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Foreword

As a young person in the 1930s and 1940s, I remember my father, a medical doctor, engaged in 
public health work–telling us often of his then intriguing observations that in villages aff ected by 
an epidemic of small pox or plague, there were some individuals who remained uninfected, in spite 
of close contact with the aff ected  members of  their family. Th is is no longer an enigma today. We 
recognize that all diseases have a hereditary basis, that is susceptibility or resistance to a particular 
disease,  and the extent of such susceptibility or resistance, is built in our genome. 

Th e journey from the discovery of DNA by Miescher in the 1860s and the naming of  chro-
mosomes–the structures that contain the bulk of cellular DNA in living organisms–in 1888, to the 
sequencing of genomes, and the understanding of the organization and functioning of the genome 
that makes all living things what they are, has been one of the most exciting journeys in the history 
of science.   Th is book describes,  lucidly and authoritatively,  some of the most important manifesta-
tions of genomic structure and function in health and disease. 

I remember the appearance on the rapidly changing biological scene, of the mysterious satellite 
band of DNA on ultracentrifugation,  in the mid-1960s. Chris Tyler-Smith’s narrative  of both the 
history as well as the subsequent development of our understanding (at times,  lack of understanding) 
of satellite DNA from the point of view of its structure and function, makes fascinating reading. He 
rightly implies that this chapter in the history of biology is still being written.

Similarly, the control of tissue-specifi c gene expression by fi ne tuning of chromosomal compacting 
process (Rakesh Mishra’s paper) opens up a new area of investigation. What is the cell-type–specifi c 
packing code? A very valid and important question indeed. Th e three papers of Gunter Reuter, 
Rachel and Sanjeev Galande (with their colleagues), shed light on a part of the related problem 
of heterochromatin formation and chromatin organization that eventually leads to the mature 
chromosome and regulation of gene expression. 

Th e signifi cance of the fact that the total mammalian genome does not consist only of DNA and 
chromosomes in the nucleus is even today (more than 45 years after the discovery of mitochondrial 
DNA)–not fully realized. I remember the fi rst mention of mitochondrial DNA that  made most of 
us aware of its existence, was made at a Gordon Conference in 1964. Immediately after this meet-
ing, I was invited for dinner at the residence of M.C. Niu in Philadelphia where I met Margit and 
Sylvan Nass – the husband and wife team that discovered mitochondrial DNA and published the 
discovery towards the end of 1963 in the Journal of Cell Biology as no more highly cited journal was 
willing to  accept it. It was most appropriate to have included in the present volume the article by 
Th angaraj on mitochondrial genome in human health.

To understand biological phenomenon, one of the most important tools that biologists have is 
to look at what goes awry with them and how and why. Th us, to understand fully the implications 
of the human or animal genome, we need not only look at its normal function but also what goes 
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wrong with even bits of it in disease. From this point of view papers of Peter Vogt, Jamshed Tata, 
S. Subramanian, Sen Pathak and G. R. Chandak, are most relevant.

Finally, a comment on the fi rst paper of the volume – by Lalji Singh. It is yet another reminder of 
the role that lowly organisms such as E.coli, a nematode or  a snake,  have played in the development 
of modern biology. I remember when I was the Director of CCMB–the institute that Lalji directs 
now–Lalji coming to my room one day and giving me the draft of a paper. He wanted to know if 
the paper was worthy of publication.

When I went through the paper, I found it absolutely fi rst-rate and, at Lalji’s request,  commu-
nicated it to Ekke Bautz whom I knew and who was one of the editors of Molecular and General 

Genetics (MGG). In my covering letter, I wrote that  implicit in the paper was the possibility of 
developing a new multilocus probe for  human DNA fi ngerprinting. Th e paper was, of course ac-
cepted for publication in MGG, but I forgot all about the letter until six months later when Lalji 
came to me and said that he had actually not only developed but fully validated the use of his Bkm 
probe (derived from a deadly snake) for multilocus DNA fi ngerprinting in human beings. Th is was 
the basis of the DNA fi ngerprinting revolution in India which is one of the most widely known 
technologies in the country today.

