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Early genetic studies with Drosophila revealed similar
mutant phenotypes for many X-linked genes, in males with
one and in females with two copies of the mutant allele
following the XY/XX mode of sex determination. These
observations led to evocation of the phenomenon of dosage
compensation. By the 1960s, contrasting theories were
advanced by H. J. Muller and R. B. Goldschmidt to explain
the equalized expression of many X-linked genes despite
their dosage difference in male and female ﬂies. Evidence
from genetic studies led Muller to propose existence of many
modiﬁers whose action on individual X-linked genes resulted, through a ‘piecemeal’ regulation, in equalized expression of the dosage compensated X-linked genes, while
Goldschmidt believed that invocation of multiple modiﬁers
or compensators was unnecessary since dosage compensation was a direct outcome of the sex-speciﬁc physiologies of
male and female ﬂies. Muller did not agree with some
cytological studies that suggested that the single X-chromosome in male cells works twice as hard as each of the two
X-chromosomes in female cells (hyperactive male X model),
but preferred partial repression of each X-chromosome in
female ﬂies. This historical perspective relates these divergent theories with my own doctoral work in A. S. Mukherjee’s laboratory at Calcutta University, which, while ruling
out Golschmidt’s sex-physiology theory, established cellautonomous regulation of the earlier proposed hyperactivity
of the single X in male Drosophila in a piecemeal manner.

On the sidelines, the reminiscences also bring out pains and
pleasures experienced during doctoral studies.

Introduction
Early ﬂy geneticists noted that many mutant alleles of
X-linked genes, which did not affect sex determination or
did not have sex-speciﬁc germline functions in Drosophila,
exhibited similar phenotypes in males and females in spite of
they having one and two copies of X-chromosomes,
respectively. This phenomenon of dosage compensation was
ﬁrst alluded to by C. Stern (Stern 1929), although the term
was coined by H. J. Muller in 1931 in his address at the 6th
International Congress of Genetics (Muller 1932). Further
extensive genetic studies, mostly by Muller, on this phenomenon (Muller 1950) led him to suggest presence of
multiple compensators/modiﬁers to equalize expression of
such X-linked genes in the two sexes. Another inﬂuential
geneticist of those times, Richard B. Goldschmidt, however,
had different views and consequently, the mechanism
underlying this equalized expression remained a major issue
for disagreement among ‘different philosophies of genetics’,
as termed by Goldschmidt in his presidential address at the
9th International Congress of Genetics held in August 1953
(Goldschmidt 1954). A. S. Mukherjee and W. Beermann,
using polytene chromosomes and metabolic labelling of
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newly synthesized RNA with 3H-uridine followed by cellular autoradiography to quantify the rate of RNA synthesis,
suggested that the single X-chromosome in male polytene
nuclei synthesizes as much RNA per unit time as the two
X-chromosomes together in female cells (Mukherjee and
Beermann 1965). Hyperactivity of the single X as the basis
for dosage compensation in Drosophila was, however,
questioned by Muller (Muller and Kaplan 1966).
In this personal historical perspective, I wish to narrate my
understanding of dosage compensation in the 1960s and how
my doctoral studies carried out in A. S. Mukherjee’s new
laboratory at Calcutta University in late 1960s contributed to
establishment of the hyperactive male-X model of dosage
compensation in Drosophila and its cellular autonomy,
independent of sex-physiology of the individual. Besides the
personal narrative of research, my reminiscences of some
related events are provided as electronic supplementary
material to highlight pains and pleasures that accompany
research.

My shift from research on a myxosporidian parasite
to study dosage compensation in the Drosophila
model
As a student of the two-year M.Sc. in zoology and comparative anatomy at the University of Calcutta (Kolkata,
India) between 1964 and 1966, I opted for a special paper in
parasitology because of my childhood interest in research in
human health related issues. The curriculum required a
research project to be carried out during the ﬁnal year. I
joined the protozoology laboratory and undertook a project
on cytochemical studies on a syncytial myxosporidian,
Zschokkella auerbachi, that parasitized gall bladder of the
common toad (Bufo melanostictus). This single-celled parasite is unusual since its syncytial nature makes it visible to
naked eyes in an infected toad’s gall bladder. An exciting
outcome of this study was the presence of signiﬁcant extranuclear DNA in its spores, as revealed by Feulgen staining
which is the classical method for speciﬁc cytochemical
staining of DNA (Lakhotia and Chakravarty 1968). During
the same year, we were being taught genetics by A.
S. Mukherjee, a new young faculty who joined the department in 1965 as a lecturer. His remarkable lectures made us
aware of the recent and very exciting discoveries about
DNA, genetic code, transcription and translation. In view of
what we learnt about the DNA through these lectures, I was
intrigued with my ﬁnding of extra-nuclear DNA in spores of
Z. auerbachi. Consequently, after completing the M.Sc.
examinations, which were delayed by almost one year, I
approached Dr A. S. Mukherjee around mid-1967 and
requested him to guide me for Ph.D. work on the extranuclear DNA that I had observed in spores of Zschokkella.
He candidly expressed his inability to do so because of his
lack of any experience with protozoans. However,

