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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-1I 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.
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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
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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
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There are many levels of gene regulation in eukaryotes,
including the startegy most widely employed by cells, i.e.
transcriptional and post-transcriptional regulation. Autoregu-
latory feedback loops are a kind of gene regulation found in
many pathways, wherein a gene regulates its own expres-
sion. It forms an important component of post-transcriptional
modification machinery. Hence, its behaviour in the course
of evolution is of prime interest. Autoregulatory feedback
loops can amplify and extend the response of a weak initial
signal, and also buffer responses of genes to environmental
changes. These loops are important for the coordination of
developmental events by predefining precise domains of
gene expression and pattern formation (Sonneborn et al.
1965; Freeman 2000). Further, they also help in maintaining
constant protein concentration, which is independent of cell size
and growth parameters. Importantly, autoregulation provides
stability to the genetic switches (Becskei and Serrano 2000),
and therefore reduces the time necessary to reach the steady state
concentration for required proteins (Rosenfeld ez al. 2002). This
mechanism, hence reduces the burden on, and avoids wasting
of, cell resources. In this kind of regulation, once the prima-
ry signal is triggered, maintaining the effect is not required
any longer, thus serving as an excellent memory system.
Therefore, it is interesting to study the autoregulatory feed-
back loop in insect sex determination, where the key genes
reported in all insects undergo feedback-loop-based regula-
tion. The gene regulated under the loop (the key gene) acts
as splicing regulator and thus splices its own transcript
leading to differentially spliced product in the two sexes.
The primary signal once triggered is passed on to a terminal
gene, generally doublesex (dsx), which is responsible for sex-
specific traits (figure 1).

This review primarily focuses on the positive autoregula-
tory feedback splicing or, in short, auto-splicing/positive
feedback loops, which is one of the most common post-
transcriptional regulatory mechanisms seen in genes encod-
ing RNA binding proteins (Damianov and Black 2010;
Gates et al. 2011; Jangi et al. 2014), mainly in genes in-
volved in sex determination. We also review the progress of
work done in identifying the autoregulatory loop mechanism
present in different insect species and explain their mecha-
nisms (figure 2). A few of the autoregulatory loop mecha-
nisms have been explained here to show that this may be a
common mechanism of fixing the primary signal for sex
determination in insects. Further, we discuss the possible
reasons for the evolution of autoregulatory loops in sex
determination cascades and their impact in binary develop-
mental choices.

2. Evolution of sex determination systems in insects

Insects show vast diversity in the mechanism of sex de-
termination. Their study offers an opportunity to
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understand how a basic gene network might have evolved
by the addition of new players to the existing ones over a
period of time. The primary signal, which varies across
different orders of insects, has undergone divergent evo-
lution to suit different triggering factors like environmen-
tal and genetic signals (Bull 1983) responsible for the
fixation of sex of the embryo. Wilkins’ bottom-up theory
(Wilkins 1995) suggests that most conserved gene is found
at the bottom of the sex determination cascade, while
newly added genes are found on top of the cascade. The
double-switch gene doublesex’s ubiquitous role and its
conserved architecture in holometabolus insects at the
bottom of the hierarchy signifies common ancestry in all
insects. In fact, the only sex-determining gene, which
shares similar protein domain across worms, flies and
vertebrates is DSX. This is also supported by partial res-
cue of the phenotype or correct splicing of heterologous
dsx. D. melanogaster and Caenorhabditis elegans are
highly diverged on the evolutionary time scale, yet Dmdsx
can partially complement male-specific development in
mab-3 deficient worms (Raymond et al. 1998). Thus, dsx
is the oldest and most highly conserved gene at the bottom
of the sex determination cascade.

The second gene in the cascade, which is highly con-
served across insects, is transformer. tra regulates the dsx
splicing. The marked features of a #ra-like memory device,
dsx splicing, conveying signal in an on-off mode, and the
presence of dsx RE-PRE sites on dsx transcripts indicate the
close realtionship between tra and dsx from an evolutionary
point of view. Constant evolutionary pressure might have
made fra receptive to diverse primary signals as observed in
Drosophila (as subordinate), Musca (as master), and haplo-
diploid sex determination in Nasonia. csdin A. mellifera is
another example of the diverse roles played by tra (fem),
where the duplication of #ra governs the primary signal for
sex determination. Heterologous Cctra that feminizes male
transgenic Drosophila (Pane et al. 2005) shows the level of
conservedness. Unlike dsx, the variegated role of fra in sex
determination is evident by its non functional role in sex
determination in Lepidopetra and a few species of Coleop-
tera among holometabolus insects (Suzuki 2001, 2010a;
Keeling et al. 2013)

The addition of master regulatory gene Sx/ to the
cascade found only in Drosophila suggests that it has
been recruited recently in the pathway. The limited role
of Sx/ in sex determination is also evident from the fact
that Ceratitis (Saccone et al. 1998) and Musca Sxl
products could not induce a feminizing effect when
expressed in Drosophila, although they share the same
order (Meise et al. 1998). The acquisition of an autor-
egulatory loop by Sx/ might have relieved #ra to lose its
master regulatory role, and thereby its self-splicing abil-
ity. Thus, it can be concluded that in the sex
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Figure 1. A model of autoregulatory loop mechanism in sex determination cascade.

determination cascade, the order of conservation of
genes is reverse, where newly added genes to the path-
way are found at the top, and the most conserved ones

at the bottom. The executive role of Sx/ in Drosophilidae
lineage only demonstrates that sex-determining genes are
evolving at an accelerated pace.

Model Diptera Coleoptera Hymenoptera Lepidoptera
extramacrochetae,

Maternal factor daughterless, groucho  trd tra tra tra MascpiRNA
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Figure 2. Schematic representation of autoregulatory genes in various insect sex determination pathways.The cascade is segregated in to
various hierarchical levels wherein the autoregulation is conserved at the level of ‘key gene’among phyla.
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3. Autoregulatory feedback loops in
sex determination pathways

Feedback loops are a major component of biochemical sys-
tems. In signalling pathways, different wirings of feedback
loops result in a broad spectrum of signal responses (Hafner
et al. 2012). A transcriptional autoregulatory feedback loop is
the simplest network motif built out of a transcription factor
regulating its own transcription. In higher organisms many
examples of autoregulation have been reported often in the
context of key regulatory processes (Kielbasa and Vingron
2008). The function of autoregulatory loops has been exten-
sively studied. It has been shown that a negative autoregula-
tory circuit approaches its steady state much faster than the
non-autoregulatory circuit. In contrast, positive feedback is a
mechanism that converts a graded input into a binary response
in a eukaryotic gene circuit. Bistability allows cells to maintain
either of two distinct gene expression states, providing a
mechanism by which past environmental conditions or inter-
cellular signals can be remembered — this way a mixture of
responses can be potentially achieved in a single population
with genetically regulated ratios. Moreover, since bistable
systems are expected to display some degree of hysteresis,
their role as buffering mechanisms in preventing noise causing
accidental switching between the states has been discussed
(Kielbasa and Vingron 2008). The ability of a positive feed-
back loop system to provide a bistable system may be one of
the main reasons for evolution and wiring in sex determination
cascades. Therefore, auto-feedback loops could have the ca-
pacity to promote the irreversible activation of a specific sex
determination pathway, and stabilize the cellular sex switch,
contributing to its fixation (Zhang et al. 2013).

