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Abstract

The evolution of the functionality of genes and genetic systems is a major source of
animal diversity. Its best example is insect sex differentiation systems: promoting
male and female differentiation (dual-functionality) or only male differentiation
(single-functionality). However, the evolutionary origin of such functional diversity is
largely unknown. Here, we investigate the ancestral functions of doublesex, a key
factor of insect sex differentiation system, using the apterygote insect, Thermobia
domestica, and reveal that its doublesex is essential for only males at the phenotypic
level, but contributes to promoting female-specific vitellogenin expression in females.
This functional discordance between the phenotypic and transcription-regulatory
levels in T. domestica shows a new type of functionality of animal sex differentiation
systems. Then, we examine how the sex differentiation system transited from the
single-functionality to the dual-functionality in phenotypes and uncover that a
conserved female-specific motif of doublesex is detected in taxa with the dual-
functional doublesex. It is estimated that the role of the sex differentiation system for
female phenotypes may have evolved through accumulating mutations in the protein

motif structures that led to the enhancement of its transcription-regulatory function.
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Introduction

Sex is a fundamental principle in animal reproduction and is shared among
almost all animals. The differences between males and females are a large source of
diversity in mating systems, species, traits, and ecological dynamics in Metazoa
(Darwin, 1871; Fryzell et al., 2019; Geddes and Thomson, 1889). The universality of
sex suggests that sex is an ancient feature of metazoans. On the other hand, recent
studies in various animals have revealed that regulatory systems for producing sex
change rapidly during animal evolution (Bachtrog et al., 2014; Beukeboom and
Perrin, 2014; Herpin and Schartl, 2015). For example, genes in the sex
determination/sex differentiation systems are more likely to change upstream in the
gene cascade than downstream (Bopp et al., 2014; Wilkins, 1995). In eutherian
mammals such as mice and humans, a transcription factor called Sex-determining
region Y (Sry) acts as a 'master regulator' of sex determination pathway, in which Sry
induces expression of a transcriptional factor doublesex and mab-3 related
transcriptional factor 1 (dmrtl) in males through chain reactions of transcription
factors during embryogenesis (Gubbay et al., 1990; Koopman et al., 1991; Miyawaki
et al., 2020; Sinclair et al., 1991). In contrast, in medaka fish, Oryzias latipes, a
paralog of dmrtl, dmy (DM-domain gene on the Y chromosome) instead of Sry
promotes male differentiation via a gene cascade inducing dmrtl (Matsuda et al.,
2002; Nanda et al., 2002). The diversity in gene repertoires composing sex
differentiation systems has also been found in arthropods (e.g., Sharma et al., 2017;

Suzuki et al., 2008; Xu et al., 2017).

Diversity of sex differentiation systems has referred to differences in gene

repertoires among species or populations. At present, many evolutionary scenarios
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have been proposed to explain the evolutionary transition of gene repertoires in sex
differentiation systems: e.g., neo-functionalization or sub-functionalization via gene
duplication (e.g., Chandler et al., 2017; Hattori et al., 2012; Hasselmann et al., 2008;
Matsuda et al., 2002; Sharmaet al., 2017; Yoshimoto et al., 2008), positional
exchange within the cascade via feedback loops (e.g., Myosho et al. 2012; Myosho et
al, 2015; Smith et al., 2009; Takehana et al., 2014), and functional shifts via
accumulation of mutations in cis- or trans-elements (e.g., Kamiya et al., 2012; Sato et
al., 2010) (reviewed in Beukeboom and Perrin, 2014). Currently, most of the diversity
of sex differentiation systems is explained by these well-understood scenarios for
changes in gene repertoires. However, recently, a difference in sex differentiation
systems without swapping gene repertoires has been discovered from pterygote

insects.

Pterygote insects exhibit tremendous sexual dimorphisms in the head,
abdomen, wings, and so on, realizing a complex mating strategy. Most of the sexual
differences are produced by a sex differentiation system that uses a transcription
factor doublesex (dsx, a homolog of dmrtl) as a bottom factor (Kopp, 2012; Verhulst
and van de Zande, 2015). Studies on Aparaglossata (holometabolan insects excluding
Hymenoptera) have shown that dsx promotes both male and female differentiation via
the sex-specific splicing (Burtis and Baker1989; Gotoh et al., 2016; Hildreth, 1964;
Ito et al., 2013; Kijimoto et al., 2012; Ohbayashi et al., 2001; Shukla and Palli, 2012;
Xu et al., 2017). Recent studies showed that dsx promotes only male differentiation in
several hemimetabolan and hymenopteran insects, even though dsx has sex-specific
isoforms (Mine et al., 2017; Takahashi et al., 2021; Wexler et al., 2015; Zhuo et al.,

2018). Thus, there is a difference in outputs in the sex differentiation systems in
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insects: promoting only male differentiation (single-functionality) or both male and
female differentiation (dual-functionality). It is suggested that the output of the insect
sex differentiation systems transited from the single-functionality to the dual-
functionality (Wexler et al., 2019). However, it remains largely unclear how the
difference in the output evolved independently of changes in gene repertoires and
what drove such a transition (Hopkins and Kopp, 2021). Also, it is unidentified the

ancestral roles of dsx isoforms in insects.

The evolutionary origin of the sex differentiation system in insects is
ambiguous by the inability to estimate the status of the common ancestor of Insecta.
All of the previous studies examining the dsx functionality have been limited to
pterygote insects or crustaceans and chelicerates. In chelicerates and crustaceans, dsx
has no sex-specific isoforms (Kato et al., 2011; Li et al., 2018; Panara et al., 2019;
Pomerantz et al., 2015). We are currently forced to compare the status of crustaceans
with that of pterygote insects, resulting in a large gap in phylogenetic mapping.
Furthermore, previous reports of the single-functionality have been based mainly on
the sexual differences acquired or complicated by each taxon in hemimetabolan
insects. Therefore, it remains possible that the single-functionality reported so far

results in a secondary loss of roles in female differentiation.

To address these issues, it is necessary to examine the function of dsx in taxa
that retain the sexual traits of the common ancestor of Insecta and that emerged
between the crustaceans and Pterygota. To this end, we focused on the firebrat
Thermobia domestica (Zygentoma) belonging to Zygentoma, the sister group of
Pterygota (Misof et al., 2014). The sexual traits of T. domestica are restricted to the

female simple ovipositor and the male ‘penis’ that is not aedeagus. These sexual traits
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116  mirror the ancestral state of insects (Beutel et al., 2017; Boudinot, 2018; Emeljanov,
117  2014; Kristensen, 1975; Matsuda, 1976). Here, to examine the exon-intron structure
118  of dsx, we decoded the genome of T. domestica. Then, we developed the technology
119  toeffectively inhibit gene function during postembryonic development and

120  investigated the roles of dsx for sexual traits, gametogenesis, and transcriptional

121 regulation, and compared them with other insects.

122

123  Results

124 Molecular evolution of Doublesex in Pancrustacea

125 First, we examined the relationship among dsx homologs in animals (Figurel—
126  figure supplement 1, Table 1) and revealed that the pancrustacean transcription factor
127  doublesex (dsx) occurs in four clades: crustacean Dsx, Entognatha Dsx, Insect Dsx
128 clade 1, and clade 2. (Figure 1A, B). Thermobia domestica has two dsx genes,

129  belonging to different clades (Insect Dsx clade 1 and 2) (Figure 1-figure supplement
130  2). We considered the gene belonging to Insect Dsx clade 1 to be an ortholog of the
131  pterygote dsx, since this clade contains Dsx of pterygote insects including Drosophila
132 melanogaster. We thus named the gene in Insect Dsx clade 2 dsx-like to distinguish it
133 fromdsx. Insect Dsx clade 2 contained dsx-like in Zygentoma as well as

134  Ephemeroptera and Phasmatodea (Figure 1B), indicating that dsx was duplicated

135  Dbefore the emergence of the Dicondylia (= Zygentoma + Pterygota) and was lost

136 repeatedly in pterygote taxa. This fact supports that T. domestica retains the ancestral

137  state for dsx related genes’ contents. Since these results suggested the involvement of
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138  the gene duplication in the functional evolution of dsx, we also analyzed the

139  expression and function of dsx-like.

A

Insect Dsx Clade1

Hexapoda
Dsx

Arthropoda
Dsx

Insect Dsx
Clade2

B

£ DBaﬁ(sz-\ike
Eins Dae-ike |Eph meroptera

Ibic Dsx-like
Eury Dsx-like .
Aasp Dsx-like —
Teri Dsx-like —=

Psch Dsx-like m@
Mext Dsx-like / Phas ea
Choo Dsx-like

Tdom Dsx-like '

Taer Dsx-like

ntoma

as weup Dmdss
st Dmrt93B8

C doublesex E doublesex-like
maletype BT 0  HEEE W 0 (W
female-type I T UM DM domain XL

M OD domain EUTR

D dsx
« maletype _ femaletype F .  dsx-like
2 kkk = EkE b= a5
=g : slel |
1 ==
2 i 2
g8 || 5 : g8 | _ L
] i [

T —_— —

00

=)
=]

=]

T
male female male female ° male female

140  Figure 1. Molecular evolution and features of Doublesex in Thermobia domestica. (A
141  to B) Molecular phylogeny of Doublesex and Mab-3 related transcriptional factors
142  (DMRT) (A) and enlarged view of insect Dsx Clade2 (dsx-like clade) (B). The

143 numerical value on each node is the bootstrap supporting value. Bootstrap values < 70
144  are not shown. The node of each clade is indicated by colored shapes: black circle,

145  Arthropoda Dsx; orange pentagon, Crustacea Dsx; purple star, Hexapoda Dsx; red
146 sunburst, Insect Dsx Cladel; green diamond, Insect Dsx Clade2; blue square,

147  Entognatha Dsx. (C to F) Molecular features of dsx (C and D) and dsx-like (E and F).
148  (C and E) indicate exon-intron structures of dsx and dsx-like, respectively. (D and F)
149  show mRNA expression levels of dsx and dsx-like, respectively. Each plot is a value
150 ofan individual. Sample size is listed in Table 2. Results of Brunner—Munzel tests are
151  indicated by asterisks: **P<0.01; ***P<0.001 and are described in Table 2.
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Sex-specific splicing regulation of doublesex in Thermobia domestica

We detected two major isoforms of dsx of T. domestica (Figure 1C). Mapping
these sequences to our genome data showed that the longer (951 bp) and shorter (756
bp) isoforms. Both isoforms shared a Doublesex and Mab-3 (DM) domain-containing
exon, but differed in the 3’-terminus. The longer isoform was expressed at 40-fold
higher levels in males than in females in the fat body. The shorter isoform was
expressed in the fat body 18 times higher in females than in males (Figure 1D). We
named thus the longer and shorter isoforms dsx male-type and dsx female-type,
respectively. dsx-like was expressed two-fold more highly in males than in females
(Figure 1F) but had no isoform (Figure 1E). Thus, dsx was regulated by a sex-specific
splicing, whereas dsx-like was not under splicing control.

Before RNA interference (RNAI) analyses, we confirmed that expression
levels of dsx and dsx-like mMRNA were significantly reduced in dsx and dsx-like RNAI
males and females. (Figure 1-figure supplement 3A and Table 2; see Materials and
Methods section).

Single-functionality of doublesex for phenotypic sex differentiation in T.
domestica

The sexual traits in T. domestica are the male penis and the female ovipositor
(Figure 2A-D).

InT. domestica males, the penis is an unpaired appendix on the abdomen
segment 1X (Matsuda, 1976). The penis was sub-segmented into two parts. There
were many setae on the left and the right side of the distal tips (Figure 2E, Figure2—
figure supplement 1E). The surface of the penis had a reticulated pattern (Figure 2E,
Figure2—figure supplement 1C, E). This simple penial structure was presumably

gained at the last common ancestor of Ectognatha (Boudinot, 2018).
8
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InT. domestica female, the ovipositor consists of two pairs of appendices
(gonapophysis) and is derived from the retracted vesicles on the abdomen V111 and I X
(Emeljanov, 2014; Matsuda, 1976). This ovipositor is an autapomorphy of Ectognatha
(Beutel, 2017; Kristensen, 1975). The gonapophyses on the abdomen V111 (valvula I)
were the ventral part of the ovipositor and a paired structure. The gonapophyses on
the abdomen IX (valvula I1) were the dorsal side of the ovipositor and were united to
form an unpaired structure (Figure 2—figure supplement 2B). The distal tip of the
valvula Il remained a paired structure and possessed dense setae (Figure 2—figure
supplement 2A). The valvula | was shorter than the valvula 11 (Figure 2—figure
supplement 2A). Both valvulae were sub-segmented and have some setae (Figure 2F).
The valvula I and 11 were connected through a tongue-and-groove structure
(olistheter). The olistheter consisted of an aulax (“groove”) on the valvula I and a
rhachis (“tongue”) on the valvula II (Figure 2—figure supplement 2B). Within the
valvulae, the epithelial cells were beneath the cuticular layer. The cuticular layer was
thickened and multi-layered in the outer surface of the ovipositor. In contrast, the
inner surface (i.e., the side of the egg cavity) of the ovipositor had a thin and single-
layered cuticle.

