounts and 5S genes are
located in one locus, i.e. in band 56F on the fight arm of the second chromosome
(Tartofand Perry 1970).
The localization of repeated DNA in the heterochromatic segments, as the evidences indicate, may have a significant bearing on the property of heterochromatin.
Three types have been visualized, viz., highly repetitious, non-repetitious, AT-rich
and non-repetitious heavy shoulder DNA (Comings 1972). Yanis and Yasmineh
(1971, 1972) proposed a model of mammalian constitutive heterochromatin showing
that in the evolution of satellite DNA, functional degenerates are lost or maintained
in heterochromatin or spread out in the euchromatic segments. Constitutive heterochromatin is the locus where new satellite DNAs are emerging. Sequences of DNA
which do not interfere with genetic function may be set aside in proximal heterochromatin where there is no necessity of sophisticated sequnces.
5.1. Function of repeats including their possible role in integration
In the evolution of chromosome structure, repeated sequences and satellite DNAs
have thus played a very significant role, in relation to specialized function of DNA
cistrons. Repetitive DNAs may have different functions to perform. The evolution
of spacers within 5S DNA regions has been mentioned (Purdue et al 1973). Such
spacers might have evolved as a family of repeated sequences from some common
sequences in different species, and offer scope for extensive exchanges between nonhomologous chromosomes during zygotene pairing.
Britten and Kohne (1968, 1971) indicated that the distribution of moderately re-
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petitious DNA throughout rather than in one locus may allow pairing at non-homologous sites, causing hindrance at the molecular level to homologous pairing, which is
facilitated by single copies of synapsing genes. Under certain conditions, however,
restriction of homologous pairing may be preferred in selection, as a check against
the predominance of certain undesirable traits. Smith (1976), while dealing with the
evolution of repeats, suggested that unequal crossovers provide a reasonable explanation of the prevalence of highly repeated sequences and their periodicity.
The presence of DNA repeats in centromeres, secondary constrictions and telomeres has a decided advantage in forming interchromosomal connection. In the
eukaryotic systems, a suprachromosomal organization, in which the chromosomes
are interconnected throughout the division cycle, has been suggested (DuPraw 1970).
The existence of such a set up is yet to be substantiated from concrete evidences but
the need for an interchromosomal control system cannot be doubted. The manifestation of a character, which in eukaryotic system is extremely complex, depends on
the simultaneous functioning of several genes located often on different chromosomes.
A control system, integrating their functioning, may often require the bringing
together of the different gene units. The association of centromeric heterochromatin
forming chromocenters in Drosophila, secondary constriction regions and 5S DNA
segments of different chromosomes often aggregating together, may be of advantage
in securing associations of genes located in different chromosomes. Research on
precise functioning of the interchromosomal connections may provide further
evidences of their control in integrating gene action. The existence of bridges
between the sister chromatids and often between different chromosomes as revealed
through electron micrographs as well, is significant in this connection (Comings and
Okada 1972b; Emmerich 1973; Jaffray and Geneix 1974).
The existence of a major amount of repeated DNA in higher organisms is an index
of its importance in diverse genetic activities and possibly in their control (Cattanach
1975; Sharma 1975b). Tile significance of repeated sequences as spacers for vital
regions (Britten and Kohne 1968) has possibly contributed to the efficiency of gene
function. It has been suggested that linear arrays of potentially independent replicons are terminated by short palindromic sequences or inverted repeats (CavalierSmith 1976). The development of a number of repetitive non-informative DNA
sequences located adajcent to each unique sequence has been claimed as a prerequisite
for complex control of differential gene activity (Nagl 1976b). The arrangement of
satellite DNA at major segments and small repeated segments interspersed throughout the chromosome (vide Davidson et al 1975; Pardue 1975), which may be minor
enough not to hamper legitimate crossing over, may serve as a model for highly
evolved chromosome structure. Rearrangements and shifts in location have often
been favoured under certain conditions to meet the exigencies for adaptation. Minor
repeats not only confer some amount of flexibility in functioning, but may also serve
as loci for accummulation of mutations. They may also protect the vital protein
coding genes against the effect of radiations or chemicals (Hsu 1975).