Most animal species have only two sexes (male and female),
which is probably a result of well-coordinated factors involved
in sex determination leading to fixation of one of the two sexes.
This binary decision evolved long ago, and over time became
established especially in more complex creatures. Studies clearly
show sex-specific splicing leading to the binary choice in insect
sex determination (Salz 2011). Work on sex determination in
different insect species belonging to the orders Diptera, Coleop-
tera, Hymenoptera and Lepidoptera reveal the involvement of
‘positive feedback autoregulatory mechanisms’ in the regulation
of key genes in sex determination. In insect sex determination,
some autoregulatory loops like the early promoters of Sx/ act
only during early embryonic stages until the fixation of sex.
However, other autoregulatory loops like tra/tra-2 and Bmimp
act throughout the life cycle of the insect similar to sex-specific
alternative splicing of sex determining genes.

3.1 Diptera

The order Diptera includes insects belonging to many fam-
ilies such as Drosophilidae (Drosophila melanogaster),
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Tephritidae (Ceratitis capitata, Anastrepha obliqua, Bactro-
ceraoleae), Muscidae (Musca domestica), Glossinidae
(Glossina morsitans), etc. Although Dipterans show a vari-
ety of sex determination systems, yet follow a common
strategy to achieve this. The cascade includes a primary
signal, a key gene and a double-switch. The primary signal
among dipterans varies. In D. melanogaster, (XX is female,
while XY is male) the double dose of X chromosomes
determines femaleness and a single dose directs maleness
(Erickson and Quintero 2007). In other dipterans, such as
M. domestica and C. capitata, a male-determining Y chro-
mosome is employed to determine male sex determination
(Diibendorfer et al. 2002; Pane et al. 2002). The primary
signal is responsible for the differential expression of the key
gene between the two sexes. The key gene Sx/ (Drosophila),
or tra (Tephritidae, Muscidae and Glossinidae), directly or
indirectly regulates the splicing of double-switch gene. The
terminal gene double-switch shows differential splicing be-
tween the two sexes and is responsible for the differentiation
of traits between male and female.

In Drosophila the key sex-determining gene Sx/ controls
sexual development and dosage compensation (Cline 1978).
The expression of Sx/ can be classified temporally into two
phases — establishment and maintenance phase. Establish-
ment phase includes early zygotic stages up to the 14th cycle
of embryogenesis, whereas later embryonic stages until
adulthood denotes maintenance phase. The expression of
Sxl is under the control of two different promoters. Early
promoter (Pe) is active during establishment phase only in
females and late promter (P/) is active during maintenance
phase in both sexes (Keyes ef al. 1992). Transcription from
the early Sx/ promoter requires a set of genes including
maternally supplied groucho, extramacrochetae, daughter-
less and hermaphrodite genes, autosomal deadpan, and X-
linked signal elements (XSE) which includes four transcrip-
tion factors, encoded by the scute, sisA, runt and unpaired
genes on the X chromosome (Cline 1988; Duffy and Gergen
1991; Jinks et al. 2000; Sefton et al. 2000 Penalva and
Sanchez 2003;). The interplay of these gene products leads
to the transient activation of the Sx/ early promoter (Sx/Pe)
(Cline and Meyer 1996; Avila and Erickson 2007). The
initial switch (activation of Sx/) is determined by the thresh-
old of XSE. The twofold difference of X:A in females
initiates transcription of the early Sx/ protein but not in males
as XSE is below the threshold level owing to the fact that
they are hemizygous for these X-linked loci (XY) (Salz and
Erickson 2010).

During the maintenance phase, after cycle 14 of embryo-

genesis, the early promoter shuts off and only the late pro-
moter remains active in both the sexes. The SXL protein
produced from the Sx/Pe can now guide splicing of the
transcripts formed from the Sx/ late promoter. Unlike the
early promoter, Sx/ transcription occurs equally in both sexes
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at the late promoter. In females, the early SXL protein
formed in establishment phase alternatively splices the late
Sx/ pre-mRNA excluding the male-specific exon, which
harbours the in-frame stop codon. The so-formed functional
late SXL protein along with other known key players like
sansfille (snf), female-lethal(2)d (fl(2)d), virilizer (vir) and
partner of sansifille (PPS) (Albrecht and Salz 1993;
Flickinger and Salz 1994; Johnson et al. 2010) splices its
own pre-mRNA, thus forming postive autoregulatory loop
(Bell et al. 1991). The autoregulatory loop is maintained
throughout the adult life cycle. In males, due to the absence
of early SXL protein, the pre-mRNA undergoes default
splicing, which includes male-specific exon, thus leading to
a truncated non-functional protein. The female functional
SXL protein splices fra in the female mode, thus carrying
the signal further down the cascade.

In other dipterans (e.g. M. domestica, C. capitata,
B. oleae and A.obliqua), Sxl is not an intermediary between
the primary signal and #ra (Meise et al. 1998; Saccone ef al.
1998; Lagos et al. 2005; Ruiz et al. 2007). The Sx/ homo-
logue shows no sex-specific difference in the expression of
mRNAs and protein isoforms irrespective of the primary
signal, proving that there is no role for Sx/ in somatic sex
determination outside Drosophilids.

Transformer (tra) directly regulates the splicing of the
terminal gene of the cascade. It is the second most highly
conserved gene after dsx in the cascade. Tra is a splicing
factor and belongs to the family of SR-type proteins, rich in
arginine and serine dipeptides, called RS domain (Boggs
et al. 1987). Other domains like the dipteran domain and
hymenopteran domain are unique to Diptera and Hymenop-
tera respectively. The absence (Drosophilidae) and presence
(Tephritidae, Muscidae and Glossinidae) of the putative
autoregulation domain in #tra suggests the operation of the
autoregulatory loop in the above-mentioned insects except
Drosophila. The tra undergoes sex-specific splicing and
functional #ra is formed only in females. In Drosophila
females, active SXL protein excludes exon 2 of #ra, which
harbours several stop codons. In males, tra undergoes default
splicing in the absence of functional SXL protein and retains
exon 2 to produce truncated TRA protein (Boggs et al.
1987). Non-drosophilids show similar splicing pattern as that
of drosophila fra. In females the maternal tra in zygote
excludes the exon carrying the in-frame stop codon from
zygotic tra, which yields functional TRA protein
(Diibendorfer and Hediger, 1998). In females, forced splic-
ing of #ra is maintained throughout the life cycle by virtue of
the autoregulatory loop (Jablonka and Lamb 1995; Gabrieli
et al. 2010; Pane et al. 2002; Morrow et al. 2014). In males,
a hypothetical M factor (masculanizer) on Y or autosomal
chromosome inactivates maternal TRA (Schmidt et al.
1997). The tra undergoes default splicing, which results in
non-functional truncated protein. The RNAi-based
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knockdown experiment of tra (Cctra, Bdtra and Mdtra) in
embryo resulted in masculinized females and intersex, which
has two X chromosomes (Pane et al. 2002; Liu et al. 2015).
Thus tra, like SxI in Drosophila, acts as the key regulatory
gene for sex determination in other dipterans.