In dsx or dsx male-type RNAI males, a tubular organ was formed instead of
the penis (Figure 2C, Figure2—figure supplement 1A). This tubular organ consisted of
two pairs of appendage-like structures. The inner one is connected to the gonopore
and the ejaculatory duct. The outer one had a lot of setae on its tip (Figure 2E,
Figure2—figure supplement 1C, E). Thus, the inner pair was similar to the valvula | of
the female ovipositor and the outer one was similar to the valvula I1. These features
indicated that the tubular organ in the dsx RNAI males was parallel to the female

ovipositor. The same phenotype was found in the dsx and dsx-like double RNAI
9
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males. In contrast, the dsx-like males possessed a penis the same as that of the control
insects.

In females that were treated with RNAi for dsx, dsx isoforms, dsx-like, or both
genes, the external genital organ was the same as the ovipositor of the control females
that described in the above section (Figure 2D, F, Figure 2—figure supplement 1B, D,
F, Figure2—figure supplement 2). Thus, in the view of histology, the location, and the
relation to other elements, the external organ of the RNAi females was not different

from the ovipositor of the control ones.
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Figure 2. Function of Doublesex in sexually dimorphic traits in Thermobia
domestica. (A) A pair of T. domestica. The female looks much the same as the male.
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(B) Sexually dimorphic traits of T. domestica. Females possess an ovipositor and
males have a penis. (C to F) Phenotypes of dsx and dsx-like RNA interference (RNAI)
individuals. Light microscopic image (C and D) and scanning electron microscopic
image (E and F). Scales: 1 cm (C and D); 50 um (E and F). (G to H) Effect of dsx and
dsx-like RNAI on the growth of the ovipositor. The ovipositor length was measured
and is plotted with prothoracic width, an indicator of body size. The measurement
scheme (G) and scatter plots (H). Each plot in (H) indicates a value of each individual.
Sample size of (H) is listed in Table 4. Results of the generalized linear model
analysis are listed in Table 4.

No evidence for the effects of doublesex on female phenotypes in T. domestica

To investigate whether dsx in T. domestica females has functions other than
female differentiation for phenotypes, we examined its role in the growth and
maintenance of female organs (Figure 2G). We did not detect a significant difference
in ovipositor length and prothoracic width, an indicator of body size, between the
controls and the dsx and dsx-like RNA females (Figures 2H, Figure 2—figure
supplement 3, Figure2—figure supplement 4 and Table 4).

We then examined the effects of dsx on gonads, reproductive systems, and
gametogenesis in T. domestica.

In males of T. domestica, a pair of testes was consisted of some testicular
follicles (Figure 3A). Each testicular follicle was connected to the vas deferens via the
vas efferens (Figure 3—figure supplement 1B). The seminal vesicle lay between the
vas deferens and the ejaculatory duct. A pair of the ejaculatory ducts was associated
with each other in the front of the gonopore in the penis (Figure 3C). The testicular
follicles were a bean-like shape and the seminal vesicles were a bean pod-like shape.
In the testicular follicle, the spermatogonia was in the antero-most part (Figures 3A).
The primary and secondary spermatocytes lay in the middle part (Figures 3A). In the
posterior part of the testicular follicle, there were some sperm bundles (Figures 3A).

The wall of the testicular follicle consisted of a single flattened epithelial layer.

11
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We observed the above features of the reproductive system in dsx or dsx-like
RNAimales (Figure 3A and C). In dsx and both genes RNAi males, the seminal
vesicles were round in shape. The vas efferens was filled with the sperm (Figure 3—
figure supplement 1B). In contrast, we could not find differences in the morphology
of the testicular follicles or spermatogenesis between the RNAiand control males.
The male reproductive system and spermatogenesis showed no visible difference
between dsx female-type and dsx-like RNAifemales and the control ones.

In females of T. domestica, each ovary consists of five ovarioles and was
attached to the anterior part of the abdomen via the terminal tuft (Figure 3—figure
supplement 1). The ovarioles were associated with each other at the lateral oviduct.
The lateral oviduct was connected to the common oviduct and subsequently opened at
the gonopore in the valvula I. There was no vagina between the gonopore and the
oviduct. The spermatheca was located on the branch point of the common oviduct
along the midline (Figure 3—figure supplement 1A). The spermatheca was divided
into two parts: anterior and posterior (Figure 3—figure supplement 2). The anterior part
consisted of a pseudostratified layer of the columnar epithelial cells that were
secretory. The posterior part was surrounded by a single layer of epithelial cells. The
ovariole was panoistic-type and was composed of two parts: the germarium and the
vitellarium (Figure 3A, B). The germarium contained many oogonia and young
oocytes. The vitellarium had previtellogenic and vitellogenic oocytes. The oocytes in
the vitellarium were surrounded by a single layer of follicle cells. There were pedicel
cells in the terminal of the ovariole. The previtellogenic oocyte had a large germinal
vesicle and basophilic cytoplasm. The vitellogenic oocyte was elongated along the
anterior-posterior axis of the ovariole and had eosinophilic cytoplasm. Many

eosinophilic lipid droplets were present in the peripheral region of the vitellogenic
12
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oocytes. The follicle cells were flattened and columnar in shape in the
previtellogenesis and the vitellogenesis.

We observed the above features of the reproductive system in dsx or dsx-like
RNAIi females (Figures 3A, Figure 3—figure supplement 1, Figure 3—figure
supplement 2). We could not detect differences in the female reproductive system or
oogenesis between the RNAi females and the controls. This result suggests that the
dsx and dsx-like have no function in the formation of female traits and gametogenesis
at the tissue and cellular level.

Also, we were not able to detect any differences in the oocyte number and size
between the controls and RNAi females (Figures 3B, Figure3—figure supplement 3
and Table 4). However, the seminal vesicle in males became round in shape in the dsx
RNAI males in contrast to the bean pod-like shape observed in the control males
(Figures 3C, Figure3—figure supplement 1). We detected a significant reduction of the
number of sperms within the seminal vesicle in dsx RNAimales (Figure 3D and Table
5). dsx thus contributed to the development of the reproductive system and gametes in
males, but not in females, of T. domestica.

Our results cannot show evidence for roles of dsx in T. domestica females.
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Figure 3. Function of doublesex in reproductive systems and fecundity. (A) Effects of
dsx and dsx-like RNAion gonad morphology and gametogenesis. In images of the
ovary, the left and right panel in each treatment show germarium/previtellogenesis
and vitellogenesis, respectively. cc, cystocyte; fc, follicle cell; gv, germinal vesicle;
0g, oogonia; pvo, previtellogenic oocyte; sc, spermatocyte; sp, sperm; yg, yolk
granule; vo, vitellogenic oocyte. (B) The effect of dsx and dsx-like RNAi on oocyte
number in each oogenetic stage. The upper panels are images of an ovariole in T.
domestica. The lower panel shows scatter plots of oocyte numbers and prothoracic
width. Results of the generalized linear model analysis are in Tables 4 (female) and 5
(male). (C) The effect of dsx and dsx-like RNAi on the seminal vesicle. The upper
panel is a gross image of the male reproductive system. The lower one shows the
phenotype of each treatment. (D) The effect of dsx and dsx-like RNAI on sperm
number in seminal vesicles. The upper panels are images of sperm in T. domestica.
The sperm of T. domestica is usually paired with other sperm. The lower panel shows
a scatter plot of sperm numbers by prothoracic width. Scales: 50 um (A and C); 10
pm (D). Sample size are also listed in Tables 4 (D) and 5 (C).
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Cryptic role of doublesex for female-specific transcripts in T. domestica

Previous studies in Hemimetabola (Takahashi et al., 2021; Wexler et al., 2015;
Zhuo et al., 2018), and our results in Zygentoma show that dsx is not essential for the
formation of female phenotypes in non-Holometabola. In contrast, considering the
fact that the dsx female-specific isoform retains ORFs in non-Holometabola, there is a
still possibility that dsx may have some function in non-holometabolan females. To
investigate this functionality, we focused on the effect of dsx on female-specific gene
expression.

We focused on the vitellogenin (vtg) gene, one of the major egg yolk proteins,
which is specifically expressed in females of Bilateria (Byrne et al., 1989; Hayward et
al., 2010). Inthe Holometabola, dsx promotes vtg mMRNA expression in females and
represses it in males (Shukla and Palli, 2012; Suzuki et al., 2003; Thongsaiklaing et
al., 2018). Our RNA-seq analysis showed that levels of the three vig mMRNAs in T.
domestica were more than 10000-fold higher in females than in males (Figure 4A—C).
We found that the vig mMRNAs were expressed at 40-100-fold higher levels in dsx
RNAi males than in the control males (Figure 4D and Table 2). Notably, the dsx
RNAI females produced around half the amount of vig mRNA as the controls. The
dsx-like RNAiand a double-knockdown of dsx and dsx-like also significantly reduced
the expression of vtg in females (Figure 4E and Table 2).

This result is the first case that dsx can promote female-specific vitellogenin
expression in non-holometabolan species, even though it does not affect female
phenotypes such as the oocyte size and number. This finding suggests that it has
opposite functionality between males and females in T. domestica at the gene-

regulatory level.
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326 Figure 4. Function of doublesex in vitellogenin gene expression. (A to C) Features of
327  vitellogenin (vtg) genes of Thermobia domestica. Animage of the vtg gene locus in an
328 Integrated Genome Viewer (A). The vtg genes are highly expressed in females (B and
329 C). The source dataof B and C are provided as Figure4—source data 1. (D and E)

330 Effect of dsx and dsx-like RNAIon vtg genes’ expression in males (D) and females
331 (E). The decreases were about 2/5-1/5, 1/10-3/50, and 1/9-1/20 in dsx, dsx-like, and
332 boththe genes RNAI females. The mRNA expression levels are shown as logarithmic
333  scales. Each plot represents an individual. Sample sizes are listed in Table 2 (C and
334 D). Results of Brunner—Munzel tests are indicated by asterisks: *P < 0.05; **P <

335  0.01; ***P < 0.001 and is also described in Table 2. P > 0.05 is not shown.
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Differences of doublesex sequences between single- and dual-functional species

Genes can gain new functions due to gene duplication, co-factor function,
changes in cis- or trans-region (Carroll, 2005; Ganfornina and Sanchez, 1999; Mann
and Carroll, 2002), or acquiring new exons. dsx paralog (dsx-like) found in this study
did not contribute to female phenotypes (Figure 2 and 3). The female and male
isoforms of dsx share the same DNA-binding domain, and intersex, a co-factor gene
of dsx, contributes to the formation of female traits in Nilaparvata lugens (Zhang et
al., 2021), which has the single-functional dsx. These facts indicate that the gene
duplication, neo-functionalization of co-factors, and changes in cis-regulatory
elements are not likely to contribute to the evolution of the dual-functionality. Thus,
we explored the remaining possibilities: novel exons or trans-regions.

We found that there are alternative splice types in T. domestica, which has an
alternative 5’ splice site, and in Pterygote insects, which have a mutually exclusive
exon, but did not find any differences of exon structure between species with single-
functionality of dsx, and those with dual-functionality (Figure 5A).

We finally discovered amino acid sequences in the female-specific region that
differed between taxa with single- and dual-functionality of dsx. dsx isoforms are
sexually different in the OD domain. This domain was divided into common, female-
specific, and male-specific regions. Our multiple alignment analysis revealed that the
female-specific region was highly conserved among the taxa with dual-functionality
of dsx, but not among those with single functionality (Figures 5B, Figure 5—figure
supplement 1). In contrast, the male-specific region was not highly conserved among

the taxa with dual-functional dsx (Figure 5—figure supplement 2).
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361  Figure 5. Comparisons of molecular features in doublesex among insect taxa. (A)
362  Exon structure of dsx among insect taxa. The coding region of dsx is shown. The
363  phylogenetic relationship is that of Misof et al. (2014) (B) amino acid sequence of
364 Dsx among insect taxa. The upper image shows the dsx structure of Drosophila
365  melanogaster. Asterisks indicate conserved residues in Aparaglossata.
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Discussion

A novel type of the output in the sex differentiation system

We show that the dsx of Thermobia domestica is essential for producing male
phenotypes, but does not contribute to female phenotypes. In contrast to the
phenotypes, this study showed that the female-specific vitellogenin genes are slightly
promoted by dsx in T. domestica females. These facts indicate that dsx in T. domestica
has an opposite transcription-regulatory function in males and females. Therefore, in
T. domestica, dsx contributes only to male differentiation at the phenotypic level, but
affects both sexes at the transcription-regulatory level (seemingly useless nature).

There have been two known types of outputs of the insect sex differentiation
system: one that can regulate feminization via both transcription-regulation and
phenotypes, and one that cannot. The former is found in Diptera, Lepidoptera, and
Coleoptera (e.g., Luo and Baker, 2015; Suzuki et al., 2003; Shukla and Palli, 2012),
the latter in Dictyopteraand Hemimetabola (Wexler et al., 2019; Zhuo et al., 2018). In
some species, such as the dung beetle Onthophagus taurus, dsx contributes only to
male trait formation in some tissues (Leddn-Rettig et al., 2017). In these species, dsx
is also responsible for producing traits of both sexes in other tissues. Therefore, it is
likely that the former type is the primary capability of the sex differentiation systems
in these species and that the function for promoting female differentiation may tissue-
specifically become silent. In contrast, the seemingly useless nature of dsx for females
in T. domestica is a third type of the insect sex differentiation system (Figure 6A).
This third type indicates that phenotypic and transcription-regulatory levels do not

necessarily coincide in the output of sex differentiation systems.
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The sex differentiation systems of crustaceans, vertebrates, and nematodes
have DMRT family transcription factors as bottom factors that are responsible for
promoting male differentiation (Kato et al., 2011; Kopp, 2012; Raymond et al., 1998;
Raymond et al., 2000). No hierarchical discrepancy has been found in the output of
the sex differentiation system of these animals. Therefore, the output of the sex
differentiation system in most animals can be classified into three categories: that are
capable of contributing to 1) only masculinization (crustaceans, nematodes,
vertebrates, Hemiptera, and Dictyoptera), 2) both masculinization and feminization
(Diptera, Lepidoptera, and Coleoptera) or 3) both masculinization and feminization at
the transcription-regulatory level but only masculinization at the phenotypic level (T.
domestica).