An integrated study of the reiterated sequences, including both major and minor
repeats, with the adaptive features of metabolism in different biological systems, is
likely to provide further evidences of the role of repeats in regulation. Further refinements in the chromosome banding technique (Vosa 1973; Comings 1975; Sharrna
and Talukder 1974; Hecht et al 1974; Sharma 1975b, vide Caspersson 1975, which
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permit the localization of sequence complexity of DNA at the cytological level, may
prove to be of advantage for such an analysis.

6. Chromosome structure as it is to be viewed

Thus the complexity of chromosome structure of eukaryotes, as compared to the
prokaryotes, involves not only the addition of different chemical components in the
chromosome make-up, but the gradual origin of repeated and sequence complexity
of DNA at the molecular level. The integration of genetic control at the interchromosomal level, the mechanism of which is not yet precisely understood, has no
doubt been a conspicuous feature in evolution. Without entering into the debate of
transitional and permanent structural components of chromosomes, it might be preferable to view the chromosome structure, with its different components as a whole,
responsible for continuity, reproduction as well as control and differentiation of
characters, with its diverse complexities in eukaryota. All these components, as the
evidences indicate, play a vital role in the composition of chromosome and its functioning, even though some of them may not be as stable and permanent as the deoxyribonucleic acid.

7. Chromosome structure and organogenesis

Simultaneously with the increase in chemical complexity of chromosomes, there has
been an evolution of variability in chemical make up manifested during growth and
development of an organism, which come in sequence in a eukaryotic system. The
concept of dynamism (Sharma 1972b, 1973, 1975a) aims to suggest a reasonable basis
of chromosomal control of regulation, differentiation and reproduction in the
eukaryotie system. Recent researches in different centres, including our own, have
revealed that the chromosome constituents change their pattern during different
phases of development maintaining, of course, a basic genetic make up responsible
for hereditary stability. Several evidences, as would be noted below, are available
of the variation of DNA as also the proteins from organ to organ. Observations
in this direction were recorded previously though their implications were not fully
emphasized.
7.1. Variability in relation to DNA

Cook (1973) noted that the cellular differentiation is controlled by the development
of the higher order of the polymorphism of chromosomes. The existence of metabolic DNA in addition to the genie DNA playing a significant role was claimed. In
Petunia hybrida, metabolic DNA synthesis has been recorded in the beginning of (31
phase (Essad et al 1975). Transient DNA satellite in differentiating pith tissue has
been observed (Parenti et al 1973). In sea-urchin embryo, there is a 2000-fold
increase in nuclear DNA from fertilization to pluteus stage (Scarano 1973). Similar
records of the variability of the DNA content from organ to organ in the active cells
have been made in various species. Sagar and Kitchin (1975) prescribed a molecular
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mechanism of programmed inactivation or loss of eukaryotic DNA. Selective destruction of DNA and regulation by chromosome elimination or heterochromatization has been demonstrated. Pelc (1972) suggested that the different forms of organization can be regarded as modifications of systems in which metabolically active
DNA is, to a great extent, independent of genetic DNA. In growing roots of Vicia
faba, he noted DNA content to be three times in the elongated region as compared to
that of the meristematic region. Differential DNA replication, under or extra in a
part of the genome, specially of the heterochromatin in several plants and animals
(Pearson et al 1974; Van Oostveldt and Van Parija 1976; Taylor 1974)has been
claimed. Variability in the DNA content between different organs of the meristematic
region has been recorded through microspectrophotometric analysis in our laboratory. In Vicia faba, Pisum sativum and Nigella sativa, chromosomes of different
organs possess clearly different DNA values, the young shoot cells showing mostly
1"25, 2"0, 1"45 times the DNA amount present in the roots (Sharma 1976, 1977;
Banerjee and Sharma, in press). The quantitative variation observed microspectrophotometrically has been confirmed through DNA isolation from different tissues as
well (Choudhury et al unpublished data). Similar variations are present in human
foetal tissues cultured from different organs (Mulherkar et al 1978, in press).