Interestingly, in the case of M. domestica a dominant
female-determining factor (Mdtra®) establishes feminizing
activity even in the presence of male-determining M factor.
Mdtra® is an allelic variant of the Mdtra (M. domestica
transformer) gene (Hasselmann et al. 2008). There exist
other alleles of Mdtra, such as Mdtra™", which is a loss of
function allele. Mdtra™®" in homozygous condition results in
significantly lower levels of TRA protein and leads to male-
specific splicing of the conserved Mddsx gene, and individ-
uals develop into males even in the absence of M factor.

The downstream binary switch doublesex is responsible
for male or female somatic sexual development (Saccone
et al. 1996; Shearman and Frommer 1998; Kuhn et al.
2000; Hediger et al. 2004; Lagos et al. 2005; Ruiz et al.
2005; Scali et al. 2005). All dipteran insects have dsx at the
bottom of the cascade (Saccone et al. 1996; Shearman and
Frommer 1998; Kuhn ef al. 2000; Ohbayashi et al. 2001;
Hediger et al. 2004; Lagos et al. 2005; Ruiz et al. 2005;
Scali et al. 2005). The protein DSX framework across many
insects shows similar design, a Zinc finger module N-
terminal DNA binding domain and oligomerisation domain.
dsx undergoes sex-specific splicing, where the C terminal
end differs between the sexes. Functional TRA protein spli-
ces dsx in the female mode. In males, due to lack of the
active TRA, protein dsx is spliced in the default mode.
Analogous to dsx, the Mddsx (M. domestica), Ccdsx
(C. capitata), Bodsx (B. oleae) and Aodsx (A. oblique) have
TRA binding sites (Saccone et al. 1998; Geuverink and
Beukeboom 2014). This organization involves the retention
of female-specific exon in XX embryos by a splicing en-
hancer complex which includes TRA.

3.2 Hymenoptera

Sex in the honeybee (Apis mellifera) is determined by het-
erozygosity at the complementary sex determiner (csd) locus
(Beye et al. 2003). csd is a recently evolved gene in the
honeybee lineage by virtue of gene duplication of an ances-
tral gene fem’, and both of these paralogs are considered as
orthologs of tra with substantive sequence divergence
(Gempe et al. 2009). Honeybees that are heterozygous at
the csd locus develop into females, whereas those that are
homozygous or hemizygous develop as males. CSD proteins
determine sexual fate in 4. mellifera, by controlling alterna-
tive splicing of the downstream gene feminizer (fem). Het-
erozygosity at csd activates fem to produce female-specific
mRNA and initiating the autoregulatory feminizing loop.
However, CSD can direct fem splicing only during a narrow
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window in early embryogenesis. Analogous to the late SXL
protein, the female-specific FEM splices its own pre-mRNA.
Female-specific fem guides pre-mRNA to its own splice
form, when ectopically expressed in males, suggesting the
operation of positive autoregulatory loop by female-specific
fem. Thus, the csd gene acts as a primary signal of sex
determination in the honeybee during early embryogenesis
and later this signal is maintained through a positive autor-
egulatory loop. However, for the determination of maleness,
no signal is required. The male variant of fem is formed by
default in the absence of functional CSD, which contains a
stop codon in exon 3 that results in truncated protein (Gempe
et al. 2009).

A. mellifera transformer - 2 (Amtra-2), an ortholog of tra-
2, is an important component of the splicing complex that
participates in female-specific splicing of both the fem and
A. mellifera doublesex (Amdsx) transcripts in the honeybee
(Nissen et al. 2012). AmTRA-2 interacts with functional
CSD to promote female-specific splicing of the fem pre-
mRNAs, and is thus an important component for developing
a positive fem autoregulatory loop. Interestingly, AmTRA-2
protein is also necessary for the splicing of male fem mRNAs
in the presence of inactive CSD, which leads to default male-
specific Amdsx splicing (Nissen et al. 2012).

In the parasitoid wasp Nasonia vitripennis,as in Apis,
diploids develop as females and haploids as males. However,
in spite of some similarities in sex determination cascades
with other insects, the N. vitripennis sex determination path-
way is unique in many ways. In this species, sex is not
determined by CSD as observed in many hymenopterans.
Although the primary gene involved in the sex determination
pathway is not yet identified, tra of Nasonia (Nvtra) proves
to be a crucial gene whose maternal supply is essential for
female development (Verhulst et al. 2010a, b). The presence
of ample amounts of the female form of Nvira mRNA or
protein from the maternal contribution is required to main-
tain the female-specific splicing pattern of Nvtra. Analogous
to Apis, sex determination in N. vitripennis is dependent on
the paternally inherited genome in maintaining the Nvtra sex
determination autoregulatory loop. Maternal input of Nvtra
mRNA/protein autoregulates embryonic splicing of tra, only
if a paternally inherited genome is present, as observed in
fertilized eggs. In unfertilized eggs, Nvfra remains transcrip-
tionally silent and fails to autoregulate fra, leading to default
Nvtra and Nvdsx splicing, and finally to male-specific de-
velopment. This precise role of the paternal genome in
Nasonia sex determination pathway constitutes a novel and
unique mechanism in the way fra is regulated (Beukeboom
and van de Zande 2010).

Nvtra produces three splice forms in males and none of
these code for any functional protein, while in females, a
functional protein is synthesized as a result of splicing of the
second exon which results in excluding a stop codon. RNAi-
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based knockdown of Nvtra in female pupae resulted in
diploid males rather than female progeny, suggesting the
requirement for a maternal TRA supply and thereby the
existence of autoregulation of maternally supplied Nvtra
transcripts in female development (Beukeboom and van de
Zande 2010). These observations suggest that the NvTRA
protein product promotes female-specific splicing of Nvtra
transcripts by regulating its own levels. Both fem of
A. mellifera and Nvtra of N. vitripennis act as splicing
inhibitors of their own pre-mRNA splicing and as splicing
activators of dsx splicing. The only differences are the nature
of the primarysignal regulating these genes (for Apis it is
CSD, while for Nasonia it is yet to be discovered). The most
unique feature of Hymenopterans is the dependence of fem/
tra on the parental inherited genome for the sustenance of an
autoregulatory loop.