considering my curiosity and enthusiasm, he was happy to
train me in genetics using the Drosophila model, and with
that experience, I could later work with this parasite. Thus, I
joined his lab for Ph.D. in July/August 1967. This experience was so engrossing that ever since I have remained
hooked to the ﬂy model without revisiting Zschokkella
during the more than ﬁve decades of my research career.
Apparently, no one else either had worked on this organism,
leaving it open if my ﬁnding of extra-nuclear DNA was an
artifact or a reality! Yet, this observation was a key to give a
completely new direction to my research interests.
After joining the University of Calcutta in 1965, the
young and energetic Mukherjee revived the cytogenetics lab,
which was established at the instance of J. B. S. Haldane in
mid 1950s by S. P. Ray-Chaudhuri, a Ph.D. student of H.
J. Muller (Mandal 2011). This lab, however, was not in
active use after Ray-Chaudhuri left Calcutta University in
1960 to join the Zoology Department of the Banaras Hindu
University as Professor and Head. Mukherjee initiated
research on two very different aspects: one was to understand the developmental roles of genes involved in pattern
formation leading to formation of sex-comb and other bristles in the legs of D. melanogaster ﬂies; and the other was
related to dosage compensation of the X-chromosomal genes
in Drosophila. The ﬁrst set of questions stemmed from his
own doctoral research in developmental genetics under Curt
Stern at University of California (Berkeley, USA). Stern had
carried out his Ph.D. under R. B. Goldschmidt, and had been
a post-doc in Morgan’s ‘ﬂy lab’ before setting up his own
laboratory. Stern, a well-established ﬂy as well as human
geneticist, was the earliest geneticist in 1929 to think about
dosage compensation in Drosophila. Mukherjee’s interest in
dosage compensation may have been catalyzed during his
association with Stern, and this may have led him to join,
after completion of his Ph.D., Wolfgang Beermann’s lab at
Max-Planck Institute (Tübingen, Germany) as a post-doc.
Beermann, a Ph.D. under Hans Bauer, led a very strong
school of researchers working on pufﬁng and gene expression in polytene chromosomes of Chironomus and Drosophila. Mukherjee’s work in Beermann’s lab led to the
‘hyperactive-male X’ model for achieving dosage compensation of X-linked genes in Drosophila (Mukherjee and
Beermann 1965).
The choice for my research topic between these two areas
was left with me. To help me in the decision, Mukherjee
provided several of his own and other research papers in
both these areas. Although the university library hardly
subscribed any journal of interest to students of genetics,
Mukherjee had carried with him a good collection of hardcopy reprints and books. Thus, we could read many papers
in the laboratory itself (see electronic supplementary material). Another source of getting useful information about new
developments in ﬂy research were the annual issues of
Drosophila Information Service (DIS) that was started in
1934 as a mode of informal communication about stocks,
new mutants, new methods and research ﬁndings between
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ﬂy researchers across the globe. For more than 85 years, the
DIS has continued as an equivalent of the contemporary preprint archives.
After reading the papers given to me by Mukherjee, and
other papers that I could lay hands on in his collection and
from libraries in Calcutta, I decided to work on dosage
compensation, with studies primarily directed to further
examine the then new hypothesis that hyperactivity of the
single X in male is responsible for dosage compensation in
Drosophila. Besides this topic appearing to be more challenging, the other factor was my fascination for polytene
chromosomes of Drosophila that I developed during laboratory work as a post-graduate student. It was exciting to
realize that one can ‘see’ genes in action in these giant
chromosomes.

