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ABSTRACT

Nature has evolved an astonishing variety of genetic and epigenetic sex-
determining systems which all achieve the same result, the generation of two
sexes. The mystery of two sexes, how they arise and how the sexual
dimorphism is produced, has puzzled scientists and laymen alike for
centuries. The fascinating insights that we have today are mainly derived from
four groups of organisms in which the analysis has preceded down to the
molecular level. These are the fruitfly Drosophila melanogaster, the nematode
Caenorhabditis elegans, the mammals like man, mouse and the yeast
Saccharomyces cerevisiae.

The banded krait minor satellite (Bkm) sequences originally isolated from
female-banded krait are 'W specific repeats and a conserved component of
eukaryotic genome. Bkm sequences show a tendency to be concentrated on
the sex chromosomes and for that they are thought to be involved in the sex
determining process or in the allocyclic behaviour and evolution of sex
chromosomes. For example, in mouse, Bkm is associated with the sex
determining ‘Sxr” region of the Y-chromosome whose translocation to the X-
chromosome during meiosis leads to the male sex reversal and in snakes and
birds they are clustered on W-chromosome. Sequencing of Bkm positive
clones from snake, mouse, human and Drosophila revealed that the
tetranucleotide repeats 'GATA' are the major conserved component of Bkm.
Expecting a similar association between Bkm and sex chromosomes in
silkworm, a silkworm genomic library was constructed in X- DASH vector and
screened with Bkm. Twenty five positive clones were obtained of which three
clones designated as A12, C12 and Cz4 were selected at random for further
characterization.

After detailed restriction analysis of all the three genomic clones, the smallest
size Bkm positive fragment of the genomic clone was subcloned into
Bluescript plasmid vector and sequenced. All the three genomic clones were
found to contain GATA repeats. However it was imperfect repeat having the
interspersion of GAA in between GATA stretches i.e. GATA [GAA(GATA);]



GATA loci were flanked by AT-rich SAR (Scaffold Attachment Regions)

sequences.

Homology search with the 1769bp Bm(GATA), nucleotide sequence against
various genomic databases revealed a high degree of homology between
Bombyx mori GATA repeats and GATA sequences reported from Humans,
Mouse, Drosophila, etc. Homology search in silkworm database showed only
3-4 hits and all of them show homology only with a small stretch of sequence
flanking the GATA repeats suggesting that GATA repeats have not been
reported in silkworm earlier.

Southern hybridization of Bm(GATA), with silkworm male and female genomic
DNA digested with different restriction enzymes showed an identical pattern of
hybridization in both the sexes with no apparent polymorphism between the
sexes or individuals. Evidently, GATA sequences seem to be distributed
throughout the silkworm genome without any preferential concentration on W-
sex chromosome.

In an alternative approach Pg¢2, a Bkm positive highly conserved gene located
on human X-chromosome region Xp11.23 was used as a probe to identify and
characterize its homologue from silkworm. Pg2 is expressed predominantly in
the testis of mouse, rat, chicken and snake irrespective of their male or female
heterogamety. The protein coded by Pg2 belongs to WD-family of proteins.
Presence of P¢2 gene on 'P' arm of X-chromosome and its abundant
transcriptional activity in embryonic testis of mouse suggests that it may be
involved in complex pathway of sex determination and differentiation.

Silkworm genomic library was screened with human Pg2 cDNA clone and the
three positive clones were designated as 4.3.1, 7.2.1 and 19.1.1. The
strongest P¢2  positive silkworm genomic clone 4.3.1 selected for further
characterization was found to have insert of 16kb. The 11.2kb and 3.2kb
stretches of the 16kb genomic fragment have been completely sequenced.
BmP¢2 appears to be transcribed maximally in the embryonic stages and 1°*
instar larva. The expression of BmPg2 starts around 5-6" day of embryonic



development when the gonadal ridge is formed and it starts declining with age
and reaches a zero level in the mature fifth instar larva. Fluorescence in situ
hybridization revealed that the expression was restricted to gonadal ridge and
nerve ganglions in embryos and in 1° instar larva. The transcripts were
predominantly localized in the testis along with low levels of transcripts in
nerve ganglions and ovary. The expression of BmPg2 was found more than
two-fold higher in testis compared to that of in ovary. Fluorescence in situ
hybridization on silkworm metaphase chromosomes and interphase nuclei
using BmP¢2 asprobe, showed thatBmPg2 islocated onthe Z-chromosome.

Detailed in silico analysis of the genomic clone revealed that BmP¢2 gene
contains 6 putative exons of the size of 87bp, 248bp, 149bp, 252bp, 129bp
and 145bp respectively. However 3' end of the gene is not complete and there
are exons present further downstream of the 6" exon. Homology search in the
human genome database for X and Y chromosome with putative BmP¢2
cDNA revealed that BmP¢2 shows maximum homology to the region Xp11.23
where human Pg¢2 is located. Homology search in the EST database of D.
melanogaster identified two ESTs, GM05201 and LD11521 belonging to the
same gene CG1800. A similar gene has been identified in C. elegans.

The putative BmP¢2 cDNA contains an open reading frame of 146 amino
acids, which starts in the third exon and continues till the end suggesting that
3' end of cDNA is not complete. The putative protein coded by BmP¢2 shows
65-70% homology with the protein predicted from CG1800 gene of
Drosophila. CG1800 is located on chromosome 3R of Drosophila and is a
RNA binding protein.

