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Synopsis

SYNOPSIS

Sex determination is one of the most fundamental and astoundingly diverse biological
processes in organisms. Evolution of sex determination should have started very long ago
in living beings, which is evident from the appearance of two distinct sexes (male and
female) in diverse organisms from corals to mammals (ARNOLD 2012; ARNOLD et al.
2013; CUTTING et al. 2013; GAMBLE and ZARKOWER 2012). A variety of sex determination
mechanisms is observed in animals, most of which follow the chromosomal/genetic sex
determination but in some reptiles the sex is determined by environmental factors like
temperature at which eggs are incubated (crocodilians and turtles), settling of larval
position (echiuroid worm Bonellia) and based on the opposite sex (slipper snail Crepidula
fornicata). In the worm, Caenorhabditis elegans embryos with XX develop as females and
hermaphrodites, the XO develop as males and the X/A ratio determines the sexual fate
(MADL and HERMAN 1979). In mammals, the Y-chromosome confers maleness thus XY
embryos develop into males and XX embryos develop into females (BERTA et al. 1990). In
birds, insects and reptiles females are heterogametic (ZW) and males are homogametic
(Z2). In insects, the mechanism of sex determination is highly diverse and as there are no
sex hormones the sex of each cell is maintained autonomously. Some species lack sex
chromosomes where an autosomal gene controls the sex differentiation. In Drosophila
melanogaster, the dose of the X-linked signalling elements (XSE) is the primary signal for
sex determination (ERICKSON and QUINTERO 2007). In hymenopterans (Apis mellifera) the
ploidy of the genome determines the sex, where the diploids develop as females and
haploids develop as males (BEUKEBOOM 1995). In insects, Megaselia scalaris, Ceratitis
capitata, Lucilia cuprina, and Chironomous thummi an epistatic male factor on Y
chromosome confers maleness (BEDO and FOSTER 1985; HAGELE 1985; TRAUT 1994;
WILLHOEFT and FRANZ 1996). In the order lepidoptera (moths and butterflies), females are
heterogametic (ZW) and presence of W is believed to confer female development (ABE et
al. 2008; HASHIMOTO 1933).

Sex determination is followed by the process of sexual differentiation. In insects,
the gene that governs this sexual differentiation is the doublesex (dsx), which codes for a
transcription factor. Although the upstream factors of sex determination in several species
are diverse, their bottom most gene of sexual differentiation i.e., dsx is highly conserved
(Wilkins “bottom up” theory). This gene exhibits differential splicing in sexes by taking

advantage of alternative splicing; i.e., in males it produces dsxm and in females it produces



Synopsis

dsxf types of splicing isoforms, resulting in different protein isoforms between the sexes.
These proteins vary at their C terminal domain and are believed to be counteracting to each
other at the level of gene expression via transcription, which leads to differences in the
process of sexual differentiation. Thus the differential splicing of the dsx is a crucial factor
that governs the sexual differentiation in the mechanism of insect sex determination

pathway.

In domesticated silkworm Bombyx mori, W-chromosome ensures the development
of zygote to female. Unlike D. melanogaster where triploids (XXY+3A) develop into
intersexes and tetraploids (XXXY+4A) into normal females, in B. mori devoid of such
ploidy differences, both the triploids (ZZW+3A) and tetraploids (ZZZW+4A) having W-
chromosome develop into females, suggesting the presence of a strong epistatic factor on
W-chromosome that directs the embryo to female development. Recent study on
unravelling sex determination genes of B. mori has resulted in the identification of a W
encoded piRNA called fem (KiucHl et al. 2014). This piRNA is shown to be negatively
regulating a CCCH zinc finger gene, Masculinizer (Masc), which is shown to be involved
in differential splicing of dsx pre-mRNA (KiucHiI et al. 2014). In parallel to these findings,
Satish and Azimura et al., have also identified a group of CCCH and C2H2 zinc finger
motif encoding genes on W-chromosome and their homologous copies on the 25%
chromosome by employing differential display PCR (DDPCR) and genomic subtractive
hybridization (GSH) techniques (SATISH et al. 2006). However, their existence on W-

chromosome and role in sex determination remains to be validated.

I initiated my thesis work with the objective of characterization of the previously
discovered CCCH zinc finger gene on 25" chromosome and its role in B. mori sex
determination. At first (Chapter 1), sequence and expression analysis of the Bmznf-1 and
Bmznf-2 transcripts was done using RNA isolated from 5" instar larval fat body of male
and female larvae. The results suggest the presence of allelic variants for the autosomal
copy, Bmznf-2 gene. Further the relative overall expression of these CCCH zinc finger
genes in various somatic tissues (fatbody, midgut, silkgland and head) showed a female
biased expression and in gonads (ovary and testis) their expression is male biased. This
expression trend suggests that these genes may be crucial for female somatic
differentiation and they may be having a different function in gonads. Further, functional
characterization of the autosomal copy of CCCH zinc finger motif encoding gene Bmznf-2

was carried out (Chapter I1) to study its role in B. mori sex determination. Several
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analyses were conducted for functional characterisation of this gene in the ovary derived
BmN cells that exhibit female mode of sexual differentiation by producing Bmdsxf type of
splicing isoform. If Bmznf-2 is a sex determination gene, a significant variation in its
expression should affect the differential splicing of the Bmdsx gene. To test this, RNAI
based knockdown of Bmznf-2 was done in BmN cells and found no effect on the
differential splicing of Bmdsx. But the over expression of Bmznf-2 led to the production of
Bmdsxm, male type of splicing in the female BmN cells suggesting that Bmznf-2 may be a
masculization factor. This splicing phenotype suggested the gain of function of Bmznf-2 in
BmN cells. Further, the already reported genes of sex determination cascade like Bmpsi,
Bmimp and Bmtra-2 were checked for their differential expression or splicing upon over
expression of Bmznf-2 in BmN cells. It was observed that Bmtra-2 showed an enhanced
expression and aberrant splicing leading to shorter splicing isoforms that code for TRA-2

proteins that lack RS2 domain.

The over expression of Bmznf-2 CDS can also be viewed as over expression of the
precursor for the ovarian small RNA-12564 as the CDS of Bmznf-2 contains 100% sense to
sense match with this RNA. If the protein product of Bmznf-2 is responsible for the altered
splicing phenotypes of Bmdsx and Bmtra-2, then are the CCCH tandem zinc finger motifs
of BmZNF-2 are involved? To address this question, | did mutational study for the CCCH
motif-1 and motif-2 individually and found that the altered splicing phenotypes of Bmdsxm
and Bmtra-2 are lost in BmN cells. This suggests that it is not the ovarian small RNA-
12564 but the protein product of Bmznf-2 and both the CCCH motifs are involved in the
altered splicing of Bmdsx and Bmtra-2 genes. As the process of splicing occurs in the
nucleus of cells, | tested whether BmZNF-2 localizes to nucleus. For this immunostaining
and protein tagging with m-cherry was performed and found the nuclear localisation of
BmZNF-2, this suggests its activity in nucleus probably involved in alternative splicing.
These experiments clearly suggest that Bmznf-2 is a masculization factor that favours the
male type of Bmdsx splicing. But the question arises why this gene does not masculinize
the BmN cells normally and is there any endogenously driven negative regulation of this
gene in BmN cells. To answer this I did 5°UTR analysis of Bmznf-2 using dual luciferase
assay and found translational repression of this gene in BmN cells. These experiments
suggest that Bmznf-2 is involved in sex determination and is a strong masculinization
factor. It is also capable of inducing aberrant splicing of Bmtra-2 resulting in shorter

proteins that lack RS2 domain, whose function is unknown. A strong translational
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repression operates on this gene, which could be the reason for its non-functionality in

female cells (BmN).

Additionally in an attempt to identify possible new players of sex determination
and W-encoded genes, RNA-sequencing was performed for early embryonic stages
(Chapter I11). The embryonic stages were selected based on the observation that dsx gene
exhibits sex specific differential splicing at 96h. Hence, a stage before (78h) and a stage
after (120h) 96h were selected for analysis. Analysis of these three stages suggested an
early male biased expression at 78h and 96h stages, which gets normalized at 120h stage.
The differential gene expression analysis has revealed a set of male biased and female
biased genes at 78h, 96h and 120h stages. For the identification of W-derived fragments,
the genome unmapped reads were subjected to de novo-assembly. This resulted in
thousands of unmapped transcripts with ~200bp length (from male samples = 5726; female
= 4667). BLAST analysis showed that nearly 50% of these transcripts (male = 2596;
female = 2365) could be the precursor transcripts for the reported ovarian small RNAs in
B. mori. These transcripts were further subjected to various levels of filtering, which
resulted in 862 novel transcripts in which 225 were identified only in female samples and
423 were identified only in male samples. Out of the 225 female specific transcripts, 62
transcripts were predicted to be of W-origin based on the BLAST analysis against the W-
chromosome derived BAC clones. Unfortunately no protein coding transcripts were

identified among them and all the transcripts were non-coding in nature.

Further, dosage compensation (DC) and the sex determination are two intimately
related processes. For example, in Drosophila the double dose of XSE decides the female
sex (XX). Similarly in C. elegans the dose of “X-signal elements” determines the XX
embryos to develop into females/hermaphrodites and in wild silk moths, where females are
ZZ and males are ZO, the double dose of a subset of Z-linked loci is presumed to be
determining the sex of the organism. A recent study has also revealed that a sex
determination gene, masc also regulates dosage compensation in B. mori (KIUcHI et al.
2014). The sex chromosomal dose difference between sexes is often normalized by a gene
regulatory mechanism called dosage compensation. DC mechanism operates in a fashion
not only to reduce the sex bias in the expression of sex linked genes, but also to reduce the
expression disparity of sex linked and autosomal genes (NGUYEN and DisTECHE 2006). DC
in an organism is believed to be complete when the average expression of autosomes and

sex chromosomes are equal or the gene expression difference is statistically insignificant in
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both sexes. Generally, in XX/XY systems this pattern of DC is observed, whereas in case
of ZZ/Z\W systems this is not very common. The ZZ/ZW systems tested for DC were
found to show a constant male biased expression of the Z-linked genes suggesting the
incomplete DC. Hence it is believed that DC patterns are generally common in XX/XY
systems than in ZZ/ZW systems. In Bombyx mori (lepidopteran), the initial reports for DC,
based on expression profile of a set of a few Z-linked genes has suggested an incomplete
DC, where males showed higher expression of Z-linked genes, (Suzuki et al. 1998;
Suzuki et al. 1999). This was further confirmed by global, microarray analysis (ZHA et al.
2009). However, another study using reanalysis of the same microarray data draws a clue
for the possibility of a globally operating DC mechanism in B. mori (WALTERS and
HARDCASTLE 2011). In order to address this issue, the RNA-sequencing data of the
embryonic stages (78h, 96h and 120h), was analysed to explore the real patterns of DC
(Chapter 1V). The RNA-sequencing data of male female larval head and BmN cells were
used as reference samples for the developmentally more dynamic embryonic stages (78h,
96h and 120h). The results showed that the dosage of Z-linked genes is half to that of
autosomes. In the early stages of embryos i.e., 78h and 96h, there is a male biased
expression of Z-linked genes, which gets normalized at 120h stage. Based on this
observation, | propose that after 96h stage, the embryos attain compensation of Z-linked
gene dose. The second aspect of the study was how DC could have been achieved in B.
mori. As the average Z-linked gene dose is half to that of autosomes and as it is the same
even in the males with two Z-chromosomes, it suggests a probable suppression of Z-linked
genes in males for equalizing the expression to that of females. Finally, we conclude that
DC in B. mori to be complete as there is no statistically significant difference observed
between Z-linked gene expressions between sexes at presumably dosage established
samples like 120h embryos and larval head. But the patterns observed in B. mori suggest

an unconventional and a unique type of DC mechanism.

“How sex is determination in species?” this puzzling aspect of biology had resulted
in a pursuit, nearly a century ago to study the molecular mechanism behind this process.
This has revealed an array of genetic cascades mostly determined by sex chromosomes.
Studies on understanding the mechanism of sex determination in various taxa have led to
the proposal of bottom-up theory by Adam Wilkins (WILKINS 1995), where the bottom
most player of the cascade is highly conserved but the top players are diverse. In insects,
sex is not influenced by hormones and every cell maintains its own sex, hence

gynandromorphs are possible. The sex determination cascade involves a primary signal

5
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mostly genetical, coming from sex chromosomes that activates a “key gene”, which inturn
takes control of sub-ordinate control genes - finally driving the double switch (dsx gene).
The striking differences between male and female originate from the differential splicing
of dsx pre-mRNA, producing sex-specific proteins that are antagonistic in the process of
sexual differentiation and development. In most of the insects studied for sex
determination, there is a conservation to some extent at the level of “key gene” (tra),
whereas this gene is not found in B. mori by homology search. Additionally there seems to
be many regulatory factors involved in the sex specific differential splicing of B. mori dsx
pre-mRNA (Bmdsx) Eg., Bmpsi, Bmimp, Masc and currently identified Bmznf-2. These two
observations make the cascade of sex determination in B. mori, remarkably different from
that of other insects. The process of sex determination is undoubtedly linked to a vital
process called “Dosage Compensation”. The evolution of hetero-sex chromosomes (X and
Y or Z and W) has created sex chromosome aneuploidy that resulted in sex-linked gene
dose differences (X in males and XX in females or ZZ in males and Z in females), which
has to be compensated for the sexual fitness and survival of the organism. It is interesting
to check the mechanism of DC in B. mori where the sex determination cascade is
remarkably different as it involves a bunch of novel genes or factors (fem piRNA, Masc,
BmPSI, BmIMP and Bmznf-2). It is found that DC in B. mori is complete as ZZ=ZW as the
double dose of ZZ expression in males is equal to that of single dose of Z in females, but it
violates the evolutionary precedent of “Sex chromosomal expression should be equal to
that of autosomal expression” ie., (male ZZ= female ZW# A) instead it is nearly half of
autosomal (male ZZ=female ZW=A/2). In my thesis work, | have shed light on 1) the
mechanism of B. mori sex determination cascade by revealing the sex determination
function of Bmznf-2 and 2) how DC is achieved, by RNA-seq analysis. Altogether, these
two processes i.e., Sex determination and DC in B. mori should be recognised as
remarkably different from other insects and further research is required for exploring even

more exciting features in these areas of research.
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Chapter I: Analysis of a novel group of CCCH zinc finger genes in Bombyx mori

1.1 Introduction

In female heterogametic systems, the ZZ embryos develop into males and ZW or ZO
embryos develop in to females (TRAUT et al. 2007a). This is found in almost all the female
heterogametic species studied so far, but the role of the sex chromosomes in the process of
sex determination in not revealed. The possibilities include 1) ‘dominant-W’ mechanism
where the female determining gene on W-chromosome drives the ZW-embryo to female
development whereas the absence of W-chromosome lead to default male development. 2)
‘Z counting’ mechanism where the embryos with a single Z-chromosome develop in to
females and with two ZZ-chromosomes develop in to males and even the 3) ‘recessive Z’
mechanisms operate in lepidopterans (TRAUT and MAREC 1996). The polyploidy and
aneuploidy analysis has revealed the existence of “dominant W’ in the domestic silkworm,
B. mori. The region of W-chromosome that is capable of determining the femaleness called
“Fem” is located by a couple of deletions and translocation studies in B. mori (ABE et al.
2008; ABE et al. 2005). Further a very recent report suggests that a piRNA called “fem”
originating from W-chromosome is responsible for governing the femaleness (KIucHI et
al. 2014). This piRNA was also shown to be originating from the sex determining region
of the W-chromosome (Fem) (KATSUMA et al. 2014) and down regulating a CCCH zinc
finger gene, Masculinizer (Masc) that regulates the differential splicing of Bombyx double
sex gene (Bmdsx). However, in parallel studies (from our laboratory) attempting to
discover the genes involved in B. mori sex determination through differential display PCR
(SATISH et al. 2006) and genomic DNA subtractive hybridization (AJIMURA et al. 2006)
have resulted in identification of two novel groups of zinc finger genes (CCCH - z1, z2, z3
and C2H2 - z20, z21, z22). Further analysis revealed the existence of both W-linked and
autosomal (25" chromosome) copies of these genes (Figure 1). It was hypothesized that an
ancestral autosomal pair (z2 + z21) on 25" chromosome has duplicated onto the W-
chromosome (z1+ z20), thus acquiring unknown sex specific function and this copy has
been further duplicated on to the W-chromosome as z1-1b + z20-1b, z1-2 +z20-2 and z1-3
+z20-3. In addition, the translocation studies of the W-chromosomal fragments to
autosomes have supported the existence of a strong putative epistatic female determining
region called “Feminizer” (Fem) on the W-chromosome (HASHIMOTO 1933; TAZIMA
1954). A preliminary analysis using FISH has indicated that probably these zinc finger
genes are linked to the “Fem” region of W-chromosome (AJIMURA et al. 2006; SATISH et
al. 2006) and hence it is very appealing to discover the role of these novel zinc finger

genes (CCCH and C2H2, Figure 1) in B. mori sex determination pathway.
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Duplicated gene copies of z1 and 220, could be pseudo genes
|

z1 220 - z1-1b 220-1b z1-2 220-2 21-3 220-3
(Bmaznf-1)
z3 22 221 222

25 chr

(Bmznf-3)  (Bmznf-2)

Figure 1. Genomic organisation of a novel group of CCCH and C2H2 zinc finger genes in B. mori.
The genes z1, z2, and z3 are referred to as Bmznf-1, Bmznf-2 and Bmznf-3 respectively.

Gene duplications have an exceptional role in the evolution of genes involved in
sexual development or sex determination. To mention few examples, e.g. 1: the genes sxI
and CG3056 are homologs generated by a duplication event in dipteran lineage. SxI has
adopted the function as a sex determiner gene whereas the parent gene CG3056 is believed
to serve the same ancestral unknown functions (TRAUT et al. 2006). Hence in D.
melanogaster, D. erecta, and D. pseudoobscura sxI and CG3056 are two paralogs
(homologs with different function) which are orthologs (homologs with same functions) to
the single sxI gene in Anopheles, Apis, Bombyx, and Tribolium. E.g. 2: In Oryzias latipes
(medaka fish) the homolog DMRT 1 on an autosome is clustered together with its paralogs,
DMRT 2 and DMRT 3 (LUTFALLA et al. 2003; MATSUDA et al. 2003). A region on Y-
chromosome contains a homolog of DMRT1 gene, called DMRTLY, which is expressed in
male embryonic, larval and in sertoli cell of adult testes. E.g. 3: In Danio rerio (zebra fish),
the gene SOX9 gave rise to SOX9a/SOX9b gene pair by duplication (KLUVER et al. 2005).
SOX9a is involved in testis development while SOX9b is considered to be involved in
ovary development. Though both proteins contain similar DNA-binding and
transcactivation properties, they show different expression profiles. E.g. 3: In Xenopus
laevis (frog), DM-W a vital gene involved in ovary development, is considered to have
evolved by the duplication of a testis formation gene DMRTL1, hence both these genes are
considered as paralogs (YosHIMOTO et al. 2008). E.g. 4: The mammalian gene Dmtr7
which plays a critical role in chromatin transition in meiosis is specific to males and is
considered to have emerged by duplication of a Dmrt gene (KAWAMATA et al. 2007,
KAWAMATA and NIsHIMORI 2006). E.g. 5: In primates, the X-linked gene SCML1, with
testis specific function, is thought to have arisen due to a duplication event from its ancient
SCML2 and SCMH1 which have different functions (Wu and Su 2008). It is apparent from
all these examples that gene duplication is the root event in the evolution of genes involved
in the process of sexual development or sex determination. In the present context, the
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homologs of a novel CCCH and C2H2 zinc finger genes (Figurel) identified on W-
chromosome and on 25" autosome in B. mori depict a similar scenario, giving an initiative

for their function in the early sexual development or sex determination.

In general the zinc finger genes are involved in a variety of basic molecular
functions like mMRNA stability (CHol et al. 2014; WELLS et al. 2015; YANG et al. 2015),
transcription (OGo et al. 2015), translational repression (HUANG and HUNTER 2015),
mMRNA splicing (KONIECZNY et al. 2014), protein-protein interactions (MATTHEWS et al.
2000) and thus mediate myriad metabolic and developmental processes like DNA repair
(PIErAccIOLI et al. 2015), insulin uptake (BUCHNER et al. 2015), gene silencing via
epigenetic modulations (ICHIDA et al. 2015), follicular development (EFIMENKO et al.
2013), reproduction (KReBS and RoBINs 2010), salt resistance (HAN et al. 2014), drought
tolerance (WANG et al. 2015), fertility and embryonic development (DE et al. 1999; LI and
THOMAS 1998; RAMOS et al. 2004), etc. Therefore, zinc finger genes have evolved as
crucial players in diverse functions, representing a group of key regulators of gene

expression.

Zinc fingers (CCCH) are also reported to be involved in sexual differentiation and
reproduction. In Caenorhabditis elegans, several C-x8-C-x5-C-x3-H type zinc finger genes
like PIE-1, MEX-1, MEX-5/6 and POS-1, have been reported as maternal factors that are
essential for the germ cell differentiation (DRAPER et al. 1996; GUEDES and PRIESS 1997;
REeEeSE et al. 2000; ScHUBERT et al. 2000; TENENHAUS et al. 2001). The RNA binding
proteins, MEX-5 and MEX-3 are shown to be involved in translational repression by
binding to 3’UTR of pal-1 mRNA in the anterior embryo and thus contributing to
asymmetric gene expression (HUANG et al. 2002), which is essential in development
(HUANG and HUNTER 2015). Three zinc finger genes moe-1, moe-2, moe-3 (SHIMADA et al.
2002) and recently discovered redundant OMA-1 and OMA-2 (KAYMAK and RYDER 2013)
are involved in oocyte maturation. In the zebra fish, Danio rerio, the zinc finger gene
Zfcthl codes for two putative CCCH zinc fingers that are essential for oocyte maturation
(TE KRONNIE et al. 1999). In Xenopus, an ovary specific gene XC3H-4 with four zinc
finger motifs is speculated to be involved in the regulation of mRNA stability in oocyte
maturation and/or early embryogenesis (DE et al. 1999). In mice an mRNA-binding and
destabilizing CCCH zinc finger protein, Zfp3612 functions in the control of female fertility
physiologically (BALL et al. 2014; RAmOS et al. 2004). In B. mori, a CCCH zinc finger

10
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motif encoding gene, masc is shown to be regulating the dosage compensation and also a
regulator of Bmdsx splicing (KiucHlI et al. 2014). Thus the zinc finger genes have been
evolved to be crucial factors that play a vital role in the physiology and development of

organisms.

In the present work, | have studied the novel CCCH group of zinc finger genes,
Bmznf-1 and Bmznf-2 for their allelic variants and overall expression in various somatic
tissues and gonads. As this novel group CCCH zinc finger genes is associated with the W-
chromosome (female determinant), they may be involved in the process sexual

development of B. mori.

11
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1.2 Materials and Methods

1.2.1 RNA isolation from larval fat body and RT-PCR

Total RNA from 5" instar larval fat body (~25 mg) was isolated by TriZol (Invitrogen)
method. To remove DNA contamination, the total RNA was in solution DNase-1 (Ambion)
treated. The RNA concentration of samples was measured using Nanodrop 2000 (Thermo
Scientific). cDNAs were synthesized using 1 pg of total RNA, using SuperScript III
(Invitrogen). PCR was set using Emerald Amp GT PCR 2X master mix (Takara). The
reaction conditions were 94°C for 5 min, 35 cycles of 94°C for 30 sec + 60°C for 30 sec +
72°C for 1 min and final elongation step of 10 min at 72°C. The PCR samples were

analysed on 1.5% agarose gels cast with ethidium bromide.

1.2.2 Cloning and sequencing of Bmznf-1 and Bmznf-2 transcripts from male and
female fat body samples

The coding sequences (CDS) of Bmznf-1 and Bmznf-2 (1083 bp) were PCR amplified with
the primers Zn2-F-Sacl(5° GCGCGGGAGC TCGGGATGAAAAAATACTTAAAATAC3) and
Zn2-R-Notl (5° TATTAGCGGCCGCCGCGATA CGTGCGTCTTATC 3) using cDNAs
synthesized from the fat body of 5" instar male and female larvae independently to ensure
isolation of transcripts sex specifically. The resultant amplicons were cloned into the plZT-
V5 insect glow vector (Invitrogen) using Sacl and Notl restriction enzymes. The clones
were selected on low salt Zeocin LB plates and the sequences were confirmed by OplE2 F

and OplIE2 R sequencing primers.

1.2.3 Relative quantification of the zinc finger genes Bmznf-1, Bmznf-2 and Bmznf-3
by quantitative RT-PCR

The relative expression level of Bmznf-1, Bmznf-2 and Bmznf-3 in male and female somatic
tissues and gonads was validated through quantitative real-time PCR (ABI 7500). The
reaction was set using SYBR Premix Ex Taqg (Tli RNaseH Plus, Takara Bio Inc) with
cDNA sample of 3 ul (diluted t010 ng/ul) and 0.2 uM primers, in a final volume of 20 pl.
Reaction conditions were: 95°C for 30 sec, 95°C for 5 sec and 60°C for 34 sec. ABI SDS
software version 1.2.3 was used for standard curve analysis. The relative expression was
determined using ACt analysis and the reactions were carried out in triplicates. GAPDH

was used as endogenous reference control.

12
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1.3 Results

1.3.1 Sequence and expression analysis of a novel group of CCCH zinc finger genes in
B. mori

Among the CCCH zinc finger genes (Bmznf-1 and Bmznf-2) the W-linked z1 (Bmznf-1)
and the autosomal z2 (Bmznf-2) copies exhibit a very high degree of sequence
conservation, 98% identity at mRNA (Figure 2) and 96% identity at protein levels (Figure
3), suggesting that these two genes are homologs (could be paralogs or orthologs)
(AJIMURA et al. 2006; SATISH et al. 2006). The CDS of Bmznf-1 and Bmznf-2 is 1080
bases, which codes for 360 aa proteins of PI/MW = 8.67/41.7 kDa and 8.77/41.6 kDa
respectively. But the autosomal gene Bmznf-3 encodes for a shorter protein (PI/MW=
8.81/26.8 kDa) with an extra 30 a.a N-terminal sequence (Figure 4). The CDS regions of
Bmznf-1 and Bmznf-2 transcripts vary at 25 positions (Figure 2) that resulted in only 14 a.a

differences at their protein sequences, due to 11 synonymous substitutions.

The 5’UTR region of these zinc finger genes (~600 bp) is highly conserved
between these two genes. UTRScan (itb tools.ba.itb.cnr.it/utrscan) revealed two upstream
open reading frames (WORFs) in 5’UTR. It is believed that in eukaryotes, these uORFs are
generally involved in the translational regulation of genes (BARBOSA et al. 2013). These
transcripts also has two target sites for ovarian small RNAs, one on 5° UTR region
[ovarian small RNA-24319 (GenBank accession: AB410509)] and the other spanning the
junction of 5 UTR and start codon [ovarian small RNA-37041 (GenBank accession:
AB423231)] (Figure 5). The CDS of these transcripts may be acting as precursors for the
ovarian small RNA-12564 (GenBank accession: AB398754) based on 100% match in
sense strand to sense strand orientation. The 3° UTR of these zinc finger genes are of ~400
bp and are highly conserved. The 3°’UTR regions of these transcripts also have one internal
ribosome entry site (IRES), two uORFs and three Musashi binding elements (MBE).
Unlike the 5’UTR regions, the 3’UTR regions of these genes don’t have target binding
sites of any reported B. mori ovarian small RNAs.

13



Chapter I: Analysis of a novel group of CCCH zinc finger genes in Bombyx mori

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

Bmznf-1
Bmznf-2

ATGAAAAAATACTTAAAATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGA
ATGAAAAAATACTTAAAATACAAGITCGGGGAGGAGAGICACTCGCCCCAATATCATGGA

KAKKAKAKAKKAAKRKAAAKRAAXNKAAAKAA A K] AAXAAKAAXAAARAA K, KA A A A AR KA A AR A AN AR AKX

GTAGCAGAAATCCCAGAAGCAGAAGCGATGAAAAGAAAGAAACATGAGCAGACAGAGAAG
GTAGCAGAAATCICAGAAGCAGAAGCGATGAAAAGAAAGAAACATGAGCAGACAGAGAAG

R I S R R S T R S R R S

GTTCATCCACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAAT
GTTCATCCACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAAT

B R S R S

TTCAATAAGGAAATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGAAA
TrcarfianceararcarllcaficacGAGGAGACACCTTCAATACCATARAATATCAAGARA

hhkhkhkk AAhhhkhkhhhkhkhk Ak AAAAhAkAAhhhkArhhhkAAhKh AAhhhhkArhhkdhAhkhh*x

GATCCAACTGAGAATTATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTT
GATCCAACTGAGAATTATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTT

B R R R I I R I

GTGCGTAACACTTGCAATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCC
GTGCGTAACACTTGCAATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCC

R e R R S R S

CAACTTAAAGGAGTTTACAGATTCTGTATTGATTTTGAAAATAAAAAGTGCACACGTGCA
CAACTTAAAGGAGTTTACA.ATTCTGTATTGATTTTGAAAATAAAAAGTGCACACGTGCA

R e I ke

GAATGTTCATATGCTCACGCCACAGTGCACGAGAAAGAACATTTCTTCAGAACGGGCTAT
GAATGTTCATATGCTCACGCCACAGTGCACGAGAAAGAACATTTCTTCAGAACGGGCTAT

B R R R R I R

TTACCATCACATACATTGAGCCATATTAAGAAAAAAACAGTCCAACCTCCAGCTAAAACC
TTACCAcAATACATTGAGCCATATTAAGAAAAAAACAGTCCJACCTCCAGCTARAACC

KAKAkAKR KKk KAAAKRAAKRKAAAKRAKAAAAKAAAAA A AA R KA AR KA A KR Ak A A kA A d A kA k)

AAAGAAACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACC
AAAGAAACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACC

Sk ok ke ok sk ok Kk ok ke sk ok ke ok ok ok sk sk ok ke ok sk ok ok ok ok sk sk ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

ACTTCTGTTCCGATGTACACAAATGCTTCGAATATAAGCATGATGCAAAATCCGTACGAG
ACTTCTGTTCCGATGTACACAAATGCTTCGAATATAAGCATGATGCAAAATCCITACGAG

R R R I I R R I I I S S I S

AAGCAATGGCCGGAAATGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGTGGGCAT
AAGCAATGGCCGGAAATGGAAGACAAAICGTCGCCCGAGATGGCATATTATAGTGGGCAT

KAKAAKAKRAA KR KA AAKRAAKRKAAAKRAFAAAA A, AR AIAAA R KRAA R KAAA R A AR XA A AR A AR AR K, Ak K

CCATCTTATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATA
CCATCTTATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATA

R e R R R S T R R S R R

GTGCAAAATCCATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAA
GTGCAAAATCCATACGICACTGTIATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAA

KAKAKKAAKRKAAAKRK K’ AAAKAKA KA KA AR A AAAA KA A AR A AR AR A K KA AR KA KA K K” * kK

GAACCCGTGAGTCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAG
GAACCCGTGAGTCAACCCACGCACGAGTACGCIGA.TACGCTGAAACGGCTGGATCCAAG

B e S N I O etk R T R S

AAATGCAGAAACTGTGATGTCAACGAGTTCAGATTCCAGCACAACAAAAACAAAATCATG
AAATGCAGAAACTGTGATGTCAACGAGTTCAGATTCCAGCAIAACAAAAACAAAATCATG

R e o I L R e R R R S R R S

AAAATGATAAAAGACACAGACGACTTGAATTATCGCGTGGGACAAATAACTAAAAAGAAC
AAAATGATAAAAGACACAGACGACTTGAATIATCGCGTGGGICAAATAACTAAAAAGAAC

KA AR KA A AKR KA AKRKR KK KAAKNKAAAAAKKAAKRN A hkAAK KA ARK” A AR A KA A AR A KA AR K** KK

ACTAAATTGAATGAAATACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACGTATCGC
AcTAAATTGAATGAATACTTGTGTGCcTCGTCGAAGT T TGATAAGACGCACHTliTCGC

hhkhkhkhhkAAhhhhkhhkh H AAhhkhkhh hhAAhhhkhArhhkhkhAdx hhkkhkhhkhhkhkrrhkhk * H*kk*

TAG 1083
TAG 1083

* K Kk

60
60

120
120

180
180

240
240

300
300

360
360

420
420

480
480

540
540

600
600

660
660

720
720

780
780

840
840

900
900

960
960

1021
1021

1081
1081

Figure 2. The ClustalO alignment of Bmznf-1 and Bmznf-2 CDS regions to show a high degree of
conservation, these two sequences vary at 25 positions (highlighted in red).
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Figure 3. The ClustalO alignment of BmZNF-1 and BmZNF-2 proteins to show a high degree of
conservation at the level of protein sequences. These two protein sequences vary at 14 a.a
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Figure 4. The ClustalO alignment of BmZNF-1, BmZNF-2 and BmZNF-3 protein sequences.
BmZNF-3 is a shorter protein with an extra 30 a.a N-terminal sequence.
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The putative protein sequences of BmZNF-1 and BmZNF-2 have an N-terminal
proline rich domain of 14 aa (PPLPNRPPLPPPEP) and a novel, non-canonical tandem
CCCH zinc finger motif (C-x7-C-x5-C-x3-H-(x13)-C-x7-C-x4-C-x3-H; x=any aa) of 50 aa
(Figure 6). The NCBI conserved domain database (CDD) search using the BmZNF-1 and
BmZNF-2 protein sequences as query against the KOG v1.0-4825 PSSMS database
resulted in the identification of two conserved domains namely, 1) KOG2494, C3H1-type
Zn-finger protein, (E-value=1.8e®) and 2) KOGO0850, Transcription factor DLX and
related proteins with LIM Zn-binding and HOX domains (E-value = 9.43¢™). Further, a
BLAST search using BmZNF-1 and BmZNF-2 protein sequences against the UniProt
KB/Swiss-Prot gave hits to the CCCH tandem repeats of zinc finger genes from various
organisms and specially to the Muscle blind like protein 3 (MBNL3) of Mus musculus
(GenBank accession: Q8R003) and many splicing factors like U2AF small sub-unit A
(GenBank accession: Q9ZQW8) and B (GenBank accession: Q6AUGO0) sub-units and
PFL2310w-pre-mRNA splicing factor from Plasmodium falciparum (GenBank accession:
Q814V2). MBNL proteins are known to be mRNA splicing regulators and these genes
regulate the alternative splicing of multiple genes (AMACK and MAHADEVAN 2004; CHENG
et al. 2014; RANUM and CooPER 2006). The interaction of MBNL proteins with either
exon or intron regions correlates their functional aspects in the alternative splicing. Their
interaction with the 3> UTR sequences suggests their involvement in mRNA stability,
localization and protein secretion associated functions (MASUDA et al. 2012; OSBORNE et
al. 2009; PouLos et al. 2013; WANG et al. 2012a). Although we do not have any direct
evidence for the interaction of BmZNF-1 or BmZNF-2 protein(s) with the mRNA(s), based
on the homology of their CCCH motifs to MBNL group of proteins, these genes can be

speculated to be splicing factors.
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Figure 5. Schematic representation of the mRNA structure of zinc finger genes (Bmznf-1 and
Bmznf-2). The zinc finger genes (Bmznf-1 and Bmznf-2) codes (CDS 1080 bp) for a putative protein
of 41.6 kDa (360 amino acid). 5°UTR has target sites for two ovarian small RNAs-24319 (1) and
37041 (2). The CDS of these transcripts may be a precursor for the ovarian small RNA-12564 (3).
The proteins contain one proline rich domain (4) and tandem CCCH zinc finger motifs (5 and 6).
The green and red dots represent the start and the stop codons respectively.
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Figure 6. The ClustalO alignment of BmZNF-1 and BmZNF-2 with similar sequences found in
NCBI (XP_004924548.1, XP_004924549.1) and SilkDB (BGIBMGAO004989-PA) databases. The
proline rich domain and the zinc finger motifs are highlighted with respective colors as depicted in

Figure 5.
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Further the overall expression level of these CCCH zinc finger genes (Bmznf-1, Bmznf-2
and Bmznf-3) was analysed using qRT-PCR in various somatic tissues like fatbody,
midgut, silkgland, head and in gonads (ovary and testis) of 5™ instar larvae. These genes
showed a female biased expression in somatic tissues and male biased expression in
gonads (Figure 7). This suggests that the expression of these genes may be crucial for
female somatic differentiation and in gonads these genes may have a different function.
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Figure 7. The relative expression of CCCH zinc finger genes (Bmznf-1, 2 and 3) in tissues of 5"
instar larvae, checked by gRT-PCR.