On the origin of the sex-specific splicing of doublesex

In pterygote insects (e.g., Burtis and Baker, 1989; Shukla and Palli, 2012;
Mine et al., 2017; Ohbayashi et al., 2001; Takahashi et al., 2019; Wexler et al., 2019;
Zhuo et al., 2018), dsx has sex-specific isoforms, except for a termite Reticulitermes
speratus (Miyazaki et al., 2021). In contrast, dsx is controlled via a male-specific
transcription in chelicerates and crustaceans (Kato et al., 2011; Li et al., 2018; Panara
et al., 2019; Pomerantz et al., 2015). Here, sex-specific splicing regulation is
observed in dsx of T. domestica, suggesting that sex-specific splicing regulation
originated between the common ancestor of Branchiopoda and Hexapods and the
common ancestor of Dicondylia (Zygentoma + Pterygota) (Figure 6A).

On the origin of the role of the insect sex differentiation system for females

There are discrepancies in the output of the sex differentiation systemin T.

domestica at the phenotypic and transcription-regulatory levels. Insuch a case, it has
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414  been proposed to map the characteristics of each hierarchical level separately on a

415  phylogenetic tree (c.f., Abouheif, 1999).

416
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418  Figure 6. Evolutionary transition of outputs of the insect sex differentiation system.
419  (A) phylogenetic mapping of functionality of dsx for females. crustaceans: Kato et al.
420  (2011); Zygentoma: this study; hemimetabolans: Wexler et al. (2019), Zhuo et al.

421  (2018); Aparaglossata: e.g., Shukla and Palli (2012), Suzuki et al. (2003). (B)

422  ‘Parallel foundation” model. (C) ‘Usefulness of useless’ model.

423

424 At the phenotypic level, previous studies have focused on taxon-specific or
425  highly complex sex differences, leaving open the possibility of a secondary loss of
426  function of dsx for females. However, the single-functionality of dsx evenin T.

427  domestica, which has an ancestral, simple sex difference, supports a single origin for
428  dsx single-functionality. Based on a recent phylogenetic hypothesis (Beutel et al.,
429  2017; Misof et al., 2014), the transition from the single- to dual-functionality is

430  estimated to have occurred in the common ancestor of Aparaglossata (holometabolan
21
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insects excluding Hymenoptera) (Figure 6A). At the phenotypic level, our findings
ensure the evolutionary model by Wexler et al. (2019) that dsx initially acquired sex-
specific isoforms and later became essential for female differentiation.

At the level of gene regulation, dsx in T. domestica can slightly promote the
transcription of female-specific genes. Therefore, it is estimated that the common
ancestor of Dicondylia already possessed the sexual dimorphic transcriptional control
of dsx. Inthis case, it is inferred that the transcription-promoting function of female-
specific genes was secondarily lost in hemimetabolan insects. Alternatively, it is
possible that the common ancestor of the Dicondylia had also the single-functionality
at the level of transcriptional regulation and that Zygentoma and Aparaglossata
independently acquired the ability to promote transcription in females.

The question is how the function of dsx for the female phenotype evolved. We
have found differences in the sequence of the female-specific region of dsx between
phenotypically single-functional and dual-functional taxa. This region is located in the
oligomerization (OD) domain, interacts with transcription factors (An et al., 1995;
Erdman et al., 1996; Ghosh et al., 2019; Romero-Pozuelo et al., 2019) and
transcriptional mediators such as intersex which is essential for female differentiation
(Gotoh et al., 2016; Morita et al., 2019; Xu et al., 2019; Yang et al., 2008). Studies in
Blattella germanica described low conservation of the OD domain (Wexler et al.,
2019). Baral et al. (2019) also reported that the rate of non-synonymous substitutions
in the female-specific region is low in Aparaglossata and high in Hymenoptera.
However, the evolutionary significance of this region has been unclear. Our result
suggests that the accumulation of mutations in female-specific regions has led to the
female-differentiating functions at the phenotypic level (Figure 6). It was theoretically

predicted that non-functional isoforms gain functions through mutation accumulation
22
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in coding regions (Keren et al., 2010). The functional evolution of dsx in insects may
fit this prediction.
Evolutionary scenarios for the transition of the output of the sex differentiation
system

In conclusion, we propose two alternative scenarios for the transition of the
outputs of the insect sex differentiation system.
"Parallel foundation™ hypothesis (Figure 6B): dsx has independently acquired the
function for promoting female transcription in Zygentoma and Aparaglossata, and
also gained the entirely novel role in phenotypic differentiation in females through the
accumulation of coding mutations in Aparaglossata. This is the hypothesis that a
useful functionality has arisen from a completely useless functionality.
"Usefulness of uselessness” hypothesis (Figure 6C): dsx, through the accumulation of
mutations in its coding region, enhanced its weak transcription-promoting ability in
females and became essential for producing the female phenotypes. This is the
hypothesis that a useful functionality arose from a seemingly useless functionality.

Both these hypotheses can explain the diversity in outputs of the sex
differentiation system via the accumulation of coding mutations in existing genes.
Thus, a heterotypic evolution may drive the evolution of outputs of the sex
differentiation systems. Textbook examples of the heterotypic evolution include a
mutation of human hemoglobin f leading to sickle cells and coding mutations of
Ultrabithorax that resulted in suppressed leg development in insects (reviewed in
Arthur, 2010; Gilbert, 2013; Futuyma and Kirkpatrick, 2017). So far, heterotypy at
the molecular level is considered as the change in the molecular function leading to
entirely novel or no functions from existing functions of the molecule in phenotypes.

On the other hand, the female isoform of dsx shows no function in female phenotypes.
23
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Our hypotheses are models that a non-functional isoform gains functionality at the
phenotypic level. The heterotypic evolution may need to be divided into modification
from existing functions and innovation from non-functionality at phenotypic level.

In this study, we succeeded in detecting the transcription-promoting ability of
dsx in females by examining the expression of vitellogenin. In hemimetabolan insects.
the transcription-promoting function in females has not been found in vitellogenin
(Wexler et al., 2019; Zhuo et al., 2018), but might be detected in other female-specific
genes. Future comprehensive examination of the effects of dsx by transcriptome and
comparisons at the mega-evolutionary level, i.e., higher taxa than families (Arthur,

2003), using broad insect taxa will test these hypotheses.

Materials and Methods

Animals

A firebrat, Thermobia domestica (Packard, 1873), was used as an emerging model
apterygote. T. domestica is one of the species belonging to the Zygentoma
(Lepismatidae). The insects were kept at 37°C in total darkness condition and fed with
fish food (TetraFin Goldfish Flakes, Tetra GmbH, Melle, Germany) in our laboratory.
Stock colonies were reared in plastic cases of 30 cmx40 cm or 18 cm x 25 cm in
length. Eggs were collected from tissue paper in the case and incubated at 37°C. For
nymphal RNAi analysis, colonies of hatched nymphs were reared up to the fourth
instar in a six-well plate and then transferred into 24-well plates to be kept
individually. For adult RNAi analysis, adult insects were collected from the stock
colony and transferred into the plates. For nymphal RNAi analysis, we used firebrats

from April to June, 2019, February to April, April to July, and September to
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December, 2020. For adult RNAI, adult firebrats were manipulated from June to July,
2020.
Estimation of molt timing

Estimating the molt timing of insects is essential for the analysis of
developmental processes and the functions of developmental regulatory genes. The
timing of Hemi- or holometabolan insects can be estimated using morphological
changes such as a wing growth. However, timing is hard to estimate in apterygote
insects since they have little change in their morphology during postembryonic
development. T. domestica forms scales in the fourth instar, and changes the number
and length of its styli during the fourth to ninth instar under our breeding conditions.
These features can be used to estimate molt timing, but it is difficult to apply these
criteria to experiments using adults or a large number of nymphs. To resolve this
problem, we used leg regeneration after autotomy and time-lapse imaging to estimate
the molt timing of T. domestica. Autotomy occurs at the joint between the trochanter
and femur in T. domestica. An autotomized leg regenerates after one molt (Buck and
Edwards, 1990). For nymphal RNAi analysis, we amputated a right hindleg at the
autotomic rift, using tweezers, and observed whether the leg had regenerated. This test
enabled us to rapidly estimate the molt timing. For adult RNAI, time-lapse imaging
was used to determine the precise time of molt. We build a time-lapse imaging system
with a network camera system (SANY O, Tokyo, Japan) set in an incubator at 37°C
(Figure 4—figure supplement 1A). Photos of insects in the 24-well plate were taken
every five minutes. We created a time-lapse movie from the photos every 12 hours
using ImageJ 1.52a (https://imagej.nih.gov/ij/) and observed whether the insects
molted (Figure 4—figure supplement 1B, Video 1).

De novo genome assembly
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A whole genome of T. domestica was sequenced to analyze the exon-intron
structure of dsx. We selected an adult female of T. domestica from our stock colony
and removed its alimentary canal. Genomic DNA was extracted from the sample
using DNeasy Blood and Tissue Kit (QIAGEN K.K., Tokyo, Japan). A paired-end
library was constructed from 1 pg of the DNA using TruSeq DNA PCR-Free LT
Sample Prep kits (Illumina K.K., Tokyo, Japan) following the manufacturer’s
instructions. The library was run on a sequencer (HiSeq 2500; Illumina K.K., Tokyo,
Japan). We obtained 417 Gb of raw reads and assembled them using Platanus v1.2.4
assembler (Kajitani et al., 2014) after removal of the adapter sequences.
Transcriptome analysis

To search for doublesex (dsx) and vitellogenin (vtg) homologs, we performed
RNA-seq analysis. Adultsof 15 29 and 15 3 of T. domestica were sampled 1440
minutes after a molt in December, 2019. The fat bodies of the individuals were
removed using tweezers in a phosphated buffered saline (PBS; pH=7.2). Three adults
were used per sample. Total RNA was extracted from 10 samples (59 %, 53 ) using
RNeasy Micro kits (QIAGEN K.K., Tokyo, Japan) following the manufacturer’s
instructions. The concentration of purified RNA was measured using a Qubit 4
fluorometer (QIAGEN K.K., Tokyo, Japan) with Qubit RNA BR Assay Kits
(QIAGEN K.K., Tokyo, Japan). Paired-end libraries were constructed from 100 ng of
the total RNAs using TruSeq RNA Library Prep kits v2 (Illumina K.K., Tokyo,
Japan) following the manufacturer’s instructions. The libraries were run on a
sequence (Hiseq, Illumina, Tokyo, Japan). The library preparation and sequencing
were performed by Genewiz Strand-Specific RNA-seq service. We mapped the reads
obtained to the assembled genome using the HISAT2 program (Kim et al., 2019) with

a default option and counted the mapped reads using the STRINGTie program
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(Pertea, 2015) with default parameter settings. Differential expression gene analysis
was performed based on the count matrix using the “edgeR” package (Robinson et al.,
2010) in R-v4.0.3 (R Core Team, 2020). Information about the samples can be
obtained from the National Center for Biotechnology Information (NCBI) BioSample
database (Accession number: SAMN18175012-SAMN18175021).
Molecular phylogenetic analysis

Dsx is a member of the Doublesex and Mab-3 Related transcriptional factors
(DMRT) family, and has a DNA binding domain, Doublesex and Mab-3 (DM)
domain. Pancrustacea generally has four DMRT family genes, Dsx, Dmrt11,
Dmrt93B, and Dmrt99B (Mawaribuchi et al., 2019). Phylogenetic analysis of Dsx
homologs was performed using the amino acid sequences of the DM domain. We
used the Dsx sequences of D. melanogaster as a query and obtained 97 metazoan
DMRT family proteins from the NCBI and the i5k databases

(https://i5k.nal.usda.gov/) and our genome data of T. domestica by the BLAST

analysis (listed in Table 1). We then aligned the sequences using MAFFT version 7
(Katoh et al., 2013) with the -linsi option (to use an accuracy option, L-INS-i) and
manually extracted the DM domain, which consisted of 61 amino acids (Figure 1—
figure supplement 1). Molecular phylogenetic analysis of the aligned sequences was
performed using a maximum likelihood method after selecting a substitution model
(JTT matrix-based model) with MEGA X (Kumar et al., 2018). Bootstrap values were
calculated after 1000 replications.
Full-length cDNA and exon-intron structures

To elucidate the exon-intron structures of Dsx and Dsx-like, we determined
the full-length cDNA sequences using a Rapid Amplification of cDNA Ends (RACE)

method and performed a BLAST analysis for our genome database of T. domestica.
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We extracted total RNA from eggs, whole bodies, fat body, and gonads of nymphs
and adult females and males of T. domestica using TRI Reagent (Molecular Research
Center Inc., Ohio, USA) following the manufacturer’s instructions. The total RNAs
were treated with RNase-Free DNase | (New England BioLabs Japan Inc., Tokyo,
Japan) to exclude remaining genomic DNA and purified by phenol/chloroform
extraction and ethanol precipitation. For 5’ -RACE analysis, MRNAs were purified
from 75 pg of the total RNAs using Dynabeads mRNA Purification kit (Thermo
Fisher Scientific K.K., Tokyo, Japan) following the manufacturer’s instruction. We
then ligated an RNA oligo at the 5’-end of the mRNA using GeneRacer Advanced
RACE kits (Thermo Fisher Scientific K.K., Tokyo, Japan). For 3'-RACE analysis, we
ligated an RNA oligo of the SMART RACE cDNA Amplification Kit (Takara Bio
Inc., Shiga, Japan) at 3'-end of the total RNA during reverse transcription. First
stranded (fs-) cDNA was generated from the RNAs using SuperScript 111 Reverse
Transcriptase (Thermo Fisher Scientific K.K., Tokyo, Japan). We used primers
specific to the RNA oligos and performed RACE analysis by nested RT-PCR using
Q5 High-Fidelity DNA polymerase (New England BioLabs Japan Inc., Tokyo,
Japan). The primers specific to dsx and dsx-like were made from sequences of the
relevant genomic regions and are listed in Table 6. The amplicons were separated
using the agarose gel-electrophoresis and cloned using TOPO TA Cloning Kit for
Sequencing (Thermo Fisher Scientific K.K., Tokyo, Japan) following the
manufacture’s protocol. We used a DH5a Escherichia coli strain (TOYOBO CO.,
LTD., Osaka, Japan) as the host cell. Plasmids were extracted using the alkaline lysis
and purified by phenol-chloroform and ethanol precipitation. The nucleotide
sequences of the cloned amplicons were determined from the purified plasmids by the

Sanger Sequencing service of FASMAC Co. Ltd. (Kanagawa, Japan). We then
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605  searched the genomic region of the full-length cDNA sequences of dsx and dsx-like
606  via local blastn analysis.