In other words, localization of BmP¢2 on homomorphic sex chromosome 'Z/,
gonad specific and sexually dimorphic pattern of expression during
embryogenesis and later on in the development, and homology to RNA
binding protein from D. melanogaster and C. elegans suggests that BmP¢2
probably plays an important role in sex determination, differentiation and
spermatogenesis.
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Silkkworm has been the source of silk industry since the dawn of human
civilization. The earliest silk textile is nearly five thousand years old (Kuhn,
1988). In modern times, Bombyx has been used as a model for genetic studies
since the birth of genetics as a formal Science in the early 1900’s. As early as
in 1905, Toyama, one of the founders of silkworm genetics, was breeding
genetic hybrids between Thai and Japanese silkworms for improved vigor and
silk production (Yokoyama, 1968). He first reported discovery of a chorion
mutation that affects the shape and transparency of the eggshell in 1910
(Tazima, 1964), the same year as the publication of Morgan's famous white-
eyed mutant of Drosophila melanogaster. Although studies with many
lepidoptera have made important contributions to genetics, today with more
than two hundred mutations mapped, the silkworm stands as the only member
of this taxonomic group whose genetic system is established well enough to
consider adopting it as a molecular genetic model for solving a broad range of
fundamental biological problems.

Investigations to understand embryonic development of the organs like testis,
ovary, liver, heart, kidney have been active areas of research using model
organisms such as Drosophila melanogaster, Caenorhabditis elegans and
mouse. One such area has been molecular basis of sex-determination. There
are diverse sex-determining mechanisms present in different animal taxa. This
diversity demands evolutionary reason for its occurrence and it is in this respect
that the study of sex determination in silkworm, Bombyx mori, assumes
significance as it has not been investigated from evolutionary and
developmental point of view in as much detail as it has been studied in
Drosophila (Slee and Bownes, 1990), the nematode (Hodgkin, 1990;
Villeneune and Meyer, 1990), and the mouse (Singh and Jones, 1984; Eicher
and Washburn, 1986; Gubbay et al., 1990). A comparison of sex-determining
mechanisms in these model systems raises important questions about
convergent evolution and, the extent to which the developmental processes are
evolutionarily conserved.



It is now possible to isolate specific genes controlling organ development and
differentiation, study their structure in detail, identify and compare the time and
site of their expression in the embryo and predict the final product. This was
the approach that led to the discovery of the existence of homeotic genes (or
Horn genes) in Drosophila (Ruddel, 1994; Carvoll, 1995). The Horn genes are
known to act as master switches for organ specificity during embryogenesis in
Drosophila. When studies were extended to other animals like frog, mouse and
human, they were also found to have homeotic genes of Drosophila type that
operated in the similar way. These studies reveal basic similarity in genetic
planning of embryogenesis in diverse group of animals. This also suggests
that homeotic genes are evolutionarily conserved and function in taxonomically
diverse groups of animal systems (Akam, 1989; Quiring et al, 1994). Genetic
mechanisms of sex determination and differentiation, therefore needs an in
depth study to understand whether they too have evolved from a common
genetic program.

Sex-Determination

Molecular tools in form of recombinant DNA techniques are being used to
discover the similarity and differences in genes causing heteromorphic sex
differentiation in various animals. There are predominantly, three kinds of
chromosomal sex determining mechanisms. In one, males are heterogametic,
like mammals, in the other females are heterogametic like the lepidopteran
insects, snakes and birds (Tazima, 1964; Traut and Mosbacher, 1968;
Robinson, 1971; Singh, 1972; Bull, 1983; Strunnikor, 1983; Jones and Singh,
1984) and in the third kind, males are heterogametic sex but sex is determined
based on the ratio of X-chromosomes and autosomes like Drosophila and
nematodes. There is yet another mechanism of sex-determination found in
turtles, alligators and muggers, where temperature controls the development of
a particular sex. For example, turtles develop into females at warm temperature
and into males at cool temperature. Alligators and muggers on the other hand
develop into females at cool temperatures and males at warm temperatures
(Bull, 1980; Deeming and Ferguson, 1988). In the insect, Apis mellifera, the sex
is chromosomally determined but in a slightly different way: diploid individuals



become female and haploid individuals develop into males (Bull, 1983;
Hodgkin, 1992). These examples, thus, indicate operation of different sex-
determining mechanisms in the development of heterogametic male and
female phenotypes.

Function and Consequences of Sex

Sex is a morphological expression of being a male or a female and sexual
structures like male and female gametes of complementary nature participate
in production of a diploid embryo leading to the development and organization
of a diploid male or female individual. These individuals in their subsequent
sexual reproduction generate haploid gametes by meiotic cell division. During
meiosis, homologous chromosome pairs recombine leading to the production of
gametes with parental and recombinant genetic constitution. Thus, the function
of sex and sexual reproduction constitutes a genetic mechanism for producing
genetically variable gametes and, in turn, resulting in genetically variable
offspring required for successful survival under varying natural conditions.

Studies on the mating behavior in birds, mammals and other animals suggests
the involvement of competition over mates for sexual reproduction. The
concept of sexual selection based on competition over mates suggests that
both males and females enter into competition in choosing appropriate partners
for the act of mating and sexual reproduction (Andersson, 1994; Petrie, 1994;
Hasselquist et al., 1996). Since, it is known that the 'Y" is the male determining
chromosome in mammals and W the female determining chromosome in
lepidoptera, birds and snakes, selection pressure will favour localization of
genes on the respective sex determining chromosomes for successful mating
and reproduction (Hastings, 1994). Recent studies on genetic information
located on Y-chromosome clearly shows that it contains genes for sperm
production, body size and tooth development, the traits assumed to be
important in male-male contest for female selection (Roldan and Gomendio,
1999). Accordingly, sexual selection might be the main driving force for sex
chromosome heteromorphism in heterogametic systems.