7.2. Variability in relation to protein
Of the components that enter into composition of chromosomes, in several organisms,
lysine rich histones are replaced by arginine rich histones and by protamines later,
during spermiogenesis (Felix et al 1956; Block and Hew 1960). There are also cases
where the substitution may not go up to the protamine level (Das et al 1964). Quite
a sizable portion of sperm protein has also been shown to be non-basic and the view
that DNA packing in sperm is merely due to conversion to polypeptide has been criticized as an oversimplification (Prescott 1970). Ruderman et al (1974) noted that
the type and amount of histones, that associate with DNA of chromatin during embryogenesis, differ characteristically from stage to stage. Innocenti (1975) observed
the highest kistone/DNA ratio during endoreduplication in metaxylem cell line in
Allium eepa.
In Drosophila, the role of histones in structural changes of chromatin has been
suggested along with their well-established role in regulatory activity (Holmgren et al
1976; Khesin and Lukovitch 1976). In salivary gland chromosomes of Calliphora
stygia (Sin 1975), there is a decrease in the amount of phenol soluble protein in chromatin in the third instar larva. Nonhistone proteins undergo quantitative and
qualitative changes. In white rats (Klimenko et al 1975), a significant amount of
heterogeneity of nonhistone protein of liver cell has been noted, varying with age in
postnatal ontogenesis. In rat brain, polyacrylamide gel banding pattern of nonhistone protein of chromatin shows quantitative difference as well as presence or
absence of certain bands in different stages of development (Biessmann and Rajewsky
1975). In sea urchin embryo, a change in the pattern of chromatin has been recorded
during development (Sevaljevic et al 1976). In guineapig, the importance of histones
and nonbasic proteins in the modification of chromosome superstructure during
development is demonstrated (Tashiro and Kurokawa 1975). Lima-de-Faria (1975)
stated that in contrast to prokaryotes, the number and types of operational units in
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7.3. Inference on the dynamic chemical make up
All these evidences clearly indicate that eukaryotic chromosomes, while maintaining
their basic DNA, change their pattern and quantity during development and differentiation for regulation of all vital activities and adaptation. This dynamism implies
the futility of proposing a universal model of chromosome structure embracing
different phases of growth and development, if the chromosome is to be viewed as a
whole in eukaryotic system without distinguishing the permanent and non-permanent
entities. Observations as presented above clearly indicate that the chromosomes
which are packaged for transmission through germinal line are not identical in all
aspects of their chemical constitution with the chromosomes of the body cells. Complexity of the mechanism of regulation of differentiation demands a dynamism in
structural pattern which the chromosomes fulfill in all respects. Detailed cytophotometric analysis at the in situ level as well as isolation of different chemical components
of chromosomes at different phases of ontogeny are supplying more evidences of the
alteration in pattern which their chromosomes undergo at different steps of differentiation.

8. Dynamism in change of chromosome size
Considerable differences of opinion exist about the phylogenetic increase or decrease
of DNA as well as chromosome size in different biological systems (Stebbins 1971;
Bachman et a11972; Rees 1972; Sharma 1972a; Sparrow and Naumann 1974; Bennett
and Smith 1976; Jones and Brown 1976; Narayan and Rees 1976; Price 1976; Szarski
1976). In case of polyploids, in majority of cases, there has been a phylogenetic
reduction in chromosome size (vide Darlington 1964; Sharma 1974). Different
theories have been proposed to account for this decrease, of which the role of phosphate ions in the medium (Bennett and Rees 1967), differential spiralization with
diminution or retention ofheterochromatin (Tobgy 1943) and genotypically controlled
adaptation to cell size achieved through premature splitting of chromosome threads
prior to mitosis (Darlington 1964) deserve mention.
Later, in a series of investigations on different species of plants including Victa,
Commelina, Lens, Lathyrus, Ophiopogon and Nigella (vide Sharma 1972a), such diminution in chromosomes from diploids to polyploids was obtained, including even a
sudden change in induced tetraploids in C 1 generation following colchicine treatment.