607  Reverse transcription-quantitative PCR (RT-gPCR)

608 To quantitative mRNA expression levels, we performed RT-qPCR analysis.
609  For investigating the sex-specific expression profile of dsx and dsx-like, we used the
610 fat body of adults of T. domestica since the sexes can be distinguishable by the

611  external morphology at this stage. Fat bodies also exhibit sex-specific physiological
612  functions in adults. Thirteenth instar individuals and adults after molting were

613  sampled for nymphal and adult RNAi analyses, respectively. The sample sizes are
614  reported in the Table 2. We dissected the individuals in PBS and collected their fat
615  body in 2 ml tubes containing TRI Reagent (Molecular Research Center Inc., Ohio,
616  USA). The fat bodies then were disrupted using a TissueLyser LT small beads mill
617 (QIAGEN K.K., Tokyo, Japan). These disrupted samples were preserved at —80°C
618  until used. Total RNA was extracted from the samples according to the manufacture’s
619  protocol for the TRI Reagent. Extracted RNA was treated with 2% RNase-free DNase
620 | (New England BioLabs Japan Inc., Tokyo, Japan) at 37°C for 40 minutes and

621  purified by phenol/chloroform extraction and ethanol precipitation. We measured the
622  concentration of the total RNA using a spectrophotometer (DS-11+, Denovix Inc.,
623  Wilmington, USA). fs-cDNA was synthesized from 350 ng of the total RNA using
624  SuperScript 111 Reverse Transcriptase (Thermo Fisher Scientific K.K., Tokyo, Japan).
625  We diluted the fs-cDNA to 1:2 with MilliQ water and preserved it at —30°C until it
626  was used in RT-qPCR assay. The RT-qPCR assays were performed using a

627  LightCycler 96 instrument (Roche, Basel, Switzerland) according to the

628  manufacture’s protocol with the THUNDERBIRD SYBR qPCR Mix (TOYOBO Co.

629  Ltd., Osaka, Japan). The reaction volume was 10 pl. We used 1 pl of the fs-cCDNA as
29
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templates. The preparation of the RT-qPCR solution proceeded onice. The protocol
of the RT-gPCR was as follows: preincubation at 95°C for 600 seconds and 45 cycles
of three-step reactions, such as denaturation at 95°C for 15 seconds, annealing at 60°C
for 15 seconds and extension at 72°C for 45 seconds. We used ribosomal protein 49
(rp49) as a reference gene, as described by Ohde et al. (2011). We designed primer
sets of the target genes by the Primer3Web version 4.1.0 (Untergasser et al., 2012)
following the manufacture’s recommended condition of the THUNDERBIRD SYBR
qPCR Mix. We confirmed the primers’ specificity using melting curves ranging from
65°C to 95°C. We selected primer sets exhibiting a single peak. The primers are listed
in Table 6. Each RT-qPCR was technically replicated three times. Some samples were
excluded before analyzing the data when the Ct value of any genes was not detected
(ND) in one or more replicates or when the Ct value of the reference gene deviated
from that of other samples. In these removed data, a technical error was suspected.
We calculated the expression level of target genes by the 2-22¢t method (Livak and
Schmittgen, 2001) and performed the Brunner—Munzel (BM) test for ACt value. The
BM test was carried out using R-v4.0.3. with the brunnermuzel.test function of the
“brunnermuzel” package (https://cran.r-

project.org/web/packages/brunnermunzel/index.html). Holm’s method was used for

multiple comparison analyses between the control and treatments. The data are listed
in Table 2. Also, its source data can be found in Table2—Source Data 1. In the dsx
expression of the RNAIi male, we performed the Smirnov-Grubbs (SG) test for ACt
value using the grubbs.test function of the “outliers” package in R (https://cran.r-
project.org/web/packages/outliers/index.html) (Table 3). An outlier was detected in

the dsx RNAimale. We repeatedly performed the SG test using the data excluding the

30


https://doi.org/10.1101/2021.08.02.454784
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.02.454784; this version posted August 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

made available under aCC-BY 4.0 International license.

outlier. No further outliers were detected. Lastly, we re-analyzed the data, excluding
the outlier, using the BM test (Table 2).
RNAI analysis

Nymphal RNAI can be used to analyze the roles of genes during
postembryonic development. The sexual differentiation of insects is generally
assumed to be a cell-autonomous mechanism that is independent of systemic
hormonal- control (Verhulst and van de Zande, 2015) as discussed in De Loof and
Huybrechts (1998) and Bear and Monteiro (2013) and progresses during
postembryonic development. Therefore, nymphal RNAI is the most effective tool to
investigate the roles of genes on sexual trait formation. To reduce the possibility of
off-target effects, the dsSRNA was designed to avoid the region of the DM domain. We
also confirmed that the dsSRNA had no contiguous matches of more than 20 bases with
other regions of the genome. To produce templates for the dsSRNA, we cloned the
regions of dsx and dsx-like from the fs-cDNA using the same method as the RACE
analysis. We amplified the template DNAs from purified plasmids with PCR using
Q5 High-Fidelity DNA Polymerase and purified the amplified DNA with the
phenol/chloroform extraction and the ethanol precipitation. dsSRNA was synthesized
from the purified DNA using Ampliscribe T7-Flash Transcription Kits (Epicentre
Technologies, Co., Wisconsin, USA). We designed the PCR primers using the
Primer3Web version 4.1.0 (Untergasser et al., 2012). The PCR primers are listed in
Table 6. In nymphal RNAi analysis, we injected the dsSRNAs repeatedly into the
abdomen of the nymphs of T. domestica with each molt from the fourth or fifth instar
to thirteenth instar to sustain the RNAi effect during postembryonic development. The
initial stage was the same within a single experiment. This repeated nymphal RNAI

was effective in some insects such as Blattella germanica (Wexler et al., 2014). We
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679  sampled the individuals one, three, and five days after molting, using phenotypic

680  observations, analysis of dsx knockdown effects, and the oocyte size and number. To
681  determine the sex of individuals, we initially observed the gonads: testis and ovary. In
682  our nymphal RNAI analysis, the gonads completely formed and there was no

683  difference between the control and dsx RNAi individuals in external morphology

684  (Figures 1-figure supplement 3, Figure2—figure supplement 1A). Therefore, at least in
685  this assay, the gonad morphology was effective for the identification of the sex of dsx
686  RNAiindividuals. Individuals with testis were males and those with ovaries were

687  females. For the analysis of vtg genes, we used the adult RN Aiassay. T. domestica
688  molts throughout its life, even after sexual maturation, and produces vtg during each
689  adult instar (Rouset and Bitsch, 1993). Inthe adult RNAi analysis, we injected dsRNA
690  repeatedly into the adults every three days. The dsSRNA was initially injected into

691 adults 12 hours after molting. We sampled the adults at 720£20 minutes after

692  subsequently molts, to analyze the vig mMRNA levels.

693  Phenotype observation

694 We dissected thirteenth instar individuals in PBS using tweezers and removed
695 the thoraxes, reproductive systems, and external genital organs. We took images using
696 the digital microscope system (VHX-5000, KEYENCE, Tokyo, Japan). The thoraxes
697  and external genital organs were fixed with FAA fixative (formaldehyde: ethanol:

698  acetic acid = 15:5:1) at 25°C overnight and then preserved in 90% ethanol. We used
699  the length of the prothorax as an indicator of body size. To measure the prothoracic
700  width, the prothoracic notum was removed from the fixed thorax after treatment with
701 10% NaOH solution at 60°C for 30 minutes to dissolve the soft tissues. The notum
702  was mounted in Lemosol on a microscope slide. The prepared specimens were imaged

703  using a KEYENCE VHX-5000. With the microscope at 50x%, the length of the notum
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was measured. The ovipositor length and oocyte size were also measured using the
microscope at 20x and 50x. The oocyte size was taken to be the major length of the
late vitellogenic oocyte at the posterior most part of the ovariole. To count the sperm
number, sperm was collected from seminal vesicles and diluted with 5 ml MilliQ
water. 50 pl of the diluted sperm was spotted on a microscope slide and dried
overnight. We technically replicated the measurement three times for ovipositor
length and six times in sperm number and calculated these means. Measurement was
performed by blinding the treatment. We counted the number of oocytes in ovarioles
using an optical microscope at 50x (Olympus, Tokyo, Japan). A generalized linear
model (GLM) was used to analyze differences in ovipositor length and oocyte size
(length data) and sperm and oocyte number (count data) among RNAI treatments. The
body size, target genes, and interactions between the target genes were used as
explanatory variables. The length was assumed to follow a Gaussian distribution, and
the count data to have a negative binomial distribution. We used R-v4.0.3 in these
analyses and the glm and the glm.nb (MASS package) functions for the length and
count data, respectively. To analyze the contribution of the explanatory variables, a
likelihood ratio test for the result of GLM was performed using the Anova function of
the car package. The statistical results are listed in Tables 4 (female) and 5 (male).
Also, the source data are reported in Table 4—source data 1 and Table 5-source data 1.
Scanning Electron Microscopy (SEM)

The NanoSuit method (Takaku et al., 2013) was used for the SEM analysis. Male
penises and female ovipositors preserved in 90% ethanol were washed with distilled
water and immersed in 1% Tween20 at 25°C for 10 minutes. The samples were
mounted on stubs and imaged using a low-vacuum SEM (DX-500; KEYENCE,

Tokyo, Japan).
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729  Histology

730  The gonads of RNAi individuals were fixed with Bouin’s fixative (saturated picric
731 acid: formaldehyde: glacial acetic acid = 15:5:1) at 25°C overnight and washed with
732 90% ethanol plus Lithium Carbonate (Li2COs3). The ovipositors of RNAI individuals
733 were fixed with FAA fixative at 25°C overnight and then were transferred into 90%
734  ethanol. The samples were dehydrated and cleared with an ethanol-butanol series. The
735  cleared samples were immersed and embedded in paraffin at 60°C. The paraffin

736  blocks were polymerized at 4°C and cut into 5 um thick sections using a microtome
737  (RM2155: Leica, Wetzlar, Germany). The sections were mounted on microscope

738  slides coated with egg white-glycerin and stained using Delafield’s Hematoxylin and
739  Eosin staining. The stained slides were enclosed with Canada balsam. We observed
740  the slides on an optical microscope (Olympus, Tokyo, Japan) and took photos using a
741 digital single-lens reflex camera (Nikon, Tokyo, Japan).

742  Comparison of exon-intron structure and amino acid sequences

743 We obtained exon-intron structures of dsx in seven insect species from NCBI. The
744  female- and male-specific regions were visualized as red and blue colors, respectively.
745  The exon-intron structures were mapped on a phylogenetic hypothesis based on Misof
746 et al. (2014). We obtained amino acid sequences of Dsx isoforms of 10 species from
747  the NCBI database. Wexler et al. (2014) showed that dsx of Pediculus humanus

748  (Psocodea) has isoforms without sex-specificity. In this study, based on the blast

749  search and exon structure, we determined that PhDsx1 in Wexler et al. (2019)

750  corresponded to the dsx female-type and PhDsx2 to dsx male-type. The sequences
751  were aligned using MAFFT version 7 with a -linsi option.