3.3 Coleoptera

In Tribolium castaneum, sex is determined by the XX/XY
sex chromosome system and includes known genetic com-
ponents such as transformer (Tctra), transformer-2 (Tctra-2)
and the highly conserved binary switch doublesex (Tcdsx).A
positive autoregulatory loop at the level of #a is also ob-
served in the coleopteran T.castaneum. The maternal supply
of tra transcript is crucial for the initiation of the positive
autoregulatory loop, which eventually directs the female
developmental pathway. (Shukla and Palli 2012). Tctra pro-
duces two splice forms in males (encoding truncated pro-
teins) and one in females (encoding a functional protein).
Maternally deposited Tctra mRNA is translated to TcTRA
protein only in females. TcTRA protein then assists in the
splicing of its pre-mRNA transcribed from the zygotic ge-
nome ensuring constant supply of TcTRA in females, lead-
ing to positive autoregulatory feedback loop as well as sex-
specific splicing of Tcdsx. In males the translation of mater-
nally supplied Tctra transcript is inhibited by an unknown
component from Y chromosome, which eventually prevents
tra autoregulation. Knockdown studies of Tctra in pupa or
adults, which led to all male progeny, and the existence of
multiple putative binding sites for TRA/TRA-2, ISS sequen-
ces and RBP1 binding sites in adjacent intron and male-
specific exon, signifies the role of Tctra in autoregulatory
loop and in the maintenance of its female-specific splice
form (Shukla and Palli 2012).

3.4 Lepidoptera

The genetic and molecular mechanism of sex determination
in B. mori is substantially different from other insect orders,
which can be attributed to difference in sex chromosomes,
the actual molecular mechanism and the genes involved in
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the pathway. The major genetic difference in B. mori when
compared to the insects of other orders is the presence of
heterogametic sex chromosome system in females. Interesting-
ly, it is the only model organism where a single non-coding
RNA (piRNA) acts as the primary signal for sex determina-
tion. The splicing mechanism of the conserved binary switch
gene (Bmdsx) involves a splicing inhibitor complex in males of
B. mori, whereas in female dipterans, a splicing enhancer
complex is recruited. In spite of so many variations in
B. mori sex determination system, the key gene is still known
to be involved in positive autoregulatory loop, similar to that
observed in other insects studied. However, it is important to
note that in all insect orders except Lepidoptera, the autoloop is
maintained in females, whereas in B. mori it is in males that the
positive autoloop is observed in sex determination.

The silkworm has female heterogametic sex chromosome
system, where males are ZZ and females are ZW (Suzuki
2010b). The search for the key sex determining factor on the
W chromosome has been hampered by the fact that it is
constituted mostly of repetitive sequences and transposons.
Similar to that of the D. melanogaster sex determination
pathway, B. mori exhibits evolutionarily conserved dsx at
the base of the pathway, which undergoes sex-specific splic-
ing (Cho et al. 2007). However, the absence of a #ra ortho-
logue in B. mori, and the RNAi-based knockdown of Bmtra-
2 failing to alter sex-specific splicing of Bmdsx pre-mRNA,
indicate that the mechanism of sex-specific splicing at the
dsx differs significantly between D. melanogaster and
B. mori. The other remarkable difference lies at the top of
the pathway in B. mori, where a piRNA (processed from
precursor ‘fem’) originating from the W chromosome has
been shown to be acting as the primary signal. This 29
nucleotides long piRNA negatively regulates a CCCH-type
zinc finger gene Masculinizer (Masc) on the Z chromosome.
Masc is reported to be involved in dosage compensation and
is required for the male-specific splicing of doublesex
(Bmdsx) (Kiuchi et al. 2014). B. mori homologs of IGF-II
mRNA-binding protein (Bmimp) and P-element somatic in-
hibitor (Bmpsi) play pivotal roles in the sex determination
pathway (Suzuki et al. 2008). Bmpsi is expressed in both
females and males, while one of the two splice variants of
Bmimp is specifically expressed in male tissues (Suzuki et al.
2010b). The protein product of the male-specific isoform of
Bmimp (IMPM) is known to physically interact with BmPSI
in vitro, and is probably involved in male-specific splicing of
Bmdsx by acting as splicing inhibitors, promoting the skip-
ping of exons 3 and 4 of Bmdsx pre-mRNA. In ZZ individ-
uals, Masc expression is not under the regulation of fem and
hence the levels remain much higher than ZW animals. The
higher level of MASC protein enhances the expression of
BmIMP to a level that is sufficient to impose the male-
specific splicing of Bmimp pre-mRNA and subsequently
Bmdsx, leading to male development (Suzuki ef al. 2014).
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In B. mori males, Bmimp is alternatively spliced in males,
producing BmImp™ in lower amounts, when compared to the
non-sex-specific Bmimp. Bmimp™ is produced as a result of
retention of exon §, which is mediated by the autoregulation
of its own protein product. This autoregulation involves the
binding of BmIMP protein to a 22 nt A-rich sequence in the
intronic region between exon 7 and exon 8 of Bmimp pre-
mRNA, suppressing the general splicing machinery (Sakai
et al. 2015). Hence, the Bmimp™ autoregulation could be
presumed as a memory device in Bombyx sex determination,
similar to Drosophila SxI and tra of several dipterans and
hymenopteran insects (Suzuki et al. 2014).

4. Role of autoregulation of sex determining
genes in germline

An additional loop is reported in somatic cells from the
gonads of female D. melanogaster. The presence of TRA
binding sites on pre-mRNA of Sx/ suggests that TRA stim-
ulates the SXL positive autoregulatory feedback loop. This
event is carried over to the other neighbouring germ cells
non-autonomously by cell-to-cell interactions (Horabin
2005). Thus, fra indirectly forms a positive autoregulatory
loop via SXL in females. In D. melanogaster somatic tis-
sues, TRA-2 along with TRA is responsible for the differ-
ential splicing of dsx and fruitless (fru) (Belote and Baker
1983). In male germinal cells TRA-2 is required for the
differential splicing of exuperantia (exu) and alternative-
testes-transcript (att), which are involved in spermatogene-
sis (Hazelrigg and Tu 1994; Madigan et al. 1996). In male
germ cells, tra-2 undergoes differential splicing, giving rise
to two isoforms TRA-2'7 and TRA-2*?%(Amrein et al.
1990; Mattox et al. 1990). Retention of intron 3 results in
the formation of TRA-2'7°, and its exclusion gives rise to
TRA-2?**(Mattox and Baker 1991; Mattox ef al. 1996). The
splicing in or out of intron 3 is dictated by the amount of
TRA-22%° present in the cell by the negative autoregulatory
loop. Accumulation of TRA-2%° results in the repression of
the splicing of intron 3, which carries the in-frame stop
codon, resulting in the formation of truncated protein, which
lacks RS domain. TRA-2%?® is required for male fertility.
Thus, TRA-2 controls the splicing of intron 3 by negative
autoregulatory loop (figure 2).