Another most pertinent question in this context would be the revelation and
understanding of the evolution of molecular mechanisms favoured by sexual
selection pressure that function in the development of heteromorphic sex
chromosomes.

Sex-Determination and Dosage Compensation in Heterogametic
Systems

Bombyx mori exhibits chromosomal sex-determination with heterogametic
females and homogametic males. The heteromorphic chromosomes are
designated as W and Z. In contrast to B. mori, other species like C. elegans, D.
melanogaster, M. domestica and Homo sapiens, which also exhibit
chromosomal sex determination, have male heterogamety with heteromorphic
sex chromosomes designated as the X and Y.

W-chromosome exhibits developmentally regulated partial or complete
heterochromatinization depending upon the nature in Lepidopteran species.
They share this property with snakes (Ray-Chaudhuri et a/., 1971; Singh,
1972), birds (Stefos and Arrighi, 1971) and with the Y-chromosome of different
animal groups (John, 1988). It is important to mention here that Z-linked genes
in ZZ/ZW are not dosage compensated (Cock, 1964; Johnson and Turner,
1979; Stevens 1997; Lucchesi, 1998). The reason for such fundamental
difference in the dosage compensation system of XX/XY and ZZ/ZW system is
not clear.

The standard strains of M.domestica are heterogametic males with dominant
male determiner ‘M’ located on the Y-chromosome which functions to produce
maleness by repressing the activity of female determining gene ‘F'
Accordingly, the male determiner is epistatic to female determiner in this
system (Schmidt et al, 1997a, 1997b).

Studies on this aspect in the three model organisms i.e., Drosophila, C.
elegans, and humans have shown simultaneous operation of genetic systems
controlling both, sex heteromorphism and dosage compensation. In Drosophila,



XX individuals are female and XY are male. Y-chromosome of the male does
not function in determination of maleness but is mainly required for functional
sperm production as it carries fertility genes (Sternwann-Zwicy, 1992). In C.
elegans, XX individuals are female in their soma and both male and female in
their germ line. 'XO' individuals remain male both in somatic cells and germ
cells. In these two systems the ratio of number of the X-chromosomes to the
number of sets of autosomes generates the primary signal for development of
maleness or femaleness (Hodgkin, 1990). In mammalian system, the genes for
maleness are located on Y. The 'XX, 'XO' and 'XY' systems of sex-
determination result in inequality of dosage of genes present on the X, as there
are two copies of such genes in XX individuals (female) and one copy in XY
individuals (male). In spite of such differences in the dosage, the level of
product of almost all X-linked genes is found equal in the two sexes. This is
achieved by dosage compensation due to silencing of one of the two X-
chromosomes.

There are three basic dosage compensation regulatory strategies. In mammals,
inactivation of one X-chromosome in females is the mechanism for equalizing
the products of X-linked genes in female individuals (Lyon, 1974). In D.
melanogaster and C. elegans, XA ratio is responsible for dosage
compensation. The Sx/is the master control gene, involved in determination of
sexual phenotype and dosage compensation in Drosophila while Xoll gene in
association with Sdcl and Sdc2 genes determine sexual phenotype and
dosage compensation in C. elegans (Villeneuve and Meyer, 1987; Miller et &/.,
1988; Nusbaum and Meyer, 1989).

Mechanisms of Heteromorphic Sex Chromosome Evolution

First step in chromosomal sex determination and evolution of heteromorphic
sex chromosome probably involved acquisition of male (M) and female (F)
determining gene(s) at the sex specific locus of the otherwise homomorphic
sex chromosome pair. In other words, heteromorphic chromosomes evolved
from a pair of homomorphic chromosomes with allelic difference of a single
gene at the sex-determining locus (Ohno, 1967; Bull, 1983; Jablonka and



Lamb, 1990). This contrasts with the current status of the mammalian sex-
determinaton genetics in which genes causing maleness on Y and femaleness
on 'X' are not the alleles of a single gene (Jimnez and Burgos, 1998).
Heteromorphic changes in the organization of homologous chromosomes
around the sex-determining locus in heterogametic sex is proposed to have
been the primary cause of their non-homology in the sex-determining region.
The development of such sex-locus-specific non-homology in otherwise
homologous sex-chromosome pair prevents genetic recombination between
their non-homologous regions. Thus, acquisition of sex determining function
and suppression of recombination in the sex determining non-homologous
region are the two significant biological reasons for the sex chromosomes to
undergo differentiation during evolution (Bull, 1983; Charlesworth et al., 1986;
Jablonka and Lamb, 1988; Steinemann 1993), either by Mullers ratchet, sex
specific acquisition of Bkm sequences (Singh et al., 1976) or by genetic
hitchhiking (Rice, 1987).

Two basic evolutionary pathways termed conformational and structural have
been proposed to be the cause of origin and development of sex chromosome
heteromorphism. According to conformational pathway, a change in chromatin
conformation in the region of heterogametic loci is assumed to be the initial
evolutionary reason for sex chromosome heteromorphism. The structural
pathway proposes that structural change such as an inversion or a
translocation involving originally homomorphic sex chromosomes was the initial
event in sex chromosome heteromorphism (Haaf and Schmid, 1989). Singh ef
al., have proposed an alternative model for rapid evolution of heteromorphic
sex chromosomes in snakes, which entails the involvement of a transposon like
element to be the primary cause of conformational heteromorphism leading to
isolation and degeneration of heteromorphic sex chromosomes (Singh et al.,
1976).