752  Data availability
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The draft genome data was deposited in the DNA Data Bank of Japan (Accession
number: DRA005797; Bioproject: PRIDB5781). The raw read data of the
transcriptome was in the NCBI Sequence Read Archive (Accession numbers:
SRR13870115-SRR13870124; Bioproject: PRINA707122). The sequences of dsx
male-type, dsx female-type, and dsx-like are also in GenBank (Accession numbers:

MW711323, MW711324, and MW711325, respectively).
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1002 Video

1093  Video 1. Time-lapse imaging of molting of Thermobia domestica.
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1005 Tables

1096  Table 1. Taxa and proteins used for molecular phylogenetic analysis of DMRT

1097  family.
oTu ge accession number species Order Class/Subp genomeregion genome
name ne hylum resource
dsx
Aasp_D Aretaon Phasmat  Ectognatha/
sx-like Iik-e SlaNzuE asperrimus odea Hexapoda
Afra_D dsx Artemia Anostrac  Brachiopoda
sx3 3 AWC26109.1 franciscana a /Crustacea
Afra_D  dsx Artemia Anostrac  Brachiopoda
sx4 4 ARYCASIALL franciscana a /Crustacea
Annu dm
= Annulipalpia Trichopt Ectognatha/
Dmét99 ;t; GATX01081132.1 sp. era Hexapoda
Annu_ Annulipalpia Trichopt Ectognatha/
Dsx dsx GATX01084595.1 st ora e
A0S D ey XP_012262263.1 Athalia rosae ~ Hymeno  Ectognatha/
SX ptera Hexapoda
dsx
Baet_D _ q Ephemer  Ectognatha/
sl e GATU02014641.1 Baetis sp. optera Hexapoda
Bdor_D Bactrocera ) Ectognatha/
sx dsx AAB99948.1 dorsalis Diptera Hexapoda
Bger_D a5 PSN43312.1 Blattel_la Dictyopt Ectognatha/
SX germanica era Hexapoda
Bhye_D dsx GAYK02032082.1 Boreu§ Mecopte Ectognatha/
SX hyemalis ra Hexapoda
Bmor. dm A
-~ . Lepidopt ~ Ectognatha/
Dmétll ;té XP_004930266.1 Bombyx mori - Hexapoda
Bmor. dm .
- ) Lepidopt Ectognatha/
Dmrt93 9 XP_004932028.3 Bombyx mori era Hexapoda
B 3B
Bmor. dm .
= . Lepidopt  Ectognatha/
Dmétgg gg XP_004924389.2 Bombyx mori - Hexapoda
Bmor_ yex XP_012544211.1 Bombyx mori  -ePidopt  Ectognatha/
Dsx - era Hexapoda
Bmut_ dm Cetartiod Mammalia/V
Dmrtl rtl ELR53308.1 Bos mutus actyla ertebrata
Btau_D dm Cetartiod Mammalia/V
mrt2 2 XP_005210039.1 Bos taurus actyla ertebrata
Btry_Ds a5 AAV85890.1 Bactroc_era Diptera Ectognatha/
X tryoni Hexapoda
Caqu_ Catajapyx . Entognatha/
Dsx dsx CAQUO003748-RA aquilonaris Diplura Hexapoda
Ceap_ oy XP_012158607.1 Craiiis Diptera  ENtognatha/
Dsx - capitata Hexapoda
Ccor_D Corydalus Megalopt  Ectognatha/
SX dsx GATG02018436.1 cornutus era Hexapoda
dm )
Ceut_D e GAUX02031275.1 Ceuthophilus Orthopte Ectognatha/
mrtllE 1E sp. ra Hexapoda
Cfel_Ds dsx GAYP02016500.1 Ctenocep_hah Siphona Ectognatha/
X des felis ptera Hexapoda
Cgal_D Ceratophyllu Siphona Ectognatha/
SX e Gl L s gallinae ptera Hexapoda
Choo dm .
- Clitarchus Phasmat  Ectognatha/
Dmétll Iilé NQI101002646.1 hookeri odea Hexapoda
dsx .
Choo_ Clitarchus Phasmat  Ectognatha/
Dsx-like IiI;e NQIETTIELL hookeri odea Hexapoda
Dcar_D  dsx Daphnia Diplostra  Brachiopoda
sx1 1 AILB6779.1 carina ca /Crustacea
Dcar_ D  dsx Daphnia Diplostra  Brachiopoda
sx2 2 AL carina ca /Crustacea
Dgal_D  dsx Daphnia Diplostra  Brachiopoda
sx1 1 BAM33609.1 galeata ca /Crustacea
Dgal D  dsx Daphnia Diplostra  Brachiopoda
sx2 2 BrAEEEI.1 galeata ca /Crustacea
Dmag dm . . .
— Daphnia Diplostra  Brachiopoda
Dmétll Té BAG12871.1 magna ca /Crustacea
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Dmag_ dm . . .
DMIt93 19 BAG12872.1 Daphnia Diplostra  Brachiopoda
magna ca /Crustacea
B 3b
Dmag dm . . .

— Daphnia Diplostra  Brachiopoda
Dmét99 gt? BAG12873.1 magna ca /Crustacea
Dmag_  dsx BAJ78307.1 Daphnia Diplostra  Brachiopoda

Dsx1 1 magna ca /Crustacea
Dmag_  dsx Daphnia Diplostra  Brachiopoda
Dsx2 2 BAJ78309.1 magna ca /Crustacea

Dmel dm ]

- Drosophila . Ectognatha/
Dmétll Tel NP_511146.2 melanogaster Diptera Hexapoda
Dmel dm .

- Drosophila ) Ectognatha/
Dmét93 ;ts NP_524428.1 melanogaster Diptera Hexapoda
Dmel dm

o Drosophila n Ectognatha/
Dmét99 gg NP_524549.1 melanogaster Diptera Hexapoda
Dmel_ Drosophila . Ectognatha/

Dsx dsx NP_731197.1 melanogaster Diptera Hexapoda
Dpul D  dsx AGJI52190.1 Daphnia Diplostra  Brachiopoda
sx1 1 pulex ca /Crustacea
Dpul_D  dsx Daphnia Diplostra  Brachiopoda
sx2 2 BAM33608.1 pulex ca /Crustacea
Drer_D dm f q Cyprinifo  Actinopteryg
mrtl rtl AAQO4S55.1 Danio rerio rmes ii/'Vertebrata
Drer_D dm . . Cyprinifo  Actinopteryg
mrt2 2 NP_571027.1 Danio rerio rmes ii/Vertebrata
dm
Edan_d Ephemera Ephemer  Ectognatha/
mrtllE Té EDANDTEIEHREA danica optera Hexapoda
dm
Edan_d Ephemera Ephemer  Ectognatha/
mrt93B g; EDAN004527-RA danica optera Hexapoda
dm
Edan_d Ephemera Ephemer  Ectognatha/
mrt99B gg ER/ANMUTEaHRA danica optera Hexapoda
Edan_ d?X Ephemera Ephemer  Ectognatha/ ephdan_Scaffold2 5k
Dsx-like like danica optera Hexapoda 3
: dsx
Elns__D - GCCL01024227.1 Ec_dy_onL_Jrus Ephemer  Ectognatha/
sx-like like insignis optera Hexapoda
Enos_D dsx GAXW02019001.1 Euroleon Neuropte  Ectognatha/
SX nostras ra Hexapoda
Epen_ Empusa Mantode  Ectognatha/
Dsx dsx GAWT02033840.1 pennata 2 Hexapoda
Esup_D Epiophlebia Ectognatha/
sy dsx GAVW02000373.1 superstes Odonata Hexapoda
dm
Eury_D Eurylophella Ephemer  Ectognatha/
mrtllE Té Sl et sp. optera Hexapoda
dsx
Eury_D . GAZG02000044. 1 Eurylophella Ephemer  Ectognatha/
sx-like like sp. optera Hexapoda
Focc_D 3 Frankliniella Thysano  Ectognatha/
SX e FOETEBIEIEHRA occidentalis ptera Hexapoda
Gcor_D dsx BAW32683.1 Gnatocerus Coleopte  Ectognatha/
SX cornutus ra Hexapoda
Harm_ Helicoverpa Lepidopt Ectognatha/
Dsx dsX P D2 armigera era Hexapoda
Hdeu_ dsx maker-scaffold37size976698- Holacanthella  Collemb Entognatha/ 5k
Dsx augustus-gene-4.5-mRNA-1 duospinosa ola Hexapoda
Hydr_D Hydroptila Trichopt Ectognatha/
- dsx GAVMO02014074.1 sp. - Hexapoda
f dsx .

Ibic_Ds Isonychia Ephemer  Ectognatha/
x-like Iik-e GAXA02007870.1 bicolor optera Hexapoda
Icra_Ds dsx GAZH02011000.1 InogelliaA Raphidio  Ectognatha/

X crassicornis ptera Hexapoda
dm .
Leup Dy XP_023291847.1 Lucilia Diptera  Ectognatha/ i5k
mrtllE 1E cuprina Hexapoda
dm -
Lcup_D Lucilia . Ectognatha/
mrt93B gg XP_023302612.1 cuprina Diptera Hexapoda
dm .
Leup D g XP_023308885.1 Lucilia Diptera  Cotognatha/
mrt99B 9B - cuprina Hexapoda
Lcup_D Lucilia ) Ectognatha/
% dsx ADG37648.1 cuprina Diptera Hexapoda
Lful_Ds Ectognatha/
< dsx LFULO18497-RA Ladona fulva Odonata Hexapoda
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Lmig_D
SX
Mdom_
Dmrtll
E
Mdom_
Dmrt99
B
Mdom_
Dsx

Mext_D
mrt99B

Mext_D
SX

Mext_D
sx-like

Mfas_D
SX

Mmac_
Dsx

Mmus_
Dmrtl
Mrel_D
SX
Mviol_
Dsx
Ofur_D
SX
Otau_D
SX
Ppra_D
SX

Psch_D
sx-like

Smag_
Dmrt99
B

Tcas_D
mrt93B

Tcas_D
mrt99B

Tcas_D
sx

Tcri_Ds
x-like
Tdic_D
SX
Tdom_
Dmrtll
E
Tdom_
Dmrt93
B
Tdom_
Dmrt99
B
Tdom_
Dsx

Tdom_
Dsx-like

Tger_D
sx-like

Tsub_D
SX
Xant_D
SX
Xlae_D
mrtl
Xlae_D
mrt4
Xlae_D
mrt5

dm
rl
1E
dm
9
9B

dsx

dm
9
9B

dsx
dsx
like
dsx

dsx

dm
il

dsx
dsx
dsx
dsx

dsx

dsx

like
dm
9
9b
dm
9
3B
dm
9
9B

dsx

dsx

like

dm
4
dm
5
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XP_019890834.1

XP_005186857.1

AAR23813.1

Medex_00095964-RA

Medex_00099178-RA

GCNI101018035.1

BAM33613.1

AAO41736.1
GASW02021994.1
GATA02010186.1
AHF81635.1
AEX92938.1

GAVV02027199.1

GAWJ02028457.1

GEYQO01032489.1

XP_008199135.1

XP_975675.1

NP_001345539.1

GAVX02010884.1

BAM93340.1

this study

this study

this study

this study

this study

GAS002037568.1

GASQ02027559.1

GAUI102048130.1

NP_001089969.1
AAH70678.2

AAI70166.1

Locusta
migratoria

Musca
domestica

Musca
domestica

Musca
domestica

Medauroidea
extradentata

Medauroidea
extradentata

Medauroidea
extradentata

Meroplius
fasciculatus
Moina
macropaene
us
Mus
musculus
Mantis
religiosa
Meloe
violaceus
Ostrinia
furnacalis
Onthophagus
taurus
Pseudomalla
da prasinus

Peruphasma
schultei

Steganacaru
S magnus

Tribolium
castaneum

Tribolium
castaneum

Tribolium
castaneum

Timema
cristinae

Trypoxylus
dichotomus

Thermobia
domestica

Thermobia
domestica

Thermobia
domestica

Thermobia
domestica

Thermobia
domestica

Tricholepidio
n gertschi

Tetrix
subulata
Xanthostigm
a sp.
Xenopus
laevis
Xenopus
laevis
Xenopus
laevis

Orthopte
ra

Diptera

Diptera

Diptera

Phasmat
odea

Phasmat
odea

Phasmat
odea

Diptera

Diplostra
ca

Rodentia

Mantode
a
Coleopte
ra
Lepidopt
era
Coleopte
ra
Neuropte
ra

Phasmat
odea

Oribatida

Coleopte
ra

Coleopte
ra

Coleopte
ra

Phasmat
odea

Coleopte
ra

Zygento
ma

Zygento
ma

Zygento
ma

Zygento
ma

Zygento
ma
Zygento
ma

Orthopte
ra
Raphidio
ptera

Anura
Anura

Anura

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Brachiopoda
/Crustacea

Mammalia/V
ertebrata
Ectognatha/
Hexapoda
Ectognatha/
Hexapoda
Ectognatha/
Hexapoda
Ectognatha/
Hexapoda
Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Arachnida/C
helicerata

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda

Ectognatha/
Hexapoda
Ectognatha/
Hexapoda
Amphibia/V
ertebrata
Amphibia/V
ertebrata
Amphibia/V
ertebrata

scaffold3427

PNEQ01023967.1
[32614-32324]

PNEQ01097711.1
[2988-3275]

scaffold42162_cov
39 [159031-
158906]
scaffold1624327_c
ov47 [121390-
121265]
scaffold21840_cov
24 [214972-
214787]

scaffold27567_cov
49 [365805-
281362]

NCBI

5k

i5k

i5k
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1099 Table 2. Results of RT-gPCR assay and Brunner—Munzel test. Significant levels are indicated by asterisks in significance column: *P < 0.05,

1100 **P <0.01, ***P < 0.001. n.s. means non-significance.