5. The mechanism of #ra autoregulation

Functional TRA (in Tephritids) and SXL (in
D. melanogaster) are produced only in females due to the
initiation and maintenance of autoregulatory feedback loop.
The basic plan in the autoregulation/female-specific splicing
of tra pre-mRNA is to splice out the inherent stop codon
containing part/complete exon(s). In Tephritids, the
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mechanism of #ra autoregulation involves TRA/TRA-2 bind-
ing sites, RBP1 binding sites, and TRA-2 -ISS (TRA-2
binding intronic silencer sequence). TRA protein along with
RBP1, TRA-2 and an unknown SR protein from nuclear
extract form a splicing complex in females. For the dsx-
pre-mRNA splicing, this complex acts as an activator and
promotes splicing (Hoshijima et al. 1991; Tian and Maniatis
1993) and for the #ra pre-mRNA splicing, the TRA/TRA-2
complex eliminates the stop codon containing male-specific
exons in females. The binding of functional TRA/TRA-2
protein dimer complex to its binding sites near the splice
sites of the exon to be skipped, hinders the general splicing
machinery, so that the splice site becomes unrecognized,
resulting in the splicing out of that particular exon. Thus,
TRA/TRA-2 protein complex functions as a splicing inhib-
itor complex in case of its own pre-mRNA splicing, just like
the BmPSI/BmIMP in B. mori, whose function is to skip the
inclusion of exon 3 and 4 of Bmdsx transcripts in males
(Suzuki et al. 2010b). This silencing complex of TRA is
responsible for its autoregulation in generating the active,
full-length protein in females. Thus TRA complex exhibits a
dual role in the splicing of dsx and tra pre-mRNAs. The only
difference in the silencing/activating complex is the presence
of a TRA-2 -ISS binding element in the fra pre-mRNA, to
which an extra TRA-2 protein binds and makes the silencer
complex (Ruiz et al. 2007). Thus, the presence of TRA-2-
ISS element in the fra pre-mRNA suggests the key require-
ment for its autoregulation. The Drosophilatra pre-mRNA
lacks such TRA-2-ISS element along with TRA binding
sites, which is evident by the absence of #ra autoregulation.
This autoregulation of #ra at the level of splicing in insects
ensures female-specific expression of active TRA protein
and maintenance of protein levels by a positive feedback
loop.

6. Convergent evolution of autoregulatory loops in
sex determination

The long-standing biological mystery of sex determination
and diversity was studied by comparing distant and close
animal relatives, which givesa better understanding of the
evolution of sex determination genes and pathways. As
mentioned in this review, sex determination in insects dis-
play an array of different mechanisms to produce mainly two
sexes — either male or female, and this holds true for all
metazoans, suggesting the existence of sexual dimorphism in
the last common ancestor of the bilaterians, a vast clade of
animals that excludes sponges, placozoans, ctenophores,
cnidarians, and acoel flatworms (Peterson and Eernisse
2001). Studying insects from different orders shows conserv-
edness at the level of terminal double-switch gene dsx and
the key gene fra to some extent. Interestingly, another im-
portant aspect, which seems to unify many insects, in the
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way in which sex is determined, is the presence of positive
autoregulatory feedback loops involving the key genes of the
sex determination pathways (e.g. Sx/, tra and Bmimp).

Alternate splicing helps an organism to code for multiple
mRNAs from a single gene and this mechanism is widely
employed in sex determination pathways of various insect
species. Similar to alternative splicing, we speculate that
positive autoregulatory feedback loops would have co-
evolved parallely in sex determination cascades to arrive at
a binary decision, which is crucial for sex determination.
However, alternative splicing-based gene regulation exists
both at upstream (key gene) and downstream genes in sex
determination cascade, contrary to autoregulation mecha-
nism, which is known to act only at upstream (key genes)
genes (figure 2). This convergence is observed at a specific
position in which the loop operates and we do not see this
loop functioning at the level of double-switch or any other
downstream players of sex determination cascades.

The sex-specific genetic makeup of chromosomes differs
significantly in case of B. mori, where females are heteroga-
metic. However, the situation in Diptera, Hymenoptera and
Coleoptera is reversed, which is evident by heterogametic
males. The autoloop is exhibited at the level of Bmimp in
B. mori males, which is a rather unique scenario, as auto-
loops are always found in the female sex of other insect
orders. Interestingly, a unifying aspect related to positive
autoloops in sex determination of insects is that they are
always present in the homogametic sex irrespective of the
sex chromosome system of that insect (male or female het-
erogametic system), signifying the convergent evolution of
positive autoloops in sex determination systems of insects.
From the above observation, we speculate that genes in-
volved in sex determination pathway may not exhibit auto-
loop mechanism in the case of insects lacking sex
chromosomes (having homomorphic chromosomes).

7. Maternal contribution and autoregulatory
loops in sex determination

In almost all metazoans there is a lag between fertilization
and zygotic genome activation. During this time, the embryo
depends on the maternal mRNAs and proteins deposited in
the egg during oogenesis (Tadros and Lipshitz 2009). This
maternal contribution plays a very important role during
various phases of embryonic development until its zygotic
genome is activated (e.g. anterior/posterior axis determina-
tion in Drosophila, sex determination in insects, etc.).

The following is the summary of a few examples from
this review describing the importance of maternal input in
autoregulatory loops in sex determination (figure 2):

1. Diptera: In D. melanogaster, initial activation of Sx/
early promoter in females requires maternal contribution
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in the form of groucho, extramacrochetae, daughterless
proteins, along with XSE proteins from two doses of X
chromosome. This initial activation of early promoter
leads to turning ON of the late Sx/ promoter. The splic-
ing of Sx/ in female is maintained by an autoregulatory
feedback loop where SXL splices its own pre-mRNA in
female and the subsequent gene in the pathway tra. The
maternally contributed tra plays a pivotal role in initiat-
ing positive autoregulatory loop in C. capitata, which
later on is maintained throughout the lifetime of the
insect by zygotic tra. Similarly, in M. domestica, it is
the maternally deposited TRA that ensures autoregula-
tory tra loop in females, which is disrupted in the
presence of yet to be identified Mfactor in males.

2. Aslight and interesting variation of fra autoregulation is
observed in the hymenopteran N. vitripennis, where
maternally contributed #ra can direct positive autoregu-
lation loop only in the presence of paternal genome.

3. Maternal fra is again a prerequisite in starting autoregu-
latory loop in coleopteran 7. castaneum.

Based on the above examples it is quite evident that
maternal input of 7ra mRNA/protein in the eggs during
oogenesis retains the capacity to initiate fra autoregula-
tion. This #ra autoloop has been demonstrated in almost
all examined species except D. melanogaster,
A. mellifera and B. mori, suggesting maternal contribu-
tion of fra to eggs to be an ancestral mechanism, and that
all exceptions from this system have evolved recently.

4. In B. mori, one male isoform of Bmimp™ displays autor-
egulation, is required for male-specific splicing of dsx
gene and eventually male development. In females, ma-
ternal supply of Masc piRNA along with BmAgo3 pre-
vents Bmimp autoregulation by down regulating its
activator Masc by generating more piRNAs against
Mascvia a ping-pong mechanism.