Developments in molecular methodologies have provided impeccable
molecular tools to study the physical organization of genes and a class of
repetitive sequences called satellite DNA in order to understand the role of
these sequences in regulating the structural and functional integrity of the



genes. During the past 25 years, Singh and his group have carried out
extensive study in a variety of animal system using Bkm satellite DNA as a
probe to find out the role of such elements in sex determination in
heterogametic animals. Cumulative evidence resulting from these studies
clearly indicates a definite and decisive role for this satellite DNA in assigning
heteromorphic status to W and the Y- chromosomes.

Clues from the Silkworm

Silkworm shows female heterogamety i.e., ZZ/ZW system. The main aim of
present study was to find out whether Bkm like sequences have played any
role in the origin and evolution of W chromosome in the silkworm. For this
purpose, Bkm 2(8), a DNA marker developed and characterized as a reliable
genetic probe by Singh and his group (1995), was used to screen the silkworm
genome to identify, isolate and characterize the related sequences on its W-
chromosome. This was decided in the light of following findings:

1. Bkm sequences are highly conserved (Singh et al., 1981; Singh and Jones,
1982).

2. Bkm is preferentially associated with the sex chromosomes of Drosophila
(Singh et al., 1981) and Snakes (Singh et al., 1979, 1980, 1981; Singh and
Jones, 1982; Jones and Singh, 1984).

3. Bkm is predominantly associated with the Sxr region of the mouse Y-
chromosome, which is necessary and sufficient to convert a female into a
male mouse (Epplen etal., 1982; Singh and Jones, 1982; Singh et al., 1984,
1994).

4. Bkm sequences (GATA), are predominantly located along the length of the
snake W-chromosome which remains highly condensed in all somatic cells
but undergoes extensive decondensation in the germ cells in response to
sex and tissue specific Bkm-binding proteins (BBP).



Though the highly conserved component of Bkm sequences is a tetra
nucleotide repeat GATA, no other simple repeat is as consistently associated
with the sex chromosome as are the Bkm repeats. Therefore, it was considered
appropriate to screen silkworm genomic library with Bkm for isolating sex-
specific (or W-chromosome specific) Bkm sequences in this system. This
molecular approach demonstrated genomic distribution of (GATA), with no
preferential localisation on autosomes or on sex-chromosomes in B. mori. In
an alternative approach, we also performed experiments to identify novel sex
chromosome specific genes whose expression was restricted to the gonads.

There has been no study to identify and localize sex specific genes on sex
chromosomes of B. mori or any other lepidopteran insect. The reasons could
be many, but one of them appears to be the failure of mutational approach
through classical genetic methods. Modern DNA technigues, however, allow
alternative approaches to this problem, and one of these would be to use sex
specific heterologous gene probes from other organisms like Drosophila,
mouse and human and identify their counterparts in the silkworm genome.

Singh and his group have also developed a testis specific probe, P<p2, from
human testis cDNA library. This gene is highly conserved and is predominantly
expressed in the testis. It is localized on the X-chromosome region Xp11.23. In
this study, P¢2 has also been utilized to isolate its homologue in the silkworm
and characterize the gene. Present study describes identification, isolation, and
molecular characterization of a gene, which is Z-chromosome specific in
silkworm and may be involved in the complex pathway of sex-determination,
differentiation and spermatogenesis.



chapter I

Ontogeny of the Slkworm



The mulberry silkworm, B. mori has been the source of silk since time
immemorial. Thus, its cultivation and domestication too dates back to that
period. Developmental stages of silkworm include fertilization of the egg,
embryogenesis, hatching of the larva and its passage through larval instars,
pupal stage and the adult moth. Duration of developmental stages varies and it
can be controlled throughout the life cycle by regulating environmental
conditions mainly the temperature and the nutrition. The developmental
character of the egg, either diapausing or non-diapausing can also be
controlled by conditioning the female parent with the temperature and
photoperiod cycles during the incubation period. Furthermore, even the date
of hatching can be rescheduled by applying artificial hatching treatment in
combination with cold storage.

The diploid chromosome number in B. moriis 56. The haploid genome contains
nearly 0.5pg DNA and its size is 5.3X10% bp (Gage, 1974a; Rasch, 1974).
Thus, B. mori genome is approximately three and half times the size of the
fruitfly genome (140 million base pairs, Rasch et al., 1971). Like most of the
lepidopterans, the chromosomes of silkworm are holocentric i.e., they possess
centromeres throughout the chromosome (Murakami and Imai, 1974). B. mori
chromosomes are usually highly condensed (1-4um long) and appear dot
shaped at most of the mitotic and meiotic stages. Apart from the centromere,
lepidopteran chromosomes display features similar to those of other
eukaryotes. Diffused centromeric nature of the chromosomes renders them
difficult to characterize cytogenetically.

B. mori was the first insect shown to have an interspersed pattern of repetitive
and non-repetitive sequences typical of the mammalian genomes (Gage, 1974,
Gage et al., 1975). Silkworm genome harbors abundant retroposons (Short
Interspersed Nucleotide Element Repeats, SINEs) like Bml and Bm2
elements, which represent 5% to 10% of the total genome similar to the Alu
and Alu-like elements found in mammals (Eickbush, 1995; Ogura et al., 1995).
Bombyx also contains several diverse elements some of which having long
terminal repeats like Pao, Mag, R7Bm, R2Bm and BMC1 but lack long terminal
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repeats similar to the LTRs (Copia, Gypsy) and non-LTR elements (R71Dm,
R2Dm, Jockey, etc.) described in Drosophila (Robertson and Asplund, 1996).