It is, therefore, only appropriate that the present volume is a record of the papers presented at a 
symposium held at the occasion of Lalji’s 60th birthday in which I had the privilege to participate.   
Even though India claims to have the third largest scientifi c man-power in the world and thus close  
to three million trained scientists and technologists, it is unfortunate that the number with high 
professional ability, integrity, honesty, courage and commitment that Lalji has shown in everything 
that he has done,  is  extremely few. One young person recently told me that he can count them on 
his fi ngertips. To me, therefore, this volume is not only a celebration of the advances that have taken 
place in  modern biology in one of its most exciting  areas, it is also a tribute to  one of India’s most 
celebrated scientists,  and to the values that practice of the scientifi c method generates, that are the 
bedrock of all major scientifi c discoveries and their application for the largest benefi t of the largest 
number amidst us.

Pushpa M. Bhargava
Member, National Security Advisory Board, 

Government of India

 

Foreword VI
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Preface

Understanding the information content in chromosomes, that are the physical basis of inheritance, 
reached a milestone when whole genome sequences became available. This journey from 
chromosomes to genome passed through a series of discoveries that made what we know today 
as the field of molecular biology. These unprecedented technological advances have completely 
transformed the study on living systems and with that we are entering the new world of biology 
and healthcare. While, on the one hand, sophisticated cell biology approach allows us to examine 
intricate details of chromosome in the living cell, on the other hand, the molecular genetic approach 
empowers us to study genome to a single nucleotide resolution. Never has the pace, the scope and 
the social implications of biological research been of such magnitude.

An International Symposium – Chromosomes to Genome – was organised by the Centre for 
Cellular and Molecular Biology (CCMB), Hyderabad, India on July 3-5, 2007. The symposium 
also coincided with the 60th birthday of Dr. Lalji Singh, Director, CCMB to acknowledge his 
outstanding contributions to the field of chromosome biology and genomics. Lalji’s early work 
pointed to functional significance of repetitive DNA that constitute much of our genome. Several 
presentations in this symposium brought forward the fact that repetitive elements are an important 
and essential component of complex genomes, although much remains to be understood about their 
function, which makes this field so exciting and active.

The speakers in the symposium represented leaders in their topics of research. It was felt that 
biology of chromosome and genome is at an extremely important stage. The symposium provided 
a platform to look back into the history, assess the current state and speculate the future of this 
fascinating field. The enthusiasm shown by the speakers made it necessary to publish this book. 

The book presents complex topics in a simplified manner that is accessible to any student of  
biology. Each of the chapters provides a historical account of the field and reviews the recent work in 
this area, puts the subject in appropriate perspective and makes reading enjoyable. The book provides 
‘genomic account’ of the evolutionary history of emergence of complexity from simple living systems. 
It also gives glimpse of intricate regulatory mechanisms that act on genomic information during 
differentation of different cell types.

I thank the authors of these articles for their effort in presenting interesting accounts of their 
research. I also thank G. Giridharan for help in organizing figures and M.W. Pandit for his 
continuous help. I am thankful to Dr. Lalji Singh for the unhindered cooperation, support and help 
that I had from him right from the beginning to the completion of this volume, without which it 
would not have been possible to bring it up to this shape. 

Rakesh K. Mishra
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Snake’s Eye-view of Adam and Eve: From 
Chromosomes to Genome

Lalji Singh

Centre for Cellular and Molecular Biology, Hyderabad-500 007, India

Introduction
The existence of specialized sex-determining chromosomes poses a range of fascinating and 
fundamental questions, few of which have been answered satisfactorily. There are a large number 
of organisms, which do not have specialized morphologically distinct sex chromosomes, yet their 
sex is determined and sex ratio (1:1) is maintained. In many lowly evolved organisms, sex ratio is 
determined by environmental factors. This is known to be the case in many species of reptiles in 
which temperature during the early stages of embryogenesis has a determining effect on the sex 
ratio; this is so, for example, in alligators, crocodiles and turtles. Normally, in the amphibia, the 
sex ratio is genetically determined. These different systems embody the evolutionary transition 
from ancestral conditions, which were dominantly influenced by environmental factors to those 
where sex determination occurs as a genetic mechanism. Why has the evolutionary process brought 
about developments, such as those resulting in an entire chromosome, originally containing many 
other genes unconnected with sex, getting subverted to a singular developmental programme losing 
most of its genes? Why only some, not all species, exhibit such a characteristic? Why has not the 
functional monosomy involved in the specialization of the Y or W sex-determining chromosome 
led to chromosomal imbalance and consequent lethality? Evidently, we do not know the answers to 
many of these questions. 