sample median proportion of 9504 confidence Brunner-Munzel test P-value adjusted
. 0 - . L.
experiment treatment - 4Gt . . significance graph #
size (N) ACt -4t 2 interval statistics d pvalue by Holm's method
male 12 8.59 2.66.E-03 1.00
e:s:‘(er:;fr;t?g\)/eel 0.83 1.07 825 12.82  1.75.E-06 ; o Figure 1D
P female 8 13.89 6.64.E-05 0.02
male 11 9.98 9.90.E-04 1.00
gfﬁ;i?g'ﬁgf; -0.01 0.01 92.63 20.95  2.20.E-16 - o Figure 1D
p female 12 5.77 1.83.E-02 18.47
. . male 12 3.62 8.13.E-02 1.00
dsx"'kel expression 0.58 1.02 286 21.84  9.24.E-03 ; - Figure 1E
eve female 12 471 3.83.E-02 0.47
egfp 12 7.50 5.52.E-03 1.00
dsx expression Figure 1-figure
level in males dsx all 8 9.24 1.66.E-03 0.30 0.45 1.03 1.78 13.61 9.68.E-02 1.94.E-01 n.s. supplement 38
dsx-like 10 7.14 7.10.E-03 1.29 0.07 0.57 -1.54 17.40  1.43.E-01 1.43.E-01 n.s.
egfp 12 7.50 5.52.E-03 1.00

dsx expression
level in males dsx all 7 9.32 1.57.E-03 0.28 0.64 1.05 3.64 13.87 2.73.E-03 5.45.E-03 xk
excluding outliers

Figure 1-figure
supplement 3A

dsx-like 10 7.14 7.10.E-03 1.29 0.07 0.57 -1.54 17.40 1.43.E-01 1.43.E-01 n.s.
egfp 10 5.18 2.76.E-02 1.00
dsx expression Figure 1-figure
level in females dsx all 17 6.23 1.33.E-02 0.48 0.57 0.99 2.78 16.21 1.33.E-02 2.65.E-02 * supplement 3A
dsx-like 9 5.17 2.78.E-02 1.01 0.20 0.82 0.08 15.38 9.40.E-01 9.40.E-01 n.s.
egfp 12 5.72 1.95.E-02 1.00
dsx-like expression Figure 1-figure
level in males dsx all 8 6.17 1.39.E-02 0.72 0.50 0.98 2.08 17.99 5.19.E-02 5.19.E-02 n.s. supplement 3A
dsx-like 10 10.17 8.68.E-04 0.04 1.00 1.00 Inf NaN 2.20.E-16 4.40.E-16 xHx
egfp 10 6.08 1.49.E-02 1.00
dsx-like expression dsx all 17 6.31 1.26.E-02 0.85 0.47 0.93 1.82 16.18  8.76.E-02 8.76.E-02 n.s. Figure 1-figure
level in females supplement 3A
dsx-like 9 11.58 3.27.E-04 0.02 1.00 1.00 Inf NaN 2.20.E-16 4.40.E-16 Fkx

54


https://doi.org/10.1101/2021.08.02.454784
http://creativecommons.org/licenses/by/4.0/

1101

1102

egfp 5 15.00 3.06.E-05 1.00
vitellogenin-1 dsx all 9 4.42 4.68.E-02 1530.72 -0.05 0.09 -15.20 10.67 1.44.E-08 2.87.E-08 rokk
expression level in Figure 4D
males dsx-like 7 10.18 8.62.E-04 28.18 -0.12 0.41 -3.09 8.42 1.39.E-02 1.39.E-02 *
dsx+dsx-like 9 4.28 5.14.E-02 1678.94 0.00 0.00 -Inf NaN 2.20.E-16 6.60.E-16 xx
egfp 3 16.76 9.01.E-06 1.00
vitellogenin-2 dsx all 8 11.24 4.13.E-04 45.89 0.00 0.00 -Inf NaN 2.20.E-16 6.60.E-16 rohk
expression level in Figure 4D
males dsx-like 5 15.48 2.19.E-05 2.43 -0.24 0.51 -2.46 5.56 5.24.E-02 6.19.E-01 n.s.
dsx+dsx-like 8 10.64 6.27.E-04 28.64 0.00 0.00 -Inf NaN 2.20.E-16 6.60.E-16 rokk
egfp 10 11.28 4.21.E-04 1.00
vitellogenin-3 dsx all 10 3.25 1.07.E-01 254.99 -0.09 0.23 -6.00  9.86 1.40.E-04 2.80.E-04 ok
expression level in Figure 4D
males dsx-like 10 8.73 2.37.E-03 5.64 -0.03 0.39 -3.29 15.01 4.97.E-03 4.97.E-03 *k
dsx+dsx-like 9 2.82 1.42.E-01 336.55 0.00 0.00 -Inf NaN 2.20.E-16 6.60.E-16 ok
egfp 8 -2.67 6.34.E+00 1.00
vitellogenin-1 dsx all 10 -0.44 1.41.E+00 0.22 0.51 1.02 2,20 15.51 4.33.E-02 4.33.E-02 *
expression level in Figure 4E
females dsx-like 7 -0.29 1.22.E-00 0.19 0.70 1.08 4.55 10.89 8.51.E-04 2.56.E-03 *k
dsx+dsx-like 8 0.90 5.40.E-01 0.09 0.58 1.10 3.00 8.82 1.52.E-02 3.05.E-02 *
egfp 8 1.84 2.80.E-01 1.00
vitellogenin-2 dsx all 10 4.34 4.96.E-02 0.18 0.65 1.05 3.68 15.57 2.11.E-03 4.22.E-03 *k
expression level in Figure 4E
females dsx-like 7 5.24 2.65.E-02 0.09 0.83 1.06 8.45 12.94 1.27.E-06 3.80.E-06 xx
dsx+dsx-like 8 6.10 1.48.E-02 0.05 0.63 1.15 3.54 7.29 8.92.E-03 8.92.E-03 xk
egfp 8 -3.37 1.03.E+01 1.00
vitellogenin-3 dsxall 10 -1.98 3.95.E+00 0.38 0.65 1.07 3.75 11.23 3.12.E-03 6.23.E-03 *x
expression level in Figure 4E
females dsx-like 8 0.84 7.82.E-01 0.08 0.81 1.06 7.56  12.60 4.98.E-06 1.49.E-05 rokk
dsx+dsx-like 8 0.05 1.09.E+00 0.11 0.57 1.13 2.95 7.56 1.97.E-02 1.97.E-02 *
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Table 3. Results of Smirnov—Grubbs' test for expression level of dsx mMRNA in nymphal RNAimales. The determination of whether a value

is an outlier or not is based on the P-value and is shown in the “outlier?” column.

data max/min value G U P-value outlier?
max 10.45 1.8587 0.65738 2.73.E-01 no
ot min 5.31 1.59672 0.74715 5.74.E-01 no
max 10.47 0.97 0.85 1.00.E+00 no
dox min 5.23 2.27 0.15688 5.14.E-03 yes
dsx like max 7.70 1.01 0.88 1.00.E+00 no
min 5.12 2.08 0.47 8.35.E-02 no
reanalysis of max 10.47 1.52 0.55  3.52.E-01 no
dsx min 8.44 1.42 0.61  4.70.E-01 no
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1107  Table 4. Results of generalized linear model of female traits. Significant levels are indicated by asterisks in significance column: *P<0.05,

1108  **P < 0.01, ***P < 0.001. n.s. means non-significance.

objective variable sample size (N) explanatory variables LR Chisq Df P-value significance Fig #
dsx RNAI 0.26 6.08.E-01 n.s.
egfp: 10, dsx all: 17, dsx-like RNAI 0.58 4.47.E-01 n.s.
ovipositor length dsx-like: 9, dsx+dsx- Figure 2H
like: 12, total: 48 prothoracic width 297.00 2.00.E-16 ok
dsx RNAi:dsx-like RNAI 2.67 1.02.E-01 n.s.
dsx all RNAI 1.29 2.56.E-01 n.s.
egfp: 8, dsx all: 8, .
ovipositor length dsx male-type: 7, dsx male-type RNAI 1.29 2.56.E-01 n.s. Figure 2figure
dsxfemale-type: 13, o, female-type RNAi 0.42 5.18.E-01 n.s. supplement 3
total: 36
prothoracic width 146.52 2.00.E-16 ko
dsx RNAI 2.17 1.41.E-01 n.s.
egfp: 10, dsx all: 17, Fiqur .
L ' . . e 2—figure
prothoracic width dsx-like: 9, dsx+dsx- dsx-like RNAI 1.96 1.61.E-01 n.s. ;iu Iemelr?tu4
like: 13, total: 49 PP
dsx RNAi:dsx-like RNAI 2.16 1.41.E-01 n.s.
egfp: 7, dsx all: 16, dsx RNAI 0.08 7.83.E-01 n.s.
previtellogenic dsx-like: 10, . . .
oocyte number dsx+dsx-like: 9, total: dsx-like RNAi 0.23 6.31.E-01 n.s. Figure 3D
42 prothoracic width 0.97 3.25.E-01 n.s.
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dsx RNAi:dsx-like RNAI 0.06 8.10.E-01 n.s.
dsx RNAI 0.11 7.45.E-01 n.s.
egfp: 7, dsx all: 16, .
early vitellogenic dsx-like: 10, dsx-like RNAI 0.08 7.77.E-01 n.s. Figure 30
oocyte number dsx+dsx-l|4k2e: 9, total: prothoracic width 3.50 6.14.E-02 n.s.
dsx RNAi:dsx-like RNAI 0.62 4.30.E-01 n.s.
dsx RNAI 0.46 5.00.E-01 n.s.
egfp: 7, dsx all: 16, .
late vitellogenic dsx-like: 10, dsx-like RNAI 1.12 2.90.E-01 n.s. Figure 3D
oocyte number dsx+dsx-l|4k2e: 9, total: prothoracic width 9.84 1.71.E-03 b
dsx RNAi:dsx-like RNAI 2.16 1.42.E-01 n.s.
dsx RNAI 0.1689 6.81.E-01 n.s.
. egfp: 5 dsx all: 9, dsx-like RNAI 3.4291 6.41.E-02 n.s. Figure3—figure
oocyte size dsx-like: 7, dsx+dsx-
like: 2, total: 23 prothoracic width 4.273 3.87.E-02 * supplement 3
dsx RNAi:dsx-like RNAI 1.4509 2.23.E-01 n.s.

1109  The source data of this table can be obtained in the Table4—source data 1 file.
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1111 Table 5. Results of generalized linear model of male traits. P-values are indicated by asterisks in significance column: **P < 0.01. n.s. means
1112 non-significance.
objective variable sample size (N) explanatory variables LR Chisq Df P-value significance Fig #
, dsx RNAI 7.93 1 4.87.E-03 *k
egfp: 9
dsx all: 6 dsx-like RNAI 2.06 1 1.51.E-01 n.s. )
sperm number o o Figure 3C
dsx-like: 10 prothoracic width 8.68 1 3.21.E-03 xx
dsx+dsx-like: 4, total: 29 o, pNAidsx-like RNAI 0.02 1 8.79.E-01 n.s.
egfp: 12, dsx all: 8, dsx- dsx RNAI 0.03 1 8.71.E-01 n.s. Fioure 2fioure
prothoracic width  like: 10, dsx+dsx-like: 6, dsx-like RNAI 2.82 1 9.31.E-02 n.s. - oplem g
total: 36 dsx RNAi:dsx-like RNA 1.09 1 2.96.E-01 n.s.
1113 The source data of this table can be obtained in the Table5—source data 1 file.
1114
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1115

Table 6. Primers’ list used in this study.