Different and contrasting theories to explain dosage
compensation in Drosophila in mid-1960s
A good reading of the available seminal papers on dosage
compensation triggered the experimental studies that I subsequently undertook. The most inﬂuential was Mukherjee
and Beermann’s paper (Mukherjee and Beermann 1965) in
which they used cellular autoradiography (see electronic
supplementary material) of squashed polytene chromosomes
to assess the rates of RNA synthesis on speciﬁc regions of
X-chromosome and an autosome in polytene nuclei. Their
results indicated that the rate of RNA synthesis on the single
X-chromosome in male polytene cells was nearly equal to
the combined rate of the two X-chromosomes in female
cells. An earlier study (Dobzhansky 1956) had shown that
the single X-chromosome in male polytene nuclei appeared
pale-stained and enlarged to attain nearly the same width as
the two paired X-chromosomes together in female polytene
nuclei. Keeping this in view, Mukherjee and Beermann
suggested the ‘hyperactive male-X’ model as the basis for
dosage compensation in Drosophila. This was in contrast to
the then recently proposed (Lyon 1961) X-inactivation
model of dosage compensation in mammals according to
which one of the two X-chromosomes in somatic cells of
females was heterochromatinized and thus genetically
inactive.
The second important paper was a review-cum-research
paper by Muller and Kaplan (Muller and Kaplan 1966)
which discussed the earlier genetic work, mostly carried out
by H. J. Muller (Muller 1932, 1950). He considered dosage
compensation to be an example of precision of genetic
adaptation leading to ‘a decidedly ‘‘piecemeal’’ interpretation
of its operation and evolution, according to which most
genes in the X, and sometimes even different phases of the
action of the same gene, have their own system of separately
evolved, scattered compensators’. The term ‘piecemeal’ was
used to contrast with the Lyon’s X-inactivation hypothesis
where, to quote the authors (Muller and Kaplan 1966), ‘the
X chromosome and that joined with it are subject to an
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inﬂuence diffusing along them and thus acting ‘‘wholesale’’,
rather than ‘‘piecemeal’’.’
Something that amused me in Muller and Kaplan’s paper
was a clear deﬁnition of each author’s contributions. The
current common practice of identifying each author’s contribution in a multi-author paper was rare in those days. In
this paper, the following statement was placed in the middle
of the text, at the end of section 3: ‘It was therefore decided
that a cytological investigation of a special kind should be
conducted by the junior author on the salivary chromosomes
of D. melanogaster males, and that the subject in general
should be restudied by the senior author’. To me this
reﬂected Muller’s sense of his authority.
Muller and Kaplan discussed at length and with complex
arguments about width, volume and surface area of the
squashed polytene chromosomes and rejected the inference
in earlier reports that the single X-chromosome in male
polytene cells was as wide as the two X-chromosomes
together in female cells which suggested that the ‘single X
works apparently twice as hard as it does with each of the
two X’s in the female’ (Dobzhansky 1956). To counter this
proposal, Muller and Kaplan examined cytology of a number of strains of D. melanogaster in which varying lengths of
X-chromosome were translocated onto the tiny 4th chromosome to compare the widths of the translocated segments
of X chromosome in male and female polytene cells with
that of the 4th chromosome and concluded that the translocated segments of X in male cells were pale stained but not
as wide as the paired 4th chromosome. A primary reason for
Muller’s disagreement with the earlier claims of enlarged
width of the X-chromosomes in male cells was: ‘For then the
mechanism of compensation in Drosophila might appear, at
ﬁrst sight at least, to be like that in mammals in principle,
even though reverse in its details. For it might be thought to
work by means of an inﬂuence emanating from one or a few
genetic sources but exerted on all or a large part of an X
chromosome at once’. Muller seems to have believed that if
the X-chromosome in male cells was inﬂated as a whole, it
would require a common control, analogous to the then
newly discovered X-inactivation centre (Xic) that controls
the X-inactivation in female mammals; such a control would
not be compatible with Muller’s strong evidence for existence of multiple compensator genes. What I understood
from the not so easy to read Muller and Kaplan’s paper was
that the claims of enlarged width of the single X-chromosome in polytene cells and its implied hyperactivity were
mis-interpretations and that dosage compensation in Drosophila may also operate through partial repression of
activity of each copy of the X-linked genes in female cells
through independent compensatory regulation (‘piecemeal’)
of individual X-linked genes (also see Lucchesi 1973).
It was intriguing that Muller and Kaplan’s paper, received
by the Genetical Research, Cambridge on 20 December
1965, did not refer to Mukherjee and Beermann’s paper
published in 14 August 1965 issue of Nature. Possibly, the
long travel time taken by hard copies of journals and
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manuscripts to reach via the postal service in those days may
have been the reason for them to miss the Mukherjee and
Beermann’s paper. I was looking forward to read Muller’s
reaction to Mukherjee and Beermann’s proposal in his later
publications. However, unfortunately H. J. Muller passed
away in April 1967.
Another paper with great impact on my work was R.
B. Goldschmidt’s presidential address at the 9th International
Congress of Genetics (1953), published in Science in 1954,
which was characteristically titled ‘Different philosophies of
genetics’ to contrast the ‘statistical, or static, point of view’
and ‘the physiological, or dynamic, point of view’ of
genetics. The former was championed largely by MorganMuller school and the other by himself, who (Goldschmidt
1954) compared them as follows: ‘The statistical basic philosophy tries to interpret every generalized set of facts by the
introduction of more and more units for statistical treatment’,
while the physiological or dynamic approach ‘tries ﬁrst to
understand general phenomena in terms of genic action and
developmental systems with all their consequences of
interaction, embryonic regulation, and integration... It prefers to ﬁnd out how far explanations based upon the
dynamics of the organism and its development under genic
control will go’. A major theme in Goldschmidt’s presidential address was dosage compensation mechanism. He
did not like the invocation of multiple modiﬁer genes proposed by Muller (1950) but preferred a physiological
explanation for dosage compensation since the males and
females would differ in their physiology (e.g., sex hormones) from the beginning of their development and thus
needed no additional regulatory circuits.
Perhaps, Muller did not consider the ‘other philosophy of
genetics’ worthy of any consideration since R. B. Goldschmidt’s name is not even mentioned in Muller and
Kaplan’s long 1966 paper!
I greatly enjoyed reading two other papers (Stern 1960;
Schultz 1965), both of which were based on delivered lectures. Besides the discussions on dosage compensation
mechanisms, these articles provided broad background about
the then understanding of genes and chromatin, and their
roles in development and differentiation. Both the authors in
general agreed with Muller’s invocation of existence of
many dosage compensation modiﬁers to cause equalized
expression of most X-linked genes in Drosophila but
favoured the idea that single copies of X-linked genes in
males ‘worked harder’ to achieve dosage compensation.
Stern’s paper, as indicated by its title, traced history of this
concept. This paper also provided insight about Goldschmidt’s personality, with whom he had worked. Stern
narrated an interesting experience with Goldschmidt about
his 1929 paper (Stern 1929), where Stern proposed an
evolutionary hypothesis to explain dosage compensation of
X-linked mutants and criticized Goldschmidt’s physiological
explanation. He (Stern 1960) stated: ‘This theory of dosage
compensation by genic balance ran counter to Goldschmidt’s
way of thinking with its emphasis on males and females as

basically different developmental systems. I submitted the
manuscript to him as the editor of Biologischcs Zentralblatt.
His response, the following day, was characteristic; candid in
giving his judgment, and generous in his action: ‘‘The difference between us is this; I have read your views, understand them and reject them. You read my views, did not
understand them and reject them. Your paper will appear in
the May issue’’.’ This response of Goldschmidt as an editor
has remained an important guideline when later I had the
responsibilities of reviewer and/or editor.
The lecture by J. Schultz at the Brookhaven Symposia in
Biology in 1964 (Schultz 1966) covered a wide range of
issues about the then understanding of genes, development
and differentiation. Besides the paper by Schultz, I could
also read other papers presented at this meeting since a
hard copy of its proceedings was available in the laboratory
(a soft copy of this book is now available at https://www.
osti.gov/servlets/purl/4577625). Since the theme of this
meeting was ‘Genetic control of differentiation’, these
articles provided a broad understanding of the then prevailing views about genes, their organization in nuclei,
their regulation and expression in diverse organisms. It was
interesting to note that unlike the 1966 paper of Muller and
Kaplan, the Schultz (1966) paper not only referred to but
also supported Mukherjee and Beermann’s (1965) model of
hyperactivity of the single X in male Drosophila. Reading
the papers of Curt Stern (Stern 1960) and J. Schultz
(Schultz 1965) was pleasure because of their lucid presentations, very different from Muller’s or Goldschmidt’s
writings.
Thus I started my doctoral research in the late 1967, with a
view to resolve the then existing major controversies about
the mechanism of dosage compensation in Drosophila.
Muller (1950) and others (Stern 1960) proposed existence of
many modiﬁers on X-chromosome and autosomes that regulated dosage compensation in a ‘piecemeal’ manner
(Muller and Kaplan 1966). On the other hand, Goldschmidt
(Goldschmidt 1954) considered the presumed modiﬁers
unnecessary since according to him differences in physiologies of male and female ﬂies were directly responsible for
dosage compensation. Goldschmidt’s model was also supported by a study (Komma 1966) on activity of the G-6-PD
enzyme in transformed males (tra homozygous XX individuals), although a later study (Seecof et al. 1969), which
also measured enzyme activities, did not support Goldschmidt’s or Komma’s views. A third view (Dobzhansky
1956; Mukherjee and Beermann 1965), which was, as discussed above, not agreed to by Muller, was that the single
X-chromosome in male polytene cells was more ‘open’
(indicated by its enlarged width) and transcribing at nearly
twice the rate seen in each X-chromosome in female cells
(the ‘hyperactive male-X’ hypothesis). An under-current in
Muller and Kaplan’s paper (Muller and Kaplan 1966) was
that each of the X-linked gene was more likely to be
repressed in female to be equal to the expression levels in
males, a view also supported later by Seecof et al. (1969).