1.3.2 Identification of allelic variants of Bmznf-2 zinc finger gene

The Bmznf-1 and Bmznf-2 transcripts from the male and female fat body samples were
cloned in to plZT vector using full length amplification primers with restriction sites Sacl
and Notl. The clones obtained were sequenced for the expression analysis. In females only
the transcripts similar to Bmznf-1 type were obtained (Annexure 1), this could be due to the
abundant expression of Bmznf-1 from W-chromosome. As the Bmznf-1 gene is W-specific,
the males are not supposed to have the transcripts similar to this gene. But even in males,
transcripts similar to Bmznf-1 are obtained in abundance compared to transcripts similar to
Bmznf-2 type (Annexure I1). The CDS regions of Bmznf-1 and Bmznf-2 transcripts exhibit
variations at 25 nucleotides (Figure 2) and a group of clones obtained (Annexure I11) from
males showed similarity with Bmznf-1 type of transcript at all these 25 nucleotide
variations, suggesting the existence of allelic variants for the autosomal copy i.e., Bmznf-2

gene in B. mori.
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1.4 Discussion

In silico analysis of Bmznf-1 and Bmznf-2 transcripts in B. mori suggests that they encode
for a novel, tandem CCCH zinc finger motif proteins with a proline rich domain. The zinc
finger motifs are well known for the nucleic acid binding properties (HAGEN et al. 1994;
MOLNAR et al. 1994; OGo et al. 2015; PIELER and BELLEFROID 1994) and the proline rich
domains are known for the protein-protein interactions (KAy et al. 2000; WILLIAMSON
1994; Yu et al. 1994). Especially the family of CCCH zinc finger genes may be considered
as an emerging group of RNA interacting proteins, which are mainly involved in mRNA
splicing and 3’UTR mediated regulation/suppression (LAI and BLACKSHEAR 2001; WANG
et al. 2008). For example, the Muscleblind-like (MBNL) proteins in mammals are a group
of CCCH zinc finger genes that are directly involved in the regulation of alternative
splicing of various target gene pre-mRNAs. The aberrant splicing of these MBNL proteins
leads to the disorder myotonic dystrophy (DM). A 35kDa U2AF, human splicing factor
subunit (a CCCH gene) acts as critical factor in both constitutive and an enhancer induced
splicing by promoting essential protein-protein interactions and protein-RNA interactions
for the 3’ splice site selection (PACHECO et al. 2006; SOARES et al. 2006; YOSHIDA et al.
2015). The CCCH zinc finger genes are also involved in regulating the mRNA metabolism
by binding the AU rich sequence elements in the 3’UTR of the mRNA and directing them
to degradation, thus regulating the gene expression (BLACKSHEAR 2002; HUDSON et al.
2004; LAl and BLACKSHEAR 2001). In humans, the CCCH zinc finger gene ZNF74 was
shown to be a RNA binding protein and is involved in RNA metabolism (GRONDIN et al.
1996). Thus the role of zinc finger genes seems enormous as they exhibit a variety of
functions and represent crucial factors in various metabolisms, especially in RNA

metabolism.

The 5” and 3° UTR regions of Bmznf-1 and Bmznf-2 transcripts contain various
UTR regulatory elements like Upstream open reading frames (UORFs), ovarian small RNA
target sites, IRES and MBE in common. In eukaryotes the uORFs are involved in
regulating the gene expression at the level of translation; there are different mechanisms by
which uUORFs mediate the translational regulation (BARBOSA et al. 2013). Studies have
shown that 49% of the human transcriptome has uORFs, which are mostly conserved
among species, indicating the evolutionary selection of UORFs that are functionally active
(CaLvo et al. 2009; IacoNo et al. 2005; Suzuki et al. 2000). The uORFs are common in

certain classes of mRNAs, e.g., they are present in two third of oncogenes and genes
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involved in important cellular processes like cell cycle regulation, differentiation and stress
response (Kozak 1987; Kozak 1991; MoRRIS 1995; MoRRIs and GEBALLE 2000; SPRIGGS
et al. 2010). About 100 eukaryotic transcripts including 30 of human were validated for
their UORF mediated translational regulation (CALvo et al. 2009). Additionally recent
studies have shown that changes in the 5’UTR sequences that create or disrupt a uORF are
associated with development of human disease or disease susceptibility, suggesting their

importance in gene regulation (CALVO et al. 2009).

Nearly half of the B. mori genome is composed by transposable elements (TES),
also called selfish genetic elements (CONSORTIUM 2008; OSANAI-FUTAHASHI et al. 2008).
These elements can insert themselves into new locations of host genomes and are capable
of altering gene structure and expression. The expansion of these elements has to be
regulated to conserve the genomic integrity especially in germline cells. Hence organisms
have developed a special defense mechanism to silence these elements in germline. Among
the three main classes of small RNAs (siRNAs, miRNAs and piRNAs classified based on
their biogenesis), the piRNAs have been demonstrated to be actively involved in this type
of genomic defense mechanism against transposons (ARAVIN et al. 2007; VAGIN et al.
2006). It has been found that a sub class of piRNAs called rasiRNAs is abundantly present
in the B. mori ovary and ovary derived cells (CAI et al. 2012; KAWAOKA et al. 2008;
KAWAOKA et al. 2009). In the present work, the transcripts of Bmznf-1 and Bmznf-2
contained target sites for two ovarian small RNAs and the CDS regions contain 100%
conserved sequence of an ovarian small RNA, suggesting that these transcripts could be
acting as precursors for this particular ovarian small RNA. This association between the
transcripts and corresponding RNAs suggest that it might be very crucial for the cell to

regulate the expression of these genes in order to achieve a desired phenotype of the cell.

Further three MBE elements are also present in the 3’UTRs of Bmznf-1 and Bmznf-
2 transcripts. From literature it is known that the Musashi is an evolutionarily conserved
neural RNA-binding protein that controls neural cell fate. In mammals, Musashi functions
in maintenance of the stem cell state, differentiation and tumerogenesis by repressing the
translation of a particular set of mMRNAs (OKANO et al. 2002). Additionally an IRES is
present in 3’UTR region of Bmznf-1 and Bmznf-2 transcripts. IRES is a nucleotide
sequence that allows the translational initiation of MRNA and is present only in a subset of
mRNAs. It generally occurs in the 5’UTR regions but the IRES in the 3’UTR of these
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genes is unusual and its function is obscure. In the current context, the presence of UORFs
and the MBE:s in the 5’UTR and 3’UTR respectively indicates the possible involvement of
these UTR elements in the translational regulation of the zinc finer genes Bmznf-1 and

Bmznf-2 and this regulation may be tissue or sex specific or conditionally active.

Sequencing analysis of the CCCH zinc finger genes, Bmznf-1 and Bmznf-2 by
cloning of Bmznf-2 transcripts from male fat body samples has resulted in the identification
of transcripts that are similar to the W-copy gene, Bmznf-1. Therefore these transcripts are
considered to be the allelic variants of the autosomal Bmznf-2 in B. mori. The reason why
these zinc finger genes are highly homologous and why allelic variants are present for
these genes is yet to be explored. This scenario reminds the existence of various natural
sequence variants (14) for the CSD gene in Apis (BEYE et al. 2013), where the CSD genes
are involved in absence/presence phenotypes of morphological development. In a similar
fashion, the allelic variants of these zinc finger genes may also be involved in such
phenotypes. Further, it is believed that the ancestral autosomal copy of Bmznf-2 has
duplicated onto the W-chromosome (Bmznf-1) in the course of evolution (SATISH et al.
2006), this duplication might be one of the major events in the process of acquiring a sex
determination function. But if Bmznf-2 is already a sex determining gene then the reason
behind the duplication of this sex determining gene onto the W-chromosome is interesting
to investigate. Further the necessity of this duplication probably suggests the association of

these zinc finger genes in the absence/presence phenotypes.
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1.5 Summary

The analysis of zinc finger genes, Bmznf-1 and Bmznf-2 suggests the presence of various
regulatory elements of gene expression like uORFs, ovarian small RNA target sites and
MBE:s in their 5° and 3° UTR regions. The BLAST search of the CCCH zinc finger motifs
of these genes indicates similarity with the CCCH zinc finger motifs of Muscleblind, a
MRNA interacting protein. This suggests the probable involvement of the zinc finger
genes, Bmznf-1 and Bmznf-2 in the mRNA metabolism. The expression analysis of Bmznf-
1 and Bmznf-2 suggests that these genes are profoundly female biased in somatic tissues
like fat body, mid gut, silk gland, and head. But in gonads, these genes showed a relative
higher expression in testis. This expression pattern indicates that they may have different
role in gonads. Further, the sequencing analysis of the clones obtained from male tissues
has revealed the existence of allelic variants for the autosomal copy of zinc finger gene,
Bmznf-2 in B. mori. Further the role of these homologs in the mechanism of B. mori sex

determination or sexual development is one exciting aspect to investigate.
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2.1 Introduction

Sex determination is a fundamental biological process that determines two distinct sexes.
A variety of sex determination mechanisms is observed in animal species, most of which
follow the chromosomal/genetic sex determination, except in few cases where the sex is
determined by environmental factors like temperature (e.g. crocodiles, alligators and few
lizards). Among insects, the mechanism of sex determination is well understood in
Drosophila and serves as a reference for all insects. In Drosophila, (XX is female and XY
is male) the sex is determined by the dose of X-linked signaling elements (XSE) (XSE are
four transcription factors Scute, SisA, Runt and Unpaired) (ERICKSON and QUINTERO
2007), which in turn is determined by the number of X chromosomes. XSE, whose
expression threshold can be reached only in female embryos, confines the production of
Sex-lethal (SXL) protein to females. SXL produced in this way directs the female specific
splicing of pre-mRNA of transformer (tra) gene resulting in functional TRA protein. The
TRA interacts with non sex specific transformer2 (TRAZ2) protein and this complex binds
to the doublesex repeat element (dsxRE) in the middle of fourth exon and forces the female
specific splicing of doublesex (dsx) mRNA, producing the female DSX protein. These two
proteins have been shown to exhibit antagonistic functions in the process of sexual
differentiation (CHRISTIANSEN et al. 2002). In a few insect species like Megaselia scalaris
(TRAUT 1994), Ceratitis capitata (WILLHOEFT and FRANz 1996), Bactotocera tryoni
(SHEARMAN and FROMMER 1998), Lucilia cuprina (BEDO and FOSTER 1985) and
Chironomus thummi (HAGELE 1985), an epigenetic male factor from the Y chromosome
decides the male development. Culex tritaeniorhynchus lacks the sex chromosomes and the
maleness is conferred by an autosomal gene (BAKER and SAKAI 1976). The sex in Aedes
aegypti is determined by Nix gene from M locus on Y chromosome like region (HALL et
al. 2015). In hymenopteran species, the sex is maintained through haplodiploidy, where
haploids develop as males and diploids develop as females. In Nasonia vitripennis,
transformer (Nvtra) gene plays a crucial role in development of females, where it
maintains its concentration by an autoregulatory loop through a maternally supplied TRA

protein (VAN DE ZANDE and VERHULST 2014; VERHULST et al. 2010).

In lepidopterans (butterflies and moths) ZZ/ZW or ZZ/Z0O chromosomal system of
sex determination is observed. The heterogametic sex (ZW and ZO) is female and the
homogametic sex (ZZ) is male. Sex in the domesticated silkworm, Bombyx mori is
determined by a feminizing piRNA, fem on the W-chromosome (HASHIMOTO 1933;
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KiucHi et al. 2014). It has been reported that SXL is not regulated in a sex specific fashion
in B. mori (Nimi et al. 2006). Tra orthologue has not been identified so far in B. mori,
probably owing to its rapid sequence divergence in the course of evolution (CONCHA and
ScoTT 2009; HEDIGER et al. 2010; KULATHINAL et al. 2003; O'NEIL and BELOTE 1992;
Ruiz et al. 2007). Dsx pre-mRNA has been shown to be lacking TRA/TRA-2 binding sites
(Suzuki et al. 2001). Though the orthologues of tra2, intersex (ix) and fruitless (fru) genes
have been identified in B. mori, their functions remain elusive. Previous studies have
resulted in the identification of two RNA binding splicing inhibitors: 1) B. mori homolog
of IGF-1I mRNA binding protein (BmIMP) (Suzuki et al. 2010) and 2) B. mori homolog
of P-element somatic inhibitor (BmPSI) (Suzuki et al. 2008), which are involved in
differential splicing of Bmdsx pre-mRNA. The involvement of Bmpsi and Bmimp renders

this mechanism to be unique from any other group of insects.

Recently, the mechanism of B. mori sex determination was reported to be governed
by a piRNA (fem) from the W-chromosome. The W-derived fem piRNA negatively
regulates a Z-linked CCCH zinc finger gene, Masculinizer (masc). This has been shown to
regulate the Bmdsx sex specific splicing by promoting the expression of male specific
Bmdsxm type of splicing isoform and also dosage compensation by an unknown
mechanism. Thus, this gene, masc is presumably non-functional in females, leading to
female specific Bmdsxf type of splicing isoform (KiucHi et al. 2014). Further studies have
shown that the over expression of masc gene in BmN cells has enhanced the transcription
of Bmimp gene and most probably through this the masc induces the expression of male
specific Bmdsxm type of splicing isoform (SAKALI et al. 2015a). Thus, the reported studies
have shown that the sex in B. mori is regulated by a W encoded fem piRNA that in turn

negatively regulates the masc gene in females, which is a masculinization factor in males.

In B. mori, studies attempting to identify the genes involved in sex determination
pathway have resulted in the identification of a female specific CCCH zinc finger motif
encoding gene, termed as z1 on W-chromosome and its homologous copies namely z2 and
z3 on 25" chromosome (AJIMURA et al. 2006; SATISH et al. 2006) (please refer Chapter-I
of this thesis for more information on these genes). Further, the studies of translocation of
W-chromosomal fragments to autosomes have supported the existence of a strong putative
epistatic female determining region called “Fem” on the W-chromosome (HASHIMOTO

1933; TAzZIMA 1954). A preliminary analysis using FISH has indicated that probably these
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zinc finger genes are linked to the “Fem” region of W-chromosome (AJIMURA et al. 2006;
SATISH et al. 2006).

In the current study, my experimental evidences provide functional insights into the
role of an autosomal CCCH zinc finger gene, z2 (Bmznf-2) (GenBank accession:
XP_004924549) in the B. mori sex determination. Through transient overexpression of
Bmznf-2 in BmN cells demonstrates that Bmznf-2 affects the differential splicing of Bmdsx
and Bmtra-2 pre-mRNA. Further, | provide a critical evidence (Luciferase assays) for an
endogenously existing 5°’UTR mediated translational repression over Bmznf-2 in BmN

cells.
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2.2 Materials and Methods

2.2.1 Cloning of Bmznf-2 into insect expression vector, plZT

The coding sequence (CDS) of Bmznf-2 (1083 bp) was PCR amplified with the primers
Zn2-F-Sacl and Zn2-R-Notl (Annexure 1V) using cDNAs synthesized from the fat body of
5" instar male larvae to make sure the amplicon was derived from autosomal Bmznf-2
gene. The resultant amplicon was cloned into the plZT-V5 insect glow vector (Invitrogen)
using Sacl and Notl restriction enzymes, for plZT-Bmznf-2 plasmid. The clones were
selected on low salt Zeocin LB plates and the sequences were confirmed by OplE2 F and
OplE2 R sequencing primers. (ii) For the luciferase assay, a modified pmirGLO vector
(Promega), which had OplEI and OpIEII promoters from pIZT vector in places of human
PGK and SV40 respectively were used. The 5’UTR regions (with two intact and scrambled
putative target sites for the ovarian small RNAs) of Bmznf-2 were cloned downstream of
firefly luciferase CDS using restriction sites Xbal and Sacl. The CDS of GFP (600 bp) was
used as a negative control in this experiment. (iii) For the localization study of BmZNF-2
protein, the CDS of m-cherry was cloned inframe downstream of Bmznf-2 in plZT-Bmznf-
2 using the restriction sites Notl and Xbal, to get fused protein of Bmznf-2 with m-cherry at
C-terminal end. The positive clones were confirmed through sequencing.

2.2.2 Transfection and overexpression of Bmznf-2 in BmN cells

BmN cells were cultured and passaged using TC-100 insect medium (SIGMA-ALDRICH)
with 10% FBS (Thermo Scientific-Gibco). Transfections were carried out in 12 well plates
for ectopic expression and RNAI experiments, and 24 well plates for luciferase reporter
assays. Cells were seeded at a concentration of 1x10° per well (for 12 well) and 5x10* (for
24 well) followed by transfection after 24h. Transfection mixtures were prepared by
mixing plasmid DNA or dsRNA with (200 ng of plasmid for ectopic expression, luciferase
assays and one pg of dsRNA for RNAi) 3 pl of transfection reagent TransIT2020 (Mirus
Bio) in a final volume of 100 pl using serum free medium per well. This mixture was
incubated at room temperature for 20 minutes for complex formation and distributed
dropwise to each well containing cells in a volume of 1 ml (for 12 well plate) and 0.5 ml

(for 24 well plate) medium, following manufacturer’s instructions.

2.2.3 Isolation of total RNA from BmN cells and RT-PCR
Total RNA from tissues (~25 mg) was isolated following TriZol (Invitrogen) method.

DirectZol kit (Zymo Research) was used for isolation of total RNA from BmN cells. To
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remove DNA contamination, the total RNA was DNase-l (Zymo Research) treated as per
manufacturer’s instructions. The RNA concentration of samples was measured using
Nanodrop 2000 (Thermo Scientific). cDNAs were synthesized using 1 pg of total RNA,
using SuperScript 111 (Invitrogen). PCR was set using Emerald Amp GT PCR 2X master
mix (Takara). The reaction conditions were 94°C for 5 min, 35 cycles of 94°C for 30 sec +
60°C for 30 sec + 72°C for 1 min and final elongation step of 10 min at 72°C. The PCR

samples were analysed on 1.5% agarose gels cast with ethidium bromide.

2.2.4 Quantitative RT-PCR

The relative expression level of Bmdsxm isoform was validated through quantitative real-
time PCR (ABI 7500) (for primers see Annexure 1V).The reaction was set using SYBR
Premix Ex Taq (Tli RNaseH Plus, Takara Bio Inc) with cDNA sample of 3 ul (diluted to
10 ng/ul) and 0.2 uM primers, in a final volume of 20 pl. Reaction conditions were: 95°C
for 30 sec, 95°C for 5 sec and 60°C for 34 sec. ABI SDS software version 1.2.3 was used
for standard curve analysis. The relative expression was determined using ACt analysis and
the reactions were carried out in triplicates. GAPDH was used as endogenous reference

control.

2.2.5 Mutational PCR

To construct the mutant clones, point mutations were introduced into the two CCCH
tandem repeats of Bmznf-2 clones by using two mutant primers (for primers see Annexure
IV), changes two cysteines to serines and one hystidine to leucine in the resultant protein
products. Amplicons of Zmut-pairlF + Zn-R-Notl and Znl-F-Sacl + Zmut-pair 2R were
used as templates for overlapping PCR and the resultant final fragment was cloned in pIZT
vector. The clones obtained were screened for the desired mutations through sequencing

and the selected mutant clones were used for transfection experiments.

2.2.6 Stem loop RT-PCR

cDNA for the ovarian small RNAs was synthesized by following the previously described
protocol (SINGH et al. 2010). The reverse transcription reaction was carried out using
SuperScript™ 111 (Invitrogen) by following the manufacturer’s instructions. In brief, the
reaction mixture of 20 pl included 1 pg RNA, 1 ul 10 mM dNTPs (Fermentas) and 0.5 pl
100 nM stem-loop primer (for primers see Annexure V).
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2.2.7 Luciferase reporter assay

Dual luciferase reporter assays were performed in duplicates (3-biological x 2-technical
replicates). BmN cells, two days post transfection with pmirGLO constructs were slogged
in 160 ul of PBS per well. 75 pl of these slogged cells were distributed into two wells of
96 well plate for the assay. Dual luciferase reporter assays were performed in the GloMax
multi plus machine (Promega), using the dual-luciferase reporter assay system (Promega),
following the manufacturer’s protocol. Briefly, to 75 ul of slogged cells, 75 ul of Dual-Glo
Luciferase Reagent was added and were set for agitation for 10 minutes (for cell lysis)
followed by taking the readings for firefly luciferase activity. The plate was removed from
the machine and 75 pl of Dual-Glo Stop and Glow solution was added to the wells
followed by agitation for 10 minutes and renilla luciferase activity was recorded. For all
the samples, the ratio of firefly and renilla luciferase activities was estimated and the

percentage of relative luciferase activity was plotted.

2.2.8 Immunofluorescence

A day before transfection with plZT-Bmznf-2 construct, the BmN cells were seeded on
18mm cover slips placed in 24 well plate,. For immunofluorescence imaging, on 2™ day
post transfection with desired plZT constructs cells were fixed with 4% paraformaldehyde
for 10 min, permeabilized with 0.2% Triton X-100 in PBS for 5 min and then blocked with
1% bovine serum albumin at room temperature (RT) for 1 h. The cells were subsequently
incubated overnight with primary antibody- Anti His (Invitrogen) at 1:100 dilution, at 4°C.
After washing thrice (10 min each) with PBS, the cells were incubated with Alexa 594
conjugated anti- anti-mouse antibody (Invitrogen-Molecular Probes) at a dilution of 1:500,
and incubated at RT for 1 h followed by three washes each for 10 min with PBS. The
nuclei were counterstained with 4, 6-diamidino- 2-phenylindole (DAPI) and cells were
mounted using VECTASHIELD Mounting Medium (Vector Laboratories). The fluorescent
images were captured on Zeiss LSM 510 META inverted confocal microscope and

analyzed with LSM software (Zeiss).

2.2.9 RNA interference

RNAI was performed in BmN cells using short double stranded RNAs. A short dsRNA
was designed to target two regions of a transcript. The CDS of Bmtra-2 and Bmznf-2 were
scanned for the potential SiRNAs using SIRNA wizard

(HTTP://IWWW.SIRNAWIZARD.COM/DESIGN.PHP 2016). A set of two long primers (Annexure
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IV) were designed per gene by fusing two predicted siRNAs based on not less than 50%
GC content. These primers contained a tag sequence which is complementary to the T7
primer of mirVANA probe construction kit (Ambion) that facilitated the construction of
two DNA templates of ~75 bp length. These two templates were set for in vitro
transcription for producing the sense and antisense transcripts which were mixed at
equimolar concentration and annealed by heating at 95°C for 2 min on a thermomixer. This

mixture was then cooled slowly to room temperature and stored in -20°C until use.

2.2.10 Sequence confirmation
All clones and the differential bands obtained as a result of altered splicing were either
agarose gel extracted or cloned into TOPO vector (Invitrogen). These amplicons or clones

were then confirmed by sequencing through Sanger method.
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2.3 Results

2.3.1 Masculinization of BmN cells upon over expression of Bmznf-2

In this study, the role of zinc finger gene Bmznf-2 is revealed in the sex specific differential
splicing of the Bmdsx pre mMRNA in the ovary derived BmN cells. These cells produce the
female type of Bmdsx (Bmdsxf) splicing isoform, representing their female mode of sexual
differentiation. To decipher the role of Bmznf-2 in promoting differential splicing of Bmdsx
pre-mRNA, RNAI based knockdown of Bmznf-2 was performed in BmN cells using short
dsRNA. The knockdown achieved for Bmznf-2 gene was 75 to 90%, which is considerably
high and presumably enough for generally interfering the gene activity in Bombyx (MoN et
al. 2012; Suzuki et al. 2010; Suzuki et al. 2008). But it did not affect the innately
expressing Bmdsxf splicing isoform level (Figure 8A, 8B), which indicates the lack of
activity of Bmznf-2 in achieving Bmdsxf splicing isoform in BmN cells (female). Further,
the overexpression of Bmznf-2 in BmN cells promoted male specific splicing isoform
(Bmdsxm) and this correspondingly decreased Bmdsxf (Figure 9A and 9B). This shift of
splicing phenotype is referred as “masculinization” (KIUucHI et al. 2014). The
masculinization induced by Bmznf-2 overexpression denotes the “gain of function” of
Bmznf-2 in BmN cells (female cells), which indirectly suggests that Bmznf-2 may be

generally inactive in female cells.

As mentioned previously, the CDS region of Bmznf-2 mRNA sequence could be a
putative precursor of the ovarian small RNA-12564. In such a case, the overexpression
experiments of Bmznf-2 may also be treated as the over expression of the ovarian small
RNA and possibly the observed masculinization could be either by the putative BmZNF-2
protein or by some kind of gene regulation induced by the ovarian small RNA-12564.
Therefore, to test which of the above two factors (BmZNF-2 protein or ovarian small
RNA-12564) is actually associated in inducing masculinization of BmN cells, | have
performed site directed mutagenesis of the two CCCH motifs of putative BmZNF-2
protein, in order to to unravel their role in masculinization. By keeping the region of the
ovarian small RNA-12564 intact, two mutant pIZT constructs were generated and over
expressed in BmN cells, each expressing the mutated BmZNF-2 proteins at its a) CCCH
motif 1 and b) CCCH motif 2 respectively.
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Figure 8. RNAI of Bmznf-2 did not affect the differential splicing of Bmdsx in BmN cells. A)
RNAI shown by RT-PCR and B) gRT-PCR to show their RNAI efficiency (75% to 90%) in BmN
cells. The results suggest no role of Bmznf-2 in female type of Bmdsx splicing (Bmdsxf).

The mutations resulted in the replacement of the 2" and 3™ cysteines to serines and
the hystidine to leucine amino acids in the CCCH motifs, which has previously been
demonstrated to affect the structure of the zinc finger motif, and would seriously
compromise the function of CCCH zinc finger protein (ADDEPALLI and HUNT 2007; Guo
et al. 2000). The point mutations in either the CCCH motif 1 or CCCH motif 2 has
abolished the phenotype of masculinization (Figure 9C and 9D), indicating the
involvement of putative BmZNF-2 protein and the essentiality of zinc finger motifs in
inducing masculinization of BmN cells. These experiments in BmN cells revealed the
association of Bmznf-2 encoded protein in regulating the sex specific differential splicing
of Bmdsx, and thus signifying its activity in controlling the processes of sex determination
and differentiation (Figs. 9A and 9B).
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Figure 9. Bmznf-2 promotes the male specific splicing of Bmdsx in BmN cells upon
overexpression. A) Increased expression of Bmdsxm splicing isoform (masculinization) upon
Bmznf-2 over expression. B) Relative quantification of the Bmdsxm splicing isoform using real-
time gPCR (* indicates a significant difference, t-test - p<0.05) between control-pIZT and BmZNF-
2 induced-plZT-Bmznf-2 samples. The dark lines represent the median values of the data points. C)
Point mutations (three cysteines to serines and one histidine to leucine) in at least one CCCH motif
out of two resulted in the loss of masculinization phenotype. D) The sequences of the wild type and
the mutated zinc finger motifs of the three clones used for transfection.
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The above experiment suggests the role of BmZNF-2 protein in the alternative
splicing of Bmdsx and as the mechanism of alternative splicing operates only in the nucleus
of cells, I further checked the localization of Bmznf-2 protein in BmN cells. For this, the
Bmznf-2 CDS in pIZT construct was fused with m-cherry at its C-terminal end and over-
expressed in BmN cells. The fluorescent imaging clearly indicated the nuclear localization
of Bmznf-2 and m-cherry fused protein (Figure 10), which was further supported by
immunostaining of BmN cells transiently over-expressed with the His-tagged (C-terminal)
Bmznf-2 protein (Figure 11). This study implies its functional activity in the nucleus and its
probable involvement (either direct or indirect) in the nuclear processes like mRNA
splicing.