No. expeiment

target

primer name

primer sequence (5'to 3')

length

note

© o0 N o a >~ w

10
11
12
13
14
15
16
17
18

19

5'RACE
5'RACE
5'RACE
5'RACE
3'RACE
3'RACE
3'RACE
3'RACE
RT-qPCR
RT-qPCR
RT-qPCR
RT-qPCR
RT-qPCR
RT-qPCR
RT-qPCR
RT-qPCR
RT-qPCR
RT-qPCR

RT-qPCR

doublesex (dsx)
dsx
doublesex-like (dsx-like)
dsx-like
dsx
dsx
dsx-like
dsx-like
ribosomal protein 49 (rp49)
ribosomal protein 49 (rp49)
dsx male-specificregion
dsx male-specific region
dsx female-specific region
dsx female-specific region
dsx commonregion
dsx common region
dsx-like
dsx-like

vitellogenin-1

Tdom_dsx_RACE_01
Tdom_dsx_RACE_02
Tdom_dsx-like_ RACE_01
Tdom_dsx-like_RACE_02
Tdom_dsx_RACE_03
Tdom_dsx_RACE_04
Tdom_dsx-like_ RACE_03
Tdom_dsx-like_RACE_04
Tdom_rp49_RT-gPCR_F
Tdom_rp49_RT-gPCR_R
Tdom_dsx_male_RT-gPCR_F
Tdom_dsx_male_RT-gPCR_R
Tdom_dsx_female_RT-gPCR_F
Tdom_dsx_female_RT-gPCR_R
Tdom_dsx_RT-gPCR_F
Tdom_dsx_RT-qPCR_R
Tdom_dsx-like_RT-gPCR_F
Tdom_dsx-like_RT-gPCR_R

Tdom_vitellogenin-1_RT-gPCR_F

TCGCGTGACAAGGAAGAAGGCCCCGG
AGGCCCCGGAATTGAAGAAGCACCT
CACTTTGAAAACGCAGGGCTGGATG
GGGCTGGATGTTCGCTGTAGTTGAA
GCTTCTTCAATTCCGGGGCCTTCTTCC
TCAATTCCGGGGCCTTCTTCCTTGTCA
AGACAGCAGCCAAATGACGTCAAGA
ACAGCAGCCAAATGACGTCAAGAGA
ACCCACCATAGTCAAGAAGCGGA
AACTGTCCCTTAAACCGCCTTCG
GCTACCGCTTGAAACATTGCCTT
AGTGCCATGGATCGTAATTCTGCT
CTACCGCTTGAAACATTGCCTTT
TGCCCTGATTCATGCATTGA
ACCCAGCCATGCCTCCTAATGTA
CTTCGAGCGTCCTTCAGAACGAC
ACGGGTTGTTGCTTTACATCTGT
TCTCTTGACGTCATTTGGCTGCT

TGCTCCATTCAACAACCAGC

60

26
25
25
25
27
27
25
25
23
23
23
24
23
20
23
23
23
23

20

gene specific primer
nested gene specific primer
gene specific primer
nested gene specific primer
gene specific primer
nested gene specific primer
gene specific primer
nested gene specific primer
reference gene

reference gene
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20 RT-gPCR vitellogenin-1 Tdom_vitellogenin-1_RT-gPCR_R AGCCCAGATGAACTTGACGA 20

21 RT-gPCR vitellogenin-2 Tdom_vitellogenin-2_RT-qPCR_F CCAGTGATGGTGGCAATTCAGGA 23

22 RT-gPCR vitellogenin-2 Tdom_vitellogenin-2_RT-gPCR_R TGTGGCTGTGACTGTCGTTTTGT 23

23 RT-gPCR vitellogenin-3 Tdom_vitellogenin-3_RT-qPCR_F CACCAGCGATGTTGACGAGAAGA 23

24 RT-gPCR vitellogenin-3 Tdom_vitellogenin-3_RT-gPCR_R GCTCAAACTCAGGCTCAAGTGGA 23

25  dsRNA egfp egfp_dsRNA_F ATCATGGCCGACAAGCAGAA 20 control of RNAI assay
26  dsRNA egfp egfp_dsRNA_R AACTCCAGCAGGACCATGTG 20 control of RNAIi assay
29  dsRNA dsx common region Tdom_dsx_dsRNA_F CCAAGCCCAAGACGAAGC 18

30 dsRNA dsx commonregion Tdom_dsx_dsRNA_R CCGACTGTTACATTAGGAGGC 21

31 dsRNA dsx male-specificregion Tdom_dsx_male-type_dsRNA_F GCAGAATTACGATCCATGGCAC 22

32 dsRNA dsx male-specificregion Tdom_dsx_male-type dsRNA_R CGTACTGGCCCTTTACATGGT 21

33 dsRNA dsx female-specificregion  Tdom_dsx_female-type_dsRNA_F TGCATGAATCAGGGCATTATTG 22

34  dsRNA dsx female-specificregion  Tdom_dsx_female-type_dsRNA_R TCAATTGATCTGACTTGTGCCT 22

35 dsRNA dsx-like Tdom_dsx-like_dsRNA_F CTCATGTGCAGTGATGTGGC 20

36  dsRNA dsx-like Tdom_dsx-like_dsRNA_R TGCGTCAATGAACAGCGAAA 20

37 dsRNA pCR4-TOPO vector T7-pCR4-TOPO_F taatacgactcactatagggAGACCACGTCCTGCAGGTTTAAACG 45 T7 flanked

38 dsRNA pCR4-TOPO vector T7-pCR4-TOPO_R taatacgactcactatagggAGACCACCGAATTGAATTTAGCGGC 45 T7 flanked

1116

61


https://doi.org/10.1101/2021.08.02.454784
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.02.454784; this version posted August 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

1117  Figure Supplements

Aasp_Dsx-like 1 NSMNRLCALCRNHGLKIPVKGHKRFCGYRLCLCKECCLVKERQRVVAMHLYFRRAQEQEEADRGS 65
Afra Dsx3 1 RTRVPTCARCRNHGKITKLRGHKRYCQFRACSCRLCVLTVDKQRVMAA( LKOQI F 65
Afra Dsxd 1 KMRMPTCARCRNHGQVVKLRGHKRYCSFRHCLCDRCALTSERQRVMAARQVALRRAQKQDEENGIV 65
Annu_Dmrt99B8 1 YQRTPKCARCRNHGVVSALKGHKRYCRWRDCVCAKCTLIAERQRVMAAQVALRROQAQEESEARE 65
Annu_Dsx 1 PRTPPNCARCRNHRLKIALKGHKRYCKYRYCNCDKCRLTAERQRVMALQTALRRAQAQDEARARS 65
Aros_Dsx 1 PRTPPNCARCRNHRLKIALKGHKRYCKYRSCNCEKCRLTAERQRVMALQTALRRAQAQDEARVRG 65
Baet_Dsx 1 ALSNRMCAQCONHGLKIPVRGHKRFCKYRLCNCONCLLVKERQRIVALHLYVRRAQQOEEDAAEA 65
Bdor Dsx 1 PRTPPNCARCRNHGLEITLKGHKRYCKFRFCTCEKCRLTADRQRVMALQTALRRAQAQDEQRVLY 65
Bger Dsx 1 PRTPPNCARCRNHRLKIGLKGHKRYCTFRSCVCEKCVLTAERQRVMALQTALRRAQAQDEARERQ 65
Bhye_Dsx 1 PRTPPNCARCRNHRLKIALKGHKRYCKFRNCNCYKCILTAERQRIMAVOTACRRAQAQDEAREAK 65
Bmor DmrtllE 1 ALRTPKCARCRNHGVISCLKGHKRLCRWRDCRCPGCLLVLERQRVMAAQVALRROQGAGGPESRN 65
Bmor_Dmrt93B 1 RARVPKCARCRNHGLISSLRGHKKACAYRHCQCPKCGLIKERQRIMAAOVALKROQAAEDKIALH 65
Bmor_Dmrt99B 1 YORTPKCARCRNHGVVSALKGHKRYCRWRDCVCAKCTLIAERQRVMAAQVALRRQQOAQEENEARE 65
Bmor_Dsx 1 PRAPPNCARCRNHRLKIELKGHKRYCKYQHCTCEKCRLTADRQRVMAKQTATRRAQARQDEARARA 65
Bmut_Dmrtl 1 SPRLPKCARCRNHGYASPLEGHKRFCMWRDCQCKKCNLIAERQRVMARQOVALRRQQAQEEELGIS 65
Btau_Dmrt2 1 LSRTPKCARCRNHGVVSCLKGHKRFCRWRDCQCANCLLVVERQRVMAAQVALRRQQATEDKKGLS 65
Btry Dsx 1 PRTPPNCARCRNHGLEITLKGHKRYCKFRFCTCEKCRLTADRQRVMALQTALRRAQAQDEQRVLY 65
Cagu_Dsx 1 NSRTPKCARCRNHKLNIAVKGHKRYCRYRDCMCEKCRLTAERQRVMALQVALRRAQVRQAAFNSC 65
Ccap_Dsx 1 PRTPPNCARCRNHGLKITLRGHKRYCKFRYCTCEKCRLTADRQORVMALOTALRRAQAQODEQRVLO 65
Ccor Dsx 1 PRTRPNCARCRNHRVEVPLKGHKRYCKYRTCSCQKCCLTAERQRVMAMOTATRRAQAQDEAMING 65
Ceut DmrtllE 1 LLRTPKCARCRNHGVISCLKGHKRLCRWRECQCPNCQLVVERQRVMARQOVALRRQOSSEEGODVR 65
Cfel Dsx 1 PRTPPNCARCRNHRLKIPLRGHKRYCRYLYCKCEKCRLTADRQRDMARQTAMRRAQAQDEARGLS 65
Cgal_Dsx 1 PRTPPNCARCRNHRLKIALKGHKRYCRFLYCKCEKCKLTADRQRVMARQTATRRAQAQDEARGLS 65
Choo_DmrtllE 1 LLRTPKCARCRNHGVISCLKGHKRLCRWRECRCPNCQLVVERQRVMARQVALRRQQSSEDGPESE 65
Choo_Dsx-like 1 NSINRLCALCRNHGLKIPVKGHKRYCGYRLCLCKECCLVKERQRVVAMHLYFRRAQEQEEADRGD 65
Deoar_Dsxl 1 SQRHPTCALCKNHQTISTLKGHKRYCPWRQCMCELCYGTNKKRKINAEQVALRRAQAQDEELRKK 65
Dcaerst 1 SCRNPTCALCKNHGINSPLKGHKRYCPFGRCSCDLCRVTRKKQKINASQVASRRAQQODRELGID 65
Dgal Dsxl 1 TORHPTCALCKNHOTISTLKGHKRYCPWRQCMCELCYGTNKKRKINAEQVALRRAQAQDEELRKK 65
Dgal Dsx2 1 SCRNPTCALCKNHGINSPLKGHKRYCPFGRCSCDLCRVTRKKQKINASQVATRRAQOODRELGID 65
Dmag_DmrtllE 1 LLRTPKCARCRNHGVVSCLKGHKKLCRWKECQCTNCLLVVERQRVMARQOVALRRQONSESARSDG 65
Dmag_Dmrt93B 1 ALRRPKCARCRNHGVISWLEKGHKRHCRFKDCLCVKCNLIAERQRVMARQVATLKRQQATEDAIALG 65
Dmag_Dmrt99B8 1 YQRTPKCARCRNHGVVSALKGHKRYCRWRDCACAKCTLIAERQRVMAAQVALRROQAQEENEARE 65
Dmag_Dsx1 1 SQRHPTCALCKNHQTISTLKGHKRYCPWRQCMCELCYGTNKKRKINAEQVALRRAQAQDEELRKK 65
Dmag_Dsx2 1 SCRNPTCALCKNHGINSPLKGHKRYCPFGRCSCDLCRVTRKKQKINASQVASRRAQQODRELGID 65
Dmel_DmrtllE 1 LLRTPKCARCRNHGVISCVKGHKRLCRWRECCCPNCQLVVDRQRVMAAQVALRRQQTMEALEATA 65
Dmel Dmrt93B 1 TNRVPKCARCRNHGIISELRGHKKLCTYKNCKCAKCVLIFERQRIMAARQVALKRQQOAVEDAIAMR 65
Dmel_Dm:tQ 9B 1 YQRTPKCARCRNHGVVSALKGHKRYCRWRDCVCAKCTLIAERQRVMAAQVALRRQOAQEENEARE 65
Dmel Dsx 1 PRTPPNCARCRNHGLKITLKGHKRYCKFRYCTCEKCRLTADRQRVMALOTALRRAQAQDEQRALH 65
Dpul_Dsx1 1 TQRHPTCALCKNHQTISTLKGHKRYCPWRQCMCELCYGTNKKRKINAEQVALRRAQAQDEELRKK 65
Dpul_Dsx2 1 SCRNPTCALCKNHGINSPLKGHKRYCPFGRCSCDLCRVTRKKOKINASQVATRRAQQODRELGID 65
Drer_Dmrtl 1 PSRMPKCSRCRNHGFVSPLKGHKRFCNWRDCQCQOKCRLIAERQRVMAAQVALRRQQAQEEEMGIC 65
Drer Dmrt2 1 LSRTPKCARCRNHGVVSCLKGHKRFCRWRDCQCANCLLVVERQRVMARQVATLRROQATEDKKGIT 65
Edan_Dmrt93B 1 GARRPKCARCRNHGMISWLKGHKRHCKYKDCACVKCNLIAERQRVMARQOVALKRQQAAEDAIALG 65
Edan_DmrtllE 1 VLRTPKCARCRNHGVISGLKGHKRLCRWRECRCPSCLLVVERQRVMAAQVALRRQQSSEEGGNSG 65
Edan_Dmrt998 1 YQRTPKCARCRNHGVVSALKGHKRYCRWRDCVCAKCTLIAERQRVMARQVALRROQAQEENEARE 65
Edan_sz-like 1 TSSNRLCAQCRNHGLRVPVRGHKRYCTFRLCTCRECRLVRERQRVVALHLYVRRAQEQEEEAREA 65
Eins_Dsx-like 1 QGSNRLCAQCRNHGLRVPVRGHKRYCTFRLCSCRDCRLVRERQRVVALHLYVRRAQEQEEEAAAA &5
Enos_Dsx 1 PRTPPNCARCRNHRLKIPLRGHKRYCRFRTCTCEKCRLTAERQRVMAMOTALRRAQAQDEAMLSA 65
Epen_Dsx 1 PRTPPNCARCRNHRLKIGLKGHKRYCKYRYCNCDKCCLTAERQRVMALQTALRRAQAQDEARQQOH 65
Esup_Dsx 1 ARTPPKCARCRNHRLKIPLEGHKRYCKFRYCKCDKCRLTAERQRVMAMOTATRRAQAQDEANRGM 65
Eury DmrtllE 1 VLRSPKCARCRNHGVISSLKGHKRLCRWRECRCPSCLLVVERQRVMARQVATRROHCNSEKRCSS 65
Eury_Dsx-like 1 KTASRLCAFCRNHSLKIPVKGHKRFCRNRTCNCAECKLVRERQRVVALHLYVRRAQEQEEERAAA 65
Focc_Dsx 1 ARTPPNCALCRNHRLKIGLEGHKRYCKYRYCDCDKCQLTAERRRVMALQTALRRAQAQDEQRQPN 65
Geor_Dsx 1 PRTPPNCARCRNHRMKIALKGHKRYCKYRTCKCEKCRLTSERQRVMAMOTALRRAQAQL 65
Harm Dsx 1 PRAPPNCARCRNHRLKIELKGHKRYCKYRNCTCEKCRLTADRQRVMALQTALRRAQAQDEARARA 65
Hdeu_Dsx 1 SARTPKCARCRNHKVNVEVKGHKRYCEYRYCECERCVLTAERQRVMALQDEARAAQLRHQAATSP 65
Hydr Dsx 1 PRTPPNCARCRNHRLKIALKGHKRYCKFRHCNCDRCRLTAERQRVMALQTALRRAQAQDEARAKA 65
Ibic Dsx-like 1 QGSNRLCAQCRNHGLRVPVRGHKRYCTYRLCTCRECRLVRERQRIVALHLYVRRAQEQEEEAARA 65
Icra Dsx 1 PRTPPNCARCRNHRVKIPLKGHKRYCKYRTCNCQKCRLTAERQRVMAMOTALRRAQAQDEAMLHA 65
Leup_Dmrtl1E 1 MLRTPKCARCRNHGVISCVKGHKKLCRWRECTCPNCQLVVDRORVMAROVALRROOTMEEFYETN 65
Leup_Dmrt99B 1 YQRTPKCARCRNHGVVSALKGHKRYCRWRDCLCAKCTLIAERQRVMAAQVATLRRQQAQEENEARE 65
Leup_Dmrt93B 1 TNRVPKCARCRNHGWISELRGHKKHCTYKNCRCAKCVLIFERQRIMAAQVATLKRQQOAVEDAIALR 65
Leup_Dsx 1 PRTKPNCARCHNHGFKIKLKGHKRYCKYRNCNCEKCRLTADRQRVMALQTALRRAQQODEQRILQ 65
Lful Dsx 1 ARTPPKCARCRNHRLKIPLKGHKRYCKFRYCKCDKCRLTAERQRVMAMOTATLRRAQAQDEANRGL 65
Liig_Dsx 1 QRTPPNCARCRNHGYKIPLKGHKRYCKYRYHTCDKCLLTAERQRVMAMOTALRRAQAQDEAMGLK 65
Mdom DmrtllE 1 MLRTPKCARCRNHGVISCVEGHKKLCRWRECTCONCQLVVDRORVMAAQVALRROOTTLADENNS 65
Mdom Dmrt99B 1 YQRTPKCARCRNHGVVSALKGHKRYCRWRDCLCAKCTLIAERQRVMARQVALRRQQAQEENEARE 65
Mdom Dsx 1 PRTKPNCARCHNHGLKIKLKGHKRYCKYRFCNCEKCRLTADRORVMALQTALRRAQQODEARILO 65
Mext Dmrt99B 1 YQORTPKCARCRNHEVVSALKGHKRYCRWRDCACAKCTLIAERQRVMAAQVALRRQQOAQEESEARE 65
Mext Dsx 1 PRTPPNCARCRNHRLKIGLKGHKRYCKYRYCTCSKCRLTAERQRVMALQTATRRAQAQDEKYLAQ 65
Mext Dsx-like 1 NGMNRLCALCRNHGLKIPVKGHKRFCGYRLCLCKECCLVKERQRVVAMHLYFRRAQEQEEADRGT 65
Mfas_Dsx 1 PRTPPNCARCRNHGLKITLKGHKRYCKYRYCTCEKCRLTADRQRVMALQTALRRAQAQDEQRALD 65
Mmac_Dsx 1 NQRHPTCALCKNHQTISTLKGHKRYCPWRTCLCELCYSTNKKRKINAEQVALRRAQAQDEELRKK 65
Minus_Dmrtl 1 SPRLPKCARCRNHGYASPLEGHKRFCMWRDCQCKKCSLIAERQRVMARQVALRRQQAQEEELGIS 65
Mrel Dsx 1 PRTPPNCARCRNHRLKIGLKGHKRYCKYRYCNCDKCCLTAERQRVMALQTALRRAQAQDEARQQOH 65
Mviol Dsx 1 PRTPPNCARCRNHRMEVALKGHKRYCKFRTCKCEKCRLTSERQRVMAMOTALRRAQAQDEAMMKT 65
Ofur Dsx 1 PRAPPNCARCRNHRLKVELKGHKRECKYRYCTCEKCRLTADRQRVMALQTALRRAQAQDEARARS 65
Otau_Dsx 1 PRTPPNCARCRNHRVKVPLEGHKRYCKYRHCKCEKCRLTSERQRVMAMOTALRRAQAQDEAMLRO 65
Ppra_Dsx 1 PRTPPNCARCRNHRLKIPLRGHKRYCRFRNCTCHRCKLTAERQRVMAMOTATRRAQAQDEAMOTS 65
Psch_Dsx-like 1 NNMNRLCALCRNHGLEMPVEGHKRFCGYRLCLCKECCLVKERQRVVAMHLYFRRAQEQEESDKGA 65
Smag_Dmrt99B 1 YORTPKCARCRNHGVVSALKGHKRYCRWKDCSCAKCTLIAERQRVMAAQVAIRRQOAQEENEARE 65
Tcas_Dmrt938 1 SARVPKCARCRNHGMISTLRGHKKQCIYKNCSCAKCGLIKERQRIMARQVALKRQOAAEDATALE 65
Tcas_Dmrt99B 1 YQRTPKCARCRNHGVVSALKGHKRYCRWRDCNCAKCTLIAERQRVMARQVALRRQQOAQEENEARE 65
Teas_Dsx 1 PRTPPNCARCRNHRLKIALKGHKRYCKYRTCKCEKCRLTTERQRVMAMOTALRRAQAQDEAMLRS 65
Tcri Dsx-like 1 NNLNRLCALCRNHGLEKPVKGHKRFCAYKLCVCRECCLVKERQRVVALHLYYRRAQDQOEENDRKE 65
Tdic Dsx 1 PRTPPNCARCRNHRLKIALKGHKRYCKYRHCKCEKCRLTSERQRVMAMOTALRRAQAQDEAMLRQ 65
Tdom Dmrt99B 1 YQRTPKCARCRNHGVVSALKGHKRYCRWRDCVCAKCTLIAERQRVMAROVALRROQAQEENEARE 65
Tdom_Dmrt11E 1 LLRTPKCARCRNHGVISCLKGHKKLCRWRECQCPNCLLVVERQRVMAROVALRROOSSEDSKDSR 65
Tdom_Dmrt93B 1 GARRPKCARCRNHGMISWLKGHKRHCRFKDCVCAKCNLIAERQRVMARQVALKRQQAAREDAIALG 65
Tdom_Dsx 1 ARTPPKCARCRNHRLKIPLKGHKRYCKYRFCNCDKCLLTAERQRVMALQTALRRAQAQDEARAAG 65
Tdom Dsx-like 1 VGRTPSCAQCRNHGLRVPVKGHKRYCAYKLCTCRECCLVKERQRVVALHLYVRRAQDQEEADSSQ 65
Tger_Dsx-like 1 KIPSRLCAQCRNHGLRVPVKGHKRFCAYKLCHCAECLLVKERQRVVALHLYIRRAQDQEEADSSQ 65
Tsub_Dsx 1 QRTPPNCARCRNHGLKIPLKGHKRYCKYRYHDCDKCLLTAERQRVMALQTALRRAQAQDEALAAS 65
Xant_Dsx 1 PRTPPNCARCRNHRVKIPLKGHKRYCKYRTCNCOKCRLTAERQRVMAMOTALRRAQAQDEAMLHEA 65
Xlae Dmrtl 1 SPRLPKCARCRNHGYASPLKGHKRYCMWRDCQCKKCSLIAERQRVMARQVALRRQQAQEEELGIS 65
Xlae Dmrtd 1 YPRTPKCARCRNHGVVSALKGHKRFCRWRDCSCAKCTLIAERQRVMARQVALRRQQAQEECEVRD 65
Xlae Dmrt5 1 YPRTPKCARCRNHGVVSALKGHKRYCRWKDCMCAKCTLIAERQRVMAAQVALRRQQAQEENEARE 65