The above examples allow us to speculate that in the
species where females are homogametic (e.g. XX), the ma-
ternal factor contributes in a positive manner in maintaining
autoregulatory loops of the gene involved. However, in case
of females being heterogametic (e.g. ZW), there seems to be
a suppression of autoregulatory loop to promote female sex
determination. Since we have limited information related to
female heterogametic system in insects, further study might
help us understand the correlation between maternal factor
and female sex chromosome composition in insects.

8. Conclusions

In the context of insect sex determination, fra happens to be
the most prominent gene involved in the autoregulation
mechanism, which is evident by its maintenance through
the positive autoregulatory loop in all well-studied insect

models except D. melanogaster and B. mori. In the case of
D. melanogaster, SxI plays the crucial role of key gene by
undergoing positive autoregulatory loop and epigenetically
maintaining female developmental pathway. Previous work
involving Sx/ and its target tra in D. melanogaster (Siera and
Cline 2008) predicted that the regulatory functional redun-
dancy might have facilitated the evolutionary transition from
tra to Sx/ as the positively autoregulated master sex switch.
The tra gene represents the ancestral state, whereas Sx/
appears to be a recent evolutionary acquisition in the Dro-
sophila pathway, which has forced fra to be a mere down-
stream transducer. However in B. mori, no tra homolog is
found and its function of splicing Bmdsx is taken over by
Bmimp, a RNA binding protein present on the Z chromo-
some that undergoes positive autoregulation in males.

In insect sex determination, the mechanism of autoregu-
lation seems to be conserved at the level of the key gene
(figure 2: SxI, fem, tra and Bmimp). The importance of this
kind of autoregulation at the level of splicing is evident by its
conservation across insect phyla. Studies involving various
insects strongly suggest that only one gene and particularly
the gene which is just upstream of the binary switch dsx
shows a positive autoregulatory loop (tra, fem and Bmimp)
with the exception of the situation observed in
D. melanogaster. Once activated, the autoregulatory loop
takes control of the production of functional proteins and
maintains their required levels throughout the development,
aiding in the establishment of sex. Since the gene under loop
controls the downstream gene and its own RNA, the effect of
temporary loss of function of the gene (under loop) by means
of RNA interference will have a greater effect than any other
gene in the cascade. Thus, the autoregulatory loop mecha-
nism may provide an opportunity to design molecular tools
for the development of sterile insect technology.

Acknowledgements

This work is sincerely dedicated to late Dr J Nagaraju (demise
31 December 2012). SKS and GG are recipients of senior
research fellowships from the Council of Scientific and Indus-
trial Research, India. We thank Prof Leonard Rabinow for his
critical review of the manuscript. We acknowledge the finan-
cial support from the Indo-French Center for the Promotion of
Advanced Research (IFCPAR award 4903-4).

References

Albrecht EB and Salz HK 1993 The Drosophila sex determination
gene snf is utilized for the establishment of the female-specific
splicing pattern of sex-lethal. Genetics. 134 801-807

Amrein H, Maniatis T and Nothiger R 1990 Alternatively
spliced transcripts of the sex-determining gene fra-2 of

J. Biosci. 41(2), June 2016



292

Drosophila encode functional proteins of different size.
EMBO J. 9 3619-3629

Avila FW and Erickson JW 2007 Drosophila JAK/STAT pathway
reveals distinct initiation and reinforcement steps in early tran-
scription of SxI. Curr. Biol. 17 643—648

Becskei A and Serrano L 2000 Engineering stability in gene net-
works by autoregulation. Nature. 405 590-593

Bell L, Horabin J, Schedl P and Cline, T. 1991 Positive autoregu-
lation of Sex-lethal by alternative splicing maintains the female
determined state in Drosophila. Cell. 65 229-239

Belote JM and Baker BS 1983 The dual functions of a sex
determination gene in Drosophila melanogaster. Dev. Biol.
95 512-517

Beukeboom LW and van de Zande L 2010 Genetics of sex deter-
mination in the haplodiploid wasp Nasonia vitripennis (Hyme-
noptera: Chalcidoidea). J. Genet. 89 333-339

Beye M, Hasselmann M, Fondrk MK, Page RE and Ombholt
SW 2003 The gene csd is the primary signal for sexual
development in the honeybee and encodes an SR-type pro-
tein. Cell 114 419-429

Boggs RT, Gregor P, Idriss S, Belote JM and McKeown M 1987
Regulation of sexual differentiation in D. melanogaster via
alternative splicing of RNA from the transformer gene. Cell.
50 739-747

Bull JJ 1983 Evolution of sex determining mechanisms (Menlo
Park, CA: Benjamin-Cummings)

Cho S, Huang ZY and Zhang J 2007 Sex-specific splicing of the
honeybee doublesex gene reveals 300 million years of evolution
at the bottom of the insect sex-determination pathway. Genetics
177 1733-1741

Cline TW 1978 Two closely linked mutations in Drosophila mel-
anogaster that are lethal to opposite sexes and interact with
daughterless. Genetics. 90 683—698

Cline TW 1988 Evidence that sisterless-a and sisterless-b are two
of several discrete ‘numerator elements’ of the X/A sex deter-
mination signal in Drosophila that switch Sx/between two alter-
native stable expression states. Genetics 11 9829-9862

Cline TW and Meyer BJ 1996 Vive la difference: males vs females
in flies vs worms. Annu. Rev. Genet 30 637-702

Damianov A and Black DL 2010 Autoregulation of Fox protein
expression to produce dominant negative splicing factors. RNA
16 405416

Diibendorfer A and Hediger M 1998 The female-determining gene
F of the housefly Musca domestica, acts maternally to regulate
its own zygotic activity. Genetics 150 221-226

Diibendorfer A, Hediger M, Burghardt G and Bopp D 2002 Musca
domestica, a window on the evolution of sex-determining mech-
anisms in insects. /nt. J. Dev. Biol. 46 7579

Dufty JB and Gergen JP 1991 The Drosophila segmentation gene
runt acts as a position-specific numerator element necessary for
the uniform expression of the sex-determining gene Sex-lethal.
Genes Dev. 52 176187

Erickson JW and Quintero JJ 2007 Indirect effects of ploidy suggest
X chromosome dose, not the X:A ratio, signals sex in Drosoph-
ila. PLoS Biol. 5, ¢332

Flickinger TW and Salz HK 1994 The Drosophila sex determina-
tion gene snf encodes a nuclear protein with sequence and

J. Biosci. 41(2), June 2016

Suresh Kumar Sawanth et al.

functional similarity to the mammalian UIA snRNP protein.
Genes Dev. 8 914-925

Freeman M 2000 Feedback control of intercellular signalling in
development. Nature 408 313-319

Gabrieli P, Falaguerra A, Siciliano P, Gomulski L, Scolari F,
Zacharopoulou A, ef al. 2010 Sex and the single embryo: early
development in the Mediterranean fruit fly, Ceratitis capitata.
BMC Dev. Biol. 10 12