Dosage compensation in Drosophila in the 1960s

The single X-chromosome in polytene cells of male
Drosophila is enlarged and hyper-transcribing
My ﬁrst set of studies, suggested by my supervisor, was to
counter Muller and Kaplan’s (Muller and Kaplan 1966)
argument that the male X was not enlarged. Accordingly, I
started measuring widths of X-chromosome and reference
autosome in squash preparations of wild-type male and
female larval salivary glands. This relatively simple experimental approach, however, involved substantial manual
work. After drawing the chromosome outlines using a camera
lucida attachment to the microscope (see ﬁgure 3 in
Mukherjee et al. 1968), widths of several bands (avoiding
puffs and constrictions) on X and left arm of chromosome 3
(3L) were manually measured using a vernier attached slide
caliper. Finally, the mean (±S.E.) width of each chromosome, and the mean (±S.E.) ratios of widths of X and 3L in at
least 30 nuclei from male and female larvae were manually
computed and compared for statistical signiﬁcance. Needless
to say, an image analysis software was not imagined in those
computer-free days, and likewise, in the absence of even a
simple calculator in our laboratory, all the calculations were
carried out manually. These measurements on relative widths
of squashed chromosomes, which were presented at an
international meeting held at the Calcutta University in 1968
(Mukherjee et al. 1968) clearly showed that the X-chromosome in male polytene cells was indeed enlarged.
The next set of experiments was based on our hypothesis
that inhibition of transcription would reverse the more
‘open’ state of the male X-chromosome so that it would
become thinner than the usual. Two approaches were used to
test this hypothesis. There were some reports (Dendy 1964;
Zimmermann et al. 1964) that X-irradiation inhibited transcription. Therefore, I used an old X-ray machine available
in the lab (obtained earlier by S. P. Ray-Chaudhuri in late
1950s for his radiation mutagenesis experiments) to deliver
high dosages (500R to 5000R) of X-rays to wild-type male
and female larvae and measure the widths of chromosomes
in squash preparations from them. The data on widths of
X-chromosome and autosomes in male and female polytene
nuclei from D. melanogaster larvae clearly showed that
X-irradiation caused signiﬁcant reduction in relative width
of the X-chromosome only in male nuclei (Mukherjee et al.
1968; Lakhotia and Mukherjee 1972a, b). Besides the
X-irradiation, I thought of using a speciﬁc chemical inhibitor
of transcription. Actinomycin D was a common inhibitor of
transcription at that time and was reported to primarily
inhibit the nucleolar transcription, with its higher concentration also inhibiting chromosomal transcription (Perry and
Kelley 1968). Therefore, despite my supervisor’s suggestion,
I was not in favour of using this inhibitor since I argued that
higher concentrations of actinomycin D may fail to produce
differential effects on transcription on autosomes and the
male X. The a-amanitine, currently common RNA pol II
inhibitor, was not well known at that time. In the absence of
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any indexing service in those days, a search for other inhibitors of chromosomal transcription required going through
hard-copy journals available in different libraries in the city.
This effort suggested two potential candidates: one was 5,6dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB) and
the other was benzamide. We selected benzamide primarily
because DRB was very expensive while benzamide was of
low-cost, which suited our lab’s small budget. My ﬁrst lead
to benzamide came from a paper (Jacob et al. 1964) published in the proceedings of an international symposium held
at the then Regional Research Laboratory (now the Centre
for Cellular and Molecular Biology) at Hyderabad (India);
this report led to another paper (Sirlin and Jacob 1964)
which had shown that benzamide inhibited chromosomal
transcription in polytene nuclei in another dipteran, Smittia.
After having successfully mastered the art of autoradiography
following a long struggle (see electronic supplementary material), I carried out 3H-uridine pulse labelling of salivary glands
followed by squashing and autoradiography to check if reduction in width of the male X-chromosome following X-irradiation or benzamide was associated with a relatively reduced rate
of transcription by the single X-chromosome in male nuclei. As
expected, the treatment of salivary glands with X-rays or benzamide, both of which caused reduction in male X-chromosome’s width, also had a more pronounced effect on its
transcription (Lakhotia 1970b; Lakhotia and Mukherjee 1972a).
These studies thus established that, contrary to Muller and
Kaplan’s assertions, the single X in larval male salivary
glands indeed had an enlarged width. The selective reduction
in width and the rate of transcription of the male X-chromosome following exposure to RNA synthesis inhibitors
was also not compatible with the possibility of dosage
compensation being achieved through partial repression of
X-chromosomal genes in females as was implied by Muller
and Kaplan (1968) and later by Seecof et al. (1969).
An unrelated but a more signiﬁcant outcome of the benzamide experiment was my serendipitous observation that while
the general chromosomal transcription was largely inhibited
by the brief benzamide treatment, the 93D puff on right arm of
chromosome 3 (3R) in these salivary glands was transcribing
at a much higher rate than in control sister glands. While following this exciting observation as an independent investigator, we later found the benzamide induced 93D puff to be
one of the ﬁrst identiﬁed noncoding RNA gene (Lakhotia and
Mukherjee 1982). This long noncoding RNA gene, later
named as the hsrx (heat shock RNA omega), has remained my
life-time study object (Lakhotia 2011; Lakhotia et al. 2020).
Serendipity indeed pays rich dividends.