2.3.2 Differential splicing of Bmtra-2 pre-mRNA induced by Bmznf-2 over expression.
Apart from testing the effect of overexpression of Bmznf-2 on Bmdsx splicing its effect on
differential expression of genes reported to be involved in Bombyx sex determination
(Masc, Bmtra-2, Bmpsi and Bmimp) was also checked. A unaltered expressions of these
genes was observed (data not shown) except for Bmtra-2, which showed an enhanced

expression coupled with aberrant splicing.

Bmtra-2 splicing (from masculinised BmN cells) was analysed by using a series of
forward and reverse primers as indicated in Figure 12A. The sequencing analysis (Sanger
method) of full-length amplicons (Figure 12B and 12C) using primer sets F1-Rs and F1-R,
revealed the aberrant splicing of Bmtra-2. All the major and the minor (based on relative
band intensity as shown in Figure 12C) aberrant splicing isoforms are depicted in Figure
12D. The major aberrant isoforms are resultant of two splicing events 1) Due to the
skipping of 7™ exon alone and 2) Skipping of 6™ and 7" exons together. Both types of
transcripts presumably produce truncated versions of BmTRA-2 proteins that lack RS2
domain. The minor aberrant isoforms include two types of transcripts, formed by 1)
Skipping of 4" to 7" exons and 2) Skipping of 5™ to 7" exons (Figure 12C). These minor
isoforms presumably result in much truncated versions of Bmtra-2 proteins that lack a

major portion of protein (even the RRM motifs), whose function is unknown.
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Figure 10. Nuclear localisation of BmZNF-2 protein. A) Un-transfected control BmN cells and B)
BmN cells transfected with plIZT-Bmznf-2_m-cherry plasmid that expresses fused protein.
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Alexa 594 Alexa 594

Figure 11. Confocal imaging of the nuclear localised BmZNF protein. A) BmN cells un-
transfected, used as control for immunostaining. B) BmN cells transfected with plZT-Bmznf-2 for
over expression of c-terminal His tagged BmZNF protein. Cells were immuno-stained using mouse
Anti His primary and Alexa 594 anti-anti mouse secondary antibodies.
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An enhanced expression of Bmtra-2 was observed upon Bmznf-2 over expression as
measured by qRT-PCR, selecting two regions of the transcript, proximal (Figure 12E, exon
2-3) and distal ends (Figure 12F, exon 6-8). Though a significantly (t-test, p<0.05)
enhanced expression was observed in both the cases (Figure 12E and 12F), the enhanced
expression was found to be considerably higher from the distal end of the transcript (Figure
12F). This difference was also reflected from full-length amplicons using semi-quantitative
RT-PCR (Figure 12B and 12C). These findings, suggest an inherent differential
selection/exemption of 8™ and 9™ exons (containing stop codons), making their expression
weak, and thus in general a major proportion of Bmtra-2 transcripts may be directed

towards an unknown event of splicing.

Further, in order to study the possible relationship between the observed differential
splicing of Bmtra-2 and Bmdsxm type of splicing, RNAI based knockdown was performed
for the gene Bmtra-2 in BmN cells (efficiency achieved was 75% to 90%). The knockdown
of Bmtra-2 did not affect the sex specific splicing of Bmdsx (Figure 13), indicating that it
has no role in achieving default splicing isoform (Bmdsxf) of Bmdsx in BmN cells.
Previous studies conducted for the functional analysis of Bmtra-2 in B. mori embryos
revealed no role of Bmtra-2 in the Bmdsx sex specific splicing (Suzuki et al. 2012).
Though the RNAI results are concordant with the previous RNAI study in embryos
(Suzuki et al. 2012), the unusual splicing events observed in Bmtra-2 upon overexpression
of Bmznf-2 presents an elusive role of Bmtra-2 in the mechanism of Bombyx sex

determination.

To evaluate the functional role of the observed aberrantly spliced shorter transcripts
of Bmtra-2 upon overexpression of Bmznf-2 in masculinization, the shorter isoforms of
Bmtra-2 were cloned and over-expressed in BmN cells, this did not affect the sex specific
splicing of Bmdsx (data not shown). Hence the reason for the occurrence of shorter Bmtra-
2 transcripts which presumably generate putative proteins, lacking RS2 domain upon

Bmznf-2 overexpression, is not clear and needs to be investigated.
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Figure 12. Altered splicing of Bmtra-2 upon over expression of Bmznf-2 in BmN cells. A) The
gene structure of Bmtra-2 showing 9 exons. B) Over expression of Bmznf-2 enhances the Bmtra-2
transcript levels. F; to Fsand R; to R; represent the primers used for PCR amplification (both for
semi-quantitative and qRT-PCR). C) Bmtra-2 full length amplicons (with primers F;-R, and F;-R;)
obtained from control (pIZT vector treated) and Bmznf-2 over-expressing (plZT-Bmznf-2) BmN
cells. The RT-PCR profiles indicate the differential splicing of Bmtra-2 upon over expression of
Bmznf-2. D) Schematic representation of the differentially spliced Bmtra-2 isoforms upon
overexpression of Bmznf-2 gene. * indicates the major and minor splicing isoforms obtained from
the sequencing of corresponding bands of C). E) and F) Real-time PCR to show the increased
expression of Bmtra-2 transcript level between control (pIZT, vector treated) and Bmznf-2 over-
expressing (pIZT-Bmznf-2) BmN cells.
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Figure 13. RNAI of Bmtra-2 genes did not affect the differential splicing of Bmdsx in BmN cells.
A) RNAI of Bmtra-2 shown by RT-PCR and B) gRT-PCR to show the RNAI efficiency (75% to
90%) in BmN cells. The results suggest no role of this gene in female type of Bmdsx splicing
(Bmdsxf).

Further, the essentiality of both CCCH motifs of Bmznf-2 was shown in the unusual
splicing events of Bmtra-2 phenotype (Figure 14) by deploying the same site directed
mutant clones used for evaluating the role of Bmznf-2 in masculinization phenotype. Thus,
the role of Bmznf-2 CCCH motifs is apparent in both phenotypes. These observations
reveal that Bmznf-2, by some unknown mechanisms, induces both masculinization and an

enhanced expression coupled with an aberrant splicing of Bmtra-2 pre-mRNA.
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Figure 14. Site directed mutagenesis and Bmtra-2 splicing. A) Schematic representation of the
Bmtra-2 splicing structure and the primers used. B) C) Point mutations (three cysteines to serines
and one histidine to leucine) in atleast one CCCH motif out of two resulted in loss of
masculinization and Bmtra-2 aberrant splicing phenotypes. C) The sequences of the wild type and
the mutated zinc finger motifs of the three clones used for transfection assays.

2.3.3 Existence of 5> UTR mediated negative regulation of Bmznf-2 gene

The 5° UTR of Bmznf-2 harbours 100% antisense match for two ovarian small RNAs
24319 and 37041. Therefore, it is expected that Bmznf-2 might be a target for these two
small RNAs. The endogenous expression of these small RNAs was detected by the stem

loop PCR (Figure 15). To study the involvement of these ovarian small RNAs in Bmznf-2
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regulation, dual-luciferase assays were performed with the 5° UTR sequence of Bmznf-2
(Figure 16). The luciferase constructs containing entire 5° UTR region of the Bmznf-2
(5’UTR) or the 5 UTR region with scrambled two ovarian small RNA target sites (5° UTR
ov. target sites scrambled) were constructed using the cDNA prepared from RNA of the
male larval fat body. The ratio of luciferase expression (firefly/renilla) for the constructs
suggested a significant 5 UTR mediated translational repression (t-test, p<0.05) over
Bmznf-2 expression level in BmN cells (Figure 16). But an insignificant difference was
observed between the constructs with and without ovarian small RNA target sites (t-test,
p>0.05), thus ruling out the role of these two putative ovarian small RNAs 24319 and
37041 in the observed translational repression (Figure 16). From the above data, | infer a
5’ UTR mediated translational repression for the gene Bmznf-2 in BmN cells. But the role
of these ovarian small RNAs is not clear as the scrambling of their target binding sites in

5’UTR region did not affect the negative regulation of Bmznf-2 gene.

A)

Ovarian small RNA Ovarian small RNA Ovarian small RNA
24319 50 bp 12564 50 bp 37041

B) NTC 50 bp NTC 50 bp NTC

Figure 15. Endogenous expression of ovarian small RNAs in BmN cells. A) Stem loop PCR
showing the expression of the ovarian small RNAs 24319, 12564, 3704 in BmN cells. Arrows
indicate the corresponding small RNA amplicons. B) No template control (NTC) for the stem loop
PCR.
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Wild Gil\ACAATCGCGGTACGTGAlTACGAAATA
Scrambled AATAATAGACAAGGTAGGACCGATCCTG

Ovariansmall RNA 37041 target site (28 b)

wild GGCCATCGCCGAACTTCAGACTTATGAA
Scrambled  §1AGCCTATACAGACCTGTAGACTCAGE

Figure 16. The existence of 5 UTR mediated negative regulation of Bmznf-2 expression in BmN
cells. A) The dark horizontal lines represent the median values of the data points. * indicates the
statistically significant difference (t-test) observed between samples. B) The sequences of the wild
and scrambled ovarian small RNA target sites for the ovarian small RNAs 24319 and 37041.
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2.4 Discussion

In insects, dsx is considered to be the terminal gene in the sex determination pathway and
is also treated as master regulator of sexual differentiation. Its pre-mRNA is sex
specifically spliced, producing sex specific proteins, DSXM in males and DSXF in
females. These two proteins share a common N-terminal zinc finger DNA recognition
domain (DM) (ERDMAN and BURTIS 1993) and oligomerization domain 1 (OD1) but vary
at their C-terminal oligomerization domain 2 (OD2), which leads to antagonistic properties
in terms of gene expression. For instance, the genes transcriptionally activated by DSXM
will be repressed by DSXF and vice versa, which results in insect sexual dimorphism (AN
et al. 1996). The DSX orthologs are widespread across the animal kingdom. For example,
in mouse, a DSX ortholog called DMRT1 is involved in testis differentiation (RAYMOND et
al. 2000). The Dmrt genes are extensively studied as they are the transcription factors,
which are mainly involved in sex determination and differentiation pathways (PICARD et
al. 2015).

The fact that a large number of DSX target sites are present in Drosophila implies
the significance of dsx in regulating somatic sexual differentiation. These target sites
include transcription factors and signalling pathway components, which are directly or
indirectly involved in sex biased expression. Further, these DSX target sequences of
Drosophila overlap considerably with the DMRT1 target sites of Mouse (CLOUGH et al.
2014), denoting the functional conservation of DMRT across species. The upstream factors
that regulate the differential splicing of dsx pre-mRNA are crucial in the mechanism of
insect sexual dimorphism as dsx splicing is a very sensitive process that follows the “all or
none principle.” Hence, sex specific differential splicing of dsx pre-mRNA in insects is
crucial and may be viewed as an essential regulatory mechanism, as this decides the sex of

insects.

In B. mori, the doublesex gene (Bmdsx) is sex specifically spliced and its pre-
MRNA splicing has been shown to be mainly regulated by two RNA binding proteins,
BmPSI and BmIMP (Suzuki et al. 2010; Suzuki et al. 2008). These two RNA recognition
motif (RRM) containing proteins have been shown to be physically interacting with the
regulatory element CE1 sequence (20 nucleotides) on exon 4 of Bmdsx pre-mRNA and
induce the skipping of exons 3 and 4. So far only these two proteins are reported to be the

potent direct splicing regulators of the Bmdsx pre-mRNA splicing. Recent studies have
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added the masc gene to be another potential factor, which may be indirectly promoting the
Bmdsxm type of splicing by enhancing Bmimp transcript levels (KiucHI et al. 2014; SAKAI
et al. 2015a).

The present study clearly shows that BmZNF-2 is a nuclear localizing protein and
Is an important masculinization factor that upon its overexpression induces male specific
splicing of Bmdsx pre-mRNA in BmN cells. Based on the following observations of
BmZNF-2, 1) The similarity of CCCH zinc finger motifs to that of MBNL proteins, 2)
Promoting the differential splicing of Bmdsx pre-mRNA and 3) Nuclear localization, |
speculate Bmznf-2 to be a splicing regulatory protein that directs the alternative splicing of
its target MRNAs in a similar fashion as that of MBNL proteins. But the interaction of
Bmznf-2 with DNA should be tested by further experimentation as | cannot rule out its
possibility as a transcription factor, activating many more genes that are crucial in sex
determination. Altogether, from these observations, | group the gene Bmznf-2 with splicing
regulators like Bmpsi, Bmimp and masc genes, which determine the differential splicing of
Bmdsx pre-mRNA, and in turn the Bombyx sex determination. But the interaction of
Bmznf-2 with these proteins is an open question and needs to be investigated. Further, the
growing list of Bmdsx sex specific splicing regulators (BmPSI, BmIMP, MASC and
BmZNF-2), suggests a complex mechanism being operated for the regulation of Bmdsx

differential splicing in Bombyx.

Studies in Drosophila suggest that the TRA-2 is a RNA binding protein involved in
the alternative splicing of various genes. The tra-2 orthologs are found across species from
worms to mammals, and are essential in the alternative splicing of a variety of genes (BEST
et al. 2014; SEONG et al. 2002; XIA et al. 2007), and its splicing enhancer activity is also
linked to a few cancers (WATERMANN et al. 2006). In Drosophila, TRA-2 protein along
with TRA forms a splicing enhancer complex, which plays a crucial role in the differential
splicing of dsx (HosHuIMA et al. 1991), fruitless (RIDEOUT et al. 2007; SHIRANGI et al.
2006), exuperantia (exu) and alternative-testis-transcript (att) (HAzELRIGG and Tu 1994;
MADIGAN et al. 1996). Thus, tra-2 plays an essential role in the Drosophila sex

determination and development.

Bmtra-2, a B. mori ortholog of tra-2, is not sex specifically spliced and is expressed
in both the sexes. The alternative splicing of Bmtra-2 pre-mRNA results in 6 isoforms,
namely Bmtra-2 A-F (N1u et al. 2005), of which A, B, C share 8" exon and D, E, F share
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9™ exon for their stop codons. These isoforms are generated due to two 5° splicing acceptor
sites on 3" exon and by differential sharing of 8" or 9™ exons. All the isoforms encode
proteins that contain three domains namely N terminal arginine-serine rich (RS1), RRM
and C terminal arginine-serine rich (RS2). Functionally, the RRM domain is involved in
target binding and the RS domains are involved in protein-protein interactions (KOHTZz et
al. 1994; Wu and MANIATIS 1993). The RNAI studies for the functional analysis of Bmtra-
2 in B. mori embryos suggested the involvement of Bmtra-2 in testis development but

revealed no role in the sex specific splicing of Bmdsx (Suzuki et al. 2012).

Here | present a complicated splicing structure of Bmtra-2 pre-mRNA, resulting
from differential skipping of exons. This is promoted by the over expression of Bmznf-2 in
BmN cells. The over expression of Bmznf-2 induces an unusual splicing pattern of Bmtra-2
pre-mRNA, resulting in shorter isoforms, which get translated into shorter putative
proteins that lack the RS2 domain. Insights from the literature suggest that the RRM
domain (STEFL et al. 2005) of Drosophila TRA-2 is essential for the dsxRE (six exonic
splicing enhancer sequences) binding, and RS1 and RS2 are involved in interacting with
the auxiliary enhancer SR proteins that in turn promote the sex specific splicing of dsx in
Drosophila. Deletion of RS2 domain in transgenic flies abolished the sex specific splicing
of dsx pre-mRNA, whereas deletion of RS1 showed marginal effects, signifying the
importance of RS2 domain (AMREIN et al. 1994). Based on these findings from TRA-2, |
speculate that the RS2 domain of Bmtra-2 may also have a crucial role in B. mori sex

determination.

The present study indicated the role of Bmznf-2 in regulating the alternative
splicing of an essential splicing enhancer gene Bmtra-2, whose protein product may be
involved in splicing of a variety of genes and expected to affect many pathways, especially
in the germ cells. Further, I could not link the unusual splicing events of Bmtra-2 with the

masculinization phenotypes, but could explore the critical role of Bmznf-2 in both.

Insights from functional analysis of long non-coding RNAs (INnRNAS) suggest the
dynamic roles of these emerging regulators of gene expression in the field of molecular
biology (MEeRCER et al. 2009). Reports indicate the role of InNRNASs in various post
translational modifications. Their active participation in regulatory functions like
disruption of translation, regulation of mMRNA stability or transcriptional control, indicates

the possible widespread functional significance of INnRNAs in gene regulation (BEST et al.
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2014; FATICA and BozzoNi 2015; KUNG et al. 2013; SINGH and PRASANTH 2013). In the
present study, | show the existence of Bmznf-2 5* UTR mediated negative regulation of this
gene via a INRNA(s)/unknown piRNA(s) or a regulatory protein that is involved in the
probable suppression of the Bmznf-2 protein levels/activity. | speculate that this unknown
factor may be encoded by W-chromosome or may be influenced by a putative W-factor
operating via a gene regulatory mechanism (Figure 17). Further, | also assume that cell
monitors the expression level/activity of the Bmznf-2 protein by the translational repression

via 5’UTR based regulation, for avoiding masculinization.

BmN cells

Translational repression of Bmznf-2
Bmznf pre-mRNA 5
3

‘ Bmznf -2 over expressed
W or W-influenced
Qfactor

m\lUdeus ZW ‘ nuclear localization of BmZN\

Bmdsxpre-mRNA (LT H2HEH AIX 5] n ‘

V Bmtra-2 pre-mRNA

Default female splicing Forced male splicing ‘l’
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Figure 17. A model representing the influence of BmZNF-2 protein on splicing of Bmdsx and
Bmtra-2 pre-mRNAs. | propose that under normal condition, the Bmznf-2 gene is translationally
repressed by a W-factor or W influenced factor (probably a long non-coding RNA or protein).
When this translational repression is overcome by overexpression of BmZNF-2 protein, it results in
masculinization by inducing Bmdsxm type of splicing and also affects the Bmtra-2 pre-mRNA by
producing shorter splicing isoforms that code for putative BmTRA-2 proteins lacking the C-
terminal RS2 domain. The function of these shorter proteins is not clear as their overexpression did
not affect the Bmdsx differential splicing.
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2.5 Summary

The results suggest that Bmznf-2 might have evolved as an upstream sex determining factor
by regulating sex specific splicing of Bmdsx. Our experiments in female cell lines infer the
gain of function of Bmznf-2 suggesting suppression of its function by a gene regulatory
mechanism, most probably by a translational repression (as observed from the luciferase
assays for the 5° UTR regions). In congruence with all the direct and indirect pieces of
evidence obtained in this study, | propose Bmznf-2 to be functionally active in males and
not in females. Similar to the recently discovered masc gene, Bmznf-2 also appears to be a
redundant masculinization factor in the mechanism of B. mori sex determination. The
presence of more than one upstream factor governing the sex specific splicing of Bmdsx
pre-mRNA indicates the complexity behind the evolution of sexual differentiation in B.
mori. The evolutionary reason for acquiring more than one upstream regulatory factor for
Bmdsx differential splicing, and the exact mechanism by which the Bmznf-2 and masc
genes induce the male type of splicing and the mode of translational repression observed
for Bmznf-2 gene in female cells (BmN), are yet to be investigated. Thus, the mechanism
of B. mori sex determination still has many open questions and awaits further

investigation.
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3.1 Introduction

In B. mori, the W-chromosome confers femaleness. Translocation studies of W-fragments
have resulted in identification of a portion of W-chromosome called “Fem” region. This
region of W-chromosome is found to be linked to one of its 12 RAPD markers called
Rikishi (ABE et al. 2008). In order to identify the factors originating from this region,
researchers have compared the composition of small RNA between females of wild type
strain with whole W-chromosome and the females of W-chromosome mutant strains (LY,
DfZ-DfW, and MW), lacking various regions of W-chromosome. This analysis resulted in
the profiling of a subset of piRNAs coming from “Fem” region (KAWAOKA et al. 2011).
Further, transcriptome analysis of sexed embryos resulted in the identification of a piRNA
called “fem” that targets a CCCH zinc finger encoding gene called Masculinizer (masc).
This gene is involved in processes like sex determination by governing the sex specific
differential splicing of Bmdsx and also in dosage compensation by reducing the expression
of Z-linked genes in males (KiucHi et al. 2014). But the growing list of the genes/factors
being involved in the sex specific differential splicing of Bmdsx suggests that a few
additional/novel factors may be involved in the sex-determination pathway of B. mori.
Hence it will be interesting to explore for the additional/novel factors that are involved in
the process of sex determination. Studies to sequence the whole W-chromosome are still at
their preliminary stages due to the difficulty in assembling chromosome, as W-
chromosome is full of repetitive elements and transposable elements. However,
identification of additional factors involved in the B. mori sex determination may be
achieved by generating RNA-seq data for sex specific tissues. In the current study, | have
made such an attempt by deep sequencing of transcriptome of sexed early embryos at 78h,
96h and 120h stages of development along with larval heads at which a high level of
somatic sexual differentiation is expected. The embryonic stages were selected based on
the prior information of Bmdsx differential splicing by single embryo analysis, which
suggests that the Bmdsx undergoes differential splicing in sexes at 96h stage, indicating
that this stage is crucial in the sexual differentiation of the embryos. The sequence analysis
resulted in the identification of a set of differentially expressed genes and thousands of
unmapped transcripts, which could be precursors for the small RNAs. Unfortunately, 1
could not identify any protein coding gene from the pool of genome unmapped transcripts
obtained from the embryonic and head samples, revealing the scanty nature of the W-

chromosome for protein coding genes.
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3.2 Materials and Methods

3.2.1 Sample collection, library preparation and RNA-seq

Two W-chromosome mutant strains of B. mori were used: 1) Japanese sex limited (JPSL)
for the sexed embryo collection and 2) Sex limited strain (QGSLO) for the sexed larval
heads. In JPSL, the translocation of chromosome 10 fragment harboring kynurenine
monooxygenase gene on to the W-chromosome is believed to be responsible for the
development of dark brownish serosal pigmentation, which acts as a visible marker to
differentiate female embryos as early as 36 hours post oviposition (hpo). In the QGSLO
strain, female larvae can be easily distinguished by distinct crescent shaped markings on
dorsal side of larva from the 4™ instar stage. For the embryo collection, JPSL strain moths
were set for 4 hrs mating at room temperature; transferred to 4°C overnight, followed by
depairing and were set in dark at room temperature for 2hrs for a uniform egg laying.
Collected eggs were cold acid treated (one of the methods of breaking diapause) at an age
of 20 hpo to break the diapause and were thoroughly washed under running tap water and
incubated at 25°C for the development to proceed. At 36 hpo, male and female eggs were
segregated based on the serosal pigmentation. Sampling of 200 each of male and female
embryos was done at 78 hpo, 96 hpo and 120 hpo. For the head tissue collection, larvae of
(QGSLO) fifth instar 5™ day were numbed on ice for 30 min, decapitated and 10 male and
10 female larval heads were pooled separately and snap frozen in liquid nitrogen until use.
For collecting BmN cells [regularly passaged in TC-100 (SIGMA) insect media with 10%
FBS (Gibco)] log phase cells were selected, slogged, pelleted in PBS and stored in -80 °C
until use (Please note that the BmN cell data was not used in this analysis, it is used for the
analysis in Chapter IV of this thesis, it is included here for representing the read mapping
statistics of all samples together) From the collected samples, total RNA was isolated and
on-column DNAsel treated for the removal of genomic DNA contamination using Direct-
Zol RNA isolation kit (Zymo Research). RNA libraries were prepared following the
TruSeq RNA sample preparation kit v2 (Catalog No.: RS-122-2001) from Illumina using 1
png of mRNA. Sequencing was performed on Illumina 1000 HiSeq platform (C-CAMP,
Bangalore). In total, not less than ~60 million pair-end reads of 100 bp, for each of the
sexed embryonic stages and head samples were generated. For simplicity, 78 hpo, 96 hpo
and 120 hpo embryonic stages are referred to as 78h, 96h and 120h respectively throughout
the thesis.
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3.2.2 RNA-seq read quality filtration, mapping and data analyses

The RNA-seq read quality was assessed using the package FastQC (ANDREWS 2010). The
adapter removal and quality trimming was performed using Trimmomatic version 0.35
(BOLGER et al. 2014). The leading and trailing low quality or N bases were removed below
quality 3, reads were scanned with a 4 base sliding window, and clipped when the average
quality per base dropped below 20, and read sequences below 30 bases in length were
dropped. The filtered paired-end reads were mapped against B. mori genome sequence and
its annotations [downloaded from Ensembl release 29 (2015) (GCA_000151625.1.29)
(FLICEK et al. 2014)] using bowtie2 version 2.2.6 (LANGMEAD and SALZBERG 2012; L1 and
Dewey 2011) with default parameters. The aligned reads were filtered to keep only
uniquely mapped reads. SAM/BAM conversions, sorting, indexing and filtering were
performed with SAMtools version 1.2. (L1 et al. 2009). The alignment files (SAM format)
so obtained were imported in to Segmonk software (ANDREWS 2015). While importing the
SAM files in to Segmonk, the libraries were treated as pair-end and duplicate reads were
eliminated. The log2 transformed FPKMs for genes were quantitated, by correcting for
DNA contamination, transcript isoforms were merged, transcript length correction was
made, besides excluding the genes with no or very low read counts (considered as noise in
Segmonk) to avoid bias in the data that might skew the analysis. The raw read counts table
of Segmonk analysis was exported to Excel (Microsoft) and further analyzed. Moreover,
for B. mori as the GFF file from ensembl was not annotated with the chromosome number,
which is required for current analysis. So to overcome this, the "description” code of each
gene in GFF file was replaced with its corresponding chromosome number, based on the
scaffold identity from kaikobase (SHIMOMURA et al. 2009) annotation data using custom
shell scripts.

3.2.3 Differential gene expression (DGE) analysis and unmapped data analysis

The raw read counts data was subjected to Trimmed mean of M-values normalization
method (TMM) and DGE analysis was done using edgeR package in R programme
(RoBINSON et al. 2010). The genes with p-value and false discovery rate (FDR) <0.05 and
logFC (female/male) values < -1 and > 1 (i.e., fold change >2) were considered as male
biased and female biased genes. Further the embryonic samples were also analyzed using
CLC Genomics Workbench 7.0 beta (CLC 2014) for the DGE analysis. In CLC analysis,
the reads that did not map the genome were treated as unmapped data and these reads were

de novo assembled for generating unmapped transcripts.
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3.3 Results

3.3.1 Read mapping and sequencing output

RNA-Sequencing of three sexed embryonic stages (78h, 96h and 120h), 5 instar larval
heads and BmN cells of B. mori resulted in 718M reads (359M paired) of 100 bp length
from nine samples ranging from 66 to 126M paired end reads (Table 1). The use of the
Trimmomatic software for the trimming of the adapter sequences resulted in 666M reads
(333M paired). Technical replicates for all the samples (except for head samples) were
included and the FPKM values for each gene was averaged across the technical replicates
and used for analysis. Genome guided mapping using Bowtie 2.1.0 resulted in an average
of 78.9% read alignment per sample (Table 1) of the quality filtered and adapter trimmed

reads.

3.3.2 Differential gene expression in sexed embryos and larval heads

DGE analysis of the embryonic (78h, 96h and 120h) and head samples resulted in
identification of an array of genes which showed significant sex biased expression (Figure
18A). At 78h stage, 520 genes were identified to be differentially expressed (FDR and p-
value <0.05), out of which 350 genes (67%) were highly male biased (fold change >2) and
only 15 genes (2.8%) were highly female biased (fold change >2). Genes that are known to
be essential in development like bicaudal C homolog 1-A (logFC -5.537) and nanos-M (-
2.768) were male biased (fold change >2). It is interesting to note the male biased
expression (fold change >2) of silk proteins like Fibroin heavy chain (logFC -10.74) and
Fibroin light chain (logFC -5.428) and Silk protein P25 (logFC -6.98) at 78h stage of
development. Many zinc finger motif encoding genes showed a significant male biased
expression at 78h, e.g., Zinc finger protein 608-like (logFC -3.61), Zinc finger protein
OZF-like (logFC -2.768), Zinc finger protein 1 (logFC -2.014) and Zinc finger protein 729-
like (logFC -19). Few genes that are highly female biased at 78h are 1) UDP-glucosyl
transferase UGT48C1 (logFC 8.41), Superoxide dismutase [Cu-Zn]-like (logFC 1.96),
scarlet (logFC, 1.38), Gastrula zinc finger protein (logFC 1.03), C108 diapause bioclock
protein (ea4) mRNA (logFC 1.387) and DnaJ homolog subfamily C member 16 (logFC
1.28). Among the differentially expressed genes (FDR and p-value <0.05) at 78h, 86 genes
encoded for uncharacterized proteins (annotation not found), 20 genes for kinases, 14
genes for zinc finger proteins, 14 genes for transcription factors or transcription related and

11 genes for receptor molecules.
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Table 1. Number of paired reads before and after Trimmomatic

. Paired end
Total paired

Stage, Sample end reads re_ads gfter

trimming
Embryonic, 78h
Male, technical replicate 1 11050822 9914362
Male, technical replicate 2 31628333 30890006
Female, technical replicate 1 =~ 16233927 15815447
Female, technical replicate 2 2697763 2443184
Embryonic, 96h
Male, technical replicate 1 13884150 13260716
Male, technical replicate 2 26784132 26457089
Female, technical replicate 1 =~ 13342408 12649208
Female, technical replicate 2 16435822 16235564
Embryonic, 120h
Male, technical replicate 1 17455056 16955766
Male, technical replicate 2 17454043 16746448
Female, technical replicate 1 13499099 12938869
Female, technical replicate 2 20835824 20603602
Larval, Head
Male 49965704 43855957
Female 48243611 43641574
BmN cells
Biological replicate 1 28818725 24947548
Biological replicate 2 30766050 25902378
Total = 388651296 358250294
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Figure 18. The MA plots [M(log ratios) and A (mean average)] of embryonic and head samples in
male to female comparison. In these plots, logFC denotes the biased expression, female biased (+ve
y-axis) and male biased (—ve y-axis) and logCPM represents the average expression strength of
genes. A, B, C and D represents the MA plots for 78h, 96h, 120h and head samples respectively.
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At 96h stage a very high number of genes 4,068 genes were differentially expressed
(FDR and p-value <0.05) among them 2,641 genes (64.9%) were highly male biased (fold
change >2) and 277 genes (6.8%) are highly female biased (fold change >2) (Figure 18B).
Among the silk genes the silk protein P25 (logFC -5.65) showed a high male biased
expression. The important developmental genes, nanos-M (logFC -5.4) along with
bicaudal D-related protein homolog (logFC -4.44) exhibited a consistent male biased
expression (nanos-M and a related gene, bicaudal C homolog 1-A were also male biased at
78h). The genes encoding zinc finger protein 1 (logFC -3.8) and Zinc finger protein 729-
like (logFC -3.09) showed a male biased expression even at 96h (these genes are male
biased even at 78h). The genes encoding UDP-glucosyl transferase UGT48C1 (logFC
8.41), Vestigial (logFC 7.421), Transcription factor BCFI (Gata-beta) (logFC 5.49),
Vitellogenin (logFC 2.76), Transcription factor GATA-6 (2.06), Sprouty (3.775), Sid-1
related gene 3 (logFC 2.04), Krueppel-like factor 10 (logFC 1.65), Fork head domain
transcription factor (logFC 1.51), DnaJ homology subfamily C member (logFC 1.49),
development related genes- Homeobox protein Nkx-6.2 (logFC 5.05) and Homeobox
protein vvab-15 like (logFC 2.69) a few important ones that were highly female biased.
Among these genes UDP-glucosyl transferase UGT48C1 and DnaJ homology subfamily C
member were consistently female biased from 78h to 96h stages. At 96h stage, 674
uncharacterized (annotation not found) genes, 172 genes encoding several kinases, 130
zinc finger motif encoding genes, 83 genes encoding receptor molecules, 77 transcription
factors/ related genes, 63 ubiquitin associated genes, 45 polymerase genes, 33 histone
encoding genes, 33 genes of helicases, 23 protease encoding genes, 23 genes involved in
splicing mechanism, 19 RNA-binding proteins, 19 genes involved in signaling pathways,
17 genes of translation process and 11 genes encoding BTB/POZ domains were

differentially expressed between sexes.