Gates DP, Coonrod LA and Berglund JA 2011 Autoregulated
splicing of muscleblind-like 1 (MBNL1) Pre-mRNA. J. Biol.
Chem. 286 34224-34233

Gempe T, Hasselmann M, Schiott M, Hause G, Otte M and
Beye M 2009 Sex determination in honeybees: two separate
mechanisms induce and maintain the female pathway. PLoS
Biol. 7 €1000222

Geuverink E and Beukeboom LW 2014 Phylogenetic distribution
and evolutionary dynamics of the sex determination genes dou-
blesex and transformer in insects. Sex. Dev. 8 38—49

Graham P, Penn JK and Schedl P 2003 Masters change, slaves
remain. Bioessays 25 1-4

Hafner M, Koeppl H and Gonze D 2012 Effect of network archi-
tecture on synchronization and entrainment properties of the
circadian oscillations in the suprachiasmatic nucleus. PLoS
Comput. Biol. 8 ¢1002419. doi:10.1371/journal.pcbi.1002419

Hasselmann M, Gempe T, Schiott M, Nunes-Silva CG, Otte M and
Beye M 2008 Evidence for the evolutionary nascence of a novel
sex determination pathway in honeybees. Nature. 454 519-522

Hazelrigg T and Tu C 1994 Sex-specific processing of the Dro-
sophila exuperantia transcript is regulated in male germ cells by
the tra-2 gene. Proc. Natl. Acad. Sci. USA 91 10752-10756

Hediger M, Burghardt G, Siegenthaler C, Buser N, Hilfiker-Kleiner
D, et al. 2004 Sex determination in Drosophila melanogaster
and Musca domestica converges at the level of the terminal
regulator doublesex. Dev. Genes Evol. 214 2942

Horabin JI 2005 Splitting the Hedgehog signal: sex and patterning
in Drosophila. Development 132 4801-4810

Hoshijima K, Inoue K, Higuchi I, Sakamoto H and Shimura Y 1991
Control of doublesex alternative splicing by transformer and
transformer-2 in Drosophila. Science 252 833-836

Jablonka E and Lamb MJ 1995 Epigenetic inheritance and evolu-
tion: the Lamarckian dimension (Oxford: Oxford University
Press)

JJangi M, Boutz PL, Paul P and Sharp PA 2014 Rbfox2 controls
autoregulation in RNA-binding protein networks. Genes Dev. 28
637-651

Jinks TM, Polydorides AD, Calhoun G, Schedl P 2000 The JAK/
STAT signaling pathway is required for the initial choice of
sexual identity in Drosophila melanogaster. Mol Cell. 5 581-587

Johnson ML, Nagengast AA and Salz HK 2010 PPS, a large
multidomain protein, functions with sex-lethal to regulate alter-
native splicing in Drosophila. PLoS Genet. 6, 1000872. doi:10.
1371/journal.pgen.1000872

Keeling CI, Yuen MM, Liao NY, Docking TR, Chan SK, et al.
2013 Draft genome of the mountainpinebeetle, Dendroctonus
ponderosae Hopkins, a major forest pest. Genome Biol. 14 R27

Keyes LN, Cline TW and Schedl P 1992 The primary sex determi-
nation signal of Drosophila acts at the level of transcription. Cell
68 933-943


http://dx.doi.org/10.1371/journal.pcbi.1002419
http://dx.doi.org/10.1371/journal.pgen.1000872
http://dx.doi.org/10.1371/journal.pgen.1000872
http://dx.doi.org/10.1371/journal.pgen.1000872
http://dx.doi.org/10.1371/journal.pgen.1000872
http://dx.doi.org/10.1371/journal.pgen.1000872
http://dx.doi.org/10.1371/journal.pgen.1000872

The autoregulatory loop

Kielbasa SM and Vingron M 2008 Transcriptional autoregulatory
loops are highly conserved in vertebrate evolution. PLoS ONE.
3, 3210. doi:10.1371/journal.pone.0003210

Kiuchi T, Koga H, Kawamoto M, Shoji K, Sakai H, Arai Y,
Ishihara G, Kawaoka S, et al. 2014 A single female-specific
piRNA is the primary determiner of sex in the silkworm. Nature
509 633-636

Kuhn S, Sievert V and Traut W 2000 The sex-determining gene
doublesex in the fly Megaselia scalaris: conserved structure and
sex-specific splicing. Genome 43 1011-1020

Lagos D, Ruiz MF, Sanchez L and Komitopoulou K 2005 Isolation
and characterization of the Bactrocera oleae genes orthologous
to the sex determining sex-lethal and doublesex genes of Dro-
sophila melanogaster. Gene 384 111-121

Liu G, Wu Q, Li J, Zhang G and Wan F 2015 RNAi-mediated
knock-down of transformer and transformer 2 to generate male-
only progeny in the oriental fruit fly, Bactrocera dorsalis (Hen-
del). PLoS ONE 10 ¢0128892

Madigan SJ, Edeen P, Esnayra J and McKeown M 1996 att, a target
for regulation by tra2 in the testes of Drosophila melanogaster,
encodes alternative RNAs and alternative proteins. Mol. Cell.
Biol. 16 4222-4230

Mattox W and Baker BS 1991 Autoregulation of the splicing of
transcripts from the fransformer-2 gene of Drosophila. Genes
Dev. 5 786-796

Mattox W, Palmer MJ and Baker BS 1990 Alternative splicing of
the sex determination gene transformer-2 is sex-specific in the
germ line but not in the soma. Genes Dev. 4 789-805

Mattox W, McGuffin ME and Baker BS 1996 A negative feedback
mechanism revealed by functional analysis of the alternative
isoforms of the Drosophila splicing regulator transformer-2.
Genetics 143 303-314

Meise M, Hilfiker-Kleiner D, Diibendorfer A, Brunner C, Néthiger
R and Bopp D 1998 Sex-lethal, the master sex-determining gene
in Drosophila, is not sex specifically regulated in Musca domes-
tica. Development 125 1487-1494

Morrow JL, Riegler M, Frommer M and Shearman DCA 2014
Expression patterns of sex-determination genes in single male
and female embryos of two Bactrocera fruit fly species during
early development. Insect Mol. Biol. 23 754-767

Nissen I, Muller M and Beye M 2012 The Am-tra2 gene is an
essential regulator of female splice regulation at two levels of the
sex determination hierarchy of the honeybee. Genetics 192
1015-1026

Ohbayashi FM, Suzuki MG, Mita K, Okano K and Shimada T 2001 A
homologue of the Drosophila doublesex gene is transcribed into
sex-specific mRNA isoforms in the silkworm, Bombyx mori.
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 1 145-158

Pane A, Salvemini M, Bovi PD, Polito C and Saccone G 2002 The
transformer gene in Ceratitis capitata provides a genetic basis
for selecting and remembering the sexual fate. Development 129
3715-3725

Pane A, De Simmone A, Saccone G and Polito C 2005 Evolution-
ary conservation of Ceratitis capitata transformer gene function.
Genetics. 171 615-624