The single X-chromosome in other polytene cell
types also displays enlarged width
Cytologically analysable polytene chromosomes in D.
melanogaster are normally present only in salivary glands
of late 3rd instar larvae. The other tissues like the
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Malpighian tubules, which also become polytenic, are
unsuitable for cytological studies since these cells undergo
fewer endoreplication cycles and thus display very thin and
small chromosomes. Reading a note (Anders and Anders
1964) in DIS that growing Drosophila larvae on food with
additional glutamic acid leads to thicker polytene chromosomes in larval salivary glands due to enhanced polyteny, I wondered if the polyteny in larval Malpighian
tubules would also be enhanced by the dietary glutamic
acid. Likewise, feeding Drosophila larvae on benzamide
supplemented food was reported (Abd-El-Wahab 1959) to
delay pupation. Therefore, I examined chromosomes in
Malpighian tubules after feeding wild-type larvae on food
supplemented with either 1.5% glutamic acid, grown at
24°C or at 12–15°C or 2% benzamide and reared at the
usual 24°C. In all cases, the pupation was substantially
delayed. Larvae grown on the glutamic acid supplemented
food and reared at 24°C showed thicker chromosomes in
salivary glands (ﬁgure 1, a&b) as reported earlier (Anders
and Anders 1964). Interestingly, however, the single
X-chromosome in salivary glands of male larvae
(ﬁgure 1b), but not the X-chromosomes in females
(ﬁgure 1a), appeared hyper-swollen. As was expected, the
Malpighian tubules from these larvae also showed much
better polytene chromosomes (ﬁgure 1, c&d) than seen in
larvae reared on normal food. Although these were still far
from the crisply banded chromosomes seen in salivary
glands, the single X-chromosome in male Malpighian
tubules could be identiﬁed, which appeared distinctly
lightly stained and enlarged (ﬁgure 1d). It was clear that
the chromatin organization in the single X-chromosome in
male nuclei was distinctly different and that this property
was not unique to the most commonly studied polytene
chromosomes from salivary glands but existed in other
polytene tissues like the Malpighian tubules. Since these
observations were not followed further, they were not
published and thus remained conﬁned to my Ph.D. thesis
(Lakhotia 1970b).
Around the same time, another Ph.D. student in the laboratory, S. N. Chatterjee, found that the single X and its
individual puff sites were hyperactive in male polytene
nuclei of D. hydei and D. pseudoobscura as well (Mukherjee
et al. 1968; Chatterjee and Mukherjee 1971, 1973;
Mukherjee and Chatterjee 1975). I also examined transcriptional activities of the X-chromosome in male and
female polytene nuclei of D. kikkawai and D. bipectinata, in
view of the evolutionarily rearranged X-chromosomes in
these two species (Patterson and Stone 1952). The evolutionary loss of the centric heterochromatin in kikkawai
X-chromosome or the pericentric inversion in X-chromosome of bipectinata did not affect hyperactivity of the single
X in males of these species (Lakhotia and Mukherjee 1972b)
Together, these studies established that Muller’s disagreement with the enlarged width of the single X-chromosome in male nuclei and its hyperactivity to achieve
dosage compensation was unfounded.

A dream comes true: hyperactivity of the single
X-chromosome in male is cell autonomous and
independent of sex-physiology
I was not comfortable with Goldschmidt’s proposition that
differences in physiology of males and females by themselves lead to dosage compensation of X-linked genes.
Likewise, I did not agree with Muller and Kaplan’s idea that
genes on each of the two X chromosomes in females were
rather partially suppressed by speciﬁc modiﬁer genes to
achieve dosage compensation. However, the kind of experiments that could resolve the role of sex-physiology and
relative repression in female cells remained unclear. One of
my senior Ph.D. students in the lab was working on the
regulation of development of sex-combs of the ﬁrst leg in
Drosophila males and was using the unstable ring X which
had the unique property of being randomly lost from some
cells during development in a female (XX) embryo so that
patches of tissue would become male as now they had only
one X-chromosome. Thus, I became aware of the unusual
property of this unstable ring X chromosome, which had
been used in several earlier studies in Drosophila to generate
gynandric ﬂies.
Sometimes late in 1968 or early 1969, like a ﬂash of an
idea, I had a dream in which I generated gynandric salivary
glands using the unstable ring X, and examined the transcriptional status of the single X-chromosome in rare male
cells in these mosaic salivary glands present in an otherwise
female larva with normal ovaries; results of the experiment
in the dream indicated that the single X in rare XO nuclei in
female larvae was hyperactive. I was very excited since this
dream revealed a good experiment that would enable
addressing Goldschmidt’s idea. The next morning, I discussed this work plan with my supervisor. He too was
excited and encouraged me to start the crosses without delay.
These experiments required crossing the unstable ring X
carrying heterozygous females with normal males and dissecting out the salivary glands from the progeny larvae,
which were ensured to carry the ring X chromosome by
phenotypes of their mouth hooks and Malpighian tubules,
and to be female by the presence of both ovaries. The
excised pair of salivary glands from each larva was separately pulse (10 min) labelled with 3H-uridine prior to
squashing. In the absence of any detectable phenotype to
distinguish salivary glands that were gynandric or otherwise,
each of the squash preparation slide carrying polytene
chromosome spreads form one individual larva required to
be carefully scanned under microscope to see if any nucleus
with only one X-chromosome was present. The XX and XO
polytene nuclei could be unambiguously distinguished since
the former carried a normal ‘rod’ X-chromosome partially
paired with its homologue that had a unique ring-like disposition, while the XO nuclei were without the ring X
chromosome (ﬁgure 2). Obviously, not all salivary glands
were gynandric and thus many squash preparations had to be
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Figure 1. Morphology of X-chromosome in salivary glands (a, b) and Malpighian tubules (c, d) of wild type female (a, c) and male (b, d)
larvae reared on 1.5% glutamic acid supplemented food and reared at 24°C (a, b) or at 12–15°C (c, d). Images adapted from Lakhotia
(Lakhotia 1970b).

discarded and only those slides that showed the presence of
one or more XO nucleus/nuclei (i.e., without the ring X),
besides the XX nuclei, were selected for autoradiography. To
ensure that the ﬁnal autoradiographic preparation would also
include nuclei that may be sticking onto the ﬂipped off
coverslip, it was permanently mounted upside down, adjacent to the original squash area on the respective slide.