An important step in the direction of understanding the evolution, structure and function of 
sex-determining chromosomes is the isolation of sex chromosome-specific repeated DNA. I would 
particularly like to present how our isolation of highly conserved sex chromosome-specific Bkm 
(banded krait minor satellite) DNA resolved the puzzle of the evolution of the sex chromosomes 
and sex reversal in mouse. This has been a logical progression, became possible because we already 
know that in snakes, the major events in the evolution of chromosomal sex determination (CSD) 
are exhibited in living species (Singh, 1972). This chapter, therefore, proposes to take you on this 
fascinating journey, from the beginning to the destination, from chromosomes to genome.

Sex Chromosomes in Snakes
Snake exhibits various states of differentiation of sex chromosomes depending upon the 
evolutionary status of its various families. In the non-poisonous snakes, Python, Boa, Eryx, etc. 
of the primitive family Boidae, both sexes are chromosomally alike. It has not been possible to 
unequivocally identify the female sex-determining W chromosome even by using sex chromosome-
specific DNA probes (Fig. 1.1a), the extant method developed so far (Singh, 1972; Singh et al., 
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2  Chromosomes to Genome

1976; 1980). Those belonging to the second major group of non-poisonous snakes, the rat snakes, 
water snakes, tree snakes, etc. of the family Colubridae, has morphologically well-differentiated 
ZW sex chromosomes in the female (Fig. 1.1c) and ZZ in the male. However, there are certain 
species in which although sex-determining chromosomes are morphologically indistinguishable 
in both the sexes, it is possible to identify the female sex-determining W chromosome by using 
W chromosome-specific DNA probe (Fig. 1.1b) (Singh et al., 1976; 1980). In the poisonous 
snakes, cobras, kraits of the family Elapidae, vipers of the family Viperidae, and sea snakes 
of the family Hydrophiidae, the sex chromosomes are morphologically highly differentiated. 
The W chromosome of these species is morphologically distinct (Fig. 1.2), late replicating 
(Fig. 1.3a), deeply stained by C-banding (Fig. 1.3d), and forms W-chromatin body (Figs. 1.3b 
and c). The W chromosome of some of the snakes belonging to the highly evolved families, albeit 
morphologically indistinguishable from the Z chromosome, shows deeply stained C-banding 
distinct from the Z indicating that it may contain specific repetitive DNA, possibly capable of being 
isolated by ultra-gradient centrifugation (Singh et al., 1976; 1980). I was obsessed with an idea that 
W chromosome may have a specific satellite DNA. Since the facilities to carry out the molecular 
work were not available in India, I made serious attempts to go abroad to carry out this work in the 
laboratory of Dr. J.G Gall in Yale University, well-known at that time for developing the technique 
of in situ hybridization (Gall and Pardue, 1969). However, when I approached him, he was not 
convinced with the concept of the presence of W-specific satellite DNA in snake, ideated by me. 
Then I approached Dr. K.W Jones at the Institute of Animal Genetics, University of Edinburgh, 
who was internationally famous for his work on satellite DNA in human and chimpanzee and 
for developing the technique of in situ hybridization independently of J.G Gall at the same time 
( John et al., 1969; Jones, 1970; Jones et al., 1973; Jones et al., 1974). He conditionally agreed for my 