At 120h stage, 2,596 genes were differentially expressed (FDR and p-value <0.05),
among them 119 genes (4.5%) were highly male biased (fold change >2) and 403 genes
(15.5%) are highly female biased (fold change >2) (Figure 18C). This is in contrast to the
findings from the above two stages of 78h and 96h, where the male biased genes were
more in number compared to the female biased genes. Among the silk genes, only Fibroin
heavy chain-like gene (-0.523) showed a male biased expression. The developmental gene
nanos-M (logFC-3.508) was male biased at this stage (120h) similar to 78h and 96h stages.

A few of the important protein coding genes that exhibited male biased expression at 120h
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stage are Juvenile hormone epoxide hydrolase-like protein 1 (logFC -7.6), Sex specific
storage protein (logFC -7.0), Cuticular protein gycing-rich (logFC -6.7),
Microvitellogenin-like (logFC -3.566), Osris 9 (-1.78), Spatzle-like protein (logFC -1.203),
Sprouty (-1.16), Transcription factor BCFI (gata-beta) (logFC -1.306), BTB/POZ domain-
containing protein KCTD16 (logFC -1.016), LIM homeobox transcription factor 1-beta
(logkFC -1.27), WD repeat-containing protein 34-like (logFC -1.505) and Probable RNA-
binding protein 46 (logFC -1.878). Interestingly there were no zinc finger motif encoding
genes that showed a profound male biased expression at this stage, instead many zinc
finger motif encoding genes, viz., Zinc finger protein 433-like (logFC 2.408), Zinc finger
and BTB domain-containing protein (logFC 1.77), Zinc finger protein Xfin-like (logFC
1.732), Zinc finger protein 454 (logFC 1.37), Zinc finger protein 845-like (logFC 1.267)
and Centrosome-associated zinc finger protein CP190 (logFC 1.22) exhibited female
biased expression. A few important protein coding genes that showed female biased
expression at this stage are UDG-glycosyl transferase UGT48C1l (logFC 9.7), Dual
specificity protein kinase KNS1 (logFC 6.67), Vitellogenin (6.44), Oxysterol-binding
protein-related protein-6 (logFC 6.43), Transcriptional adapter 2B (logFC 1.978),
Forkhead box protein J1-A like (logFC 1.971), Argonaute 1 (logFC 1.71), Oxysterol-
binding protein-related protein 8 (logFC 1.59), MSL1 (logFC 1.55) and Scarlet (logFC
1.506). At this stage (120h), 498 uncharacterized (not annotated) genes, 98 zinc finger
motif encoding genes, 45 receptor molecule related genes, 43 transcription related, 42
ubiquitin associated, 24 polymerases, 22 helicase genes, 22 histone related, 17 protease
encoding genes, 12 RNA-binding protein encoding genes, 11 genes involved in signaling
pathways, 11 genes associated with translation process, 10 genes involved in splicing and 7
BTB domain containing genes were differentially expressed. The genes nanos-M and
UDP-glucosyl transferase UGT48C1 showed a consistent male and female biased
expression respectively at 78h, 96h and 120h, denoting their distinctive sex biased

expression in these developing embryonic stages.

In head samples, 1015 genes were differentially expressed (FDR and p-value
<0.05) among them, 148 genes (14.6%) showed higher male biased expression (fold
change >2) and 125 genes (12.3%) showed higher female biased expression (fold change
>2) (Figure 18D). In head, the protein coding genes, GPI ethanolamine phosphate
transferase3 (-6.612), DnaJ homolog subfamily C member 3 (logFC -5.178), and several

transcription factors like Fork head domain transcription factor slp2-like (logFC -5.49),
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General transcription factor IIF subunit 1 (logFC -5.49), Eukaryotic translation initiation
factor 3 subunit M (logFC -3.206) and Fork head box protein C1 (logFC -2.91) showed
male biased expression. The protein encoding genes, Sex-specific storage-protein (logFC
8.577), Basic juvenile hormone-suppressible protein 2 (logFC 7.525), Hermansky-pudlak
syndrome 5 (logFC 6.475), Attacin (logFC 6.21), FAM117B-like (logFC 5.49), MSL2
(5.49), XK-related protein 6 (logFC 5.234) and Vitellogenin 2 like (logFC 1.849) showed a
female biased expression. Among the Zinc finger protein encoding genes, Zinc finger
protein 598 (logFC -5.49), Zinc finger protein 551-like (logFC -5.5), Zinc finger protein
117 like (-5.178) and Zinc finger protein 583-like (logFC -3.099) showed male biased
expression. The Zinc finger protein encoding genes, Zinc finger protein 26-like (logFC
5.709), Zinc finger protein 1-like (logFC 5.709), Zinc finger protein 883-like (logFC 5.23),
Zinc finger martin-type protein CG9776 (logFC 1.99) and Zinc finger Ran-binding
domain-containing protein 2-like (logFC 1.655) showed female biased expression. In head,
155 uncharacterized (not annotated) genes, 29 kinase encoding genes, 18 receptor related
genes, 14 zinc finger motif encoding genes, 11 protease genes, 9 translation related genes,
7 helicase encoding genes, 7 polymerase encoding genes, 6 transcription related and 6

ubiquitin associated genes are differentially expressed.

Altogether the profiling of sex biased gene expression in the early embryonic and
head samples suggest that a male biased expression (significant) is observed at 78h (350
male biased, 15 female biased) and it increases significantly at 96h stage (2641 male
biased, 277 female biased). But this significant male biased expression rapidly decreased at
120h stage (119 male biased, 403 female biased) and in head sample (148 male biased, 125
female biased) the sex biased genes are almost equally distributed among sexes (Table 2
and Figure 19). When the set of differentially expressed genes are compared among the
three embryonic samples, 165 genes were found to be differentially expressed in all the
three embryonic stages (Figure 20). This unique sub-set of genes among the differentially
expressed genes at each stage is 138, 2327 and 1009 at 78h, 96h and 120h stages
respectively (Figure 20). Among the differentially expressed genes, the sub-set of genes
that are common between 78h and 96h stages are 178 and this number increases to 1384
between 96h and 120h stages, whereas this number is only 33 between 78h and 120h
stages (Figure 20). This indicates the dynamic nature of the sex biased gene expression

profile in the early developmental stages.
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Table 2. Total number of genes that showed a significant (edgeR, FDR and p-value<0.05) and high

(fold change >2) sex biased expression in each sample.

Sample  Male biased genes  Female biased genes
78h 350 15
96h 2641 277
120h 119 403
Head 148 125
3000
2500
§ 2000
% 1500 -&-Male biased genes
[} -&-Female biased genes
Z 1000
500
]
78h 96h 120h Head

Figure 19. The total no. of genes that showed significant (edgeR, FDR and p-value <0.05) and

highly (fold change>2) biased expression in sexes of the embryonic and head samples.
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bhn
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Figure 20. Venn diagram representing various sub-sets of genes among the differentially expressed

gene sets (FDR and p-value <0.05) in the embryonic 78h, 96h and 120h stages.
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3.3.3 Bombyx homologs of Drosophila genes involved in sexual development

Further, all the Bombyx homologs of various Drosophila sex determination, dosage
compensation genes and sexual differentiation genes were identified by BLAST similarity
search (Table 3). Among this sub-set the genes that showed significant biased expression
(edgeR, p-value and FDR values of <0.05) were assessed for their most probable role in B.
mori sex determination or differentiation. Six genes among this sub-set were Z-linked,
namely Masculinizer (Masc), Bmimp, Pale, Period, Unstream of N-ras and male specific
lethal-1. In 78h, 96h, 120h and head samples 3, 29, 6 and 5 genes respectively showed
significant biased expression. The genes daughterless and fem-1 homolog A-like (Apis sex
determination gene) genes showed a male biased expression at 78h and female biased at
96h (Table 4). A total of 23 genes of the sub-set (Table 4) showed a male biased
expression at 96h compared to any other sample and 9 of these showed a female biased
expression at 120h stage and no gene of this sub-set (except Bmtra-2) showed a male
biased expression at this stage. In head samples, only 4 genes of the sub-set showed a
female biased expression among them, male specific lethal-2 showed a profound female
biased expression. Only one gene, Darkener of apricot (Doa), involved in eye and
embryonic development in Drosophila (YuN et al. 1994) exhibited a male biased

expression (Table 4).

58



Chapter-I1I: Transcriptome analysis of sexed embryonic stages and larval heads of Bombyx mori

Table 3. The list of Bombyx homologs of Drosophila genes involved in sex determination, dosage

compensation and sexual differentiation genes along with the Bombyx sex determination genes.

Drosophila gene

Bombyx homologs)

Establishing the X:A ratio

Daughterless

Deadpan

Degringolade
Ovo

Runt

Scute

Sex lethal

Sisterless a
Somatic sex determination
Dissatisfaction
Doublesex
Fruitless
Hermaphrodite
Transformer
Transformer 2
Sans fille (also known as ULASnRNP)
Virilizer

Wnt2

BGIBMGA003285

BGIBMGA003284

BGIBMGA009932

BGIBMGA005390

BGIBMGAQ006728

BGIBMGAQ000988

BGIBMGA008906

BGIBMGA001001

BGIBMGA013823

BGIBMGAQ012812

BGIBMGAQ005888

BGIBMGA009124

BGIBMGAO010370

BGIBMGA005108

BGIBMGAQ006492

BGIBMGAQ011248

not found

BGIBMGA009888

BGIBMGAQ012118

BGIBMGAO011914

BGIBMGA013981
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Germe-line sex determination and
differentiation
Ornithine decarboxylase antizyme
Ovarian tumor
Ovo
Sans fille (also known as ULASnRNP)

Sex lethal

Dosage compensation
Enhancer of bithorax/NURF301
JIL-1
Maleless
Males absent on the first
Male-specific lethal 1
Male-specific lethal 2
Male-specific lethal 3
Painting of fourth
RNA on the X-1
RNA on the X-2
Set2
Suppressor of variegation 3-7
Trithorax-like
Upstream of N-ras

Virilizer

BGIBMGA013339

BGIBMGAO011335

BGIBMGA000988

BGIBMGAO012118

BGIBMGA013823

BGIBMGAQ012812

BGIBMGA005888

BGIBMGAQ006818

BGIBMGAO011088

BGIBMGA010840

BGIBMGAOQ006995

BGIBMGAQ000539

BGIBMGA003686

BGIBMGA010146

not found

not found

not found

not found

not found

BGIBMGA010221

BGIBMGA000629

BGIBMGAO011914
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Genes affecting courtship behavior
Btk family kinase at 29A/fickle
Calcium/calmodulin-dependent protein
Kinase 11
Dissatisfaction
Doublesex
Fruitless
Cacophony
Ovarian tumor
Pale
Period
Protein C kinase 53E and Protein C

kinase 98E

Quick-to-court
Sex lethal
Slowpoke

Spinster

Genes of Bombyx sex determination
Bmimp
Bmpsi
Bmtra-2
Bmznf-1/2
Fruitless
Sx|

Ix

BGIBMGA012094

BGIBMGA000408

BGIBMGA010370

BGIBMGA005108

BGIBMGA006492

BGIBMGAOQ007897

BGIBMGAO011335

BGIBMGAQ000563

BGIBMGA000486

BGIBMGAQ014132

BGIBMGAOQ00779

BGIBMGA009004

BGIBMGA013823

BGIBMGA002400

BGIBMGA002400

BGIBMGAO000516

BGIBMGAQ004315

BGIBMGA009888

BGIBMGAQ004989

BGIBMGAQ006492

BGIBMGA013823

BGIBMGA010131
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Dsx BGIBMGAO005108
Vitellogenin BGIBMGAO004585
Masculinizer BGIBMGA012300

Fem-1 homolog A-like (Apis sex BGIBMGAO010777
determination gene)

BGIBMGAOQ010778
Feminization 1 homolog b (Apis sex BGIBMGA001985
determination gene)

Doa BGIBMGAQ006461

3.3.4 Analysis of genome unmapped sequences

Additionally, all the three embryonic samples were also analyzed using CLC Genomics
Workbench 7 beta version. The DGE results using CLC was comparable to that of the
DGE results presented in section 3.3.1, above and hence the data is not shown here. Using
CLC, even the genome unmapped reads were also analyzed for identifying the novel or
unmapped transcripts. The de novo assembly of all the unmapped reads in male and female
samples separately resulted in the assembly of 5,726 and 4,667 unmapped transcripts
respectively. BLAST analysis of these transcripts against the small RNA database
containing 38,493 entries (DDBJ/EMBL/GenBank accession numbers: AB386191-
AB424683) resulted in hits for nearly 50% of these transcripts. Precisely, 2356 female
unmapped transcripts could be precursors for 2292 small RNAs and 2591 male unmapped
transcripts could be precursors for 2453 small RNAs. The percentage match identity is

100% between the small RNA sequences and the unmapped transcripts.
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Table 4. List of Bombyx homologs that showed significant (edgeR, p-value and FDR<0.05) sex

biased expression in embryonic and head samples.

Sample

Sex biased

Bombyx homolog/ Bombyx gene involved in sex determination

78h

96h

120h

Head

Male biased (logFC)

Female biased (logFC)

Male biased (logFC)

Female biased (logFC)

Male biased (logFC)

Female biased (logFC)

Male biased (logFC)

Female biased (logFC)

Daughter less (-1.96), Fem 1 homolog A like (-1.094), Ca/calmodulin

dependent PK 11 like (-3.56)

Deadpan (-2.64), Ca/calmodulin dependent PK 11 like (-2.55), Degringolade (-
2.2), Ovo, -2.28, Sex-lethal (-3.969), Hermaphrodite ( -1.02), Masculinizer (-
5.92), Bmznf-1/2 (-1.47), Bmimp (-1.105), Spinster (-1.22), Slow poke (-1.22),
Quick to court (-1.897), Period (-5.09), Btk-family kinase at 29A/fickle (-
2.017), Upstream of N-ras (-2.27), Thorax-like (-7.6), Male specific lethal-3 (-
0.8), Male specific lethal-2 (-2.8), Male specific lethal-1 (-2.33), Males absent
on the first (-1.349), JIL-1(-5.26), Enhancer of bithorax (-2.13), Ovarian
tumor (-2.88)

Daughter less (2.57), Fem 1 homolog A like (1.629), Pale (6.13), Bmpsi

(0.64), Bmtra-2 (1.014), Vitellogenin (2.76)

Bmtra-2 (-0.38)
Ovo (0.33), Sex-lethal (1.53), Hermaphrodite (0.56), Thorax like (2.54),
Upstream of N-ras (0.359), Ca/calmodulin dependent PK 11 like (0.55), Quick

to court (0.5), Protein C kinase 53E and 98E (1.14), Period (0.98)

Doa (-0.55)
Bmznf-1/2 (1.937), Ca/calmodulin dependent PK 11 like (0.49), Upstream of

N-ras (0.449), Male specific lethal-2 (5.49)
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Further, in order to identify the W-transcriptome, from these unmapped transcripts, the
commonly found transcripts were filtered based on BLAST between male and female
unmapped transcripts. Thus only 862 transcripts were identified to be novel transcripts
among them, 423 transcripts were from male embryos and 225 were from female embryos.
Almost all of these transcripts ranged from 200 to 300 bases in size and are non-coding in
nature. The BLAST analysis of the entire female unmapped transcripts against a W-BAC
library suggested 62 of them to be presumably derived from W-chromosome. Among these
transcripts, few are long ranging from 500 to 1500 bases. Four of these 62 transcripts gave
BLAST hits (identity 98-100%) to B. mori ethanoaminephosphotransferasel (GenBank
accession: XM_012690691), B. mori DNA repair protein XRCC1 (GenBank accession:
XM_012696723), B. mori mitogen activated protein kinase kinase kinase 10 like
(GenBank accession: XM_012690189) and B. mori transcription factor CP2-like protein
(GenBank accession: XM _004933314) in plus/minus strand orientation, suggesting that
these transcripts could be long non-coding RNAs targeting the corresponding gene
transcripts. Two among (female_contig_ 2036 and 3367) the 62 transcripts gave
NCBI_BLAST hits (identity 98-100%) to B. mori zinc finger protein 260 (GenBank
accession: XM _012690817) and B. mori peptidyl-prolyl cis-trans isomerase CWC27
homolog (GenBank accession: XM_004933211.2) respectively in plus/plus strand
orientation, suggesting that these genes could have originated from W-chromosome.
Interestingly, one of these transcripts, “female contig 1149 showed 98% identity with the
Fem (KiucHI et al. 2014) non-coding RNA (GenBank accession: AB840787). This
transcript also gave hits to five ovarian small RNAs with 100% identity (GenBank
accessions: AB395669, AB412728, AB407068, AB420460, AB394669).
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3.4 Discussion

The genes that show differential expression between females and males are considered as
sex-biased genes. The evolution of sex-biased genes should be associated with the
evolutionary forces natural selection, sexual selection and genetic drift (ELLEGREN and
PARscH 2007). Additional forces that shape and influence the sex-biased expression are
sexual antagonism, gene duplication, dosage compensation and expression of sex-limited
genes on Y or W chromosomes (ELLEGREN and PARSCH 2007). Further it is observed that
the protein sequences by the sex-biased genes show a significant amino acid sequence
divergence, especially the male biased genes between species compared to the expression
of unbiased genes (ELLEGREN and PARscH 2007). The differential gene expression
between sexes is believed to be playing a key role in achieving various morphological,
physiological, behavioral and somatic sexual differentiation of the organism. In the current
context, the RNA-seq analysis of the embryonic stages and head samples has revealed a
list of various differentially expressed genes. The number of sex-biased genes has
increased greatly from 78h (520) to 96h (4,068) and this number decreased nearly to half at
120h (2,596) suggesting that 96h stage might represent a crucial developmental stage that
exhibit a very high number of genes with sex biased expression. It is very interesting to
note that the expression of the silk genes like Fibroin heavy chain, Fibroin light chain, Silk
protein-25 showed a higher male biased expression in the embryonic stages like 78h, 96h
and 120h. The male biased expression of these silk genes in the early embryonic stages is
dubious and awaits a logical explanation. This leads me to posit that the early male biased
expression of silk genes could be physiologically linked to the property of higher silk
yielding capacity of males, compared to that of females (the primary reason for this is that
most of the protein is diverted to yolk synthesis in the females for egg production). It is
surprising to note that a very important developmental gene, nanos-M (KOBAYASHI et al.
1996) is profoundly male biased in all the three embryonic stages that are analyzed (78h,
96h and 120h). In Drosophila, this gene is known to direct germline development and
suppresses various somatic genes in germline progenitor cells (HAYASHI et al. 2004). The
strong male biased expression of this developmental gene in the embryonic stages suggests
that this protein may have a critical or very important role in the development of males or
differentiation of males. Additionally bicaudal related genes also followed the same pattern
of male biased expression in the early embryonic stages of 78h and 96h, similar to nanos-

M. These bicaudal related genes are known to be directly involved in the localization of the
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nanos proteins thus involved in the oocyte polarity and developmental fate of the embryos

(WHARTON and STRUHL 1989).

Several important genes involved in various metabolisms exhibited a high male
biased expression in the embryonic stages, especially many zinc finger motif encoding
genes and transcription factors. It is very interesting to note that the zinc finger motif
encoding genes that exhibited male biased expression at 78h and 96h stage are unique and
none of them are male biased at 120h stage. At 120h stage, almost no zinc finger motif
encoding gene exhibited a profound male biased expression, instead many zinc finger
genes showed a female biased expression suggesting the dynamic expression profile of
these zinc finger motif encoding genes which may be crucial in the development and

sustainability of the embryos.

Among the genes that showed female biased expression, UDP-glycosyl transferase
UGT48C1 exhibited a profound female biased expression in all the three embryonic stages.
By name, this gene is known to be involved in the process of glycosidation, which plays an
important role in the process of inactivation and excretion of a variety of compounds. One
class of UDP-glycosyl transferase (UGTSs) is associated in this process. In insects, UGTs
are involved in several processes like detoxication of plant allelochemicals, pigmentation,
cuticle formation, and olfaction. In B. mori, 42 UGT genes were identified based on UGT
signatures and homology similarity from other organisms. Their phylogenetic analysis
revealed five major groups of UGTs (HUANG et al. 2008). Some UGTs are silkworm
specific. The expression pattern analysis suggests that 36 UGT genes expressed in tissues
with different patterns of expression profile, indicating that these genes might have
different functions. In the current context, the UDP-glycosyl transferase UGT48C1 showed
a profound female biased expression in all the three embryonic stages and is not clustered
with other silkworm UGT genes, indicating presumably a special function of this gene
(HUANG et al. 2008). Further the gene Vitellogenin (Vg) is female biased even at 96h stage
where a profound male biased expression of hundreds of genes is observed, this indicates
the distinctive female biased expression of Vg gene. Additionally, the gene Sex-specific
storage protein 1 (Spl) that accumulates in sex and stage specific manner (SAKURAI et al.
1988) is also female biased at 120h and in the head samples. From the hemolymph studies
of larvae, it is suggested that the sex-dependent expression of Vg and Spl is independent of

sex related humoral factors and is genetically determined and developmentally regulated
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(MINE et al. 1983), suggesting the female biased expression of Vg and Spl in the embryos
is obvious. In head sample, a relatively high number of kinases (29) showed differential
expression, this indicates the high signaling activity in the brain, which is presumably
involved in the physiological, morphological and behavioral differences between sexes.
Additionally, the Bombyx homologs of various Drosophila sex determination, dosage
compensation and sexual differentiation genes has yielded a mixed pattern and as expected
(at 96h a very high number of genes are differentially expressed) there are relatively many
genes of this sub-set that are male biased at 96h. Among the Bombyx homologs of sex
determination, the genes msl-2 and Bmznf-1/2 showed a significant female biased
expression in head. Interestingly two important genes of Bombyx sex determination,
Bmznf-1/2, Bmimp and Masc are significantly male biased at 96h which might be essential

in the development and sexual differentiation of the embryos.

In addition, the analysis of the unmapped transcripts against the available genome
had resulted in the identification of thousands of small RNA precursors and presumably
the W-chromosome derived transcripts mostly the long non-coding RNAs. The BLAST
analysis of these unmapped transcripts resulted in the identification of hundreds of novel
transcripts which are mostly non-coding in nature. Additionally, the BLAST analysis of
these unmapped transcripts against a handful of W-BAC sequences revealed 62 transcripts,
one of them include the W-derived “fem” non-coding RNA. This non-coding RNA is the
precursor for the fem piRNA that targets the masc gene in B. mori sex determination. This
lets me believe that these predicted W-derived transcripts could be a rich source of many
such interesting piRNAs may have important roles in the process of sex determination and
differentiation of B. mori. An analysis of the collected unmapped transcripts against the
whole W-derived BAC library may result in the identification of the full range of the W-
derived transcripts. This will add up to the W-transcriptome pool, which might unravel the
completer structure and provide clear insights into its functional aspects of the W-

chromosome in B. mori sex determination.
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3.5 Summary

In the early stage of development, i.e., at 78h, hundreds of genes (520) showed a
differential expression. This number surge to thousands at 96h (4068) and it decreases at
120h (2596). The DGE analysis suggested a very high male biased expression of many
important genes of silk composition, developmental, transcription factors and many zinc
finger genes which must have crucial roles in the process of development and sexual
differentiation. In addition, the analysis of unmapped transcripts yielded thousands of
precursors for the B. mori small RNAs and many non-coding transcripts that are
presumably W-chromosome derived. Further analysis of these unmapped transcripts may
help in uncovering the W-transcriptome and thus aid in a comprehensive understanding of

the role of W-chromosome in B. mori sex determination.
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4.1 Introduction

Sex chromosomes are believed to have evolved from autosomes through intermediate
proto-sex chromosomes. Evolution of sex chromosome is thought to be initiated, once a
chromosome from a pair acquires the sex determination gene (CARVALHO 2002). In the
process of acquiring sex determination function (LAHN et al. 2001), the accumulation of
sexually antagonistic mutations and repeat elements by Y (W) would have mostly
contributed for the loss of homology with X/Z. Such loss of homology is believed to be the
driving force for Y (W) recombination isolation (CHARLESWORTH 1978) and its
degeneration via gene loss (CHARLESWORTH and CHARLESWORTH 2000) thus leaving
exclusive sex determination function (SINCLAIR et al. 1990). Thus the evolution of Y for
establishing two distinct sexes, males (XY) and females (XX) had resulted in “X
chromosome aneuploidy” (BACHTROG 2013). This aneuploidy creates the dose difference
in X linked genes, which could be deleterious if not compensated at the level of
expression. Hence organisms have adopted a versatile gene regulatory mechanism called
dosage compensation (DC), which is limited mostly to homogametic sex (X/Z)
chromosomes in most species (MARIN et al. 2000).

Reports from flies to mammals suggest diverse epigenetic mechanisms for the
phenomenon of DC in several male heterogametic species (XX/XY). In Drosophila
melanogaster, the DC is achieved by direct upregulation of entire X-linked genes,
selectively in males (XY) (LuccHeslI 1973; STRAUB et al. 2005). In Caenorhabditis
elegans and Mammals, DC has been proposed to have evolved in a two step process
(Ohno’s hypothesis) (CHARLESWORTH 1996; MANK 2013; MANK et al. 2011; OHNO 1967;
Vicoso and BACHTROG 2009). First there is a transcriptional upregulation of the X-linked
genes in both sexes. Second, the down regulation of all the X linked genes in female sex
(XX), to rescue from the detrimental effects of hyper transcription (CHARLESWORTH 1996;
MANK 2013; MANK et al. 2011; OHNO 1967; Vicoso and BACHTROG 2009). In
Caenorhabditis elegans, there is a transcriptional upregulation in males (XO) and
hermaphrodites (XX) (DeENG et al. 2011) where as in hermaphrodites an additional
mechanism of transcriptional repression operates to rescue them from the deleterious
effects of hyper expression of XX (ERCAN et al. 2007; McDoONEL et al. 2006; MENEELY
and WoobD 1984). In case of mammals, there is a phenomenon of X inactivation in females
and thus the single X in both sexes are upregulated to match the level of autosomes (DENG
et al. 2011; KHARCHENKO et al. 2011; NGUYEN and DISTECHE 2006). In beetles, there is an
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upregulation of X-linked genes in both males (XY) and females (XX) with no down
regulation of XX in female sex (PRINCE et al. 2010). This leads to hyper expression of XX
in females (PRINCE et al. 2010). But this hyper expression in females has been challenged
recently (MAHAJAN and BACHTROG 2015), suggesting the existence of a proper DC in
beetles. In Anopheles stephensi, DC was found to be complete (JIANG et al. 2015) with
equally expressing X-linked loci between sexes but in A. gambiae it is incomplete (ROSE et
al. 2016).

The patterns of DC in XX/XY species suggest that, the mechanism of DC operates
in a chromosome wide manner and has evolved not only to 1) equalize the expression of
sex chromosomes between sexes (first condition, Xmae=Xtemate) but also 2) to abolish the
expression disparity between autosomes and sex chromosomes in both sexes (second
condition, X=A) (NGUYEN and DisTECHE 2006). As these two conditions were consistently
observed in XX/XY species with DC, they have become the evolutionary precedent. Hence
DC is viewed as complete and conventional, only when both these conditions are fulfilled
in an organism. The first condition of DC is believed to surpass the deleterious effects of
sex chromosome aneuploidy (CoNRAD and AKHTAR 2012) and it appears to be
fundamentally right as it implies the necessity of DC in a species. In contrast, the second
condition of complete DC must have been set based on two things 1) insights from sex
chromosome evolution (BuLL 1985; CHARLESWORTH 1996) and 2) the general pattern of
equally expressing autosomal and X-linked genes, in most of the male heterogametic
species (XX/XY) studied for DC. Thus the second condition of complete DC appears to be
more instinctively assigned. Thus following this assumption, the ancestral average
expression of proto-X or proto-Z need not be necessarily equal to that of autosomes, as
even the individual autosomes differ at their average expression levels. Indeed, the
ancestral expression of proto-X or proto-Z will be determined by the gene constitution and
their expression profile. Hence this ancestral expression of proto-X or proto-Z is a crucial
factor in determining the path of DC evolution in a species.

Further, as the patterns of DC are highly variable, evolved independently and
dynamic across sex determination systems and species (MANK 2013; MANK et al. 2011,
MARIN et al. 2000), a variety of approaches with a high degree of flexibility are anticipated
for attaining “DC” in a species. These approaches may not be following the evolutionary
precedent of XX/XY system, for the approval of existence of DC in a species. Based on

these arguments, a species can be considered to have DC and fulfill the primary objective
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of DC if it satisfies the “first condition” (Xmaie=Xtemale). As the “second condition” (X=A)
of complete DC is set by the evolutionary precedent, it may be limited to XX/XY systems
and may not be universally applicable and readily extrapolated to female heterogametic
systems like ZZ/ZW or ZZ/ZO.

Among female heterogametic species (ZZ/ZW), DC was first assessed in chicken
(ELLEGREN et al. 2007; IToH et al. 2007) and was found to be ineffective as the Z-linked
genes showed ~1.4 fold higher expression in males. This was accompanied by similar
results from Bombyx mori, a lepidopteran (ZHA et al. 2009) and a trematode parasite,
Schistosoma mansoi (Vicoso and BACHTROG 2011), giving an impression that DC is
generally absent or incomplete in female heterogametic (ZZ/ZW) system. But recent
genome-wide studies based on RNA-sequencing in ZZ/ZW systems have yielded an
unexpected result of complete DC in a lepidopteran, Manduca sexta, with equally
expressing Z-linked genes between sexes and with an expression parity between autosomal
and Z-linked genes (SmiTH et al. 2014). This has renewed much interest in the
phenomenon of DC in ZZ/ZW species. However, in another lepidopteran species Plodia
interpunctella, (HARRISON et al. 2012) DC was demonstrated to be incomplete as it
showed a just over half of average expression of female Z-linked genes to that of males.
Recently, in Heliconius (a butterfly genera), dosage mechanism was reported to be
imperfect or not complete, due to a consistent male biased expression of Z-linked genes in
various tissues tested (WALTERS et al. 2015).Thus a mixed pattern of DC mechanisms can
be observed in female heterogametic species.

DC in female heterogametic species is proposed to be specified to a subset of dose
sensitive Z-linked genes (incomplete DC; (MANK 2013)) and in a few others it may be
operating in a chromosome wide manner (SMITH et al. 2014). In addition, the ZZ/ZW
systems would have adapted many auxiliary phenomena for assisting the primary objective
of DC. For example the enrichment of the male biased genes on the Z-chromosome in a
few female heterogametic species (ARUNKUMAR et al. 2009; KAISER and ELLEGREN 2006;
ZHANG et al. 2010), which lead to sex chromosome biased expression (SCBE) of a set of
Z-linked genes. The female heterogametic species may be taking an advantage of SCBE.
One striking example would be the sex determination in ZZ/ZO system (in wild silkmoths,
Antheria assama and A. mylita), where ZZ are males and ZO are females. Here the double
dose of Z-chromosome stands as an essential criterion for male determination, presumably
due to the male biased expression of at least a subset of Z-linked genes. Thus in this aspect,

the sex biased expression observed in most of the ZW species may be a general norm and
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not a disability, moreover their successful survival and proliferation supports this
assumption. Thus, the homogametic sex chromosomes (X/Z) were considered to be highly
influenced by two phenomena; 1) the SCBE and 2) the DC mechanism. It is not very clear
whether SCBE and DC have co-evolved or DC is followed by SCBE or vice versa
(Vicoso et al. 2013). The SCBE of X (Z) chromosome, achieved by an “in and out” gene
trafficking (ELLEGREN 2011; WANG et al. 2012b) may strengthen the sexually dimorphic
traits; besides this can be perceived as a counter attacking force of DC.