21. Development of the Embryo

The embryo starts developing once the eggs are fertilized. The embryo grows,
forms various organs and hatches as the larva. Development up to hatching
stage is known as embryonic development, and the embryos hatch in about 10
days after fertilizaton at 25°C (Fig. 2.1). The various physiological and
morphological changes found during the course of embryonic development can
be divided into different stages (Table 2.1).

2.2. Post Embryonic Development

The silkworm is a holometabolous insect. In about 50 days they complete their
life cycle of four different metamorphosing phases: egg, larva, pupa and adult.
Of this life cycle, about half is the larval stage, the only stage at which they take
food. The range of food selection of this insect is very narrow almost limited to
mulberry leaves hence the silkworm is classified as a monophagous insect.

The larval body grows rapidly and functions actively while the imaginal
analgens grow little and remain quiescent until metamorphosis. When the larva
transforms to a pupa, the imaginal analgens grow rapidly and differentiate into
the adult organs. The larval stage is a very important period for silk protein
synthesis and egg formation. The pupal stage is a closed system, but the
metabolic activity is very high due to histolysis and histogenesis.

The larva just after hatching is about 3.0 mm in length, has many setae on the
body surface and the body color is black. At about 3 days after hatching, larva
stops eating for 24 hours (molting). During this time, larva produces a new
cuticle and sheds the old one (ecdysis). Since molting is repeated 4 times
during the larval period, there are 5 feeding periods or instars (table. 2.2)
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Table. 2.1.

Course of Development from Fertilization to Embryo

Duration Development stages

0-2 hours Fertilization stage

2-10 hours Cleavage stage

10-20 hours Blastulation stage

20-24 hours Yolk cleavage stage or Germ band formation stage
24-30 hours Daruma stage

2 days Appearance of abdominal appendages

3 days Constriction stage

4 days Pre involution

4 days and 12 hours

Involution

5 days Involution completed

6 days Appearance of tubercles

7 days Tracheal colouration stage
8-9 days Blue spot stage

9-10 days

Hatching




Table. 2.2

Time course of development of silkworm, from larval stage to adult moth

Stages of Growth Feeding Molting Total
(time in days) | (time in days) | (time in days)
| instar larva 3.0 10 4.0
Il instar larva 25 10 35
Il instar larva 3.0 10 4.0
IV instar larva 35 15 5.0
V instar larva 6.0 - 6.0
From spinning to pupation 4.0
From pupation to emergence - - 10
Total - - 36.5

In the 5th instar, when the larvae develop fully and stop eating, they attain a
maximum length of about 70mm. The larval skin becomes transparent at this
stage. These mature larvae are usually placed in a spinning nest, this process
being called mounting. After about two days, larvae cease spinning the silk
thread. The state from this time to the larval pupal ecdysis is called the pharate
pupa and the duration is about 24 hours. Through the steps of pupal stage for
3 days and the pharate adult stage for 5 days, the adult moth emerges by pupal
adult ecdysis. It is difficult to discriminate between ovary and testis in the larva

just after hatching. However, by third instar the ovary becomes triangular in
shape and is distinguishable from the kidney shaped testis.

2.3. Gametogenesis

2.3.1. Spermatogenesis

In males, testis becomes differentiated from the embryonic mesoderm. The
primordial germ cells give rise to spermatogonia, primary spermatocytes,

secondary spermatocytes and finally spermatozoa.
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In the embryo, just before hatching, the testis is divided into four spermatic
chambers. The primordial germ cells undergo repeated cell divisions in the
peripheral regions particularly at the apical end. Later, one of the
spermatogonia undergoes repeated divisions to form saccular cells. The
primary spermatocytes further undergo maturation divisions twice inside the
sac producing 256 spermatids. Each spermatid forms spermatozoa and they
are grouped into bundles, each enclosed by a common membrane. Among the
spermatozoa formed, some are nucleated (Eupyrene) and the others are non-
nucleated (Apyrene). The nucleated spermatozoa are formed from the cells,
which have completed the reduction division by the time the larva attains
maturation stage, and the non-nucleated spermatozoa are formed from the
cells, which complete the reduction division late after the larval maturation
stage. It is the nucleated spermatozoa that enters the ovum and fertilizes it.

During the late pupal stage, the spermatozoa are released by the rupturing of
the membrane and some of them are found in the lower part of the vas-
deferens. These spermatozoa enter the seminal vesicle and during mating of
the male and the female moths, they become covered by a thin membrane
secreted from the ejaculatory duct thus forming spermatophores. Along with
spermatic fluid, the spermatophores are ejected into the bursa copulatrix of the
female where they are stored for some time. Due to the peristaltic movement
of the wall of the duct leading from the accessory glands of the seminal
receptacle and the secretion of the gland, the spermatophores rupture,
liberating the spermatozoa that now reach the seminal receptacle of the female
moth. The spermatozoa enter the swollen part of ovipositor from the seminal
receptacle and finally penetrate the egg through the micropile as the egg
descends from the ovarioles. The spermatozoa remain dormant at the anterior
part of the egg until the egg nucleus completes the maturation division (Tazima,
1964).