Within the next 2–3 months, I had enough data to unambiguously show that even one single male (XO) cell in
*120 cell-containing salivary gland from a female (XX)
larva displayed the characteristic enlarged width and higher
rate of transcription, as in a typical male larva.
The presence of ring and rod X-chromosomes in female
nuclei also permitted comparison of long stretches of
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Figure 2. Morphology of X-chromosomes in a gynandric salivary gland with 8% XO and 92% XX nuclei (Lakhotia and Mukherjee 1969).
(a) a low magniﬁcation image of adjacent XO (b) and XX (c) nuclei, which are shown at higher magniﬁcation in (b) and (c), respectively.
Xm indicates the single X in the XO nucleus; Xri and Xro indicate the unstable ring and rod X-chromosomes, respectively; XX indicates the
synapsed X chromosome region. The rod X-chromosome in this larva carried In(1)dl-49 inversion. Images adapted from Lakhotia
(Lakhotia 1970b).

synapsed and asynapsed X-chromosomes (ﬁgure 2) for their
relative widths, and thus, fulﬁlled Muller and Kaplan’s
(1966) immediate need ‘for actual measurements on long
portions of the double X that have remained unsynapsed, for
comparison with corresponding portions of both single and
double X chromosomes.
We quickly wrote the paper and sent it to Genetical
Research in early May 1969, the same journal in which
Muller and Kaplan had published their article three years
ago. To our great delight, the paper was accepted without
requiring any revision and published later in 1969 (Lakhotia
and Mukherjee 1969). With this paper, we started a new
series of research papers on ‘Chromosomal basis of dosage
compensation’, which Mukherjee’s lab continued for many
subsequent years.
We concluded that ‘individual sets of dosage compensators operating upon individual X-linked genes cause them
to be hyperactive in the male and that in totality this
hyperactivity ﬁnds its expression in the increased width and
enhanced rate of RNA synthesis by the X-chromosome in
larval salivary glands of male Drosophila’, and ‘hyperactivity of the single male X in Drosophila is not dependent on
the sex-physiology of the individual. If the sex-physiology
had a role in causing the normal male X to be hyperactive,
the single X in all XO nuclei developing in an XX environment should have behaved like the individual asynapsed
X’s of XX nuclei’ (Lakhotia and Mukherjee 1969). Thus
Goldschmidt’s ‘other philosophy of genetics’ to explain
dosage compensation in Drosophila was laid to rest. These
results also decisively nulliﬁed Muller and Kaplan’s

arguments about the male X not being enlarged and provided
the ﬁrst direct conﬁrmation of the recently proposed ‘hyperactive male-X’ model (Mukherjee and Beermann 1965).
In a later study from my lab (Lakhotia et al. 1981), it was
shown that the cellular autonomy of hyperactivity of the
male X-chromosome was also operative in hybrids of D.
melanogaster and D. simulans.
I believe that my dream about gynandric salivary glands
was catalyzed by my continuous pondering over ways to
counter Goldschmidt’s views about dosage compensation
and the sub-conscious but integrated analysis of the information in various papers and the genetic ‘tricks’ possible
with Drosophila that I was learning through discussions with
my supervisor and other colleagues in the laboratory. It was
like a ‘ﬂash’ of thought that worked. Apparently, brain
continues to think, analyse and imagine even when we sleep.

Evidence for ‘piecemeal’ regulation of hyperactivity
of the single X-chromosome in male ﬂies
The next question that I wanted to address concerned Muller
and Kaplan’s ‘piecemeal’ vs ‘wholesale’ regulation of
dosage compensation in Drosophila. To better comprehend
the basis of ‘wholesale’ regulation of the inactive-X chromosome in mammals, I read papers (Lyon 1961; Ohno and
Cattanach 1962; Russell 1963; Russell and Montgomery
1965) about random inactivation of one of the two X-chromosomes in female mammals and the evidence for existence
of an ‘inactivation centre’ because of which the autosomal
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material translocated on the X-chromosome also could
become inactivated as reﬂected by gene expression, cytology
and ‘late’ replication, a feature that was by then established
to be characteristic of heterochromatin regions (Berlowitz
1965; Evans et al. 1965). In contrast to ‘late’ replication of
the inactive X-chromosome in female mammals, two studies
(Berendes 1966; Rodman 1968) on replication of polytene
nuclei in Drosophila suggested that the single X-chromosome in male polytene cells completed its replication earlier
than the autosomes in the same nucleus, while in female
cells, the two X-chromosomes and autosomes completed
their replication in synchrony. The ‘early-replication’ of the
single X in male was attributed (Berendes 1966) to its
transcriptional hyperactivity of dosage compensation.
Muller’s strong argument in favour of the ‘piecemeal’
regulation of dosage compensation (Muller and Kaplan
1966) was based on the examination of morphology of the
X-chromosome when a part of it was translocated to the tiny
chromosome four. The authors concluded: ‘in the salivary
gland nuclei of D. melanogaster males, of four cases of
translocation between the X and fourth chromosome,
involving breaks of the X in widely different positions,
disclosed no inﬂuence of the rearrangement on the width,
morphology or chromatin-staining of either of the separated
parts of the X, or on the fourth chromosome’. However, as
discussed above, Muller and Kaplan did not agree that the
distinctive morphology of the normal or the translocated
X-chromosome in male nuclei was due to its hyperactivity.
Encouraged by the then recent demonstration of early
replication of the single X-chromosome in male polytene
nuclei (Berendes 1966), I decided to examine if X-autosome
translocation affected replication patterns of the involved
autosomal and X-chromosomal segments. Among a few
chromosome rearrangement stocks available in the lab at that
time, I selected the T(1:3)O5 stock in which a sufﬁciently
long part of the right arm of chromosome three or 3R (88B
to 92A on Bridges’s maps of polytene chromosomes) was
inserted into the X-chromosome between 4F and 5A bands
(https://ﬂybase.org/maps/chromosomes/maps). This disrupted the X-chromosome in two parts (proximal and distal
to the insertion) and thus permitted examination of morphology and replication of sufﬁciently long segments of the
disrupted X-chromosome and the inserted autosome segment. If dosage compensation regulation was working
through ‘wholesale’ mechanism, the distal or proximal
segment of the X-chromosome and/or the inserted autosomal
segment would show differences from the pattern in standard
chromosomes but if operating by ‘piecemeal’ mechanism
(Muller and Kaplan 1966), there should not be any effect of
the autosomal segment’s insertion. I started these experiments without discussing with my supervisor. Results supported the ‘piecemeal’ model of dosage compensation
mechanism in Drosophila (Muller and Kaplan 1966) since
neither the enlargement and pale staining of the single male
X nor its characteristic early completion of replication cycle,
as revealed by 3H-thymidine autoradiography, was changed
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in any way. The normal properties of the inserted autosomal
segment also remained unaltered.
I shared these results with my supervisor only after I had
written the full manuscript. Very graciously, he encouraged
me to submit it to Genetical Research with me as the sole
author. This manuscript came back for revision with a
remarkable surprise: one of the reviewers had retyped the
entire manuscript to not only improve the language but also
provide correct usages of terms that had somewhat different
nuances in Drosophila and mammalian cytogenetics. The
editor asked me if I would agree with the retyped version.
Obviously, I could not agree more! It is notable that in those
years, in the absence of any word-processing facilities, the
author or the reviewer (in this case) had to retype the entire
manuscript afresh on a manual typewriter, with carbon
paper/s in between sheets for making additional copies. This
experience left an indelible imprint on me that a reviewer has
to be positive and helpful to the author/s, rather than only
ﬁnd ways to reject a manuscript (Lakhotia 2013).
This second paper of our series (Lakhotia 1970a) on
‘Chromosomal basis of dosage compensation in Drosophila’
conﬁrmed Muller and Kaplan’s proposal of ‘piecemeal’
regulation of dosage compensation in ﬂies, but contrary to
Muller and Kaplan’s belief, further supported its operation
through upregulation of genes on the single X-chromosome
in male cells.