The initial reports for DC in Bombyx mori (lepidopteran), based on expression
profile of a set of a few Z-linked genes has suggested an incomplete DC, where males
showed higher expression of Z-linked genes, (Suzuki et al. 1998; Suzuki et al. 1999).
This was further confirmed by global, microarray analysis (ZHA et al. 2009). However,
another study using reanalysis of the same microarray data draws a clue for the possibility
of a globally operating DC mechanism in B. mori (WALTERS and HARDCASTLE 2011).
Recently, RNA-sequencing was proven to be an efficient tool in addressing DC on a
genome-wide scale (HARRISON et al. 2012; JIANG et al. 2015; RoOSE et al. 2016; SMITH et
al. 2014; WALTERs et al. 2015). Two recent reports (based on RNA-Sequencing), one
suggesting the involvement of a Z-linked gene called masc in B. mori DC (KIucHI et al.
2014) and another for the existence of an incomplete dosage in very early stage and most
of the Z-linked genes are dosage compensated by 78h of development (KAWAMOTO et al.
2015). Further the process of sex determination is governed by the differential splicing of
Bombyx doublesex gene, Bmdsx. It has two splicing isoforms, Bmdsxf in females and
Bmdsxm in males. These isoforms produce differential proteins, having antagonistic
functions in sexes thus inducing sexual differentiation. Based on the Bmdsx splicing in
eggs at various developmental stages, it is found that Bmdsxf splicing isoform is
predominant at 12h of development. This could be due to the maternal deposition of
Bmdsxf pre-mRNA (SAKAI et al. 2014). In the same study, at 24h of development, there is
a shift of splicing from female to male form, indicating the endogenous expression of
Bmdsx mRNA(SAKAI et al. 2014). However in this study few eggs showed an equal
expression of Bmdsxf and Bmdsxm isoforms, probably these are female eggs. As the
development progresses, there is a shift in splicing from the predominant or equally
expressing Bmdsxm isoform to Bmdsxf isoform significantly in female eggs between 29h to
32h (SakaAl et al. 2014). All these stages were studied in non-diapause strains (SAKAI et al.
2014).
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However in the current study, we did RNA-sequencing for three different embryonic
stages of bivoltine strain (78h, 96h, 120h), 5™ instar larval heads and BmN cells and
analyzed the relative expression of Z-linked genes to that of autosomal (Z:A) and the Z-
linked genes between sexes (M:F). In bivoltine strain, the eggs undergo diapause and are
not hatched in 10 days hence the eggs have to be acid treated to break the diapause. It is
also known that the development of these eggs is comparatively slower than the non-
diapause eggs; hence there is a possibility of delayed development in the eggs. In diapause
eggs we have found a similar pattern of Bmdsx splicing shift in male and female embryos,
however at later stages of development, i.e., at 78h, 96h and 120h. We have used 5" instar
larval heads as a reference sample (DC is expected to be established) for the egg samples.
Based on the differential splicing of Bmdsx, we consider the 78h and 96h stages to be
before sex determination stages and 120h to be after sex determining stage. Hence the sex
Is determined in between 96h and 120h stage of development in diapause eggs of B. mori
(Figure 21A). However in both the studies (diapause and non-diapause strains) have found
that it is the differential splicing of Bmdsx that occurs first followed by the advent of
dosage compensation in B. mori. From these observations, we infer that though the time
points for Bmdsx differential splicing and DC vary between non-diapause and diapause
strains, the patterns of the occurrence of these processes is sequential and are comparably

similar.
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4.2 Materials and Methods

4.2.1 Sample collection, library preparation and RNA-seq

Two W-chromosome mutant strains of B. mori were used: 1) Japanese sex limited (JPSL)
for the sexed embryo collection and 2) Sex limited strain (QGSLO) for the sexed larval
heads. In JPSL, the translocation of chromosome 10 fragment harboring kynurenine
monooxygenase gene on to the W-chromosome is believed to be responsible for the
development of dark brownish serosal pigmentation, which acts as a visible marker to
differentiate female embryos as early as 36 hours post oviposition (hpo). In the QGSLO
strain, female larvae can be easily distinguished by distinct crescent shaped markings on
dorsal side of larva from the 4™ instar stage. For the embryo collection, JPSL strain moths
were set for 4 hrs mating at room temperature; transferred to 4°C overnight, followed by
depairing and were set in dark at room temperature for 2hrs for a uniform egg laying.
Collected eggs were cold acid treated at an age of 20 hpo to break the diapause and were
thoroughly washed under running tap water and incubated at 25°C for the development to
proceed. At 36 hpo, male and female eggs were segregated based on the serosal
pigmentation. Sampling of 200 each of male and female embryos was done at 78 hpo, 96
hpo and 120 hpo. For the head tissue collection, larvae of (QGSLO) fifth instar 5" day
were numbed on ice for 30 min, decapitated, 10 male and 10 female larval heads were

pooled and snap frozen in liquid nitrogen until use.

For collecting BmN cells, regularly passaged in TC-100 (SIGMA) insect media
with 10% FBS (Gibco) log phase cells were selected, slogged, pelleted in PBS and stored
in -80 °C until use. From the collected samples, total RNA was isolated and on-column
DNAsel treated for the removal of genomic DNA contamination using Direct-Zol RNA
isolation kit (Zymo Research). RNA libraries were prepared following the TruSeq RNA
sample preparation kit v2 (Catalog No.. RS-122-2001) from Illumina using 1 pg of
mRNA. Sequencing was performed on Illumina 1000 HiSeq platform (C-CAMP,
Bangalore). In total, not less than ~60 million pair-end reads of 100 bp, for each of the
sexed embryonic stages and head samples were generated. For simplicity, 78 hpo, 96 hpo
and 120 hpo embryonic stages are referred to as 78h, 96h and 120h respectively throughout
the thesis.
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4.2.2 RNA-seq read quality filtration, mapping and data analyses

The RNA-seq read quality was assessed using the package FastQC (ANDREWwS 2010). The
adapter removal and quality trimming was performed using Trimmomatic version 0.35
(BOLGER et al. 2014). The leading and trailing low quality or N bases were removed below
quality 3, reads were scanned with a 4 base sliding window, and clipped when the average
quality per base dropped below 20, and read sequences below 30 bases in length were
dropped. The filtered paired-end reads were mapped against B. mori genome sequence and
its annotations [downloaded from Ensembl release 29 (2015) (GCA_000151625.1.29)
(FLICEK et al. 2014)] using bowtie2 version 2.2.6 (LANGMEAD and SALZBERG 2012; LI and
Dewey 2011) with default parameters. The aligned reads were filtered to keep only
uniquely mapped reads. SAM/BAM conversions, sorting, indexing and filtering were
performed with SAMtools version 1.2. (L1 et al. 2009). The alignment files (SAM format)
so obtained were imported in to Segmonk software (ANDREWS 2015). While importing the
SAM files in to Segmonk, the libraries were treated as pair-end and duplicate reads were
eliminated. The log2 transformed FPKMs for genes were quantitated, by correcting for
DNA contamination, transcript isoforms were merged, transcript length correction was
made, besides excluding the genes with no or very low read counts (considered as noise in
Segmonk) to avoid bias in the data that might skew the analysis. The raw read counts table
and quantitated genes report (FPKM values) of Segmonk analysis was exported to Excel
(Microsoft) and further analyzed. Moreover, for B. mori as the GFF file from ensembl was
not annotated with the chromosome number, which is required for current analysis. So to
overcome this, the "description” code of each gene in GFF file was replaced with its
corresponding chromosome number, based on the scaffold identity from kaikobase

(SHIMOMURA et al. 2009) annotation data using custom shell scripts.

4.2.3 Statistics for Z dosage and data representation

Based on the scaffold mapping, the genes were grouped into autosomal (A) and Z-linked
(2) genes. The unmapped genes were excluded from further analysis. Similar to a
conventional dosage analysis, the dosage in B. mori was tested by two estimates. They are
1) Z:A ratios (autosomal relative expression of Z-linked genes) and 2) M:F ratios (sex
biased expression of A and Z-linked gene expressions). To assess the Z dosage effects in
the samples, the ratio of autosomal and Z-linked gene expression (Z:A) was calculated
within each sample (male, female) and this ratio was compared between the sexes. The true

expression (in terms of FPKM) of all the genes were estimated by choosing the option,
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"Don't quantitate probes with no counts” in Segmonk while probe quantitation. The Z:A
ratios were estimated using this “true expression dataset”, resulted in mapping of ~10,000
genes for embryo samples and ~7,000 genes for head samples. The mean and median Z:A
ratios were estimated which represents the relative expression level of Z-linked genes
compared to that of autosomal. Bootstrapping (10K) of log transformed FPKM data was
performed to find the 95% confidence interval for the Z:A point estimate of the median,
using the online web tool STATKEY, (RoBIN et al. 2015). We compared the median level
expression differences between autosomal and Z-linked genes within the sex for each
sample individually by nonparametric Mann Whitney U test (Wilcox rank sum test),
conducted in R package (TEAM 2010). Further the Male: Female (M:F) ratio distributions
were calculated from FPKM values and raw counts data of genes which showed expression
in both sexes (true expressed dataset). The raw reads were further subjected to TMM
normalization for the estimation of M:F ratio distributions. The log2 (M:F) density
distributions were generated using Wessa.net histogram, online web tool (WEssA 2015) to
reveal the overall picture of the sex biased distribution of the autosomal and Z-linked genes
in the samples. The median level differences between the M:F distributions for autosomal
and Z-linked genes were also tested by MWU test . In order to compare and explore any
discrepancies found between male and female median Z-linked genes at various levels of
gene expressions, an unpaired comparison for the Z-linked genes expression data between
sexes was conducted. For this the Z-linked log2 FPMK distribution data for both the sexes
were sorted independently in descending order and were divided in to quartiles (Q1-Q4),
each representing different magnitudes of gene expression (High-Q4, medium-Q3, low-Q2
and very low-Q1 expressing genes). The median expression difference within quartiles
between sexes was tested by MWU test. Additionally to view the profile of Z-linked genes
expression, all the Z-linked genes were filtered and saved as annotation track from which a
heat map was generated based on clustering. For generating heat map in Segmonk, even

the loci with no true expressions were also quantitated.

4.2.4 Quantitative RT-PCR

The relative expression of selected genes was validated through reverse transcription
guantitative PCR (ABI 7500). The reaction was set using SYBR Premix Ex Taq (Tl
RNaseH Plus) from Takara Bio Inc. The reaction mixture included cDNA sample of 3 pul
(diluted to 10 ng/ul), 0.2 uM primers in a final volume of 20 pul of master mix. Reaction

conditions were: 95 for 30 sec, 95 for 5 sec and 60 for 34 sec. The standard curve analysis
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was done using ABI SDS software version 1.2.3. The reactions were carried out in
triplicates and the relative expression was determined using ACt analysis. Fold change
(FC) values for male samples relative to female samples (calibrator) were obtained by

normalizing the gene expression values to the rp49 as endogenous/internal reference
control separately (TENG et al. 2011). For primer sequences, see Annexure V.
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4.3 Results

4.3.1 The Z:A ratios; relative expression of Z-chromosome

The Z:A ratio, is informative on how DC is achieved in organisms. It provides an
autosomal relative expression of Z-linked genes (MANK 2013). The Z:A ratio values of 0.5,
1 and 2 correspond to half, equal and double expression of Z-linked genes respectively to
that of autosomes. The mean (using FPKM data) and median based (using log2
transformed FPKM) Z:A ratios were estimated from the “true expression dataset” (Figure
21B and Table 5). Thus estimated mean and median Z:A ratios ranged from ~0.4 to ~0.6 in
both sexes suggesting a significantly low expressing Z-linked genes compared to that of
autosomes, in all the analyzed samples (embryonic stages of 78h, 96h, 120h; larval head
and BmN cells). The nonparametric Mann Whitney U tests (A#Z) statistically supports the

significant difference observed between A and Z expression levels (Figure 22 and Table 6).

At 78h, the median Z:A ratios for male (0.39) and female (0.42) were substantially
lower than 0.5, suggesting an initially lesser than half expression of Z-linked genes to that
of autosomal (Figure 22 and Table 6). At 96h stage, this ratio was higher in male (0.51)
compared to female (0.37) embryos, depicting a relatively (autosomal) increased
expression of Z-linked genes in males. This scenario was reversed at 120h stage where the
male (0.47) and female (0.54) ratios indicate a relatively (compared to that of autosomes),
increased expression of Z-linked genes in females. These median Z:A ratio profiles of the
embryonic samples (78h to 120h stages) present a dynamic picture of relative (compared to
that of autosomes) expression of Z-linked genes in the process of acquisition of DC (Figure
22 and Table 6). Head (male=0.57, female=0.61) and BmN (0.65) cells showed a median
Z:A ratio of ~0.6 suggesting a relative just over half expression of Z-linked genes to that

of autosomes (Figure 22 and Table 6).

Quartile based analysis was also done using the “true expression dataset” and the
results were consistent at various magnitudes of expression (Figure 23). The point estimate
of Z:A ratios and the non-parametric MWU tests together suggests a substantially reduced

expression of Z-linked genes to that of autosomal in both sexes.
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Table 5. Summary of average expression of Z-linked and autosomal loci across embryonic, head
and BmN samples

78h 96h 120h Head BmN
Statistic
Male Female Male Female Male Female Male Female Ovary
Mean 26.34339 32.68268 19.31366 22.9903 18.73881 17.45362 30.64596 30.85957 20.1034
autosomal
FPKM

Mean Z-linked  13.55054  16.68408 12.42164 12.30837 11.8242 11.28153 19.1806 19.69835 11.65642
FPKM

Mean Z:A 0.514381 0.510487 0.643153 0.535372 0.631001 0.646372 0.625877 0.638322 0.579823
ratio

Median 3.99718  3.490582 7.354102 5.405826 8.613708 9.700895 3.579668 3.996381 3.569715
autosomal
FPKM

Median Z- 1567086 1.480323 3.662872 1.958461  4.0324 5.25235 2.053293 2.389728 2.320983
linked FPKM

Median Z:A 0.392048  0.424091 0.498072 0.362287 0.468138 0.541429 0.573599 0.597973 0.650187
ratio

MWU p-value: ~ <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
A #Z-linked

No. Z-linked 399 321 435 379 460 467 382 361 398
loci

No. A linked 9511 8235 9925 9224 10125 9990 7825 7841 9248
loci
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Figure 21. A) The sex specific differential splicing pattern of Bmdsx in the embryonic stages of
78h, 96h and 120h. B) Box plot of the log, transformed FPKM distribution of autosomal (A;
yellow) and Z-linked (Z; black) truly expressed genes of male and female samples. The boxes
represent the inter quartile range (IQR), the notch of box plots represents median (horizontal line)
expression with a 95% confidence interval and the outliers were not plotted. The data indicates a
significantly reduced expression of Z-linked genes when compared to that of the autosomes by
nonparametric tests and mean, median point estimates.

Table 6. The bootstrapped Z:A ratios (median) and their confidence intervals (lower-Cl and
upper-Cl)

Sample MEDIAN LOWER-CI UPPER-CI
m 78h 0.389312 0.331252 0.430176
f78h 0.418994 0.366021 0.480964
m 96h 0.50698 0.40669 0.607097
f96h 0.370874 0.307573 0.472701

m 120h 0.474671 0.417544 0.559419
f120h 0.542239 0.485654 0.618566

m head 0.570777 0.463294 0.688725
f head 0.609628 0.53812 0.718968
BmN 0.646624 0.587231 0.719966
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Figure 22. The bootstrapped median of autosomes to Z-chromosome (Z:A) gene expression ratios
for the samples. The dashed line corresponds to the relative expression of Z to that of autosomes.
Z:A of 1 and 0.5 indicate an equal (Z=A) and half expression (Z=A/2) of Z-chromosome to that of
autosomes respectively. m=male and f=female. Error bars represent the 95% confidence intervals
for the median as estimated by 10,000 bootstrap replicates.
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Figure 23. Comparison of quartile expressions for Z-linked genes dataset used for Z:A analysis.
The log, FPKM expression data for the Z-linked genes were segregated as quartiles based on
independent binning. The boxes represent the inter quartile range (IQR), the notch of box plots
represents median (horizontal line) expression with a 95% confidence interval and the outliers were
not plotted. An asterisk (*) indicates a significant difference between quartile expressions (MWU,
p <0.05).
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4.3.2 Male: Female (M:F) ratio distributions - sex biased expression of Z-chromosome
The M:F ratio distributions indicate the sex biased expression of autosomal and Z-linked
genes. These distributions are the direct comparison for testing dosage in a species. Three
things were assessed from M:F ratio distributions. They are i) Sex biased expression of Z-
linked genes, ii) Sex biased expression of autosomal genes and iii) The difference in the
M:F distributions of A and Z-linked genes. The Z-linked genes showed a significant male
biased expression at 78h (MWU, p=0.00056) and 96h (MWU, p=2.127E-09) embryonic
stages, whereas such difference was not observed at 120h (MWU, p=0.08008) embryonic
stage and also in head samples (MWU, p=0.5517) (Figure 24). Based on these findings it is
assumed that DC (sex chromosome dosage compensation) would have initiated after 96h
and became established at 120h stage of embryonic development. Interestingly, the male
biased expression of Z-linked genes at 78h (MWU, p=0.00056) and 96h (MWU,
p=2.127E-09) stages is also coupled with a significant male biased expression of
autosomal genes at 78h (MWU, p=<2.2E-16) and 96h (MWU, p=<2.2E-16) samples. This
could be due to the dosage uncompensated effects of Z-linked genes (male biased) at 78h
and 96h stages which can significantly influence the expression of autosomal genes (Figure
25 and Table 7). But a significant difference was also observed for the autosomal
expressions between sexes at 120h (MWU, p=0.01172) and head (MWU, p=0.006069)
samples where the effect of DC are visible (Figure 25 and Table 7), this could be due to

the local effects being established by the process of sexual differentiation.
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Table 7. Summary of average M:F gene expression ratios of Z-linked and autosomal loci in

embryonic and head samples

Z:A

zZ- Autosomal  Median Z- Median ratio of '\CZ:G‘;SP' '\\/I,Z:{Jtésr-)- MWU p-values;
Sample linked loci Linked Autosomal  Medians Male Z,;é Male A';é Autosomal M:F
loci log2 (M:F) log2(M:F) (Not Female Z Female A # Z-linked M:F
log2)
78h 310 8102 0.617812 0.483265 1.097748  0.0005608 <2.2E-16 0.005881
96h 365 8983 1.02793 0.44333 1.499623  2.127E-09 <2.2E-16 <2.2E-16
120h 442 9632 -0.17748 -0.00368 0.886504 0.08008 0.01172 1.588E-09
Head 339 7210 -0.09608 -0.12558 1.020661 0.5517 0.006069 0.4517
D A =7/
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Figure 24. Box plot of the log, transformed FPKM distribution of autosomal (A; yellow) and Z-
linked (Z; black) genes that showed true expression in both male and female samples. The boxes
represent the inter quartile range (IQR), the notch of box plots represents median (horizontal line)
expression with a 95% confidence interval and outliers were not plotted. The data indicates a
significant male biased expression of autosomal and Z-linked genes at the early embryonic stages
of 78h and 96h stages.
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Figure 25. The male to female autosomal and Z-linked gene expression ratio (M:F) distributions

for the samples. A) The M:F distributions from FPKM based normalization of raw counts B) The
M:F distributions from TMM normalization of raw counts. The dashed vertical lines represent the
median of the frequency distributions (shown in dashed lines). An asterisk (*) represents the
significant difference (MWU, p<0.01) observed between autosomal and Z-linked M:F
distributions. At 78h and 96h stages, the arrows indicate the profound male biased expression of
autosomal (MWU, p<2.2E-16) and Z-linked (MWU, 78h- p=0.0005, and 96h- p=2.127E-9) genes.
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Further the difference between the M:F distributions for A and Z-linked genes were
estimated. A significant difference was observed between these distributions at 78h
(MWU, p=0.005881), 96h (MWU, p=<2.2E-16) and 120h (MWU, p=1.588E-09) but not
for the head samples (MWU, p=0.4517), suggesting that DC is apparent in head sample.
The differences in the M:F distribution plots were also reflected in the Log2 (M:F) median
Z:A ratios (Table 7), this ratio at 78h (1.1) represents a slight male biased expression of Z-
linked genes, and a profoundly male biased expression at 96h (1.5); female biased
expression at 120h (0.89) and an almost unbiased expression in head (1.02) samples
(Figure 25 and Table 7). Additionally a quartile-based analysis for the Z-linked genes was
used for M:F distribution analysis (Figure 26) and showed a consistency in the observed

biased expressions of Z-linked genes at various magnitudes of gene expression (Figure 26).
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Figure 26. Comparison of quartile expressions for Z-linked genes dataset used for M:F analysis.
The log, FPKM expression data for the Z-linked genes were segregated as quartiles based on
independent binning. The boxes represent the inter quartile range (IQR), the notch of box plots
represents median (horizontal line) expression with a 95% confidence interval and the outliers were
not plotted. An asterisk (*) indicates a significant difference between quartile expressions (MWU,
p <0.05).

The expression of Z-linked genes (log2 FPKM) was compared between sexes by
using a heat map (Figure 27). The genes with a relatively higher expression level showed a
male biased expression at early developmental stages, 78h and 96h (cluster-9, 212 genes).

The lowly expressing genes showed a female biased expression (cluster-2, 222 genes),
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exclusively at 78h and 96h stages, and also showed an overall male biased to unbiased
expression at 120h stage. The cluster of genes having a very high level of expression
(cluster-4, 61 genes) showed an almost unbiased expression in all the samples. Almost all
the clusters appeared to be compensated by having similar level of expression between
sexes at 120h stage, except for the mosaic cluster (cluster-7, 125 genes). In the head
samples, almost all of the Z-linked genes were found to be dosage compensated except for

a very few local effects.
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Figure 27. Schematic representation of Z-linked gene expression. The genes mapped to Z-linked
scaffolds were segregated and their log, FPKM values were plotted as a heat map. The heat map
depicts a male biased cluster of 212 genes with high expression, a female biased cluster of 222
genes with low expression and an unbiased cluster of 61 genes.

Finally, to evaluate the profound male biased expression at 96h stage from the
embryonic RNA-seq data, five selected Z-linked and autosomal genes expressions from
different chromosomal locations were analyzed through quantitative PCR (gQRT-PCR)
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using rp49 as an endogenous control as this is the best endogenous reference gene, with a
least stability index of 0.083 in B. mori when compared to other endogenous reference
genes like E2F, actinAl, actinA3, G3PDH and GAPDH (TeNG et al. 2011). Autosomal
genes of embryonic stages showed an overall equal expression in all three stages (Figure
28A\). All the five Z-linked genes showed a relatively higher fold expression at least in 96h
stage (Figure 28B). For the head samples, the selected 4 autosomal (Figure 28C) and 4 Z-
linked genes (Figure 28D) (based on FPKM values) were shown to be almost equally
expressing in both sexes in gRT-PCR. The gRT-PCR data of selected genes supports the
FPKM based relative expression from RNA-seq data analysis.
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Figure 28. Validation of RNA-seq results of embryonic stages (78h, 96h and 120h) and head
samples by gRT-PCR. rp49 was used as an endogenous reference expression. Female samples were
used as calibrators; hence the relative expression (M/F) of females can be taken as 1 for all the
genes. The relative expression of selected five autosomal (a) and five Z-linked genes (b) for the
three embryonic stages and four equally expressing (M/F=~1) autosomal (c) and four Z-linked
genes (d) were shown in the head samples.
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4.4 Discussion

Our study showed that in B. mori, Z:A ratio is lesser than 1 in both the sexes, representing
reduced expression of Z-linked genes to that of autosomes. A plausible explanation for this
unusually reduced Z:A ratio is the low expression of Z-linked genes, compared to a major
proportion of autosomes (12, which is 48.06% of the genome) (Figure 29 and Table 8). The
case of B. mori is similar to Heliconius species, where the expression of Z-linked genes is
substantially reduced to that of autosomes (WALTERS et al. 2015). But from an evolutionary
perspective, there is no currently available hypothesis to explain this reduced Z:A ratio in
these species. The mechanisms of DC evolution can provide insights to answer this. It has
been proposed that DC has evolved in a two step process (Ohno’s hypothesis) in
Caenorhabditis and Mammals (CHARLESWORTH 1996; MANK 2013; MANK et al. 2011;
OHNO 1967; Vicoso and BACHTROG 2009), whereas in Drosophila, it’s a direct
upregulation of X-linked genes by dosage compensation complex (DCC) in males (XY)
(LuccHesi 1973; STRAUB et al. 2005) (see introduction). | propose that the basic element of
driving force for the evolution of such diverse mechanisms with a single objective of
achieving DC should be the “ancestral expression of proto-sex chromosomes”. Here, the
ancestral expression refers to the fixed point of average gene expression for proto-sex
chromosomes in the course of sex chromosome evolution. For instance, in Drosophila,
Caenorhabditis and Mammals the value of ancestral expression of proto-X might be fixed
as 1 (CHARLESWORTH 1996; MANK 2013; MANK et al. 2011; OHNO 1967; Vicoso and
BACHTROG 2009). So in males (XY) the expression level of X is 1 and in females (XX) it is
2. Hence in these species, the DC force would have evolved by choosing one of the
possible/suitable paths like “DCC mediated X upregulation” or “two step process” (Ohno’s
hypothesis) to attain the destined expression level of 2 for X chromosome(s) in males
XY=2 and females XX=2 which matches to the value of autosomes (AA=2). If the
ancestral expression of proto-X/Z gets fixed as ~0.6 or so in a species, then the DC
evolutionary pressures may choose a different path like, “repression of ZZ expression in
homogametic sex” for achieving DC. For example, in case of B. mori the Z:A ratios were
~0.6 in both sexes (all samples) (Table 6) but the M:F ratios for both A and Z-linked genes
are ~1 (in head), representing the equally expressing A and Z-linked genes in both sexes
(Table 9). Based on these observations, we speculate that the DC evolutionary pressures in
B. mori would have selected for the repression of Z in homogametic sex, in order to
achieve the DC faster. Thus in short, the “ancestral expression of proto-sex chromosomes”

to be one of the crucial determinants of the X:A or Z:A ratio, which in turn drives the DC
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evolutionary pressures to choose the path of DC mechanism (ancestral expression of proto-

sex chromosomes > X:A or Z:A ratio > DC path).

Table 8. Comparison of Z expression level to that of autosomes, from Figure 29

Chromosomes with higher Chromosomes with Chromosomes
average expression than Z lesser average with equal
(12) expression than Z (7) average
expression as Z
8)

Chromosomes  3,4,5,8,9,10,11,13,15,17,18 & 2,7,14,20,26,27 & 28 6,12,16,19,21,23,

22 24 & 25
Size in Mb 201.83 75.43 122.37

(o)

%6 of genome 48.06 17.96 29.14

size (419.98 Mb)

The autosomes were grouped in to three, based on their relative Z expression level (Figure 29) and
their percentages of genomic sizes were calculated to show that a major proportion of genome
show on an average higher expression than that of Z-chromosome.
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Figure 29. The Z-chromosome expression in dosage compensated head samples compared to
autosomes. The solid blue line represents the Z-chromosome expression level in comparison with
autosomes. Z-chromosome expression is roughly lesser than 12, higher than 7 and almost equal to
9 autosomes. The outliers were not plotted and the notch of the box plots represents the median
expression with a 95% confidence interval.
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Table 9. The male to female Autosomal and Z expression ratios (M:F) for the head samples.

Autosomal (7210 genes)  Z-linked (339 genes)

Head (median, M:F ratio) 0.904* 1.019*

Median FPKM (Male/Female)  4.4969/4.973 2.8172/2.763

*These ratios of ~1 represent an equal expression of the autosomal and the Z-linked genes between
sexes.

The M:F ratio distributions imply the sex biased expression of genes for the samples. In
our study, these ratios suggest a clear male biased expression of Z-linked genes at 96h and
a female biased expression at 120h (Table 7). A stark transition of Z from a male biased
expression at 96h to a female biased expression at 120h probably indicates the onset of
dosage compensation effect probably initiated at 96h and executed at the later stage, 120h
of development. A significant male biased expression of A and Z-linked genes being
observed at the early stages of 78h and 96h gets normalized at a later stage of 120h,
suggesting the advent of DC mechanism. This scenario clearly indicates the primary
objective of DC mechanism to equalize the expression differences of A and Z-linked genes
between sexes (NGUYEN and DISTECHE 2006). In head samples, Z-linked genes showed an
almost unbiased expression suggesting its compensation. In contrast, a slightly male biased
expression (statistically significant, Table 7) of Z at 78h stage may be initial and | presume
this stage might not be representing a relative full-fledged Z-linked gene expression, based
on comparatively lesser Z:A ratios at 78h stage (Figure 22 and Table 6 ). However, from
the heat map it is evident that a large number of genes with higher expressions showed a
male biased expression at 78h and 96h stages. These genes shift from a male biased to an
unbiased expression (based on similar color schema observed between sexes) at the later
stage of 120h. This indicates the dosage compensatory effect over these genes at this stage
and also suggests that the onset of DC can be considered to initiate post 96h. In the head
samples, except for a very few sub-set of genes, almost all the genes showed a comparable
level of expression, indicating the established DC.

From this study, an embryonic stage (120h) is identified, at which the effect of DC
comes in to action (Figure 22). Gene-wise comparisons at 96h showed a profound male

biased Z-linked gene expression, which gets counter attacked by DC at 120h, exhibiting a
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slight female biased Z-linked gene expression at this stage. The male biased expression of
Z-linked genes in the early stages of development (78h and 96h) could be due to the
functionally inactive, putative DCC; whose initiation (post 96h) and advent from the later
stage (120h) would have established the DC in B. mori tissues. The results suggest that 96h
as a crucial developmental stage both for DC, based on relatively higher expression of
masc, a dosage regulator gene in males (Table 10) and also in sex determination, due to the
initiation of dsx sex specific differential splicing; Ajimura et al., unpublished data
(AJIMURA et al. 2006). From our results, the complete DC is apparent in B. mori, depicting
its essentiality for sexual fitness in this species. The complete DC is represented by an
overall Z-linked gene expression parity between the sexes with a relatively reduced
expression compared to autosomes, a unique trend generally not seen in the dosage
compensated taxa (V1coso and BACHTROG 2009). This type of reduced expression of ZZ
in B. mori males is analogous to the down regulation of both XX transcription in
hermaphrodite C. elegans, probably by increased chromosome condensation (MELLER
2000). The speculated DC mechanism of C. elegans promoted by XO lethal-1 (xol-1) is
similar to that of the masc (KiucHi et al. 2014)in the B. mori; both the genes regulate the
sex determination and the DC. Both the dosage mechanisms result in the hypo-expression

of the XX/ZZ chromosomes.

Table 10. Expression of masc gene in the embryonic and head samples.

Sample Masc Masc Masc gene
FPKM FPKM in M/F Fold
in males females Change
78h 0.255 0 -
96h 0.92 0.14 6.45*
120h 2.01 211 0.95
Head 0.67 0 -

*masc gene showed male biased expression at 96h, speculated to be a crucial stage for sex
determination and DC. M=male and F=female.

The emerging evidences suggest that the patterns of DC are highly variable across sex-
determination system and species (MANK et al. 2011). The DC observed in B. mori stand
as a unique mechanism, which is achieved mostly through the hypo expression of the ZZ

chromosomes in males. In a few ZW species studied, male ZZ:AA expression ratios in
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general were reported to be ~1, eg, in aves it is 1.01 (ELLEGREN et al. 2007; ITOH et al.
2007), in nematode S. mansoni it is 1.06 (Vicoso and BAcCHTROG 2011), and in
lepidopteran P. interpunctella it is 0.95 (HARRISON et al. 2012). Whereas in females
ZWIAA ratios have been reported to be ~0.5, suggesting IDC in these species. In
Heliconius species, the dosage compensation is reported to be imperfect or incomplete
based on a consistent male biased expression of Z-linked genes in various tissues tested for
dosage (WALTERS et al. 2015). In contrast, these ratios were almost equal between the
sexes and have a value of <1 in the lepidopterans M. sexta (ZZ:AA = 0.83 and ZW/AA =
0.81) (SMITH et al. 2014) and B. mori [ZZ:AA = ~0.6 (mean) and ZW/AA = ~0.6 (mean)]
suggesting the CDC.

The median Z:A ratios (Figure 22) suggest that in male embryos, the Z-linked gene
expression reaches the relative expression point of ~0.5 first compared to females
(observed first at 96h stage). But at a later stage of development (120h), the Z-linked gene
expression was found to be slightly higher in females compared to males (Figure 22),
contrasting the double dose (copy number) of Z-chromosomes in males. This can be
explained by these possibilities 1) the hyper expression of single Z-chromosome in females
or 2) by the hypo expression of ZZ in males or 3) by a combinatorial effect of both hyper
and hypo expressions of Z-linked genes.