Penalva LO and Sanchez L 2003 RNA binding protein sex-lethal
(SxI) and control of Drosophila sex determination and dosage
compensation. Microbiol. Mol. Biol. Rev. 67 343-359

293

Peterson K and Eernisse DJ 2001 Animal phylogeny and the
ancestry of bilaterians: inferences from morphology and 18S
rDNA gene sequences. Evol. Dev. 3 170-205

Raymond CS, Shamu CE, Shen MM, Seifert KJ, Hirsch B and
Hodgkin J 1998 Evidence for evolutionary conservation of sex-
determining genes. Nature 391 691-695

Rosenfeld N, Elowitz MB and Alon U 2002 Negative autoregula-
tion speeds the response times of transcription networks. J. Mol.
Biol. 323 785-793

Ruiz MF, Stefani RN, Mascarenhas RO, Perondine AL, Selivon D,
et al. 2005 The gene doublesex of the fruit fly Anastrepha
obliqua (Diptera, Tephritidae). Genetics 171 849854

Ruiz MF, Milano A, Salvemini M, Eirin-Lopez JM, Perondini AL,
Selivon D, Polito C, Saccone G, et al. 2007 The gene transformer
of anastrepha fruit flies (Diptera, tephritidae) and its evolution in
insects. PLoS ONE. 2, €1239. doi:10.1371/journal.pone.0001239

Saccone G, Peluso I, Testa G, Di Paola Pane A 1996 Drosophila
sex-lethal and doublesex homologues genes in Ceratitis capi-
tata: searching for sex-specific genes to develop a medfly trans-
genic sexing strain. In Enhancement of the Sterile Insect
Technique through Genetic Transformation using Nuclear Tech-
niques. IAEA/FAO; Vienna

Saccone G, Peluso I, Artiaco D, Giordano E, Bopp D and Polito LC
1998 The Ceratitis capitata homologue of the Drosophila sex-
determining gene sex-lethal is structurally conserved, but not
sex-specifically regulated. Development 125 1495-1500

Sakai H, Sakaguchi H, Aoki F and Suzuki MG 2015 Functional analysis
of sex-determination genes by gene silencing with LNA-DNA
gapmers in the silkworm, Bombyx mori. Mech. Dev. 137 45-52

Salz HK 2011 Sex determination in insects: a binary decision based
on alternative splicing. Curr. Opin. Genet. Dev. 21 395-400

Salz HK and Erickson JW 2010 Sex determination in Drosophila:
the view from the top. Fly 4 60-70

Scali C, Catteruccia F, Li Q and Crisanti A 2005 Identification of
sex-specific transcripts of the Anopheles gambiae doublesex
gene;J. Exp. Biol. 208 3701-3709

Schmidt R, Hediger M, Roth S, Nothiger R and Dubendorfer A 1997
The Y- chromosomal and autosomal male-determining M factors
of Musca domestica are equivalent. Genetics 147 271-280

Sefton L, Timmer JR, Zhang Y, Beranger F and Cline TW 2000 An
extracellular activator of the Drosophila JAK/STAT pathway is
a sex-determination signal element. Nature. 405 970-973

Shearman DCA and Frommer M 1998 The Bactrocera tryoni
homologue of the Drosophila melanogaster sex-determination
gene doublesex. Insect Mol. Biol. 7 355-366

Shukla JN and Palli SR 2012 Sex determination in beetles: produc-
tion of all male progeny by parental RNAi knockdown of
transformer. Sci. Rep. 2 602

Siera SG and Cline TW 2008 Sexual back talk with evolutionary
implications: stimulation of the Drosophila sex-determination
gene sex-lethal by its target transformer. Genetics. 180 1963—1981

Sonneborn DR, Levine L and Sussman M 1965 Serological analy-
ses of cellular slime mold development. Ii. Preferential loss,
during morphogenesis, of antigenic activity associated with the
vegetative myxamoebae. J. Bacteriol. 89 1092—-1096

Suzuki MG 2001 The mechanism of sex-specific splicing at the
doublesex gene is different between Drosophila melanogaster
and Bombyx mori. Insect Biochem. Mol. Biol. 31 1201-1211

J. Biosci. 41(2), June 2016


http://dx.doi.org/10.1371/journal.pone.0003210
http://dx.doi.org/10.1371/journal.pone.0001239

294

Suzuki MG 2010a Sex determination: insights from the silkworm.
J. Genet. 89 357-363

Suzuki MG, Imanishi S, Dohmae N, Asanuma M and Matsu-
moto S 2010b Identification of a male-specific RNA bind-
ing protein that regulates sex-specific splicing of Bmdsx by
increasing RNA binding activity of BmPSI. Mol. Cell. Biol.
30 5776-5786

Suzuki MG, Imanishi S, Dohmae N, Nishimura T, Shimada T and
Matsumoto S 2008 Establishment of a novel in vivo sex-specific
splicing assay system to identify a trans-acting factor that neg-
atively regulates splicing of Bombyx mori dsx female exons.
Mol. Cell. Biol. 28 333-343

Suzuki MG, Kobayashi S and Aoki F 2014 Male-specific splicing
of the silkworm /mp gene is maintained by an autoregulatory
mechanism. Mech. Dev. 131 47-56

Suresh Kumar Sawanth et al.

Tadros W and Lipshitz HD 2009 The maternal-to-zygotic transi-
tion: a play in two acts. Development. 136 3033-3042

Tian M and Maniatis T 1993 A splicing enhancer complex controls
alternative splicing of doublesex pre-mRNA. Cell. 74 105-114

Verhulst EC, Beukeboom LW and van de Zande L 2010a Maternal
control of haplodiploid sex determination in the wasp Nasonia.
Science. 328 620623

Verhulst EC, Van de Zande L and Beukeboom LW 2010b Insect
sex determination: it all evolves around transformer. Curr. Opin.
Genet. Dev. 20 376-383

Wilkins AS 1995 Moving up the hierarchy: a hypothesis on the evolution
of a genetic sex determination pathway. Bioessays. 17 71-77

Zhang Y, Zhao H, Wang J, Ge J, Li Y, Gu J, Li P, Feng Y, ef al.
2013 Structural insight into Caenorhabditis elegans sex-
determining protein FEM-2. J. Biol. Chem. 288 22058-22066

MS received 05 November 2015, accepted 15 April 2016

Corresponding editor: STUART A NEWMAN

J. Biosci. 41(2), June 2016



	key sex determining genes in insects
	Abstract
	Introduction
	Evolution of sex determination systems in insects
	Autoregulatory feedback loops in �sex determination pathways
	Diptera
	Hymenoptera
	Coleoptera
	Lepidoptera

	Role of autoregulation of sex determining �genes in germline
	The mechanism of tra autoregulation
	Convergent evolution of autoregulatory loops in �sex determination
	Maternal contribution and autoregulatory �loops in sex determination
	Conclusions
	References