Early completion of the X-chromosome in male
polytene nuclei re-established
My next set of experiments were triggered by a detailed
paper by Howard and Plaut published in Journal of Cell
Biology in 1968 on the progression of replication in polytene
chromosomes of Drosophila (Howard and Plaut 1968). This
detailed study questioned the idea of faster replication of the
hyperactive X-chromosome in male salivary glands claimed
by H. D. Berendes working in Beermann’s group (Berendes
1966). I felt uncomfortable with the scheme of order of
replication of different chromosome regions suggested in the
Howard and Plaut paper and their arguments on the basis of
which they stated ‘the existence of a fast replicating male
X-chromosome cannot be demonstrated in D. melanogaster
with the criteria described by Berendes’. Therefore, I decided to repeat their (Howard and Plaut 1968) experiments and
analyse the data more carefully. This became a rather
detailed study based on which we came to a conclusion that
contrary to Howard and Plaut’s inference (Howard and Plaut
1968), the male X-chromosome was indeed early replicating.
We decided to send this manuscript to the Journal of Cell
Biology where Howard and Plaut’s study was published.
While one of the reviewers appreciated the work and wanted
us to undertake some statistical analysis and add a few more
images, the other reviewer wrote a detailed report which was
very critical of our conclusions, raising many doubts and
questions. The editor, however, asked us to revise the
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manuscript, and speciﬁcally explain the reviewer’s critical
doubts and questions about the study. Our detailed rebuttal
of this reviewer’s comments obviously satisﬁed the editor
since the revised version was accepted the same day the
editor received it, without being referred back to the
reviewer. I wish, in current times also the journal editors
function beyond being a ‘post-ofﬁce’. Some other experiences associated with publication of this paper are narrated
in the electronic supplementary material.
Based on our results, we (Lakhotia and Mukherjee 1970)
concluded: ‘dosage compensation is the result of enhanced
activity of the single X in male, since the two X’s in female
are typically similar in their functional morphology and
transcriptive, and replicative activities, to each other and to
the autosomes, while the single X in male is more enlarged
and also transcribes and replicates faster than the
autosomes’.
This study required me to be well conversant with the
uniquely detailed cytological maps of polytene chromosomes prepared by C. B. Bridges and P. N. Bridges in late
1930s and early 1940s using camera lucida drawings
(https://ﬂybase.org/maps/chromosomes/maps), to unequivocally identify each band in the autoradiographic preparations. The experience with replication in polytene
chromosomes during the doctoral studies led me and my
students to later undertake studies on different aspects of
replication leading to many publications as part of a new
series, which we named ‘Replication in Drosophila
chromosomes’.
In a later study in my lab, which was an offshoot of the
above series of studies on chromosome replication in different cell types of Drosophila, we (Lakhotia and Roy 1995)
examined if the X-chromosome in mitotic cells of male was
also faster replicating. These results showed that unlike the
above noted faster completion of an endo-replication cycle
by the single X in male polytene nuclei, the X-chromosomes
in male as well as female mitotic cells replicated in complete
synchrony with autosomes in the nucleus (Lakhotia and Roy
1995). This difference in mitotic and polytene nuclei was in
agreement with our inference in an earlier study (Lakhotia
and Sinha 1983) on organization of active replicons in
Drosophila polytene nuclei. The study on the organization of
active replicons in the salivary gland polytene chromosomes
led us (Lakhotia and Sinha 1983) to suggest that the presence of tightly associated large number of sister chromatids
in a polytene chromosome causes inter-strand asynchrony
during an endoreplication cycle and that the faster completion of replication of the X in male polytene nuclei ‘appears
to be due to a greater synchrony of its parallel strands. This
increased synchrony is probably due to its hemizygosity
(half the number of active origin points and thus less competition for the initiation factors) and loose packing (facilitating precursor and polymerase supply) of its constituent
chromatids required for the increased rate of transcription in
connection with dosage compensation’ and, therefore, the
‘early completion of replication by the hemizygous X

chromosome in polytene nuclei of male larvae was a special
consequence of the unique requirements of the polytene
structure, and that the early completion of replication was
not a prerequisite for an increased rate of transcription of the
somatically active X-linked genes in males to achieve
dosage compensation’.