A recent report suggests the involvement of a Z-linked CCCH zinc finger gene,
masc in the DC, as the RNAI of masc resulted in up regulation of Z-linked genes (KIUCHI
et al. 2014). In this study, a masc gene expression level-driven suppression of Z-linked
genes is observed in males (ZZ). The overall Z-linked gene expression difference between
sexes at 96h was found to be significantly different (Figure 22). The masc gene at 96h
stage was found to express 6.45 fold higher in males (Table 10). Being hypothesized to be
involved in the mechanism of DC, the increase in the fold change of masc at 96h suggests
its crucial involvement in the hypo-expression of ZZ in males to that of the Z in females
(KiucHI et al. 2014). The male biased expression of masc especially at the dosage
uncompensated stage of 96h denotes its probable involvement in the mechanism of dosage
compensation and this male biased masc expression would have led to the hypo expression
of ZZ at the immediate next embryonic stage of 120h where the Z dosage was
compensated (Figure 27). As the masc gene was also shown to be involved in the
mechanism of DC by suppression of ZZ in males, its male biased expression at 96h stage
of development (Table 10) probably suggests its crucial involvement in DC (KIucHI et al.
2014).
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The overall Z-linked gene expression being slightly female biased at 120h stage
may be due to “dosage over compensation effect”, an exact opposing phenomenon to
“inverse dosage effect”, observed in D. melanogaster (PHILIP and STENBERG 2013; SUN et
al. 2012). I presume this effect as temporary, being mediated by the gain of ZZ repression
in males due to a tight transcriptional downregulation of the freely expressing ZZ
chromosomes in males (KiucHI et al. 2014). Besides, this effect may also be treated as
over representation of single female Z-chromosome expression in the background of ZZ
repression (males). Because of this effect, presumably the freely expressing female Z-
chromosome at 120h stage seems to be apparently higher than its male counterpart. The
M:F ratio distributions (Figure 25) of A and Z clearly indicate the initial absence (96h) and
probable establishment of DC in the later stage (120h) of embryo development. Based on
this finding, | speculate that the reason for lower Z:A ratio observed in 120h male could be
due to the suppressed expression of Z-chromosome at this stage; high level of masc
expression at 96h may be suppressing ZZ expression in males, thereby bringing down the
Z expression at 120h stage. All these findings suggest and support the hypothesis of

probable suppression of Z-linked genes in males (KiucHi et al. 2014).

Altogether the growing data and analyses, especially using RNA-seq, in various species
present a dynamic picture of patterns of DC suggesting the initial selection of a highly
diverse mechanisms being adapted by the evolutionary forces with a focused objective of
achieving the DC. A re-evaluation of DC in mammals and C. elegans using RNA-seq data
contradicts the Ohno’s hypothesis, questioning our current knowledge of the sex
chromosome evolution and DC mechanisms (XIONG et al. 2010). Hence, by taking the
advanced and accurate RNA-seq data into consideration, there is a necessity of critical
revision of current evolutionary theories on DC. A new theory should emerge in order to
explain the reasons for lower expression of X or Z to that of autosomes to gain a

comprehensive understanding of the sex chromosome evolution and DC mechanisms.
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4.5 Summary

In this study, | have compared dosage of Z-linked genes in different embryonic stages
between male and female sexes and showed that in early embryonic stages, Z-linked gene
dosage was not compensated. As the embryo ages and after the up-regulation
of masc gene, Z-linked genes in males show a lower expression, compensating with the
dosage of females. I speculate that DC emerges after 96h in male silkworm. In the embryo
samples, 96h is considered as a crucial developmental stage, at which the sex
determination and differentiation are most widely tuned in the embryos. To my knowledge,
this is the first report showing the initiation of DC in embryonic stages using RNA-seq
data. I also show complete DC in the larval stage of B. mori by comparing male and female
transcriptomes of the head tissue. In B. mori, the type of complete DC observed is
ZZ:AA=Z:AA<1, which is very distinct to that of XX/AA=X/AA=1. Further studies have
to be conducted to confirm whether this compensation is through silencing of one of two
Z-chromosomes in males or through the reduced expression of genes in both the copies of

Z-chromosome.
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5.1 Summary
The study was an extension of the ongoing quest in the laboratory to understand the
mechanism of sex determination in the domestic silkworm, Bombyx mori. In B. mori, females
are ZW and males are ZZ i.e. female heterogamy is observed. A previous study in our lab had
identified a novel group of zinc finger genes (CCCH type and C2H2 type) on the W-
chromosome. My study began with the objective of functional characterization of CCCH type
zinc finger genes, B. mori zinc finger-1 (Bmznf-1) present on W-chromosome and its
homologous copy of B. mori zinc finger-2 (Bmznf-2) on the 25" chromosome (SATISH et al.
2006). Initially these genes were thought to be involved in determining the female sex as the
Bmznf-1 gene is linked to the feminizer region (the region responsible for femaleness) on the
W-chromosome (ABE et al. 2008). Experiments were carried out to identify the effect of this
gene on the differential splicing of the B. mori doublesex (Bmdsx) gene. This gene undergoes
sex specific differential splicing and produces male and female specific isoforms (Bmdsxm in
males and Bmdsxf in females) which produces differential proteins (BmDSXM in males and
BmDSXF in females) that have antagonistic roles in respective sexes (CHRISTIANSEN et al.
2002; Xu et al. 2017b). Two genes, B. mori P-element somatic inhibitor (Bmpsi) and B. mori
homolog of IGF-1I mRNA binding protein (Bmimp) were shown to promote the differential
splicing of Bmdsx gene. In males the proteins, BmPSI and BmIMP were shown to interact
with each other and form a strong splicing inhibitory complex that bind the CE1 element of
4™ exon and promotes the skipping of 3™ and 4™ exons resulting in the male isoform, Bmdsxm
(Suzuki et al. 2010; Suzuki et al. 2008). Whereas in females this type of splicing is absent
and Bmdsxf isoforms were produced. The differential splicing of Bmdsx is the key regulatory
process as it governs the sexual development of organism.

In my study, the overexpression of Bmznf-1 or Bmznf-2 in the female ovary derived
BmN cells resulted in the abnormal splicing shift of female specific Bmdsxf isoform to
Bmdsxm isoform, called masculinisation (GOPINATH et al. 2016). This affect of Bmznf-1 or
Bmznf-2 on Bmdsx differential splicing is similar to that of the splicing inhibitory complex of
BmPSI and BmIMP. This suggests that the genes Bmznf-1 or Bmznf-2 are promoting the male
development or differentiation. Further it is also identified that the overexpression of Bmznf-1
or Bmznf-2 also resulted in the aberrant splicing of an interesting splicing enhancer gene
called Bombyx mori transformer-2 (Bmtra-2) (GOPINATH et al. 2016). The aberrant splicing
of Bmtra-2 includes the short isoforms that resulted in the skipping of a few exons that
ultimately produces short BmTRA-2 putative proteins whose function is obscure. However

previous studies have shown that the gene Bmtra-2 is not involved in the somatic sex
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determination pathway and RNAI studies have shown the role of Bmtra-2 in the testis
development (Suzuki et al. 2012). However in the current situation the research conducted by
the Japanese group had resulted in the identification of two more key players called
Masculinizer (Masc), a CCCH type zinc finger protein and a W-chromosome encoded
feminizer (fem) piRNA in the pathway (KIucHI et al. 2014). The gene Masc is shown to
induce the male specific Bmdsxm isoforms and is silent in the females as it is negatively
regulated by the fem piRNA. Interestingly the CCCH type zinc finger motifs of Masc are not
involved in the masculinising activity instead Cys-301 and Cys-304 of the C-terminal 288
residues were important (KATSUMA et al. 2015). The LNA-DNA gapmers mediated silencing
of fem piRNA had resulted in producing Bmdsxm forms i.e. masculinization and the silencing
of Masc had resulted in Bmdsxf forms and a dramatic reduction of a male specific Bmimp(M)
forms in males (SAKAI et al. 2015b). The Masc gene orthologue in a lepidopteran Trilocha
varians is also shown to be having similar function (LEE et al. 2015). Further the transgenic
analysis of fem piRNA resistant Masc gene was performed to reveal the sex reversal potential
of this gene in the female genetic background (SAKAI et al. 2016). Results showed that the
female lethality and only partial female to male sex reversal. Assumption is that as the gene
Masc is involved in dosage compensation along with sex determination, this gene may not be
suitable for the sex reversal (SAKAI et al. 2016). However a very recent study conducted by
Chinese group using CRISPR-Cas9 mediated gene disruption had resulted in a very
interesting finding that in the pathway, it is not the Masc on the top of the pathway but it is
the Bmpsi the key auxiliary factor in male sex determination (Xu et al. 2017a). In addition,
my research on Bmznf-1 and Bmznf-2 had also revealed the induction of masculinization
whose molecular mechanism is unknown and hence in the current scenario the exact pathway
of B. mori sex determination is unclear and many new players are still emerging (GOPINATH
et al. 2016).

As the second objective of my work, | wanted to explore the W-derived genes or
regulatory elements like piRNA precursors by analyzing the early sex biased transcriptome in
embryos and the somatic sexual differences in heads of larvae and also the patterns of dosage
compensation in all these samples. For this, the deep sequencing was performed for three
sexed early embryonic stages of 78h, 96h, 120h, larval heads and ovary derived BmN cells.
The embryonic stages were selected based on the observation that dsx gene exhibits sex
specific differential splicing at 96h (based on a previous observation in our lab). Hence, a
stage before (78h) and a stage after (120h) 96h were selected for analysis. At 78h (in the early
stage of development) 520 genes were differentially expressed between sexes. This number
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had increased to 4,068 at 96h and decreases to 2,596 at 120h. The differential gene expression
(DGE) analysis suggested a very high male biased expression of many important genes of silk
composition, developmental, transcription factors and many zinc finger genes which must be
having crucial roles in the process of development and sexual differentiation. Further the
BLAST analysis of the unmapped transcriptome to the genome vyielded thousands of
precursors for the B. mori small RNAs and many long non-coding RNAs which presumably
include W-derived transcripts. However no W-chromosome derived protein coding genes
were identified in the study. Further analysis of the unmapped transcripts may help in
uncovering the W-transcriptome and thus aid in a comprehensive understanding of the role of

W-chromosome in B. mori sex determination.

Further in the study, | have subjected the RNA-seq data for dosage compensation
analysis. Dosage compensation (DC) refers to the average equal expression of sex linked
genes (X or Z chromosomal expression) to that of average expression of autosomal genes
(autosomal expression) i.e. XX=AA=XY (or) ZZ=AA=ZW devoid of the unequal
distribution of the sex chromosomes in sexes (XX in females and XY in males or ZZ in males
and ZW in females). There are various ways in which DC can be achieved in XX/XY species
(please refer to section 4.1 in this thesis for complete details) and is generally observed
(XX=AA in females and XY=AA in males) in almost all the XX/XY species studied for DC.
However it is found to be incomplete or inefficient (ZW<AA in females and ZZ=AA in
males) in the studied ZZ/ZW species for the existence of DC (MANK 2013). It also gave an
impression that the phenomenon of Dosage compensation is more common in XX/XY species
than in ZZ/ZW species. In contrast to this assumption, the DC was observed to be complete in
Manduca sexta, a lepidopteran, in which the average expression of Z-linked genes are lesser
than the autosomal in both sexes, without a significant difference between the average Z-
linked gene expression between sexes (SMITH et al. 2014). In addition to this, the reanalysis of
previously analysed microarray data showed the probable existence of DC in B. mori
(WALTERS and HARDCASTLE 2011). In my current study, the dosage analyses of the RNA-seq
data have shown the existence of DC in B. mori. This study provides a valuable insight that a
myriad ways of achieving the complete dosage compensation in ZZ/ZW species. This study
clear outs the previously raised confusions that the dosage in B. mori could incomplete. It
suggests that despite the dose of Z-chromosomes i.e., their number (ZZ in males and Z in
females) the average expression of Z-linked genes is half to that of the average expression of
autosomal genes. This pattern of complete dosage compensation observed in B. mori

represents an unconventional and a unique type of DC mechanism.

101



Chapter V: Summary and future prospects

5.2 Future prospectus

In the multimillion dollar silk industry, sex is money. It is know that the male silkworms
exhibit higher resistance to disease, lower food consumption and weave cocoons with a
relatively higher amount and superior quality of silk compared to that of females (TRAUT et
al. 2007b). The molecular reason for this factor is that the protein resource in females is
directed towards the yolk formation in the eggs thus the protein share towards the silk
production gets obviously affected. Hence it is long been sought to breed only males. In B.
mori, using classical genetics, several strains were developed for facilitating the selective
breeding of only males but these approaches are laborious and time consuming (STRUNNIKOV
1975). Using modern female specific conditional lethal transgenic approach, strains are
developed by employing the tetracycline-repressible transactivator (tTAV) system to achieve
it (TAN et al. 2013). However such approach is limiting as it is expensive and lack practicality
due to the usage of tetracycline. My proposal is aimed at 1) functional characterization of
Bmznf-2 in vivo, which is shown to be capable of inducing male type of splicing of the key
gene, Bmdsx in sexual development and 2) producing all male progeny by taking the
advantage of miss expression of the potential gene, Bmznf-1 or Bmznf-2 that govern the
differential splicing of Bmdsx pre-mRNA for the male only production. Using this approach,
all male progeny may be achieved in a simple manner.

In the study deep sequencing of embryonic samples resulted in the identification of
thousands of long non-coding RNAs (InRNAs) in which 862 INnRNAs are novel. It is evident
that the fem piRNA that blocks the expression of Masc gene is derived from a precursor Fem
INRNA (KiucHi et al. 2014). Thus in B. mori it is possible that many vital genes might be
regulated by these INRNAs. Nearly 50% of the identified INRNAs were also shown to be
potential precursors for many reported ovarian small RNAs based on 100% sequence
alignment in BLAST search. However in my analysis only few transcripts 62 were identified
as W-chromosome derived and most of them are not encoding any reported small RNA or
protein coding genes. Screening of these transcripts by taking the support of in silico
predictions may provide further clues in the mechanism of sex determination. A significant
research has been carried out and is advancing on Bombyx InRNAs. A comparative analysis
to identify in the silk glands of domestic and wild silkworm and have resulted in the
identification of 3 INRNAs to be differentially expressing and 2 of them are linked to post
translational regulation of silk protein (ZHou et al. 2017). Their study revealed the role of
INRNASs in silk production and also signifies commercial applications. Systemic identification

and characterization of Bombyx INRNAs presents the first comprehensive genome wide
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analysis of silkworm InRNAs and provides an invaluable resource for genetic, evolutionary,
and genomic studies of B. mori (Wu et al. 2016). A comprehensive study on these INRNAs
using bioinformatics analysis may also make a very interesting piece of work in exploring the
functional aspects of these INRNAs in B. mori. A comprehensive database of Bombyx
INRNAs and miRNAs was created by collecting the publicly available Bombyx RNA-seq data
and public unigenes (ZHou et al. 2016). All this information provides an excellent
opportunity to pursue even more exciting research in the area of INnRNAs and their regulation

in Bombyx.

From the dosage analysis in my thesis, it is clear that complete dosage compensation
occurs in Bombyx. This study also supports the already proposed theory of reduced
expression of ZZ in males induced by the Masc gene (KiucHi et al. 2014). However the
molecular mechanism of how this type of dosage compensation is achieved is not studied.
Hence future studies conducted in this direction may yield very interesting results in the
subject of dosage compensation. For example isolating the interacting partners of MASC
protein by pull down assays may unravel even exciting players in both the sex determination

and dosage compensation of B. mori and can extend our current knowledge in these pathways.

Overall, the study provides several new leads which can be pursued to further
understand the exact in-depth mechanism of Bombyx sex determination and dosage
compensation pathways. Such studies would obviously lead to identification of various key
players in the pathways that can be utilized to design further strategies in pest management by

transgenic approaches.
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Annexure I. The ClustalO alignment of the Bmznf-1 and Bmznf-2 transcripts along with the CCCH
zinc finger clones (F2, F3, F4, F6, F7, F8, F9 and F10) obtained from female fat body samples.

BHzZNE=2 ssmsmmstrmaee s e s S e e e s e e e e s e s e e e e ATGARRA 7
7 A e GGGAAGGAATTTGTTCGAATTAAGCTTGGTACCGAGCTCGGGATGARAA 49
m3 @ csssmsomesd TGAGAGCCATCTGTTTGAATTTAAGCTTGGTACCGAGCTCGGGATGRARARA 50
F6e @  iommmmesmemmes CGARAAGCATGGGCTTCGATTTAGCTTGGTACCGAGCTCGGGATGRAARA 48
F4 @ AGGAATATCTTGTTCGRAATTAAAGCTTGGTACCGAGCTCGGGATGRARARA 49
BIMZRT=1 & 0 s e e e e e ATGARRA 7
F2 GAAGTGGATTT TGGAGGGGGGGACTGTCGATTGAAGCT TGGT CCGAGCTCGGGATGARRA 60
F8 = e AGGGAAGRACATGGGTTCGATTTAGGCTTGGTCCGAGCTCGGGATGARRAA 50
F9 0 mmmm——ee——— CGCGGAGTCTCGGTTCGATTTAAGCTTGGTACCGAGCTCGGGATGARAA 49
FI0O $— immmmmmme——— TAACRATCGGGTTGAAT TTAAGCTTGGTACCGAGCTCGGGATGARAA 47
E i e i o i
Bmznf-2 AATACTTAAAATACAAGATCGGGGAGGAGAGTCACTCGCCCCAATATCATGGAGTAGCAG 67
F7 AATACTTAAAATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAG 109
F3 AATACTTAAAATACAAGTTCGGGGAGGAG-AGGACACGCCCCAATATCATGGAGTAGCAG 109
F6 AATACTTAAAATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAG 108
F4 AATACTTAARAATACAAGTTCGGGGAGGAG-AGCACTCGCCCCAATATCATGGAGTAGCAG 108
Bmznf-1 AATACTTAAAATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAG 67
F2 AATACTTARAATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAG 120
F8 AGTACTTAAAATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAG 110
F9 AATACTTAAAATACAAGTTCGGGGAGGAGA-GCACTCGCCCCAATATCATGGAGTAGCAG 108
F10 AATACTTAAAATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAG 107
ok ckikkdkkkk- ke Xk Kk kKkIx R K xxE e B o & v P ot S s b o ot B b e o 20 00 B £ g b o ok g
Bmznf-2 AAATCICAGAAGCAGAAGCGATGARAAGAAAGAAACAT GAGCAGACAGAGAAGGTTCATC 127
F7 AAATCCCAGAAGCAGAAGCGATGARAAAGAAAGAAACATGAGCAGACAGAGRAAGGTTCATC 169
F3 AAATCCCAGAAGCAGAAGCGATGAAAAGAAAGARAACATGAGCAGACAGAGAAGGTTCATC 169
Fé AAATCCCAGAAGCAGAAGCGATGAAAAGAAAGARAACATGAGCAGACAGAGAAGGTTCATC 168
F4 AAATCCCAGAAGCAGAAGCGATGARAAGAAAGARAACATGAGCAGACAGAGAAGGTTCATC 168
Bmznf-1 AAATCCCAGAAGCAGAAGCGATGAAAAGAAAGARAACATGAGCAGACAGAGAAGGTTCATC 127
F2 AAATCCCAGAAGCAGAAGCGATGAAAAGAAAGAAACATGAGCAGACAGAGAAGGTTCATC 180
F8 AAATCCCAGAAGCAGAAGCGATGAAAAGAAAGAAACATGAGCAGACAGAGAAGGTTCATC 170
F9 AMAATCCCAGAAGCAGAAGCGATGAARAGRAAAGAAACATGAGCAGACAGAGAAGGTTCATC 168
F10 AAATCCCAGAAGCAGAAGCGATGAAAAGAAAGAAACATGAGCAGACAGAGAAGGTTCATC 167
e S o S S S e e e e e e i e e e i e e i e S S i e e e S S o i e e e e e S i e S S S e e e e S S e e e i e
Bmznf-2 CACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTCAARA 187
F7 CACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTCAATA 229
F3 CACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTCAATA 229
F6 CACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARAATTTCAATA 228
F4 CACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGRAACCACTCCTTGCARAATTTCAATA 228
Bmznf-1 CACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTCAATA 187
F2 CACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTCAATA 240
F8 CACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTCAATA 230
Fo CACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTCAATA 228
F1l0 CACCATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTCAATA 227
e e i e i o S S S e i e S S o e e e S S o e e S i S o e e i S S i e e e i S S i e e e i e o S i e e
Bmznf-2 AGGAAAT CAAJGAJJGACGAGGAGACACCTTCAATACCATARAATATCAAGARAGATCCAA 247
F7 AGGARAATCAACGRAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAGATCCAA 289
F3 AGGAAATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGAAAGATCCAA 289
Fé6 AGGAAATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAAGATCCAA 288
F4 AGGAAATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAGATCCAA 288
Bmznf-1 AGGARAATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAAGATCCRAA 247
F2 AGGAAATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGAAAGATCCAA 300
F8 AGGAAATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAGATCCRAA 290
F9 AGGAAATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGAAAGATCCAA 288
F10 AGGARAATCAACGAAGACGAGGAGACACCTTCAATCACCATARATATCAAGARAAGATCCRAA 287
AEXXEXXEXXEX! XK TXEXEXEXEXXEXTEXEAXXELXEIEX TEXEXXXXEX XXX IXXEXEXXEXETXEXETX
Bmznf-2 CTGAGAATTATGARAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTA 307
F7 CTGAGAATTATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTA 349
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F3 CTGAGAATTATGAAAAGCCTAAT GACGTCGAAGAGACCATGT GTCGTAATTTTGTGCGTA 349
F6 CTGAGAATTATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTA 348
F4 CTGAGAATTATGAAAAGCCTAAT GACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTA 348
Bmznf-1 CTGAGAATTATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTA 307
F2 CTGAGAATTATGARAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTA 360
F8 CTGAGAATTATGARAAGCCTAAT GACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTA 350
F9 CTGAGAATTATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTA 348
F10 CTGAGAATTATGAAAAGCCTAAT GACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTA 347
e i e e e i S S e S e e S e e S S S S b e i e i e S S e S e e e i i
Bmznf-2 ACACTTGCAATCGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTA 367
F7 ACACTTGCAAT CGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTA 409
F3 ACACTTGCAATCGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTA 409
F6 ACACTTGCAATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCCCAACTTA 408
F4 ACACTTGCAATCGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTA 408
Bmznf-1 ACACTTGCAAT CGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTA 367
F2 ACACTTGCAATCGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTA 420
F8 ACACTTGCAATCGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTA 410
F9 ACACTTGCAAT CGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTA 408
F10 ACACTTGCAAT CGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTA 407
E o e i S S S S i e S S S S e e S I e S e i S S S i e b S S S e e o S S e i e S o o e
Bmznf-2 AAGGAGTTTACAJATTCTGTATTGAT TTTGAAAATAAAAAGTGCACACGTGCAGAATGTT 427
F7 AAGGAGTTTACAGAT TCTGTATTGATTTTGAAAATAAAAAGT GCACACGTGCAGAATGTT 469
F3 AAGGAGTTTACAGAT TCTGTATTGATTTTGAAAATAAAAAGT GCACACGTGCAGAATGTT 469
F6 AAGGAGT TTACAGAT TCTGTATTGATTTTGAAAATAAAAAGT GCACACGTGCAGAATGTT 468
F4 AAGGAGT TTACAGAT TCTGTATTGATTTTGAAAATAAAAAGTGCACACGTGCAGAATGTT 468
Bmznf-1 AAGGAGT TTACAGAT TCTGTAT TGATTTTGAAAATAAAAAGTGCACACGTGCAGAATGTT 427
F2 AAGGAGTTTACAGAT TCTGTATTGAT TTTGAAAATAAAAAGT GCACACGTGCAGAATGTT 480
F8 DAAGGAGTTTACAGAT TCTGTAT TGAT TTTGAAAATAAAAAGT GCACACGTGCAGAATGTT 470
F9 AAGGAGT TTACAGATTCTGTATTGAT TTTGAAAATAAAAAGTGCACACGTGCAGAATGTT 468
F10 AAGGAGTTTACAGAT TCTGTATTGATTTTGAAAATAAARAGT GCACACGTGCAGAATGTT 467
E i i i S S S i b e b S b S I e B S e b S S S S S e S i i i i e i e
Bmznf-2 CATATGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAC 487
F7 CATATGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAT 529
F3 CATATGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAT 529
F6 CATATGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAT 528
F4 CATATGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAT 528
Bmznf-1 CATATGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAT 487
F2 CATATGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAT 540
F8 CATATGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAT 530
F9 CATATGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAT 528
F10 CATATGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAT 527
E e e i e i e S S i S i e e e S e e e e e S i e S e o e i e e e i e i e S e i e S e e S e S e e e e e e o e i e
Bmznf-2 CAJATACATTGAGCCATAT TAAGAAAAAAACAGT CCT-ACCTCCAGCTAAAACCAAAGAR 546
F7 CACATACATTGAGCCATAT TAAGAAAAAAACAGTCCA-ACCTCCAGCTARAACCARAGAA 588
F3 CACATACATTGAGCCATATTAAGAAAAAAACAGTCCA-ACCTCCAGCTARAACCARAGAA 588
F6 CACATACATTGAGCCATAT TAAGAAAAAAACAGTCCAAACCTCCAGCTARAACCARAGAA 588
F4 CACATACATTGAGCCATAT TAAGAAAAAAACAGTCCA-ACCTCCAGCTARAACCAAAGAA 587
Bmznf-1 CACATACATTGAGCCATAT TAAGAAAAAAACAGTCCA-ACCTCCAGCTAAAACCARAGAR 546
F2 CACATACATTGAGCCATAT TAAGAAAAAAACAGTCCA-ACCTCCAGCTAAAACCAAAGAA 599
F8 CACATACATTGAGCCATAT TAAGAAAAAAACAGTCCA-ACCTCCAGCTAAAACCAAAGAA 589
F9 CACATACATTGAGCCATAT TAAGAAAAAAACAGT CCA-ACCTCCAGCTAAAACCARAGAA 587
F10 CACATACATTGAGCCATAT TAAGAAAAAAACAGTCCA-ACCTCCAGCTARAACCARAGAA 586
XX TXEXEXXEXEEXEXEEZTEXEXEZTIXXXTXETEXXEXEXLTE R G e oy Tk e e R o b v o7 0 S o
Bmznf-2 ACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCT 606
F7 ACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCT 648
F3 ACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCT CATAGCACCACTTCT 648
F6 ACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCT CATAGCACCACTTCT 648
F4 ACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCT CATAGCACCACTTCT 647
Bmznf-1 ACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCT 606
F2 ACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCT 659
F8 ACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCT 649
F9 ACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCT 647
F10 ACATCATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCT 646
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EEXXEXEEXXXEZZXXEXEXR I XX EXELEIEXEXEEZ XX XXX EIEX XTI EEXXE XX E X T EX

Bmznf-2 GTTCCGATGTACACAAATGCTTCGAATATAAGCATGATGCAAAATCCJTACGAGAAGCAR 666
F7 GTTCCGATGTACACAAATGCTTCGAATATAAGCATGAT GCAAAATCCGTACGAGAAGCAA 708
F3 GTTCCGATGTACACAAATGCTTCGAATATAAGCATGAT GCAARATCCGTACGAGAAGCAA 708
F6 GTTCCGATGTACACAAATTCTTCGAATATAAGCATGAT GCAAAATCCGTACTAGAAGCAA 708
F4 GTTCCGATGTACACAAATGCTTCGAATATAAGCATGAT GCAAAATCCGTACGAGAAGCAA 707
Bmznf-1 GTTCCGATGTACACAAATGCTTCGAATATAAGCATGAT GCAAAATCCGTACGAGAAGCAR 666
F2 GTTCCGATGTACACAAATGCTTCGAATATAAGCATGAT GCAARATCCGTACGAGAAGCAA 719
F8 GTTCCGATGTACACAAATGCTTCGAATATAAGCATGAT GCAARATCCGTACGAGAAGCAA 709
F9 GTTCCGATGTACACAAATGCTTCGAATATAAGCATGATGCAARATCCGTACGAGAAGCAA 707
F10 GTTCCGATGTACACAAATGCTTCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAR 706
E e i e e e e i e e e e o e e e e S e e e e e e e e e e e e e e e i e e e e i e e e e e e S S S S e S i e i e
Bmznf-2 TGGCCGGARATGGAAGACAAAJCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCT 726
F7 TGGCCGGARATGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCT 768
F3 TGGCCGGARAT GGAAGACARATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCT 768
F6 TGGCCGGARATGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCT 768
F4 TGGCCGGAAATGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCT 767
Bmznf-1 TGGCCGGARATGGAAGACARAT CGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCT 726
F2 TGGCCGGARATGGAAGACAARATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCT 779
F8 TGGCCGGARATGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCT 769
F9 TGGCCGGARATGGAAGACARATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCT 767
F10 TGGCCGGARATGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCT 766
E e i i e e e e S e e i S o S i i o B o e e S i S b S e i S i S i o
Bmznf-2 TATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCAA 786
F7 TATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCAA 828
F3 TATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCAA 828
Fé TATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCAA 828
F4 TATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCAA 827
Bmznf-1 TATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCAA 786
F2 TATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCAA 839
F8 TATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCAA 829
F9 TATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCAA 827
F10 TATCCTCACAGTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCAA 826
e e i i e e e e o i e e e e S i e e i i e i e e S i e e S e S e e S S e e e e i e e e e e e i S S S e e i S e e i o e
Bmznf-2 AATCCATACGCACTGTJATGT CTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCC 846
F7 AATCCATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCC 888
F3 AATCCATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCC 888
Fé AATCCATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCC 888
F4 AATCCATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCC 887
Bmznf-1 AATCCATACGCCACTGTGATGT CTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCC 846
F2 AATCCATACGCCACTGTGATGTCTCCTACTAAGAGGCAGTGGACAGARATGGAAGAACCC 899
F8 AATCCATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAAGAAATGGGAGACCC 889
F9 AATCCATACGCCACTGTGATGT CTCCTACGAAGAGGCAGTGACA-GAAATGGAAGAACCC 886
F10 AATCCATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGARATGGAAGAACCC 886
KXKXKRXREIE: BEXXXE? RREERRTXETEE  TREREEXRERLRRE X% * =
Bmznf-2 GTGAGTCAACCCACGCACGAGTACGCAGAGTACGCTGAAACGGCTGGATCCAAGAAATGC 906
F7 GTGAGTCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGC 948
F3 GTGAGTCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGC 948
Fé GTGAGTCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGC 948
F4 GTGAGTCAACCCACGCACGAGTACGCGGAATACGCTGAARACGGCTGGATCCAAGAAATGC 947
Bmznf-1 GTGAGTCAACCCACGCACGAGTACGCGGAATACGCTGARACGGCTGGATCCAAGARATGC 906
F2 GTGAGTCAACCCACGCACGAGTACGCGGAATACGCTGARACGGCTGGATCCAAGAAATGC 959
F8 GGTGGAGTCACCCACGCCACGAGTACGGGATACGCTGAACGGCTGGATCCAAGARATG-C 948
F9 GTGAGTCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCAAGAAATG-C 945
F10 GTGAGTCAACCCACGCACGAGTACGCGGA-TACGCTGAAACGGCTGGATCCAGAAATG-C 944
* * Er * * X 7k R e e i i S * * * % * % *
Bmznf-2 AGAAACTGTGATGTCAACGAGT TCAGATTCCAGCATAACAAAAACAARATCATGARAATG 966
F7 AGAAACTGTGATGTCAACGAGTTCAGATTCCAGCACAACAAAAACAAAATCATGAARATG 1008
F3 AGAAACTGTGATGTCAACGAGTTCAGATTCCAGCACAACAAAAACARAATCATGAARATG 1008
F6 AGAAACTGTGATGTCAACGAGTTCAGATTCCAGCACAACAAAAACAAAATCATGARAATG 1008
F4 AGAAACTGTGATGTCAACGAGTTCAGATTCCAGCACAACAAAAACAAAATCATGAAAATG 1007
Bmznf-1 AGAAACTGTGATGTCAACGAGT TCAGATTCCAGCACAACAAAAACAAAATCATGARAATG 966
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F2 AGAAACTGTGATGTCAACGAGTTCAGATTCCAGCACAACARAAACAAAATCATGARAAATG 1019
F8 AGRAACTG-TGATGTCACGGAGT TCAGATTCAGCCCAACAAAACAAATCTG----GAAATG 1003
F9 AGAACCT-GTGATGTCACGAGTTCAGATTCCAGCCAC--ARAACARAATCT---—-GRAATG 998
F10 AGAA-CT-GTGATGTCACGAGTTCAGATTCAGCCCCACARAAACARATCT----GABRATG 998
XXFx T XK TR AR T X T XX * E * *XFTXA
Bmznf-2 ATAAAAGACACAGACGACTTGAATCATCGCGTG-GGGCAAATAACTARAAAGAACACTAA 1025
F7 ATAAAAGACACAGACGACTTGAATTATGGGGAGGGGACAAATAACTARAAAGAACACTAA 1068
F3 ATAAAAGACACAGACGACTTGAATTATCGCGTG-GGACAAATAACTAAAAAGAACACTAA 1067
F6 ATAAAAGACACAGACGACTTGAATTATCGCGTG-GGACAAATAACTARAAAGAACACTAA 1067
F4 ATAARAGACACAGACGACTTGAATTATCGCGTG-GGACARATAACTAAARAGAACACTAA 1066
Bmznf-1 ATARAAGACACAGACGACTTGAATTATCGCGTG-GGACRAAATAACTAAAAAGAACACTAA 1025
2 ATAARAAGACACAGACGACTTGAATTATCGCGTG-GGACAAATAACTARAAAGAACACTAA 1078
F8 ATAAAGA--CCGGACGACTGATTT---ATCGCGGTGAACAATACTAAA---—-AGAACCTA 1054
F9 ATAAAGA--CCGACGACTGATTAT---CCGCGGGACAAA--TACTTAA----AGACCTAC 1047
F10 ATARAGA--ACCGACGACTGATAT---CCGCGGGACAAA--TAACTAA----AGAACCTT 1047
3 2 r 3T * x * *%x xix x *
Bmznf-2 ATTGAATGAAGTACTTGTGCTGCTCGTCGAAGTT GTGATAAGACGCACTTTTCGCTAG-- 1083
F7 ATTGAATGAAATACTTGTGTTGCTCGTCGAAGTTTTGATACTCTTTTTTTATATGGCTAG 1128
F3 ATTGAATGAAATACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACG--TATCGCTAG 1125
Fé ATTGAATGARATACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACG--TATCGCTAG 1125
F4 ATTGAATGAAATACTTGTGTTGCTCGTCGAAGTTTTGATARGACGCACG—-TATCGCTAG 1124
Bmznf-1 ATTGAATGAAATACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACG—-TATCGCTAG 1083
F2 ATTGAATGAAATACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACG--TATCGCTAG 1136
F8 AGTGAATGAAATACT--TGGGTGGTGGCTCC———-GTCCGRAA-————— e 1092
F9 TGATGAAATACTTGTGTTGCTCGTCGAGTTT-——--GTTTAGAC————————————————— 1086
F10 ACTGATTGAATACTGGGTGCTCGTCGAGTTT-—--GTATAAGACGCCCGTATCGCTTA-- 1101
* ** *