1118  Figure 1-figure supplement 1. Multiple sequence alignment of DM domain of

1119  DMRT family proteins for molecular phylogenetic analysis. The 65 amino acids of 97
1120 DMRT proteins were used for the molecular phylogenetic analysis.
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1122

1123 Figure 1-figure supplement 2. Comparison of DM domain sequences between Dsx
1124  and Dsx-like. The upper figures show the gene structures of dsx and dsx-like, and the
1125  lower one is the result of the multiple sequence alignment of the DM domain in Dsx

1126 and Dsx-like of Thermobia domestica. The black-highlighted sequences are shared in

1127  both proteins.
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1129  Figure 1-figure supplement 3. Expression of dsx and dsx-like mRNA in nymphal
1130  RNAiindividuals. (A) results of RT-gPCR assay. The expression profiles of dsx and
1131 dsx-like mMRNA were analyzed by RT-gPCR assay and are indicated by their

1132 expression level relative to the expression of a reference gene (ribosomal protein 49).
1133 The upper graphs are the expression of dsx mMRNA and the lower ones are that of dsx-
1134  like mRNA. The left column is the result in males and the right one is that in females.
1135  (B) the expression level of dsx mMRNA in the nymphal RNAI males after excluding an
1136 outlier. To test the outlier, the Smirnov—Grubbs’ test was performed. Results of the
1137  Smirnov—Grubbs’ test are shown in Table 3. Results of the Brunner—Munzel test are
1138 indicated by asterisks: *P < 0.05; **P < 0.01; ***P < 0.001 and is also described in
1139  Table 2. P > 0.05 is not shown. Each plot is an individual. White plot is the outlier.
1140  Sample size are listed in Table 2.
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Figure 2—figure supplement 1. External genital organs of nymphal RNAI
individuals. (A) The penis in ventral view of dsx male or female-type RNAI males.
(B) The ovipositor in ventral view of dsx male or female-type RNAi females. (C)
SEM images of the male penis or the ovipositor-like organ. White frames are the areas
shown in (E). (D) SEM images of the female ovipositor. Each image is separated into
three parts. The left and right image is each lobe of the valvula I. The middle image is
the valvula I1. White frames are the areas showed in (F). (E) Higher magnification
SEM images of the male genital organ in (C). Each image shows the higher
magnification view of the area enclosed by the white frame in (C). (F) Higher
magnification SEM images of the ovipositor. Each image shows the higher
magnification view of the area enclosed by the white frame in (D). The arrowheads
show the ovipositor-like organ in the dsx male-type RNAi male. Scales: 1000 pm (A,
B, and D), 100 um (C, E, and F).
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1156  Figure 2—figure supplement 2. Morphology of ovipositor in nymphal RNAI

1157  individuals. (A) Cross-section of the ovipositor. The photos show the morphology of
1158  the ovipositor in four parts: I (proximal part), I (middle part), 111 (distal part), and 1V
1159  (most-distal part). D, dorsal; L, left; R, right; V, ventral. Scales: 50 um. (B) Schematic
1160  figure of the ovipositor morphology. This figure is based on the cross-section of the

1161  part 11 in the control female.
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1162  Figure 2—figure supplement 3. Ovipositor length of dsx isoforms RNAI individuals.
1163  The ovipositor length of dsx all, male-, and female-type RNAi females is plotted
1164  against the prothoracic width. The results of the statistical analysis are described in
1165  Table 4.
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Figure 2—figure supplement 4. Prothoracic width of nymphal RNAIi individuals. The
left and right graphs show the female and the male size, respectively. Data shows
mean = Standard Error (SE). The results of the statistical analysis are described in
Tables 4 (female) and 5 (male).
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1173 Figure 3—figure supplement 1. Gonads of nymphal RNAi individuals. (A) female
1174  reproductive system. ol, ovariole; st, spermatheca. (B) male reproductive system. The
1175  upper photos are the are from the testicular follicle to the seminal vesicle. The lower
1176  ones are the high-magnification image of the vas efferens and the vas deferens. The
1177  arrowheads show the round-shape seminal vesicle. The arrows indicate sperm clots in
1178  the vas efferens. sv, seminal vesicle; tf, testicular follicle; ve, vas efferens; vd, vas
1179  deferens. Scales: 1 mm.
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Figure 3—figure supplement 2. Morphology of spermatheca in nymphal RNAI
individuals. The upper photos show the light microscopic images of the spermatheca.
The middle ones are paraffin sections of the spermatheca. The lower one is the
schematic image of the spermatheca of T. domestica. Scales: 500 pm.

70


https://doi.org/10.1101/2021.08.02.454784
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.02.454784; this version posted August 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

s @
»

o *

o -o.
€ 7 .
£ o -
o o | .
N .
w

L ]
¢ 2 -
[&]
o)
O < |
c o
®
) e egfp
E N ¢ dsxall
dsx-like
o | *® dsxall + dsx-like
=
I I I I I I 1
0.0 0.5 1.0 15 2.0 2.5 3.0
1186 prothoracic width (mm)

1187  Figure 3—figure supplement 3. Oocyte size of dsx isoforms RNAi individuals. The
1188  oocyte size of dsx all, dsx-like, and both dsx and dsx-like RNAi females is plotted
1189  against the prothoracic width. The results of the statistical analysis are described in
1190  Table 4.
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1192  Figure 4—figure supplement 1. Time-lapse imaging system. (A) A photo of the time-
1193  lapse imaging system used to observe the molt of T. domestica. (B) The images
1194  during the molt.
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