Fig. 1.1 Stages of sex chromosome evolution in snakes (only macro-chromosomes are shown). (a) Representative female
karyotype of the primitive family Boidae in which no specialized sex chromosomes can be distinguished. A pair of chromo-
somes are presumed in terms of size to be prototypes of the functionally specialized sex chromosomes of more advanced species. 
(b) and (c) Female karyotypes of the more evolutionarily advanced snakes illustrating (b) homomorphic and (c) heteromorphic 
W chromosomes. Th ese chromosomes have been hybridized in situ with tritium-labelled Bkm DNA. Th e extensive labeling of 
the W chromosome indicates that Bkm sequence interspersion has occurred throughout the length of both types of W chromo-

some (Adopted from Jones and Singh, 1985).
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Snake’s Eye-view of Adam and Eve  3

working in his laboratory, provided I bring my own Fellowship. I applied for the Commonwealth 
Fellowship programme, which was advertised in India and was selected. When I informed Dr. Jones 
about it, he wrote me saying that he had no knowledge of snakes and that there were no snakes in 
Edinburgh. Therefore, if I have to go to his laboratory, I will be solely responsible for my proposed 
work and he will not be able to help me in this regard. I accepted this challenge and joined his 
laboratory in September, 1974. I carried out my studies using various tissues of numerous species of 
snakes brought by me from India, preserved in 70% ethanol, but failed to isolate good quality DNA. 

Fig. 1.3 (a) Metaphase chromosomes of common Indian Krait Bungarus caeruleus aft er treatment with 3H-TdR show-
ing W chromosome replicating its DNA latest (late replication) in the S phase when all other chromosomes have already 
completed their DNA replication. (b) Interphase nuclei showing W-sex chromatin characteristic of all female snakes with 
chromosomal sex determination and resembling X chromosome sex chromatin in mammalian females. (c) Interphase 
nuclei of sea snake Hydrophis fasciatus having two W chromosomes (W1 and W2) showing two W chromatin bodies. 
(d) Chromosomes of female Elapid snake  Bungarus walliwall showing the diff erential heterochromatic nature (C band 
positive) typical of the functionally specialized W chromosome. (e) Chromosomes of female water snake Natrix piscator 
hybridized in situ with tritium-labelled Bkm DNA (GATA repeats) showing interspersion of Bkm sequences predomi-

nantly throughout the length of W chromosome.

Fig. 1.2 Female karyotype of Bungarus walliwall (2n = 36, 22 macro and 14 micro-chromosomes from short-term 
leukocyte culture showing diff erentiated sex chromosomes. Th e W chromosome is unusually large. (Adopted 

from Singh et al., 1980).
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4  Chromosomes to Genome

The duration of my Fellowship was only 9 months; and I had worked for several months without 
any success. I wrote about this problem to Professor S. P. Ray-Chaudhuri with whom I did my 
Ph.D on chromosomes of snakes who supervised over my entire thesis – “Evolution of Karyotypes 
in Snakes” – that was published in the international journal Chromosoma (Singh, 1972). It was 
because of his untiring effort that within a month I received a consignment, air-lifted by British 
Airways, of live poisonous snakes, including cobras, common kraits and banded kraits, delivered to 
me in the laboratory of Dr. Jones in Edinburgh University. Working on these snake samples got me 
the break I was looking for, namely, successful isolation of good quality DNA. By using analytical 
density-gradient equilibrium centrifugation of total male and female DNA in Ag+Cs

2
SO

4
 gradient, 

female-specific satellite DNAs were observed as predicted, which we had also isolated (Singh et al., 
1976; 1980).

In situ hybridization of female-specific satellite DNA with female snake chromosomes showed 
predominant localization on the W chromosome (Fig. 1.3e), providing direct and concluding evidence 
of the existence of  W sex chromosome-specific satellite DNA in snakes. This was the first observation 
and reporting of this kind of isolation of a chromosome-specific satellite DNA in any species of animal 
or plant (Singh et al., 1976). Since it was from a poisonous Indian snake banded krait (Bungarus 
fasciatus) that we isolated W chromosome-specific satellite DNA, we designated it as banded krait 
minor satellite DNA (Bkm) (Singh et al., 1980). When this satellite DNA was used for cross-species 
hybridization, we could identify W chromosome in all the species of snakes belonging to the highly 
evolved as well as the intermediate group (Figs. 1.4b and c) possessing C-band positive W chromosome 
(Fig. 1.4a). However, we failed to identify W chromosome in the primitive family of snakes, such as 
Python, Sand Boa, etc. by using any of the sex chromosome-specific DNA probes available till date 
(Singh et al., 1976). 