New developments in understanding mechanism
of dosage compensation in Drosophila
The cytological studies that started in late 1960s in A.
S. Mukherjee’s lab at Calcutta University resolved the
divergent theories about the mechanism underlying dosage
compensation in Drosophila and ﬁrmly established hyperactivity of the single X-chromosome in somatic cells of male
Drosophila and its cellular autonomy as the basis for dosage
compensation. Although, these studies could not explain the
underlying molecular events responsible for the single
X-chromosome’s hyperactivity in male cells, the stage was
now ready for a direct approach. The enhanced transcription,
inferred from the earlier cytological and autoradiographic
studies of the dosage compensated genes on the single X in
male Drosophila has subsequently been conﬁrmed through
studies based on microarray, RNA seq and Chip data (Straub
and Becker 2007; Chang et al. 2011; Assis et al. 2012).
A major breakthrough in understanding the molecular
basis of the male X-chromosome’s hyperactivity was
obtained through extensive genetic and molecular studies. A
signiﬁcant development in 1970s was the identiﬁcation of
sxl gene as the common link between the gene networks that
determine and establish sex of the embryo, and initiate the
regulatory cascade for hyperactivity of the male’s X-chromosome very early during embryonic development (Lucchesi 1973; Cline 1979, 1983; Lucchesi and Skripsky 1981;
Baker and Belote 1983; Baker et al. 1994; Lakhotia 2015).
The Sxl’s role as a common link between the sex-determination and dosage compensation gene regulatory pathways
is very different from Goldschmidt’s simple concept of
dosage compensation to be an outcome of differences in
physiology of the two sexes. The next major discovery that
morphed the understanding of dosage compensation in
Drosophila was the identiﬁcation of two long noncoding
RNAs, rox1 and rox2, which ‘paint’ the single X in male
along its entire length and are essential for establishing its
hyperactivity in male cells (Meller et al. 1997; Kelley et al.
1999). Association of the rox RNAs with the entire
X-chromosome in Drosophila males superﬁcially looks
similar to the painting of the inactive X in mammalian
female’s somatic cells by the Xist lncRNA (Brown 1991;
Brockdorff et al. 1992; Lakhotia 2015; Valencia and Wutz
2015). However, the apparent similar ‘painting’ of the entire
X-chromosome in male Drosophila with rox1 and rox2, and
of the inactive X in mammals with Xist lncRNAs and the
consequent regulation of activity levels of the entire chromosome does not imply a ‘wholesale’ regulation of the
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male-X hyperactivity in Drosophila. The ‘painting’ of entire
X-chromosome by the lncRNAs in mammals and Drosophila have opposing epigenetic consequences (hyperactivation in ﬂies and inactivation in mammals); in addition, the
processes underlying the ‘painting’ are triggered and
accomplished through entirely different regulatory events
(Lakhotia 2015; Müller et al. 2020; Ramı́rez-Colmenero
et al. 2020). In the case of X-inactivation in mammals, the
X-inactivation centre (Xic) transcribes and regulates the
spreading of Xist transcripts from the Xic to the entire
X-chromosome to make it epigenetically inactive. On the
other hand, in Drosophila, the sisterless, runt and sxl
dependent sex determination/dosage compensation gene
regulatory pathway activates the male-speciﬁc lethal 2 (msl2) gene only in male cells. The Msl-2 stabilizes the Msl-1 to
facilitate association of Msl2, Mof and Mle proteins and the
two roX RNAs to assemble the dosage compensation complex which, following mediation by the CLAMP protein,
binds to the single X-chromosome at a few hundred chromosome entry sites for spreading along its length. This sets
the chromatin organization of the single X in male cells to
potentiate hyper-transcription of speciﬁc genes as and when
required during cell differentiation (Straub and Becker 2007;
Lakhotia 2015; Lucchesi 2018; Pal et al. 2019; Rieder et al.
2019). Dosage compensation independent action of the MSL
complex is also known since MSL-binding sites are also
present at autosomes where binding of the MSL complex
enhances local transcription in both sexes (Dai et al. 2021).
It is rather surprising that Muller’s disagreement with the
X-chromosome in male polytene cells being enlarged
(Muller and Kaplan 1966) was because of his simple, but
unfounded, presumption that this would necessitate existence of a single control centre analogous to the Xic of
mammals, with which the extensive genetic and translocation cytology data were not compatible. Muller, the geneticist, apparently did not appreciate the cytological fact that
the tiny 4th chromosome pair in salivary gland polytene
nuclei of D. melanogaster larvae is actually wider than all
the other autosomes, and thus in studies involving translocation of X-chromosome segments on the fourth chromosome (Muller and Kaplan 1966), the single X in males
appeared ‘narrower’. We now know that the whole chromosome level potentiating effects on gene activity can be
obtained through very different underlying epigenetic
mechanisms.

Concluding remarks
Reﬂecting back on the less than three years that I spent on
my doctoral research, I recall the remarkable academic
environment that our supervisor had created (Lakhotia
2005). Besides the regular weekly lab seminars, all of us
freely discussed various experiments and results. A. S.
Mukherjee positively encouraged us to question. On many
occasions, we could say a clear ‘no’ to his suggestion.
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Rather than being upset about it, he appreciated the reason
and conﬁdence. In fact, he would tell us that all researchers
are ‘peers’, without any hierarchy. It was primarily because
of such ‘open’ and encouraging outlook, that he let me be
the corresponding or even a lone author in the research
papers that came out of the Ph.D. work. Such a strong
conducive academic environment in the laboratory in conjunction with the generosity and indulgence of our mentors,
in the true spirit of university educationists, resulted not only
in pioneering work despite some disruptive events and
limitations of resources (see electronic supplementary
material) but also prepared us well for the future.
Having spent over half a century in academic research, I
marvel at the magnitude of fortuitous circumstances that
shaped ideas and results of doctoral and subsequent research.
Clearly, neither research plans nor the career follow a predetermined path but often become meandering journeys
because of unpredictable results, events and circumstances.
Reminiscing about the time gone by reveals the priceless
encounters with mentors and colleagues, and the value of
naive trust while pursuing research questions that appear
most important at that time to the young mind. Reminiscences also offer comparisons and contrasts with the current
times. Here, I have tried to recall the excitement of those
early days and faith in the immense power of genetics that
we felt then, and continue to experience until date, thanks to
the fruit ﬂy Drosophila.
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