The latter behaviour indicates the immediate response of chromosomes, in changing
their pattern to meet the needs of the altered set up. Heterochromatin has been
shown to play an active role in the alteration of chromosome size through condensation and decondensation. Species with high heterochromatin content at the diploid
level show such reduction in size, in polyploids. La Cour (1951) noted a similar
reduction of heterochromatic segments in tetraploids of Trillium tschonoskii (cf.
Takehisa 1976). This reduction is evidently an index of high degree of compaction
or inactivity of segments which otherwise remained active an the diploid level and
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conferred adaptability. The increase in gene dosage following polyploidy, which
itself confers adaptability, sets in motion the dynamic property of chromosomes to
induce condensation and inactivity of segments which become genetically redundant.

9. Dynamism as expressed by accessory chromosomes
This redundancy of heterochromatin, resulting in compaction and shortening of
chromosome size, can be extended to the behaviour of accessory chromosomes which
represent mostly a cytological embodiment of heterochromatin and show analogous
behaviour. From a detailed survey, Darlington (1964) first suggested that B chromosomes or accessories are found mostly in diploids as compared to polyploids. In
Urginea indica as well, diploid individuals possess B chromosomes whereas the polyploids do not (Sen 1974b). Even though there are reports of euchromatic B chromosomes, the majority are heterochromatic in nature (vide Mtintzing 1974; Dover 1975;
Jones 1975; Timmis et a11975). The buffering action and adaptive advantage of B
chromosomes, through their effect on recombination and other aspects of metabolism,
have been indicated. In Allium stracheyii of the Eastern Himalayas, Sharma and
Aiyangar (1961) recorded the occurrence of up to 8B chromosomes in diploids and
their complete absence in polyploid individuals of the same species. These diploid
individuals, if grown under tropical conditions, were gradually converted into polyploids with the complete elimination of B chromosomes. Induction of polyploidy
and subsequent elimination of Bs have been avoided by growing plants in artificial
environment with lower temperature, representing the Himalayan conditions (Sharma
and Aiyangar 1961). This behaviour is taken as an index that B chromosomes confer
certain adaptive advantage at the diploid level. With the onset of polyploidy, which
increases tolerance of the species through increased gene dosage, they become redundant and are eliminated. Selective destruction of DNA and regulation by chromosome elimination or heterochromatization have been observed by other authors as
well (Sager and Kitchin 1975).
The behaviour of heterochromatin is an example of the dynamic property of
chromosomes, through which alteration in size and even elimination of chromosomes are achieved to exert the regulatory control on adaptation. Another facet
of dynamic property of heterochromatin, i.e., facultative nature of certain types
and selective inactivation in males, is well established (Brown 1966; Lyon 1974; Olmo
et al 1974).

10. Dynamism in chromosome behaviour during differentiation
In the regulation and control of differentiation of organs, dynamism in chromosome
behaviour is equally clearly manifested (Pavan 1965). From this aspect, even the
sudden switchover from mitosis to meiosis in the germinal line and further reversion
to mitotic behaviour of the gametophyte nucleus are remarkable examples of dynamism. This dynamic nature of chromosomes permits recombination of characters,
at the same time maintaining the constancy of chromosome number in the hereditary
cycle. After the cessation of meristematic growth, represented by active cell division,
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differentiation of organs is initiated, with the onset of maturity, in the adult or
mature tissue, the gene action necessary for enzyme protein synthesis is at the optimum
level but the nuclei in differentiated tissue do not show active mitosis. Because of
the comparative plasticity of plant tissues, which often quickly respond to external
influences, the mechanism of differentiation and its control could be well worked out.