Bmznf-2 - - - 1083
F7 GCGGCCGCTCGAGTCTAGAGGGCCCGCTGCCCTT TAA-AACCTATCCCTAACCCTCTCCT 1187
F3 GCGGCCGCTCGAGTCTAGAGGGCCCGCGGTTCGTTATAAGCCTATCCCTAACCCTCTCCT 1185
F6 GCGGCCGCTCGAGTCTAGAGGGCCCCCGGTTCGTTGTAACCTAT-CCCTAACCCTCTCCT 1184
F4 GCGGCCGCTCGAGTCTAGAGGGCCCGCGGTTCGTTGTAAGCCTATCCCTAACCCTCTCCT 1184
BIMZNE=E s ssmssrernen e e S e e e e T e e e e e R e e e e e T S e 1083
F2 GCGGCCGCTCGAGTCTAGAGGGCCCGCGGTTCGTAGTAAGCCTATCCCTAACCCTCTCCT 1196
F8 W mmm e e e e e 1092
F9 = mmmmmmm e e e e e e e e e e 1086
o 0 I i e 1101
smznf-2 .. -----——"—"-"H"-""-"—""""""""""""-""——————————— 1083
F7 CGGGGGGGGAT TTACGGTACCGGCCACAACACCT TCGCCATTAGTTGACCCCAGACCCC- 1246
F3 CGGTCTCGATTCTACGCGTACCGGTCATCATCACCTCACCAATARAGGGA-————————~ 1235
Fo CGGTCTCGATTCTACGCGACCGGTCATCTCACCTCACCATAGGGGCGTTCCCCTGAGCC~ 1243
F4 CGTCTCGATTCTACGCGTACCGGTCATCATCCCTCCATAACGCCTAACTARACTGCCACT 1244
23 114 o e I e 1083
F2 CGGGCTCGATTCTACGCGTACCGTCATCATCACCTCACCATAAGAACCGTTAAACAAARA 1256
B8 0 s e e e S e e S S T R S e S S T S e R 1092
EY o arsmmeeeeees e e e e e e e e e e e e e e e e e 1086
TEQE 00 e R R R SR S R i R 5 o5
Bmznf-2  -—-—-—-—f--m——————————————————— 1083

B7 @ emmsees ETRECEA ————=——msom=ess 1253

F3 = mmmemsmmmmmsmsmmmmmm———— e 1235

G 09092 essssccsosoarosssmsmasmoiees 1243

F4 AGATGGTATAGACTATTATGCGTCTGCGTGG 1275

BMZNRE=Y somormro T oSS TS TSRS TS 1083

F2 Y L B e 1262

FE  sEmeesseeeeseeeeeees s 1092

F9 = mmmmmmm e e e e e e 1086

) 0 I 1101
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Annexure Il. The CLUSTAL alignment of the Bmznf-1 and Bmznf-2 transcripts along with the
CCCH zinc finger clones (Clone A, B, C, D, E and F) obtained from male fat body samples. The
nucleotides highlighted in red show variations and in green indicate similarities.

Bmznf-2
CloneA
CloneC
CloneB
CloneE
CloneF
Bmznf-1
CloneD

Bmznf-2
CloneA
CloneC
CloneB
CloneE
CloneF
Bmznf-1
CloneD

Bmznf-2
CloneA
CloneC
CloneB
CloneE
CloneF
Bmznf-1
CloneD

Bmznf-2
CloneA
CloneC
CloneB
CloneE
CloneF
Bmznf-1
CloneD

Bmznf-2
CloneA
CloneC
CloneB
CloneE
CloneF
Bmznf-1
CloneD

Bmznf-2
CloneA
CloneC
CloneB
CloneE
CloneF
Bmznf-1
CloneD

Bmznf-2

____________________________________________ ATGAARARATACTTAA
———————————————————————————————————————————— ATGAAARRAATACTTAA
———————————————————————————————————————————— ATGARARRAATACTTAA
———————————————————————————————————————————— ATGAAAARAATACTTAA
—-AACCCATATTGGTTTGGAATTTAAGCTTGGTACCGAGCTCGGGATGAAAAAATACTTAA
——CGCAATCTGGGTCCGGATTTARAAGCTTGGTACCGAGCTCGGGATGAARAAAATACTTAA
———————————————————————————————————————————— ATGAARAAATACTTAA
AAGGACACCTGGTTTGGGATTTAAAGCTTGGTACCGAGCTCGGGATGAAAARATACTTAA

E o S e o o o S S S S o

AATACAAGATCGGGGAGGAGAGECACTCGCCCCAATATCATGGAGTAGCAGAAATCECAG
AATACAA TCGGGGAGGAGAGICACTCGCCCCAATATCATGGAGTAGCAGAAATCICAG
AATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATAACATGGAGTAGCAGARATCCCAG
AATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGAAATCCCAG
AATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGAAATCCCAG
AATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGAAATCCCAG
AATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGAAATCCCAG
AATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGARATCCCAG

e e e e o S S S S e e S S e e e e S S S e e e S S S S S S e S S e e e e o S S e e e e S o S e e S o o

CAGAAGCGATGAAAAGARAGARACATGAGCAGACAGAGAAGGTTCATCCACCATTAC

CAGAAGCGATGAAAAGAAAGARACATGAGCAGACAGAGAAGGTTCATCCACCATTAC
AAGCAGAAGCGATGAAAAGAAAGAAACATGAGCAGACAGAGAAGGTTCATCCACCATTAC
AAGCAGAAGCGATGAARAAGARAGARACATGAGCAGACAGAGAAGGTTCATCCACCATTAC
AAGCAGAAGCGATGAARAAGARAGARACATGAGCAGACAGAGAAGGTTCATCCACCATTAC
AAGCAGAAGCGATGAARRAAGAAAGAARACATGAGCAGACAGAGAAGGTTCATCCACCATTAC
AAGCAGAAGCGATGARARAAGAAAGARACATGAGCAGACAGAGAAGGTTCATCCACCATTAC
AAGCAGAAGCGATGAARAAGARAGARACATGAGCAGACAGAGAAGGTTCATCCACCATTAC

EE I S o o S S e e o e o e e i b i S S S e e S S e i e S S S e e i o S S e S e e e e e

CTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTC;QI:QGGAAATCA
CTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTC. GGAAATCA
CTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTCAATAAGGAARATCA
CTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTCAATARAGGARATCA
CTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTCAATAAGGARATCA
CTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTCAATAAGGARATCA
CTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTCAATAAGGAAATCA
CTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARAATTTCAATAAGGARATCA

E e e e o b S S S S o e S S S e e S e S b S S S S e e e S o S b i S S S S S o S o e S S S S S o S

AFGACGAGGAGACACCTTCAATAACCATARATATCAAGARAGATCCAACTGAGAATT
ACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAGATCCAACTGAGAATT
ACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAGATCCAACTGAGAATT
ACGAAGACGAGGAGACACCTTCAATCACCATAARATATCAAGARAGATCCAACTGAGAATT
ACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAGATCCAACTGAGAATT
ACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAGATCCAACTGAGAATT
ACGAAGACGAGGAGACACCTTCAATCACCATARAATATCAAGAAAGATCCAACTGAGAATT

I S S S S S e e o S S S S e b b S S S S e S e e e b S S S S e b S S S S S i S S S e e o

2'GAIGACGAGGAGACACCTTCMTﬁCCATMTATCMGMGATCCAACTGAGAATT
G

ATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTAACACTTGCA
ATGARAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTAACACTTGCA
ATGAAAAGCCTAATGACGTCGAAGAGGCCATGTGTCGTAATTTTGTGCGTAACACTTGCA
ATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTAACACTTGCA
ATGARAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTAACACTTGCA
ATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTAACACTTGCA
ATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTAACACTTGCA
ATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTAACACTTGCA

R S e e i b S o e i S o S S S e e e o o e S I S e e e b e S o S e e S e S S o e i S S S e o o

ATCGTGGTGCGTCATGTAGATATCTCCACAARAATAATACATTCCCAACTTARAGGAGTTT

16
16
16
16
59
58
16
60

76
76
76
76
119
118
76
120

136
136
136
136
179
178
136
180

196
196
196
196
239
238
196
240

256
256
256
256
299
298
256
300

316
316
316
316
359
358
316
360

376
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CloneA ATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATT CCCAACTTARAGGAGTTT 376
CloneC ATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATT CCCAACTTARAGGAGTTT 376
CloneB ATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCCCAACTTARAGGAGTTT 376
CloneE ATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCCCAACTTARAGGAGTTT 419
CloneF ATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCCCAACTTARAGGAGTTT 418
Bmznf-1 ATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACAT TCCCAACTTARAGGAGTTT 376
CloneD ATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCCCAACTTARAGGAGTTT 420
E i e o e e i b S o S S i S S I e e i S o S i e e e S e i S S S S S e e S e e i e i e o
Bmznf-2 ACiIiTTCTGTATTGATTTTGAAAATAAAAAGTGCACACGTGCAGAATGTTCATATGCTC 436
CloneA ACABATTCTGTATTGATTTTGAAAATARAAAGTGCACACGTGCAGAATGTTCATATGCTC 436
CloneC ACAGATTCTGTATTGATTT TGAAAATAAAAAGTGCACACGTGCAGAATGTTCATATGCTC 436
CloneB ACAGATTCTGTATTGATTTTGAAAATAAAAAGTGCACACGTGCAGAATGTTCATATGCTC 436
CloneE ACAGATTCTGTATTGATTTTGAAAATAAAAAGTGCACACGTGCAGAATGTTCATATGCTC 479
CloneF ACAGATTCTGTATTGATTT TGAAAATAAAAAGTGCACACGTGCAGAATGTTCATATGCTC 478
Bmznf-1 ACAGATTCTGTATTGATTTTGAAAATAAAAAGTGCACACGT GCAGAATGTTCATATGCTC 436
CloneD ACAGATTCTGTATTGATTT TGAAAATAAAAAGTGCACACGTGCAGAATGTTCATATGCTC 480
e S S S S e S S e S e o e e e S i S e e S S e e i i b b i S e S S e S e i S e i S e i o
Bmznf-2 ACGCCACAGTGCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCABCABATACAT 496
CloneA ACGCCACAGTGCACGAGAAAGAACATTTCT TCAGAACGGGCTATTTACCABCABATACAT 496
CloneC ACGCCACAGTGCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCATCACATACAT 496
CloneB ACGCCACAGTGCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCATCACATACAT 496
CloneE ACGCCACAGTGCACGAGAAAGAACATTTCTTCAGAGCGGGCTATTTACCATCACATACAT 539
CloneF ACGCCACAGTGCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCATCACATACAT 538
Bmznf-1 ACGCCACAGTGCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCATCACATACAT 496
CloneD ACGCCACAGTGCACGAGAAAGAACATTTCTTCAGAACGGGCTATT TACCATCACATACAT 540
I e i e o e e o e S e S S e e i e S i e o i S e S i e e S e S S e e e e i e e o o o e S S S e
Bmznf-2 TGAGCCATATTAAGAAAAAAACAGTCCACCTCCAGCTAAAACCARAGARACATCATCCG 556
CloneA TGAGCCATATTAAGAAAARAAACAGTCCEACCTCCAGCTAAAACCARAGARACATCATCCG 556
CloneC TGAGCCATATTAAGARAAAAACAGTCCAACCTCCAGCTAAAACCARAGARACATCATCCG 556
CloneB TGAGCCATATTAAGAAAAAAACAGTCCAACCTCCAGCTAAAACCARAGARACATCATCCG 556
CloneE TGAGCCATATTAAGARAAAAACAGTCCAACCTCCAGCTAAAACCARAGAAACATCATCCG 599
CloneF TGAGCCATATTAAGAAAAAAACAGTCCAACCTCCAGCTAARACCAAAGARACATCATCCG 598
Bmznf-1 TGAGCCATATTAAGAAAAAAACAGTCCAACCTCCAGCTAAAACCAAAGARACATCATCCG 556
CloneD TGAGCCATATTAAGARAAAAACAGTCCAACCTCCAGCTAAAACCARAGAAACATCATCCG 600

R e e e S I S S e e e i S S e e i S e e e S S S S e S e S S S R e e S S S e i S S S e e R

Bmznf-2 AGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCCGATGT 616
CloneA AGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCCGATGT 616
CloneC AGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCCGATGT 616
CloneB AGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCCGATGT 616
CloneE AGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCCGATGT 659
CloneF AGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCCGATGT 658
Bmznf-1 AGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCCGATGT 616
CloneD AGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCCGATGT 660
XEEXEXERXIZXXXREEXXXREEE XX EXEXRR XXX EXEETEXETEEREXEEXEXEXEREXTEXEEETK
Bmznf-2 ACACAAATGCT TCGAATATAAGCATGATGCAAAATCCITACGAGAAGCAATGGCCGGARA 676
CloneA ACACAAATGCT TCGAATATAAGCATGATGCAAAATCCJTACGAGAAGCAATGGCCGGARA 676
CloneC ACACAAATGCTTCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCCGGARA 676
CloneB ACACAAATGCT TCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCCGGAAA 676
CloneE ACACAAATGCTTCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCCGGARA 719
CloneF ACACAAATGCTTCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCCGGARA 718
Bmznf-1 ACACAAATGCT TCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCCGGARA 676
CloneD ACACAAATGCT TCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCCGGARA 720
A XX TXEXKETEXEREEXKREERKEEITEERX XXX ETXLTEL: XXX XXTEIRERITTRT XL E)X
Bmznf-2 TGGAAGAC CGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCTTATCCTCACA 736
CloneA TGGAAGAC CGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCTTATCCTCACA 736
CloneC TGGAAGACARAACGTCGCCCGAGATGGCATATTATAGT GGGCATCCATCTTATCCTCACA 736
CloneB TGGAAGACARATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCTTATCCTCACA 736
CloneE TGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGT GGGCATCCATCTTATCCTCACA 779
CloneF TGGAAGACAAATCGT CGCCCGAGATGGCATATTATAGT GGGCATCCATCTTATCCTCACA 778
Bmznf-1 TGGAAGACARATCGT CGCCCGAGATGGCATATTATAGT GGGCATCCATCTTATCCTCACA 736
CloneD TGGAAGACARATCGT CGCCCGAGATGGCATATTATAGT GGGCATCCATCTTATCCTCACA 780

e e o o o o S S S S e e e e e o S e i b e S S S b i b e S S S e i e S S S e e i S S S S
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Bmznf-2 GTACGAGCACAGGTTACCCARACGCTCCGCCCAATACGCCTATAGTGCARAATCCATACG 796
CloneA GTACGAGCACAGGTTACCCARACGCTCCGCCCAATACGCCTATAGTGCARAATCCATACG 796
CloneC GTACGAGCACAGGTTACCCAAACGCTCCGCCCAATACGCCTATAGTGCARAAATCCATACG 796
CloneB GTACGAGCACAGGTTAACAARACGCTCCGCCCAATACGCCTATAGTGCARAATCCATACG 796
CloneE GTACGAGCACAGGTTACCCARACGCTCCGCCCRAATACGCCTATAGTGCARAATCCATACG 839
CloneF GTACGAGCACAGGTTACCCARACGCTCCGCCCAATACGCCTATAGTGCARAATCCATACG 838
Bmznf-1 GTACGAGCACAGGTTACCCARACGCTCCGCCCRAATACGCCTATAGTGCARAATCCATACG 796
CloneD GTACGAGCACAGGTTACCCARACGCTCCGCCCRAATACGCCTATAGTGCARAATCCATACG 840

E e S o o S S o e e e o S S S O o e e e b o S S S b b S S S S e S S S S S o o o S e e e o

Bmznf-2 ICACTGT TGTCTCCTACGAAGAGGCAGTGGACAGRAAATGGAAGAACCCGTGAGTCAAC 856
CloneA CACTGTAATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGARAGAACCCGTGAGTCAAC 856
CloneC CCACTGTAATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCCGTGAGTCAAC 856
CloneB CCACTGTGATGTCACCTACGRAAGAGGCAGTGGACAGRAAATGGAAGAACCCGTGAGTCAAC 856
CloneE CCACTGTGATGTCTCCTACGRAGAGGCAGTGGACAGAAATGGAAGAACCCGTGAGTCAAC 899
CloneF CCACTGTGATGTCTCCTACGAAGAGGCAGTGGACGGARATGGAAGAACCCGTGAGTCAAC 898
Bmznf-1 CCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCCGTGAGTCAAC 856
CloneD CCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGARAATGGAAGAACCCGTGAGTCAAC 900
TXXXEXX XXXEXX XXX XX XXAXAX XXX XXX XXAXXX XXX XX XX XXX XAXA XXX XXX 5x%%
Bmznf-2 CCACGCACGAGTACGCHEGABTACGCTGAAACGGCTGGATCCAAGARATGCAGARACTGTG 916
CloneA CCACGCACGAGTACGCEGABTACGCTGAAACGGCTGGATCCAAGAAATGCAGAAACTGTG 916
CloneC CCACGCACGAGTACGCGGABTACGCTGAAACGGCTGGATCCAAGAAATGCAGARAACTGTG 916
CloneB CCACGCACGAGTACGCGGAATACGCTGARACGGCTGGATCCAAGARAATGCAGAAACTGTG S9le6
CloneE CCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGCAGAAACTGTG 959
CloneF CCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAARATGCAGARACTGTG 958
Bmznf-1 CCACGCACGAGTACGCGGAATACGCTGARACGGCTGGATCCRAAGARAATGCAGAAACTGTG Sle
CloneD CCACGCACGAGTACGCGGAATACGCTGARACGGCTGGATCCAAGAAATGCAGRAAACTGTG 960
R e i o o I S e e e e e b S S I i S S e e e S S S e S e S S S S e I S S e e e e S S S e e e o
Bmznf-2 GTCAACGAGTTCAGATTCCAGC CARAAACAAAATCATGAAAATGATAAAAGACA 976
CloneA GTCAACGAGTTCAGATTCCAGC CAAAAACAAAATCATGAARATGATAARAGACA 976
CloneC ACGTCAACGAGTTCAGATTCCAGC, CAARAAACAARATCATGAARATGATAARAGACA 976
CloneB ATGTCAACGAGTTCAGATTCCAGCACAACARARAACARAATCATGAAAATGATARAAGACA 976
CloneE ATGTCAACGAGTTCAGATTCCAGCACAACARARACARAAATCATGAAAATGATARAAGACA 1019
CloneF ATGTCRAACGAGTTCAGATTCCAGCACAACAAARACAAAATCATGAARAATGATAARAGACA 1018
Bmznf-1 ATGTCRAACGAGTTCAGATTCCAGCACRAACAAAAACARAATCATGARAAATGATARAAGACA 976
CloneD ATGTCAACGAGTTCAGATTCCAGCACAACARAAAACAAAATCATGARAATGATARRAGACA 1020
X AEXEXEIXXXEEXXXREEERXXEEXERE: TXEXEEXEEFIEXEIIEXEXXEREXEXEREITEXEELK
Bmznf-2 CAGACGACTTGRAATEATCGCGTGGGECAAATAACTAAAAAGAACACTARAATTGAATGAAG 1036
CloneA CAGACGACTTGAATEATCGCGTGGGECAAATAACTAARAAGAACACTAAATTGAATGAAG 1036
CloneC CAGACGACTTGAATEATCGCGTGGGECAAATAACTAAARAAGAACACTAAATTGAATGAAG 1036
CloneB CAGACGACTTGAATTATCGCGTGGGACAAATAACTAARAAGAACACTAAATTGAATGARA 1036
CloneE CAGACGACTTGAATTATCGCGTGGGACARATAACTAAAAAGAACACTAAATTGAATGARAR 1079
CloneF CAGACGACTTGAATTATCGCGTGGGACAAATAACTARARAGAACACTAAATTGAATGAAA 1078
Bmznf-1 CAGACGACTTGAATTATCGCGTGGGACAAATAACTAAAAAGAACACTAAATTGAATGARA 1036
CloneD CAGACGACTTGAATTATCGCGTGGGACAAATAACTAAAAAGAACACTAAATTGAATGARAA 1080
R S o i S S S S R i e S o S S S o o b S B S e i i S o i S B o S S S i S o o o
Bmznf-2 TACTTGT GETGCTCGTCGAAGT TGTGATAAGACGCACT TTTCGCTAG-————————=——— 1083
CloneA TACTTGTGETGCTCGTCGAAGTTGTGATAAGACGCCCGTATCGCGGCGGCCGCTCGAGTC 1096
CloneC TACTTGTGETGCTCGTCGAAGT TGTGATAAGACGCCCGTATCGCGGCGGCCGCTCGAGTC 1096
CloneB TACTTGTGTTGCTCGTCGAAGTTATGATAAGACGCCCT-CTCGCGGCGGCCGCTCGAGTC 1095
CloneE CACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACGTATCGCGGCGGCCGCTCGAGTC 1139
CloneF TACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACGTATCGCGGCGGCCGCTCGAGTC 1138
Bmznf-1 TACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACGTATCGCTAG————————————— 1083
CloneD TACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACGTATCGCGGCGGCCGCTCGAGTC 1140
TXXXXXX XX XXXXXXXXXXXX XX xxxXxx%xx%% % Tk %%
smznf-2 .. ------——-—-—-—"«"«"+"+""«""-"-—"H""-""""-""""""""""-"—"""-—""""-"—"—"—"———— 1083
CloneA TAGAGGGCCCGCGGCC————- GTCTACCTATCCCTAACCCTCTCCTCGGTCTCGATTCTA 1151
CloneC TAGAGGGCCCGCGGCC————— GTCTACCTATCCCTAACCCTCTCCTCGGTCTCGATTCTA 1151
CloneB TAGAGGGCCCGCGGG————-GGACATTCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTA 1151
CloneE TAGAGGGCCCGCGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTA 1199
CloneF TAGAGGGCCCGCGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTA 1198
B = e S e o 1083
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CloneD TAGAGGGCCCGCGGTTCGAAGGTAAGCCTATCCCTRAACCCTCTCCTCGGTCTCGATTCTA 1200
BMZNE=2 s e e e e e e e e e e e e 1083
CloneA CGCGACCGTCTCTCCCTCCTCTGTACCTAACCCTAAAAAAAAAAAAAAATAAATAGGGTG 1211
CloneC CGCGACCGTCTCTCCCTCCTCTGTACCTAACCCTARAAAAAAAAAARAAATARATAGGGTG 1211
CloneB CGCGTACCGGTCATCATCACCTCACCATGAGARAAAACTAAAAAA-ACCGACCC—————— 1204
CloneE CGCGACCGGTCTCTCCCTCCCCTGTCATCTGARAAARAAAAAAAA-AAAAAAATAAACAG 1258
CloneF CGCGTACCGGTCATCATCACACAATCACCCCATTAGTTT———————————————————— 1237
23 1ibd 1 e I 1083
CloneD CGCGTACCGGTCATCATCACCATCRAACCCATTARRAAAGC————————————————————— 1239
Bmznf-2 . ---—-——-m-"---—— 1083
CloneA TAGTGTACGCGCGCGATATTATTAGTAAG-— 1240
CloneC TAGTGTACGCGCGCGATATTATTAGTAAG—— 1240
CloneB —————————————————————————————= 1204
CloneE TGGAGTACACACAGTGTCGTATAACCTAGAA 1289
CIonel:  sresmesssme SRS ST RE SR 1237
Bmznf-1 =~ - 1083
Clonel  sEessssssseeosssosssosmoonanins 1239
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Annexure I11. The CLUSTAL alignment of the Bmznf-1 and Bmznf-2 transcripts with a new set of
the CCCH zinc finger clones (M5, M6, M9, M12 and M14) obtained from male fat body samples.
All the clones showed similarity to Bmznf-1 transcripts at all the 25 positions (highlighted in red)
that vary between Bmznf-1 and Bmznf-2 CDS regions. The start and stop codons are highlighted in
green and yellow respectively.