2.3.2 0Oogenesis

During oogenesis, eggs are formed from the primordial germ cells of the ovary
that is differentiated from the embryonic mesoderm. When the development is
complete and embryo is ready to hatch, the ovary divides into four small
ovarioles. These contain a mixture of oogonial cells formed from the primordial
germ cells and also the cells that later become the covering cells of egg. By
the time a larva attains the early third instar, a single oogonial cell undergoes
three repeated divisions resulting in a group of eight cells. Of these, one
becomes the oocyte (no.1) and the rest i.e., seven cells become nutritive or
nurse cells. By fourth larval stage, the most well developed part of the ovariole
has several groups, each with one oocyte and seven nutritive cells arranged
alternatively and regularly. These ovarioles are enveloped by follicular cells
and can be divided into two parts hamely a nutritive part or nurse chamber and
a reproductive part or the egg chambers. The two chambers are inter-
connected and the cytoplasm of the nutritive cells flows into the egg chamber
and the oocytes grow by utilizing the nutritive contents. As the oocytes grow in
size, the follicular cells become oval and yolk granules fill the oocytes. At a
later stage, yolk-membrane and egg shell forming material are secreted from
the follicular cells and eggs with complete egg shell can be seen in the oviduct
of six or seven day old pupa. In the eggs with complete shell, the nucleus of
the cell has progressed upto the middle stage of the first maturation division
and the eggs descend the ovarioles filling up the ovarian tubule. The
maturation division is resumed only after mating with male moth followed by the
entrance of spermatozoa into the ovum and laying of eggs (Tazima, 1964).



chapter I

Sex Determination: An Overview
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Reproduction, variation and inheritance of variations are the three basic
features of any living system. Genetics is the science of genes and their
inheritance, and DNA the genetic material, is inherently organized to undergo
reproduction, variation and inheritance of variation in cellular organisms. The
basic sources of such variations are mutation and recombination that cause
biological evolution. Sex implies being male and female and sexual
reproduction involves mating of male and female for production of genetically
variable progenies that result from gametic recombination of parental genomes
during sexual reproduction. Genetics of sexuality therefore comprises genes of
maleness and femaleness as well as genes that cause and promote gametic
recombination. There are variety of sexual systems functioning in microbes,
plants and animals with the sole common purpose of promoting genetic
recombination and producing genetically different recombinant progenies.
Genetic knowledge of sex and sexual reproduction is known to have played
indispensable role in the past in generating breeds of animals and plants with
improved products for our ever-growing need of survival and civilization. Sexual
reproduction is also a natural means to repair and maintain the structural and
functional integrity of genome. It is therefore, not surprising to know that
genetics of sex-determination and evolution of sex chromosomes have
attracted best minds of the world to understand their evolutionary causes and
consequences.

Studies on genetics of sex-determination in various model animal systems
have shown an astonishing variety of genetic and epigenetic sex-determining
systems that operate to achieve the same purpose of producing two sexual
types, the male and female. Now it is clear that a common principle operates
behind the observed variations in genetic mechanism of sex-determination.
This common principle consists of a primary sexual signal that can be genetic
or environmental and is different in males and females, and a key sex-specific
regulatory gene, whose state of activity is transmitted through a cascade of
subordinate regulatory genes to the sex-differentiation genes, determining
maleness or femaleness. Does such a common principle imply that the genes
and the molecular mechanisms of sex determination in various animals have
been conserved in evolution? The available information suggests that the
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nature of the genes and the associated molecular mechanisms have not been
conserved during the course of evolution (Schitt and Nothiger, 2000). This fact
would become self evident during the brief description of genes involved in
determining and controlling sexual phenotypes, in D.melanogaster, M.
domestica, C. elegans and humans.

3.1 Sex Determination in Lepidoptera

Diptera (flies) and lepidoptera (moths and butterflies) are the insects of
monophyletic group but the former has XY system of male heterogamety and
the later has a ZW system of female heterogamety. However, variations in sex
chromosome system are known to occur with XX female and XO male in
diptera and ZZ male and ZO female in lepidoptera. Partial or total
heterochromatinization is another feature of lepidoptera sex chromosomes
(Traut and Marec, 1997). In the somatic cells of lepidoptera, W-chromosome
forms a conspicuous heterochromatic mass. Due to its derivation from ‘W'and
its female specific presence the heterochromatin is designated as "W
chromatin” or sex-chromatin (Traut, 1999).

B. mori females are designated as ZW and males as ZZ. Females of other
lepidopteran species may be ZO, ZW, ZZW or ZZWW, the last being the case
of presumed fragmentation of W (Traut and Mosbacher, 1968; Soumailainen,
1969; Robinson, 1971). Hashimoto (1933, cited in Tazima, 1964)) was the first
to suggest that the W-chromosome has a female determining role in the
silkworm on the basis of the fact that silkworms with ZW, ZZW and ZZWW
were all females (cited in Tazima, 1964). Tazima confirmed this model of sex
determination in Bombyx and showed that sex determinants are localized at
one end of the W chromosome (Tazima, 1964; Strunnikov, 1983). Changing in
the ratio of sex chromosome to autosome had no effect on sex-determination
and gynandromorphs (i.e., sexual mosaics), instead of intersexes, were
produced. This suggested that there is a balance of active factor on both W and
Z-chromosomes (Tazima, 1964; Robinson, 1971).
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Unlike males, lepidopteran females have no crossing over. W and Z-
chromosomes are paired in the pachytene stage. Chromosomes with all the
signs of non-homology do synapse along their entire length. However,
complete alignment of homologous chromosomes by synaptonemal complex in
pachytene does not lead to crossing over and chaismata formation. The
absence of crossing over has led to the evolution of a substitute for chaisma at
diplotene. The substitute consists of modified synaptonemal complexes that are
not eliminated at the end of pachytene as in the case in chiasmatic meiosis
(Traut and Marec, 1996).