Endomitotic replication in differentiated tissue and a state of polyteny have been
reported by different authors (vide Huskins 1952; Geitler 1953; D'Amato 1964;
Nagl 1970a, b, c, 1975, 1976a; Tschermak-Woess 1971). Huskins and Steinitz
(1948) induced division in energic nuclei through indolyl acetic acid treatment and
recorded their polyploid constitution. Similar induction of division was also obtain,
ed in differentiated nuclei (Sharma and Mookerjea 1954) of Allium roots, through
sugar treatment. Deficiency of sugar moiety of nucleic acid was suggested tO be
responsible for polytenic state and the separation of strands was achieved by feeding
with sugar. The role of histones in spontaneous transition from mitotic to endomitotic state has been demonstrated (Nagl 1972, 1975) and experimental induction obtained through actinomycin D and histone. The presence of a specific sat-DNA, created
by DNA amplification on the polytene chromosome of suspensor, is als0 on record
and differential replication of the standard satellite in other organs has been claimed
(cf. Ingle and Timmis 1975). Division has been induced in adult nuclei by
2-4 dichloropher.oxyacetz.te (Sen 1974a), in addition to IAA, but such nuclei in differentiated region were present both in diploid and polytenic states and on induction of
division, both diploid and polyploid metaphases could be noted. It has been suggested that in such tissues, for gene action, depending on transcription, the primary objective, nuclei may remain in a diploid state without undergoing replication, as only one
strand of DNA is needed for transcription (Sharma 1973): The occurrence o f
polyteny as well, i.e., endomitotic replication of chromosome without cell division,
is an index that replication of chromosome becomes necessary when the transcribing
capacity of a single strand of DNA is either completely exhausted or more strands are
needed for transcription. This has been confirmed through 3H uridine uptake as well.
Such a method of replication meets the need of the fresh strand of DNA required for
transcription, without at the same time undergoing nuclear and cell divisions. This
unorthodox behaviour is resorted to by the chromosomes in a differentiating system,
so that the need for differentiation can be satisfied without increase in the number of
cells through its necessity for maintaining a symmetrical growth. This is a concrete
example of chromosome dynamism, where the entire behavioural pattern of
chromosomes is altered to exert genetic control on organ differentiation.
10.1. Necessity of endomitotic replication
Nagl (1976c) has listed a large number of species, both plants and animals, which
undergo such endomitotic replication. Several types Of animal and plant tissues
including trophoblasts and glands (Barlow and Sherman 1972; Gage 1974), suspensor
and endosperm (Tschermak-Woess 1971; Bennett 1973; Clutter et al 1974 and vide
Nagl 1976b), giant neurons (Lzsek and Dower 1971) show such behaviour. The
claim that endomitosis is needed for high rate of synthetic activity has, however, been
found to be not always applicz.ble (Millard and Spencer 1974). In Trigonellafoenumgraecum, in elongated cells of the root too, very high content of DNA as compared to
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that of nuclei of meristematic zone has been observed (Choudhury et al, unpublished
data). Evans and Van't Hof 0975) have, on the basis of measurements of relative
DNA values of different species, suggested that cell differentiation can occur without
polyploidy. They recorded polyploidy in sepals, pods, pistils and stamens but not
in petals of leaves of Pisum; in leaves but not in roots of Triticum and no polyploid
in Helianthus. All these data, taken in conjunction with the previous records, have
led Nagl (1976c) to suggest that increase or differential amplification of basic nuclear
DNA is often needed for differentiation and specialized function of certain cells in
eukaryotes. It may be achieved through repetitive DNA, generative polyploidy or
even by linear doubling of chromosome size through telomere replication mechanism
resulting in a single long palindrome or inverted repeats (Sparrow et a11972; Bateman
1975; Cavalier Smith 1976; Sparrow and Nauman 1976). It has been emphasized
further that increase of DNA is needed not only for macroevolution or new genetic
differentiation but decrease too is often necessary for specialization and adaptation
(Nagl 1977). A negative relationship between ' C ' value and degree of polytenization has been claimed. If there is no such mechanism of variability of DNA, DNA
endoreduplication or polyteny is an evolutionary strategy compensating for the lack
ofphylogenetic increase in nuclear DNA. To account for endomitosis, he has further
claimed that it allows uninterrupted RNA synthesis without being discontinued
through chromosomal coiling as in mitosis. In this connection, the incompatibility
between proliferation and differentiation has been pointed out (Cameron et al 1971)
as well. But a single strand of DNA is needed for transcription and chromosomes do
not require to enter into the coiling cycle if continuous differentiation is needed. On
the other hand, endomitosis, either as a result of the expiry of the transcribing life of
the DNA molecule or due to the need of extensive transcription, can explain the
occurrence of polyteny and polyploidy and RNA synthesis both in diploid and polytenic cells. Nagrs (1976) observations, in any case, on the adoption of different
evolutionary strategies by the chromosomes to meet the need of differentiation and
economical growth, are in full conformity with the concept of dynamism (Sharma
1973, 1976). Nagl's (1976) arguments, however, imply that species having phylogenetically increased nuclear DNA through polyploidy or high degree of repetition,
may not resort to endomitotic replication. This aspect is yet to be confirmed and
the extent to which continued transcription is possible through repeats is yet to be
investigated.