BHZRE=Z sosmsosscmssosmomrsssoosnseesnsnsres s o rn s nersseemnneonoses s 0
M12 = e GCCTTTT 7
ME 0 e e e S S S S S S e S s GCGARATGA 9
MED: — sEmssossssssssonesssensrt TS s s e T T S e TR e GGRAGTC 7
M14 0 mmm e GGCGGGGA 8
M9 TGGATTGATAGAACACGTTTCTAGTATGTTTGAGTGGGARAAAARACCCTCTCATCCATCTT 60
BHZBE=T ieessrrms s s s S e e e e e e R e S TR S ST ST S S SRS RS T 0
M5 = e GGGATCCAGCRA 12
Bmznf-2 BF@ananAATA 11
M12 TTCGCARAAAAARAGACGGGACTGGTCGATTTAGCTTGGTCCGAGCTCGGGAGAARARATA 67
Mée CTAAAATCCCGTCCGCAACTGTCGATTTAAGCTTGGTACCGAGCTCGGG 69
M19 AGTGAAGAGGAGGTCAAGAACGTTGAATTAGCTTGGTACCGAGCTCGGG 67
M14 TCGATAGTTTTATAACCGAACGTCGAATTAAGCTTGGT CCGAGCTCGGG 68
M9 TTCTTTCGAGGAARAATAGAAGAAATGCTGATTAGCTGGTACGACTCGGG 120
Bmznf-1 -~ ———--—————— 11
M5 0 ————- CTAATCACCGCGGGCCGGCTGATTTAGCTTGGTCCGAGCTCGGG 67
*XXXXX XXX
Bmznf-2 CTTAAAATACAAG'TCGGGGAGGAGAG.CACTCGCCCCAATATCATGGAGTAGCAGAAAT 71
M12 CTTARRATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGAAAT 127
Mée CTTAARRATACAAGTTCGGGGAGGAGAGCCACTCGCCCCRAATATCATGGAGTAGCAGARAT 129
M19 CTTARRATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGARAT 127
M14 CTTARARATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGAAAT 128
M9 CTTARAAATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGARAT 180
Bmznf-1 CTTARAATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGARAT 71
M5 CTTARAAATACAAGTTCGGGGAGGAGAGCCACTCGCCCCAATATCATGGAGTAGCAGAAAT 127
e i S e e e e e e e S e e o e e S e e e e i S S e e e e S e e e e o e S S e e S S e e e
Bmznf-2 CICAGAAGCAGAAGCGATGAAAAGAAAGAAACATGAGCAGACAGAGAAGGTTCATCCACC 131
M12 CCCAGAAGCAGAAGCGATGAAAAGARAGAAACATGAGCAGACAGAGARAGGTTCATCCACC 187
Mé CCCAGAAGCAGAAGCGATGAAAAGAAAGAAACATGAGCAGACAGAGAAGGTTCATCCACC 189
M19 CCCAGAAGCAGAAGCGATGARRAGRAAGAAACATGAGCAGACAGAGRAGGTTCATCCACC 187
M14 CCCAGAAGCAGAAGCGATGAARAGAAAGAAACATGAGCAGACAGAGAAGGTTCATCCACC 188
M9 CCCAGRAGCAGAAGCGATGAAAAGAAAGAAACATGAGCAGACAGAGAAGGTTCATCCACC 240
Bmznf-1 CCCAGRAAGCAGAAGCGATGAARRAGAAAGAAACATGAGCAGACAGAGAAGGTTCATCCACC 131
M5 CCCAGRAAGCAGAAGCGATGAARAGAAAGAAACATGAGCAGACAGAGARAGGTTCATCCACC 187
E I S e e e i e e e e e e e e i e e e e e e e e e e e e e e e S e e e e S e e e e e e e e e e e e e e e e e e i e
Bmznf-2 ATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTCAA.AAGGA 191
M12 ATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTCAATAAGGA 247
Mé ATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTCAATAAGGA 249
M19 ATTACCTAACCGCCCACCGCTGCCGCCGCCGGRAACCACTCCTTGCARATTTCAATAAGGA 247
M14 ATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCAAATTTCAATAAGGA 248
M9 ATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTCAATAAGGA 300
Bmznf-1 ATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTCAATAAGGA 191
M5 ATTACCTAACCGCCCACCGCTGCCGCCGCCGGAACCACTCCTTGCARATTTCAATAAGGA 247
e e e e e e e e e e e e e e e e e e e e e e e e S R e e e e e e i e e e e e e e e e e e S
Bmznf-2 2aTCAAGAGACGAGGAGACACCTTCAATJACCATAAATAT CAAGARAGATCCAACTGA 251
M12 AATCAACGAAGACGAGGAGACACCTTCAATCACCATARATATCAAGAAAGATCCAACTGA 307
Mé AATCAACGAAGACGAGGAGACACCTTCAATCACCATAARATATCAAGAAAGATCCAACTGA 308
M19 AATCAACGAAGACGAGGAGACACCTTCAATCACCATAARATATCAAGAARAGATCCAACTGA 307
M14 AATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAGATCCAACTGA 308
M9 AATCAACGAAGACGAGGAGACACCTTCAATCACCATAARATATCAAGAARAGATCCAACTGA 360
Bmznf-1 AATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAGATCCAACTGA 251
M5 AATCAACGAAGACGAGGAGACACCTTCAATCACCATAAATATCAAGARAGATCCAACTGA 307
e e e e e e S e e e e e e e e e e e e e e e e e e S e e e e e e e e e e e e e e e e e e e e e S e e e e e
Bmznf-2 GAATTATGAAAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTAACAC 311
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M12 GAATTATGAAAAGCCTAATGACGTCGAAGAGACCATGT GTCGTAATTTTGTGCGTAACAC 367
M6 GAAT TATGARAAGCCTAATGACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTAACAC 369
M19 GAATTATGAAAAGCCTAATGACGTCGAAGAGACCATGT GTCGTAATTTTGTGCGTAACAC 367
M14 GAAT TATGAAAAGCCTAATGACGTCGAAGAGACCATGT GTCGTAATTTTGTGCGTAACAC 368
M9 GAAT TATGAAAAGCCTAAT GACGTCGAAGAGACCATGTGTCGTAATTTTGTGCGTAACAC 420
Bmznf-1 GAATTATGAAAAGCCTAATGACGTCGAAGAGACCATGT GTCGTAATTTTGTGCGTAACAC 311
M5 GAAT TATGAAAAGCCTAAT GACGTCGAAGAGACCATGT GTCGTAATTTTGTGCGTAACAC 367
E I S e e o b e S S S S S e i S i b S e S S S o S e o S b e S S I I I e e i i e e i i i S o
Bmznf-2 TTGCAATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCCCAACTTAAAGG 371
M12 TTGCAATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCCCAACTTAAAGG 427
M6 TTGCAATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCCCAACTTARAGG 429
M19 TTGCAATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCCCAACTTAAAGG 427
M14 TTGCAATCGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTAAAGG 428
M9 TTGCAATCGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTAAAGG 480
Bmznf-1 TTGCAATCGTGGTGCGTCATGTAGATATCT CCACAAAATAATACATTCCCAACTTAAAGG 371
M5 TTGCAATCGTGGTGCGTCATGTAGATATCTCCACAAAATAATACATTCCCAACTTAAAGG 427
e i e i e S S S S e i S o S S S e S i S i i e i i S i e e e i S S e S S S S i S o e i i i i e i i i
Bmznf-2 AGTTTACAJAT TCTGTATTGAT TTTGAAAATAAAAAGTGCACACGTGCAGAATGTTCATA 431
M12 AGTTTACAGATTCTGTATTGATT TTGAAAATAAAAAGT GCACACGTGCAGAATGTTCATA 487
Mé AGTTTACAGAT TCTGTATTGATT TTGAAAATAAAAAGTGCACACGTGCAGAATGTTCATA 489
M19 AGTTTACAGAT TCTGTATTGAT TTTGAAAATAAAAAGT GCACACGTGCAGAATGTTCATA 487
M14 AGTTTACAGAT TCTGTATTGATT TTGAAAATAAAAAGT GCACACGTGCAGAATGTTCATA 488
M9 AGTTTACAGAT TCTGTATTGATT TTGAAAATAAAAAGT GCACACGTGCAGAATGTTCATA 540
Bmznf-1 AGTTTACAGAT TCTGTATTGAT TTTGAAAATAAAAAGT GCACACGTGCAGAATGTTCATA 431
M5 AGTTTACAGATTCTGTATTGATT TTGAAAATAAAAAGT GCACACGTGCAGAATGTTCATA 487
e e e i o e S S i i e S e e e i e i e e e e i e e i e e i S e e i i e e e i e e e S i S i e e S i e e i o i
Bmznf-2 TGCTCACGCCACAGT GCACGAGAAAGAACATTTCTTCAGAACGGGCTATTTACCAcAllr 491
M12 TGCTCACGCCACAGT GCACGAGAAAGAACATTTC TTCAGAACGGGCTAT TTACCATCACA 547
M6 TGCT CACGCCACAGT GCACGAGARAGAACATTTC TTCAGAACGGGCTAT TTACCATCACA 549
M19 TGCTCACGCCACAGT GCACGAGAAAGAACATTTC TTCAGAACGGGCTAT TTACCATCACA 547
M14 TGCTCACGCCACAGT GCACGAGAAAGAACATTTC TTCAGAACGGGCTATTTACCATCACA 548
M9 TGCTCACGCCACAGT GCACGAGARAGAACATTTC TTCAGAACGGGCTATTTACCATCACA 600
Bmznf-1 TGCTCACGCCACAGT GCACGAGAAAGAACATTTC TTCAGAACGGGCTATTTACCATCACA 491
M5 TGCTCACGCCACAGT GCACGAGAAAGAACATTTC TTCAGAACGGGCTATTTACCATCACA 547
E o S S e e S S S o S e b b S S S e S e S S S e e S S S S S S S e o S S e e e S S o S S
Bmznf-2 TACATTGAGCCATAT TAAGAAAAAAACAGT CCJACCTCCAGCTAAAACCAAAGAAACATC 551
M12 TACATTGAGCCATAT TAAGAAAAAAACAGT CCAACCTCCAGCTAAAACCAAAGARACATC 607
Mé TACATTGAGCCATAT TAAGAAAAAAACAGT CCAACCTCCAGCTAAAACCAAAGAAACATC 609
M19 TACATTGAGCCATAT TAAGAAAAAAACAGT CCAACCTCCAGCTAAAACCAAAGARACATC 607
M14 TACATTGAGCCATAT TAAGAAAAAAACAGT CCAACCTCCAGCTAAAACCAAAGARACATC 608
M9 TACATTGAGCCATAT TAAGAAAAAAACAGT CCAACCTCCAGCTAAAACCAAAGARACATC 660
Bmznf-1 TACATTGAGCCATAT TAAGAAAAAAACAGT CCAACCTCCAGCTAAAACCAAAGARACATC 551
M5 TACATTGAGCCATAT TAAGAAAAAAACAGT CCAACCTCCAGCTAAAACCAAAGARACATC 607
E o S e i S i S S S e e i B S S e e S e B S S e i S i S S i e S e e S o S S e S e o S o e e i e o
Bmznf-2 ATCCGAGCTGTCGGCGAAT TATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCC 611
M12 ATCCGAGCTGT CGGCGAAT TATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCC 667
M6 ATCCGAGCTGTCGGCGAAT TATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCC 669
M19 ATCCGAGCTGTCGGCGAAT TATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCC 667
M14 ATCCGAGCTGTCGGCGAAT TATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCC 668
M9 ATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCC 720
Bmznf-1 ATCCGAGCTGTCGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCC 611
M5 ATCCGAGCTGT CGGCGAATTATACCGGCACTACATACCCTCATAGCACCACTTCTGTTCC 667
e B Ve Y g A e o 2 2 T o e o T e i g e i A o B B T e o Y o i 2 e O S B e e e o o S
Bmznf-2 GATGTACACAAATGCTTCGAATATAAGCATGATGCAAAATCCTACGAGAAGCAATGGCC 671
M12 GATGTACACAAATGCTTCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCC 727
M6 GATGTACACAAATGCTTCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCC 729
M19 GATGTACACAAATGCTTCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCC 727
M14 GATGTACACAAATGCTTCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCC 728
M9 GATGTACACAAATGCTTCGAATATAAGCAT GATGCAAAATCCGTACGAGAAGCAATGGCC 780
Bmznf-1 GATGTACACAAATGCTTCGAATATAAGCAT GATGCAAAATCCGTACGAGAAGCAATGGCC 671
M5 GATGTACACAAATGCTTCGAATATAAGCATGATGCAAAATCCGTACGAGAAGCAATGGCC 727

E e S S i S e S e e e b S S S S e S i e e S S S i S e S S o e S S S S e e e o S o e e o
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Bmznf-2 GGAAATGGAAGACAAAJCGTCGCCCGAGAT GGCATATTATAGTGGGCATCCATCTTATCC 731
M12 GGAAATGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCTTATCC 787
M6 GGGAATGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCTTATCC 789
M19 GGAAATGGAAGACARATCGTCGCCCGAGAT GGCATATTATAGTGGGCATCCATCTTATCC 787
M14 GGAAATGGAAGACAAATCGTCGCCCGAGAT GGCATATTATAGTGGGCATCCATCTTATCC 788
M9 GGAAATGGAAGACAAATCGTCGCCCGAGAT GGCATATTATAGTGGGCATCCATCTTATCC 840
Bmznf-1 GGAAATGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCTTATCC 731
M5 GGAAATGGAAGACAAATCGTCGCCCGAGATGGCATATTATAGTGGGCATCCATCTTATCC 787
e S S e b S e o S S S S S S e e e S e e e S e e S S i S S S e S i e e e e e e e i e S o
Bmznf-2 TCACAGTACGAGCACAGGT TACCCAAACGCTCCGCCCAATACGCCTATAGTGCARAATCC 791
M12 TCACAGTACGAGCACAGGT TACCCAAACGCTCCGCCCAATACGCCTATAGTGCARAATCC 847
M6 TCACAGTACGAGCACAGGT TACCCAAACGCTCCGCCCAATACGCCTATAGTGCAAAATCC 849
M19 TCACAGTACGAGCACAGGT TACCCAAACGCTCCGCCCAATACGCCTATAGTGCARAATCC 847
M14 TCACAGTACGAGCACAGGT TACCCAAACGCTCCGCCCAATACGCCTATAGTGCARAATCC 848
M9 TCACAGTACGAGCACAGGT TACCCAAACGCTCCGCCCAATACGCCTATAGTGCAAAATCC 900
Bmznf-1 TCACAGTACGAGCACAGGT TACCCAAACGCTCCGCCCAATACGCCTATAGTGCARAATCC 791
M5 TCACAGTACGAGCACAGGT TACCCAAACGCTCCGCCCAATACGCCTATAGTGCAAAATCC 847
e i e e e e i e S i S e S e e e i e e e e e e i e e i e e i S e e i i i e e i e e e S i S S S e S e e e i o
Bmznf-2 ATACGcACTGTATGTCTCCTACGAAGAGGCAGTGGACAGARATGGAAGAACCCGTGAG 851
M12 ATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCCGTGAG 907
M6 ATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAAT GGAAGAACCCGTGAG 909
M19 ATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAAT GGAAGAACCCGTGAG 907
M14 ATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAAT GGAAGAACCCGTGAG 908
M9 ATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAAT GGAAGAACCCGTGAG 960
Bmznf-1 ATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCCGTGAG 851
M5 ATACGCCACTGTGATGTCTCCTACGAAGAGGCAGTGGACAGAAATGGAAGAACCCGTGAG 907
E o S S S S S S b i S o e e S S S S S e e S S o S i S S S S S o S S e e e S S S e i S
Bmznf-2 TCAACCCACGCACGAGTACGCcAfTACGCTGAAACGGCTGGATCCARGAAATGCAGARA 911
M12 TCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGCAGARAA 967
Mé TCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGCAGARA 969
M19 TCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGCAGARA 967
M14 TCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGCAGAAA 968
M9 TCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGCAGARA 1020
Bmznf-1 TCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGCAGARA 911
M5 TCAACCCACGCACGAGTACGCGGAATACGCTGAAACGGCTGGATCCAAGAAATGCAGARA 967
XXX FEXEXEIIEZLEEEEZBXEIEEE TX TIEXKEEXEXEEZEZXEFTTEEEXEETEXLEEXZELXEEETE
Bmznf-2 CTGTGATGTCAACGAGTTCAGATTCCAGCAJJAACAAAAACAAAATCATGAAAATGATAAA 971
M12 CTGTGATGTCAACGAGTTCAGAT TCCAGCACAACAAAAACAAAATCATGAAAATGATARA 1027
M6 CTGTGATGTCAACGAGTTCAGAT TCCAGCACAACAAAAACAARATCATGAAAATGATARA 1029
M19 CTGTGATGTCAACGAGTTCAGATTCCAGCACAACAAAAACAAAATCATGAAAATGATAAA 1027
M14 CTGTGATGTCAACGAGTTCAGAT TCCAGCACAACAAAAACAAAATCATGAAAATGATAAA 1028
M9 CTGTGATGTCAACGAGTTCAGATTCCAGCACAACAAAAACAAAAT CATGAAAATGATARA 1080
Bmznf-1 CTGTGATGTCAACGAGTTCAGATTCCAGCACAACAAAAACAAAATCATGAAAATGATARA 971
M5 CTGTGATGTCAACGAGTTCAGAT TCCAGCACAACAAAAACAARATCATGAAAATGATARA 1027
E e e o e o i o S S e B S e e S o S S R e S b o e i b i S i e e e o S o
Bmznf-2 AGACACAGACGACTTGAATJATCGCGTGGGJCAAATAACTAAAAAGAACACTARATTGAA 1031
M12 AGACACAGACGACTTGAATTATCGCGTGGGACAAATAACTAAAAAGAACACTAAATTGAA 1087
Mé AGACACATACGACTTGAATTATCGCGTGGGACAAATAACTAAAAAGAACACTARATTGAA 1089
M19 AGACACAGACGACTTGAATTATCGCGTGGGACAAATAACTAARAAGAACACTAAATTGAA 1087
M14 AGACACAGACGACTTGAATTATCGCGTGGGACAAATAACTAAAAAGAACACTARATTGAA 1088
M9 AGACACAGACGACTTGAATTATCGCGTGGGACAAATAACTAAAAAGAACACTARATTGAA 1140
Bmznf-1 AGACACAGACGACTTGAATTAT CGCGTGGGACAAATAACTAAAAAGAACACTARATTGAA 1031
M5 AGACACAGACGACTTGAATTATCGCGTGGGACAAATAACTAAAAAGAACACTAAATTGAA 1087
E e o i S S e e e S e S e I S b e i i S O e e e e e o e S i o e i S i i e i i i
Bmznf-2 TcaAfracrreTclfrcerccrecancTTlfreaTancacceacrfrcecTAG- ———-——- 1083
M12 TGAAATACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACGTATCGCTAGGCGGCCGC 1147
M6 TGAAATACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACGTATCGCTAGGCGGCCGC 1149
M19 TGAAATACTTGTGTTGCTCGTCGAAGTTTT GATAAGACGCACGTATCGCTAGGCGGCCGC 1147
M14 TGAAATACTTGTGTTGCTCGTCGAAGTTTT GATAAGACGCACGTATCGCTAGGCGGCCGC 1148
M9 TGAAATACTTGTGTTGCTCGTCGAAGTTTT GATAAGACGCACGTATCGCTAGGCGGCCGC 1200
Bmznf-1 TGAAATACTTGTGTTGCTCGTCGAAGTTTT GATAAGACGCACGTATCGCTAG- ——————— 1083
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M5 TGAAATACTTGTGTTGCTCGTCGAAGTTTTGATAAGACGCACGTATCGCTAGGCGGCCGC 1147

*TKK XK TTEEER TERERRTTRXRTE: TXRERTRIATEEE: & TR EX

BHMZNE=Z = sosesessimssrs e e e e e e e e 1083
M12 TCGAGTCTAGAGGGCCCGCGGTTCGAAGGTRAAGCCTATCCCTAACCCTCTCCTCGTCTCG 1207
M6 TCGAGTCTAGAGGGCCCGCGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTC 1209
M19 TCGAGTCTAGAGGGCCCGCGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTC 1207
M14 TCGAGTCTAGAGGGCCCGCGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTC 1208
MS TCGAGTCTAGAGGGCCCGCGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTC 1260
BMZAE=F e e e e e e e S T e e T e e e 1083
M5 TCGAGTCTAGAGGGCCCGCGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTC 1207
BMZAE=2 — s e L e s e S L Lo s s S on s s s ana s 1083
M12 TTCACGCTCCGTCTCTCCCCCTCCTATTTCTGAAAAACTAAAAAAAATAAAACGAGATGA 1267
M6 GATTCTACGCGTACCGGTCTCTCACCTCACCATATTAGTCGCTTGAAATAAACCCCG——- 1266
M19 GATTCTACGCGTACCGGTCTCTCACCTCACCATAGAGCACCTCAAAAAAAAAGCCCG——— 1264
M14 GATTCTACGCGTACCGGTCCTCTCACCTCGCCATAACCCTATCAATAAAAACCGTA-——— 1264
MS GATTCTACGCGACCGTCTCTCACCTCACCA-———-TATCATAATTCAATAGGCCC—————— 1310
BMZOFT &~ 0 o e s e e e e i S S s s S s 1083
M5 GATTCTACGCGTACCGGTCATCATCACCTCACCATAACCCGCTAAAAAAACGGCCGCC-- 1265
Bmznf—2  soomssesesseostscoosmesomet o 1083
M12 CACACTCTCAACACCCACAARAACGCCA 1294
ME. 000 Cesssssdesssssscsdsasssahiossd 1266
MIB: = sEssmsssssssesSmreosmsessmetos 1264
MId: = omrsormT TS TSSOSO SETETEES 1264
MO | e e s 1310
Bumznf=f = issssossssososemmsssrmsnseeT 1083
MS = immmmmmmmemsm—ommm—o——m— e 1265
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Annexure 1V. Primers used for cloning and gPCR in Chapter Il

Sc.  Primer Sequence/Used for
no name
Endogenous control, for Bmgapdh PCR.
1 G3PDHF GCCTTCTAATGTTGTTGCTGTTCC
2 G3PDHR ACCACCTTCGGCTATATCAAATGC
Over lapping primers used for generating 5° UTR with two scrambled ovarian
small RNA target sites and cloning it in pmirGLO vector
3 5’UTR TATAGAGCTCAATAATAGACAAGGTAGGACCGATCCTG
scramF1
4 5’UTR GGTAGGACCGATCCTGAATTTGACGTTTTGCGATCG
scramF2
5 5’UTR TATATCTAGAGCTGAGTCTACAGGTCTGTATAGGCTAC
scramR1
6 5’UTR GGTCTGTATAGGCTACGAAAATTGACAGAATCTTC
scramR2
Cloning the entire 5> UTR sequence of Bmznf gene
7 5’'UTR_ L TATAGAGCTCGAACAATCGCGGTACGTGATAC
UCF
8 5’UTR L. TATATCTAGATTCATAAGTCTGAAGTTCGGCG
UCR
Specific amplification of Bmdsxm or Bmdsxf splicing isoforms. And Also used
for real-time PCR for Bmdsxm
9 dsx F ATCTACGAAGGGAAGATGATCG
forward
10 dsxM ATCTACGAAGGTTATTGGATG
forward
11 dsx CTGTATCGGCGCGCAGTGTCGTCGC
Reverse
Amplifying the m-cherry sequence and cloning it in to pIZT-Bmznf, for
expression of fusion protein in BmN cells.
12 plZTzlm AAAATGCGGCCGCATGGTGAGCAAGGGCGAG
chF
13  plZTzZIm TATAATCTAGATTACTTGTACAGCTCGTCCATG
chR
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14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

tra2_cloF
_Ecorl

Tra2-
realex8R
_Xbal

Tra2-ex9

Zmut-
pairlF

Zmut-
pair2R

Tra2KD_

A

Tra2KD_

B

DSX_2F

DSX_5R

Zn2-F-
Sacl

Zn2-R-
Notl

OplIE2 F

OpIE2 R

TKDZ12
3F

TKDZ12
3R

Cloning and amplification of Bmtra-2 splicing isoforms.

TATAGAATTCATGTCTGATCGAGAGAGAAGTC

TATATCTAGATCAGCGTCGCGAACTTACTAATAAC

GCCCTTTCGAAACGGCGGTCGAAAACCCGG
Site directed mutagenesis of zinc finger motifs or Bmznf using PCR.

AACACTTCCAATCGTGGTGCGTCATCTAGATATCTCCTCAAAATA

TGTGGCGAGAGCATATGAAGATTCTGCACGTGTGGACTTTTT

Producing short dsRNA for the RNAi of Bmtra-2 gene.

GAGGACATGGAAGATGCTAAGATTGCAAAGAATGAATTTTCCTGTCT
C

TTCATTCTTTGCAATCTTAGCATCTTCCATGTCCTCTTTTCCTGTCTC

Amplifying both Bmdsxm and Bmdsxf splicing isoforms.
CCGTCCCCTCGGAGACGCTTGTG
CTGTATCGGCGCGCAGTGTCGTCGC

Cloning the Bmznf gene in pIZT vector.

GCGCGGGAGCTCGGGATGAAAAAATACTTAAAATAC

TATTAGCGGCCGCCGCGATACGTGCGTCTTATC

Sequencing of pIZT clones.
CGCAACGATCTGGTAAACAC
GACAATACAAACTAAGATTTAGTCAG
Producing short dsRNA for the RNAi of Bmznf gene.

TGATTTTGAAAATAAAAAGTGCACACGTGCAGAATGTTCATATGCTC
ACGCCACAGTGCACGAGAAAGAATTCCTGTCTC

TTCTTTCTCGTGCACTGTGGCGTGAGCATATGAACATTCTGCACGTGT
GCACTTTTTATTTTCAAAATCATTCCTGTCTC
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29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Stmlp_R
T12564

Stmlp_F1
2564

Stmlp_R
T24319

Stmlp_F2
4319

Stmlp_R
T37041

Stmlp_F3
7041

Stmlp_R

RT primer for stem loop PCR

GTCGTATCCAGTG CAGGGTCCGAGGTATTCG
CACTGGATACGACATTACGAC

Forward primer

GCGGCGGATGACGTCGAAGAGACCATGT

RT primer for stem loop PCR

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAA
CAATC

Forward primer

GCGGCGGTATTTCGTATCACGTACCGC

RT primer for stem loop PCR

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAG
GCCAT

Forward primer

GCGGCGGTTCATAAGTCTGAAGTTCGGCG

Reverse primer for all Stem loop PCRs
GTGCAGGGTCCGAGGT

Primers used for Bmtra-2 splicing and gRT-PCR analysis (F; to Rg)
TATAGAATTCCGATTTGCGTCTTCAACGTGC
CTCGCAACGGTTCTCGCGAGCCGG
GGCGATAATGGATACGACAGGCGCCGC
GGCGCGAGCGGTAGCCGCGACG
GTAGGTTTTCCCATGTAGATGCCCGG
GCGGCGCCTGTCGTATCCATTATCGCC
GGGGCGAGTAGGAGCGCTCCCGCTCG
TATATCTAGATCAGCGTCGCGAACTTACTAATAAC

CCGGGTTTTCGACCGCCGTTTCGAAAGGGC
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Annexure V. Primers used for the qRT-PCR in Chapter IV

Sc.No

Primer_Name

Primer

1

10

11

12

13

14

15

16

17

18

19

20

21

22

BGIBMGA000127 F
BGIBMGA000127_R
BGIBMGA003212_F
BGIBMGA003212_R
BGIBMGA000971_F
BGIBMGAO000971_R
BGIBMGAO000138_F
BGIBMGAO000138_R
BGIBMGA002917_F
BGIBMGA002917 R
BGIBMGA002150_F
BGIBMGA002150_R
BGIBMGAO000608_F
BGIBMGAO000608_R
BGIBMGA000721_F
BGIBMGA000721_R
BGIBMGA002146_F
BGIBMGAO002146_R
BGIBMGA003852_F
BGIBMGA003852_R
BGIBMGAO001500_F

BGIBMGA001500_R

GCATCTAGCACAGACAGTGA

ATCTGACATCGTTAATACCA

TGAAACACCCGTTTGGCAAG

TAGCTTGTTCCTTGAACGCC

ACAAGACCTAAACTAGGTTT

CAAGTGATCTCTCTATGACA

GGGCTTGGAGGAACAACATA

ACCTGCATCACTGCCGTCAA

AAGTCCCTGCAACGAAATTA

CTCCGCCCGGTATTATCCTA

AAAGCAGAGCTTGCTGTAAA

CACTTTCCTCTTCTATATCG

CTAAATATGTGGAGGACCTTAT

CATCATATATAAAGTAGCGAAG

ATACGTTGTGTACGCGCCGCTG

CGGCTTGGCTGTGGTACTACAC

TGAACTACCAGTAAATTAC

AAGACAGCTAGTTAAATAG

GCCACCGAGAACATGAAAGCT

TCTTTCTTCCGTGACGACCAG

ATTGTCAACCAGGAGGTGAG

TCCAGTTGGTCAACGCTCAA
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Deciphering the regulatory factors involved in Bombyx mori sex determination has been a puzzle,
challenging researchers for nearly a century now. The pre-mRNA of B. mori doublesex (Bmdsx), a master
regulator gene of sexual differentiation, is differentially spliced, producing Bmdsxm and Bmdsxf tran-
scripts in males and females respectively. The putative proteins encoded by these differential transcripts
orchestrate antagonistic functions, which lead to sexual differentiation. A recent study in B. mori illus-
trated the role of a W-derived fem piRNA in conferring femaleness. In females, the fem piRNA was shown
to suppress the activity of a Z-linked CCCH type zinc finger (znf) gene, Masculiniser (masc), which

ggn“l;?/;d;oﬁ indirectly promotes the Bmdsxm type of splicing. In this study, we report a novel autosomal (Chr 25)

Zinc finger gene CCCH type znf motif encoding gene Bmznf-2 as one of the potential factors in the Bmdsx sex specific

Femaleness differential splicing, and we also provide insights into its role in the alternative splicing of Bmtra2 by

Splicing using ovary derived BmN cells. Over-expression of Bmznf-2 induced Bmdsxm type of splicing (mascu-

Masculinisation linisation) with a correspondingly reduced expression of Bmdsxf type isoform in BmN cells. Further, the

TDO'-'b'fesex site-directed mutational studies targeting the tandem CCCH znf motifs revealed their indispensability in
ranstormer

the observed phenotype of masculinisation. Additionally, the dual luciferase assays in BmN cells using 5’
UTR region of the Bmznf-2 strongly implied the existence of a translational repression over this gene.
From these findings, we propose Bmznf-2 to be one of the potential factors of masculinisation similar to
Masc. From the growing number of Bmdsx splicing regulators, we assume that the sex determination
cascade of B. mori is quite intricate in nature; hence, it has to be further investigated for its compre-
hensive understanding.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Sex determination is a fundamental biological process that de-
termines two distinct sexes. A variety of sex determination mech-
anisms is observed in animal species, most of which follow the
chromosomal/genetic sex determination, except in a few cases
where the sex is determined by environmental factors like tem-
perature (e.g. crocodiles, alligators and few lizards). Among insects,
the mechanism of sex determination is well understood in
Drosophila and serves as a reference for all insects. In Drosophila,

* Corresponding author.
** Corresponding author.
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(K.P. Arunkumar).
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(G. Gopinath), arun@cdfd.org.in

http://dx.doi.org/10.1016/j.ibmb.2016.05.008
0965-1748/© 2016 Elsevier Ltd. All rights reserved.

(XX is female and XY is male) the sex is determined by the dose of
X-linked signalling elements (XSE) (XSE are four transcription
factors Scute, SisA, Runt and Unpaired) (Erickson and Quintero,
2007), which in turn is determined by the number of X chromo-
somes. XSE, whose expression threshold can be reached only in
female embryos, confines the production of the Sex-lethal (SXL)
protein to females. SXL produced in this way directs the female
specific splicing of pre-mRNA of transformer (tra) gene resulting in
functional TRA protein. The TRA interacts with non sex specific
transformer2 (TRA2) protein and this complex binds to the dou-
blesex repeat element (dsxRE) in the middle of fourth exon and
forces the female specific splicing of doublesex (dsx) mRNA, pro-
ducing the female DSX protein. These two proteins have been
shown to exhibit antagonistic functions in the process of sexual
differentiation (Christiansen et al., 2002). In a few insect species
like Megaselia scalaris (Traut, 1994), Ceratitis capitata (Willhoeft and
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Sex determination in most insects is structured as a gene cascade, wherein a primary signal is passed through a series
of sex-determining genes, culminating in a downstream double-switch known as doublesex that decides the sexual fate
of the embryo. From the literature available on sex determination cascades, it becomes apparent that sex determination
mechanisms have evolved rapidly. The primary signal that provides the cue to determine the sex of the embryo varies
remarkably, not only among taxa, but also within taxa. Furthermore, the upstream key gene in the cascade also varies
between species and even among closely related species. The order Insecta alone provides examples of astoundingly
complex diversity of upstream key genes in sex determination mechanisms. Besides, unlike key upstream genes, the
downstream double-switch gene is alternatively spliced to form functional sex-specific isoforms. This sex-specific
splicing is conserved across insect taxa. The genes involved in the sex determination cascade such as Sex-lethal (SxI)
in Drosophila melanogaster, transformer (tra) in many other dipterans, coleopterans and hymenopterans, Feminizer
(fem) in Apis mellifera, and IGF-II mRNA-binding protein (Bmimp) in Bombyx mori are reported to be regulated by an
autoregulatory positive feedback loop. In this review, by taking examples from various insects, we propose the
hypothesis that autoregulatory loop mechanisms of sex determination might be a general strategy. We also discuss the
possible reasons for the evolution of autoregulatory loops in sex determination cascades and their impact on binary
developmental choices.

[Sawanth SK, Gopinath G, Sambrani N and Arunkumar KP 2016 The autoregulatory loop: A common mechanism of regulation of key sex
determining genes in insects. J. Biosci.] DOI 10.1007/s12038-016-9609-x

1. Introduction

Sex determination is a complex developmental program that
involves the fine-tuned action of numerous genes required to
direct the developing embryo to either a male or female
pathway. It is an essential and universal phenomenon among
a majority of metazoans. Organisms show an astounding
diversity in the mechanisms regulating sex determination.
The primary signal that provides the cue for determining the
sexual fate of an organism varies remarkably not only among
taxa but also within taxa, suggesting rapid evolution of sex-
determining mechanisms. Insects have evolved a variety of

Keywords.

primary signals in sex determination pathways. A cascade of
genes act upon one another to carry the information from
primary signal to terminal differentiation. The three impor-
tant components of the sex determination cascade are prima-
ry signal, key gene and terminal double-switch gene. The
primary signal and the key gene vary across different insects
but the terminal gene is highly conserved (Graham et al.
2003). In the presence or absence of a primary signal, a few
splicing regulators interact and lead to regulated splicing in
one sex and default splicing in the other. The terminal
double-switch gene transcripts so formed are sex-specific
and responsible for secondary sexual characters.

Autoregulation; convergent evolution; doublesex; sex determination; splicing; transformer

J. Biosci. © Indian Academy of Sciences
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Abstract
Sex determination is adevelopmental pathway that fixes the
sexual fate (male or female) of an individual at early stages
of embryonic development. This pathway is ideally suited for
evolutionary studies given the astoundingly diverse mecha-
nisms found in the animal kingdom. In particular, insects use
multiple different cues to specify the sexual fate of an indi-
vidual. In this review, we focus on genes and genetic interac-
tions involved in the sex determination of insect species be-
longing to the order Lepidoptera. Unique features of the
lepidopteran sex determination system are discussed.

© 2014 S. Karger AG, Basel

Global crop losses by insects are estimated to be 13%
per annum despite the usage of multiple pesticides. The
insect order Lepidoptera (Lepido = scales, ptera = wing)
includes a major fraction of crop pests and is divided into
4 suborders: Zeugloptera, Aglossata, Heterobathmiina,
and Glossata, containing 15,578 genera and 157,424 spe-

cies [van Nieukerken et al., 2011]. Lepidopterans undergo
complete metamorphosis; life cycles contain 3 distinct
stages, i.e. caterpillar/larva, chrysalis/pupa, and moth/
adult stages. Generally, larval stages are crop destroyers
that include defoliators, shoot/root borers, and seed pred-
ators causing a significant agricultural loss. Use of pesti-
cides is not eco-friendly, and risk of developing resistance
is an alarming threat from insects of this order. Strategies
utilizing the release of sterile males, e.g. sterile insect tech-
nique, is a promising approach for pest control. Sterile
insect technique achieved success in controlling the New
World screwworm fly, Mediterranean fruit fly, and mel-
on fly [Lindquist et al., 1992; Hendrichs et al., 1995; Koya-
ma et al., 2004]. The productive female sex of insects
could be targeted using modern techniques of genetic en-
gineering, e.g. release of insects carrying a dominant le-
thal gene or genetic system [Thomas et al., 2000; Alphey
and Andreasen, 2002; Jin et al., 2013]. A major improve-
ment in sterile insect technique and its application can be
envisaged by an understanding of molecular mechanisms
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V.S. contributed equally to this paper.
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