Deficiencies of the Z-chromosome are lethal in females where as deficiencies
of one of the Z-chromosomes do not have any effect on the sex expression in
males (Tazima, 1964). The presence of a piece of W-chromosome, not
including the female determinant (transferred to chromosome-3 by reciprocal
translocation) has a lethal effect in males while the loss of this portion of W
chromosome has no effect on sex expression in females. These findings
indicate that the Z and W chromosomes in B.mori have at least some non-
homologous segment containing sexually antagonistic genes (Tazima, 1964;
Rasmussen, 1978; Traut and Marec, 1996).

The lepidopteran sex heterochromatin (W-chromatin) is transcriptionally
inactive. This has been demonstrated by its failure to label in the presence of
tritiated uridine in the silkglands of Ephestia (Traut and Scholz, 1978).
Nevertheless, uridine incorporation is associated with heterochromatin in nurse
cells indicating that at least part of the W-chromosome remains active in
tissues involved in sex- determination (Guelin, cited in Traut and Scholz, 1978).
These kinds of observatons have led to the suggestion that
heterchromatinization serves to reduce or eliminate the function of the W-
chromosome in selected tissues, analogous to the role of chromosome
diminution in Ascaris, Cyclops and Sciara (Traut and Scholz, 1978; Crouse,
1990).
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3.2  Sex Determination in Drosophila melanogaster

Expression of Sxlin somatic cells is regulated by a cell autonomous signal, the
X:A ratio but its expression in XX germ line requires both the cell autonomous
signal of X:A ratio and an inductive signal generated by somatic cells (Bakerc
and Beloti, 1983; Steinmann-Zwicky et al.,1989). On the contrary, in C.
elegans, the same set of genes that control the somatic sex also control
germline sex but with some basic difference in their mode of action in the two
cell lines (Schedl and Kimble, 1987, 1988; Villeneure and Meyer, 1990).

SXL protein controls Sxl and tra transcript splicing directly by binding to poly U-
rich stretches in pre-mRNA (Sosnoski et al 1989; Inove et af 1990; Valcarcel et
al 1993). The gene snf, vir (virilizer), and fl(2)d [female-lethal (2)a] generate
products that facilitate SXL's positive autoregulatory splicing (Granadino et al,
1990; Flickinger and Salz, 1994; Hilfiker et al, 1995).The switch gene tra, the
direct regulatory target of Sx| requires a partner tra-2 (transformer-2) (Fujihara
etal, 1978). Together these two genes control the sex-specific alternative RNA
splicing of dsx (double sex), an unusual bifunctional gene (Nagoshi et al, 1988;
Mattow et al, 1990). A likely target for tra in the sex determination pathway is
fru (iruitless) (Gailey and Hall, 1989; Gailey ef al 1999).

Dsx (doublesex), is the gene controlling terminal differentiation of somatic or
germ cells into male/female phenotype. It acts downstream of tra and tra-2
(Baker and Ridge, 1980). DSX protein works both by repressing gene
expression that is appropriate for differentiation of opposite sex, and by
inducing gene expression appropriate to the same sex (Coschigano and
Wensink, 1993; Jursnich and Burtis, 1993). It is assisted by partners (genes)
which are not sex specifically regulated: ix (intersex) and her (hermaphrodite)
(Cline and Meyer, 1996).

The Sxl gene responds to the dosage of cis elements under the influence of
X:A ratio in early embryogenesis and becomes set in one of the two modes,
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either active (females) or inactive (males). The early phase of control also
involves the activity of other genes such as da, liz, fl(2)d. The active state of
SXL protein inturn acts on the tra gene transcript to promote its correct splicing
for functional TRA protein. The combination of active TRA protein and TRA-2
protein, a distinct product of tra-2 gene together function in correct splicing of
dsx gene transcript to produce DSX' protein which causes development of
female phenotype by activating female pathway genes and suppressing the
transcription of male specific genes. The whole sequence of events thus
described is characteristic of female sexual phenotype development in XX
individuals. In males, in the absence of either TRA or TRA-2, male specific
default splicing results in DSXM proteins (Cline and Meyer, 1996).

In contrast, the product of Sx/ gene in XY individuals, where X:A ratio is 0.5
remains inactive. Since active state of Sxl is required for production of active
TRA protein, the tra gene product naturally remains inactive. Under such
situation dsx gene transcript undergoes default mode of splicing leading to the
production of DSX™ protein that inhibits expression of female specific genes
and promotes expression of male specific genes thus causing the XY
individuals to become males (Cline and Meyer, 1996) (Fig. 3.1).

3.3 Sex Determination in Musca domestica

M. domestica is a dipteran member like Drosophila and exhibits male
heterogametic type of sex determination system. However, it differs from
Drosophila in the following basic respects: It has a transposon like male
determiner gene ‘M, epistatic to female determiner gene 'F," and known to
function as determiner of male phenotype by inactivating the female
determining gene 'P. In this system, absence of 'M' in homogametic XX system
(F+/F+) results in induction of female pathway (Schmidt et al., 1997a; Schmidt
et al,, 1997b). This is in sharp contrast to Drosophila system in which the
master sex specific switch SxI controls not only sex-specific pathways but also
dosage compensation pathways. Such functional involvement of Sxl in
Drosophila suggests that its sex-determining mechanism has become refractive
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to further evolutionary changes. This is not the case in M. domestica as it lacks
dosage compensation and its key sex-specific genes seem to function
exclusively in sex- determination (Dubendorfer et al., 1992; Schutt and
Nothiger, 2000). It is worthwhile to mention here that M. domestica contains
homologue of Drosophila SxI, whose expression is not controlled by the
primary sex-determining signal of X:A ratio therefore not equivalent to ‘F’ gene,
whose expression is regulated by primary sex determining signal 'M'. Similar
results have been obtained in other non-Drosophilid species. In conclusion, it
thus seems that original function of Sxl gene was not specific to sex-
determination in non-Drosophilids and that its role as a coordinator of sex-
determination and dosage compensation was acquired during evolution of sex
in Drosophila (Meise etal., 1998; Schutt and Nothiger, 2000).