The absence of polyteny in certain organs and its presence in other organs of the
same individual (cf. Evans and Van't Hof 1975) need not be considered as a negative
evidence for endomitosis. The transcribing capacity of the different genes and as
such chromosome segments, is also under genetic control. There is no evidence to
show that all the DNA cistrons of a genome should have the same transcribing capacity. In that case, endoreplication would be necessary in cases where the transcribing
capacity is very limited and unnecessary in cases where the transcribing capacity is
such that it can cover the entire differentiation of the tissue concerned. This genetic
control can explain the absence and occurrence of polyteny in different organs.
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11. Dynamism in chromosome behaviour during reproduction
Differential chromosome behaviour is also marked in species where the principal
method of reproduction is asexual. In such species of common occurrence in plants,
represented by several lilies, amaryllids, aroids and other families of monocotyledons,
the absence of a regular sexual method of reproduction and fertilization limits the
chances of new combinations and variability. On the other hand, these species are
continually producing new genotypes and cultivars, indicating that they have developed alternative methods of generating variability. Taking the clue from the initial
observations on Caladium bicolor (Sharma and Das 1954), where inconstancy in the
chromosome complement was noted in the somatic tissue, it was confirmed from a
series of publications (Mookerjea 1955a, b, 1956; Sharma and Bhattacharyya 1956;
Sharma and Bal 1956; Bhattacharyya 1957; Bhattacharyya 1968; Sanyal and Sharma
1972; vide Sharma 1974, Noda 1975) that in such asexually reproducing species, the
somatic tissue represents a mosaic of chromosome complements in which the normal
complement occurs in the maximum frequency (vide Sharma and Sharma 1956, 1959).
This regular occurrence of inconstancy in the chromosome complement plays a
significant role in the origin of new genotypes through their participation in the formation of new daughter shoots as embodied in a new concept of speciation (Sharma
1956). Definite evidences of their role in the origin of new genotypes were brought
forward in different species including Agave, where an abnormal complement in the
variety was shown to be normal for another one, the latter originating from the bulbils
of the former (Sharma and Bhattacharyya 1962). In cases where vegetative reproduction is not obligatory, the aberrant cells do not enter into the germinal line, being
left out through selection. The origin of the variability was traced through nondisjunction, somatic reduction and partial endomitosis as well (Sharma and Ghosh
1954). Their regular occurrence indicates a genotypic control of their apparently
abnormal behaviour to facilitate a large scale bud mutation. In fungi, similar genetic
control of chromosomal instability has been recorded (Parag and Roper 1975). This
unusual chromosome behaviour endows the species with an efficient mechanism of
securing variability and new genotypes without undergoing the complications of
sexual reproduction and fertilization. The alteration of behaviour is thus a reflection
of the dynamic property of chromosomes allowing them to follow a different pattern
to meet the need of speciation, consequent to the loss of capacity for sexual reproduction. Similar chromosomal variation within an individual has been reported in
asexual fresh water planarians (Oki and Tomura 1975), which has been correlated
with their method of reproduction.

11.1. DNA balance in vegetatively reproducing species
A problem, originally posed when this theory was suggested, involves the nuclear
DNA content which is normally maintained at a constant level in active cells of an
organ. In such individuals, such a balance is bound to be upset due to the chromosome mosaicism. It was presumed (Sharma 1956) that the balance is possibly maintained in such specialized cases in the tissue taken as a whole, rather than between
individual cells. An increase in chromosome number in one cell is compensated by
the other, so that the total quantity remains the same.