The Hijacking of the W Chromosome
The extant concept that sex chromosomes in primitive species of snakes are homomorphic in both the 
sexes and that they have not undergone heterochromatinization, whereas, in highly evolved species, 

Fig. 1.4 (a) Metaphase chromosomes of female banded krait Bungarus fasciatus showing C-band positive darkly stained 
entire W chromosome apart from centromeric C-binding in other chromosomes; (b and c) cross hybridization of female 
metaphase chromosomes of Indian cobra Naja naja (b) and common Indian krait Bungarus caeruleus (c) hybridized in 
situ with tritium-labelled Bkm probe showing identifi cation of W chromosome due to its predominant localization along 

the length of the W chromosome respectively.

a b c
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Snake’s Eye-view of Adam and Eve  5

they are heteromorphic in the females with W chromosome undergoing heterochromatinization, 
raises fundamental questions: How and when was the divergence leading to functional specialization 
of W chromosome originate? How did it progress? And why did it skip in some of the species? All 
snakes exhibit genetic control of sex determination and exhibit female heterogamety. It is, therefore, 
quite reasonable to assume that similar features manifested immediate ancestral forms also, so that 
all snakes came to possess a functionally definitive W chromosome. The changes at the DNA 
level, which established a strong genetic control of sex ratio might have involved primarily the W 
predisposing it to continue to evolve in some snakes so as to attain the status of being specialized 
as a sex determiner. These changes must have involved some mechanisms, which prevented from 
recombining the functionally divergent sex alleles on the W and Z chromosomes in order to 
conserve the novel genetic control of ovaries differentiation on the W. However, it is inconceivable 
that reduced crossing over alone could have been instrumental in bringing about evolution and 
differentiation of the W chromosome in preference to the Z. Thus, it is necessary to assume that 
some sort of mutation in the controlling sequences positioned adjacent to the sex determiner of 
the W chromosome was involved, which endowed it with novel properties that predisposed the 
relatively rapid genetic inertness of that chromosome to the functional specialization described 
above only in some snake species but not in all. This divergence occurring in some of the species 
as a consequence of evolution in time of the W chromosome seems likely to have been based on a 
critical structural difference in the W chromosome of the two groups of species narrated above (see 
Jones, 1983).

Th is could be explained, if we assume that in species ancestral to those in which the W has con-
tinued to specialize, the sex determiner assumed control over an adjacent gene or centre, involved 
in chromosome condensation. A spreading eff ect or read-through from the sex gene was such that 
when it was turned off , the chromosome condensed; the sex determiner thus, fortuitously but eff ec-
tively, hijacked the entire chromosome. Th e model postulates that the condensation centre, in some 
species, which belonged to the primitive family. Boidae, was not located suffi  ciently close to the 
sex determiner so as to cause a similar interaction between them. Th us, in the Boidae, there was no 
inactivation of W chromosome of coincident with the turning off  of its sex determiner. Th is seems 
plausible as such an event happens to one X chromosome in every mammalian female. Th e inacti-
vated W chromosome had undergone extensive alterations in its DNA, involving amplifi cations of 
GATA repeats ( Jones, 1983).

Proposed Future Studies to test the ‘Hijacking’ Hypothesis
It is possible to test the above hypothesis by making cell lines of female snakes representing the 
primitive, intermediate and highly evolved states of differentiation of sex chromosomes, sorting out 
their respective W chromosome by fluorescent activated cell sorter (FACS), making chromosome–
specific libraries and by completely sequencing the W chromosome of the respective species. This 
is expected to unravel the mystery of the molecular basis of the origin, evolution and differentiation 
of sex chromosomes. We have already established cell lines of male and female embryos of water 
snake, Natrix piscator, grew them for nearly 6 months (Figs. 1.5a–c) and made chromosomes from 
them (Figs. 1.6a and b). We are in the process of trying to immortalize them and grow them in large 
quantities. Sorting the W chromosome by FACS is our next step.
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