3.4  Sex Determination in Caenorhabditis elegans

The level of HER-1' the product of the key regulatory gene her-1, determines
the activity of other sex-determining genes lying downstream of her-1. The
sequential interaction of sex-determining genes in C. elegans unlike that in D.
melanogaster is negative (Hodgkin, 1987). In other words, her-1 gene product
is inhibitor of tra-2, tra-3 gene products, which in turn inhibit the activity of fem
1,2,3 genes. Such sequential interactions result in high level of tra-1 gene
product in XX individuals thus causing them to develop into female. In XO
individuals, the similar negative interaction results in low level of tra-1 gene
product leading to male soma. Infact, the state of dsx gene product regulates
maleness and femaleness in Drosophila and the level of tra-1 gene product
regulates maleness/ femaleness in C. elegans (Hodgkin, 1986; Cline and
Meyer, 1996) (Fig.3.2).

3.5 Sex Determination in Mammals
The observation of heteromorphic sex chromosomes in humans, an XX pair in

females and an XY pair in males, suggested a chromosomal basis of sex
determination but was not informative as to the mechanism. The description of
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human phenotypic female with a single X-chromosome (Ford et al., 1959) and
a phenotypic male carrying two X-chromosomes and a Y-chromosome (Jacobs
and Strong, 1959) demonstrated that, rather than X:A ratio acting as a signal
for sex determination, the presence of Y-chromosome directs male phenotypic
development and in its absence, a female sexual phenotype results (Schafer
and Good fellow, 1996).

Discovery of a mutant mouse with chromosomal complement of a female (XX),
but developing as a male, designated as Sxr (sex reversed) by Cattanach et
al.,, (1971), was an important step in understanding the mechanism of sex
determination. Singh and Jones (1982), using the highly conserved Bkm probe
showed for the first time that sex reversal in these mice was due to
translocation of a very small part of the Y-chromosome to the distal end of the
long arm of the X-chromosome. Bkm studies revealed that the Sxr region of the
mouse Y-chromosome is strongly male determining and is necessary and
sufficient to convert a chromosomally female mouse into a male (Singh and
Jones, 1982). A systematic analysis of XX males and XY females has led to the
detailed mapping of Y-chromosome (Guellaen et al., 1984; Disteche et al.,
1986; Page et al., 1987) and isolation of ZFY (Zinc finger on the Y-
chromosome), earlier thought to be testis-determining factor (TDF) on the Y
(Page etal., 1987) and SRY (Sinclair etal., 1990), the gene in the sex reversal
region of the Y which has now been shown to be the regulatory switch for sex-
determination. SRY is required for triggering the differentiation of bipotent
gonad primordium into 'sertoli' cells leading to formation of testis. Once the
testis is formed, the male hormones they produce give rise to the male
phenotype. In addition to SRY, several other genes like DAX1, SF1, WT1,
DMRTL1 are suggested to be involved in determination of male and female
sexual phenotypes in mammals (Jimenez and Burgos, 1998; Raymond et al.,
1999). The activities of SF1 and WT1 are essentially required for the
development of bipotential gonads from genital ridge (Kreidberg et al., 1993;
Luo et al., 1994; Graves 1998).



21
In addition, SF1 gene is also expressed in sertoli cells during gonad formation,
which implies an important role of this gene in testis development (lkeda et al.,
1994). Further studies on the role of this gene in testis development have
shown its essentiality for the activation of anti-mullerian gene (AMH gene) and
steroidogenic gene (Shen et al., 1994). DAX1 has been shown to act as the
inhibitor of SF1 gene function leading to inhibition of testis development (Swain
etal., 1998).

SRY gene product is proposed to induce testis development indirectly by
antagonizing the suppressive effect of DAX1 gene on SF1 gene product
(Jimnez and Burgos, 1998). Consequently, such interaction between SRY and
DAX1 gene product results in normal activity of SF1 gene product, which in turn
activates the male pathway of testis development. The testis thus developed
produce male hormone for determining male phenotype as well as anti-
mullerian hormone that inhibits the pathway of ovarian development (Jimenez
and Burgos, 1998).

Recently, a gene with DM-domain similar to mab-3 and dsx has been identified
in humans and designated as DMRT1 (Raymond etal., 1998). DMRT1 maps to
the small region on 9p24.3 implicated in sex reversal and is a strong candidate
gene for this trait (Raymond et al., 1999). DMRT1 is expressed exclusively in
the genital ridge before sex-differentiation (the only other gene which shows
this pattern is SRY,) and soon after is expressed only in the testis (Raymond et
al., 1999), thus DMRT1 seems to be involved in mammalian sexual
development (Ellegren, 2000).

According to the current status of sex determination in mammals, a model has
been proposed to account for the genetic basis of maleness in XY individuals
and femaleness in XX individua