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Recently, microphotometric analysis has been carried out on the DNA content of
chromosomes of somatic cells of a number of species (Sharma 1976, 1977) which
show such variability in chromosome complement. One such case on Crinum asiaticum may be cited where variability is rather common (Sharma and Bhattacharyya
1956). The data were scored from different individuals of the same variety on identical root meristems of the same age. The variability of the chromosome number was
found to be very high and the consequent range of absorption percentage was 24-42,
21-42, 27-41, 24-42 in four such individuals respectively. The corresponding extinction ranges showed a similar wide fluctuation. On the other hand, the total and mean
absorbances showed a statistically insignificant level of variance ranging between
443-452 and 31.60 to 32.22, respectively, indicating an overall constancy of the amount
of D N A in the tissue. Similar constancy has been noted in other asexually reproducing species as well. Therefore, in spite of the variability in chromosome number, the
DNA content of the tissue taken as a whole in such asexually reproducing species
does not show significant variation in different individuals. This confirms the assumption made earlier (Sharma 1956) that in these species, the balance of nuclear DNA in
meristematic cells is maintained in the tissue rather than in individual cells. Confirmation of this behaviour is also being sought through isolation of DNA. Kraemer
et al 0972) have shown that though heteroploid cells are characterized by variability
in chromosome number, cytogenetic, cytophotometric and flow microfluorometric
data indicate an overall constancy in DNA amount. Thus, the dynamic property of
chromosome has set out a pattern in which variability is generated through an unusual
behaviour, without upsetting the nucleic acid balance--a vital necessity for growth.
This behavioural change had to be adopted by the chromosomes to meet the needs
of speciation in absence of sexual recombination.
12. Conclnsion

The above rdsumd indicates the marked developments since the promulgation of the
chromosome theory of heredity, which have amplified and modified it further through
varied lines of approach. The data have no doubt strengthened the concept of the
supreme control of chromosomes on all aspects of metabolism in a highly differentiated eukaryotic system. The chromosome has emerged as the highest complex
organic molecule that can be conceived of. In this gigantic molecular set up functional differentiation is clearly delimited. Replication, an essential property of the
chromosomes, is controlled by certain genes in this set up (vide Taylor 1974; Edenberg
and Huberman 1975). The same is true for cell division (vide Lozzio et al 1975).
Similarly, transcription responsible for all heterocatalytic action is again under the
control of certain genes in the same set up (vide Biswas et al 1974). Mutability and
recombination, which are responsible for generating variability (Riley 1960; de Wet
and Harlan 1972; Ho and Kasha 1975; Goluvskaya and Mashenkov 1976), are also
under the control of certain genes. In other words, the chromosome serves as an
outstanding example of extremely complex living set up where the constituent units
themselves control their own functioning and their own metabolism and even their
own reproduction.
In order to exert this control, the property of changing the structural pattern of
chromosomes, both physical and chemical, while maintaining the stability of the
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genetic material had to be achieved. Simultaneously, a flexibility, allowing alteration in
their behaviour to meet the demands o f sequential growth, development and reproduction in eukaryotic systems became inevitable. This emergence o f complexity on
the one hand, and dynamism in structure and behaviour on the other, have been the
principal features o f evolution o f chromosomes f r o m lower to higher forms o f life
(Sharma 1976).
This very dynamic property a l l o w s the chromosomes to undergo variations in
their behaviour and s t r u c t u r e - - b o t h physical and chemical, in different organs, in
nuclei at different stages of differentiation, both meristematic and adult, and under
varied conditions o f r e p r o d u c t i o n - - b o t h sexual and asexual. This inherent plasticity
is responsible for the tolerance of chromosomes to genetic engineering, viable
reshuffling o f chromosome segments and adaptation to altered e n v i r o n m e n t - - b o t h
intra and extracellular. The optimism expressed in recent years of the possibility of
the insertion of chromosomes or genes in the cell and getting the inserted genetic
material adapted to the cellular control system depends entirely on the exploitation
of this dynamic and flexible property o f chromosomes, through further refinements o f molecular and cellular methodology.
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