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Sex chromosomes underlie the development of male or female sex organs
across species. While systemic signals derived from sex organs prominently
contribute to sex-linked differences, it is unclear whether the intrinsic pre-
sence of sex chromosomes in somatic tissues has a specific function. Here, we
use genetic tools to show that cellular sex is crucial for sexual differentiation
throughout the body in Drosophila melanogaster. We reveal that every somatic
cell converts the intrinsic presence of sex chromosomes into the active pro-
duction of a sex determinant, a female specific serine- and arginine-rich (SR)
splicing factor. This discovery dismisses the mosaic model which posits that
only a subset of cells has the potential to sexually differentiate. Using cell-
specific sex reversals, we show that this prevalence of cellular sex drives sex
differences in organ size and body weight and is essential for fecundity. These
findings demonstrate that cellular sex drives differentiation programs at an
organismal scale and highlight the importance of cellular sex pathways in sex

trait evolution.

Living organisms utilise two major biological strategies to create
sexual dimorphisms in somatic tissues*”. The first involves the
development of male and female-specific glands and organs that
produce systemic signals. These sex-specific organs can shape and
maintain somatic sex differences over time, regardless of the sex of
the receiving cells’. The second strategy is based on sex chromo-
somes and relies on cell-intrinsic mechanisms. In this case, sex-
chromosomal genes create distinctions in equivalent differentiated
cells in both males and females. Cellular sex plays a critical role in this
strategy.

Our understanding of the significance of cellular sex is primarily
based on the study of invertebrate model systems*” such as Drosophila
melanogaster®s. In this particular species, sexual differentiation does
not depend on gonadal hormones. Females possess two X chromo-
somes, while males have one X and one Y chromosome. The specific
complement of sex chromosomes in a given cell triggers a splicing
cascade that produces an RNA-binding protein called TransformerF
(TraF)°’ ™. This protein is exclusively produced in female cells and
regulates the splicing of exonic enhancers by indirect binding through
its partner, Transformer 2 (Tra2)*?. Unlike TraF, Tra2 is present in
both sexes and binds directly to RNA through its RNA-binding domain.
TraF and Tra2 influence splice site selection through their arginine-

and serine-rich (RS) domains, with TraF’s RS domain serving as a bridge
between spliceosome components?>?’ >,

TraF is responsible for the sex-specific splicing of only two iden-
tified targets: doublesex (dsx)'**°*' and fruitless (fru)***° (Fig. 1a). These
two key factors shape the sexual dimorphisms observed in flies. Male-
specific isoforms of fru (fruM) are essential for producing transcription
factors expressed in specific neurons that underlie sexual orientation
and aggression®>>°, Both male (dsxM) and female (dsxF) forms of dsx
RNA also encode transcription factors, but only a few direct Dsx tar-
gets are known”*. DsxM plays a crucial role in regulating sexual
behaviours by controlling the development of male-specific neurons*
DsxF is expressed in just 80 neurons in the female brain, while DsxM is
expressed in around 300 neurons in males®. Interestingly, some of
these male-specific neurons also co-express FruM.****, DsxF activates
the expression of yolk protein (Yp) genes in fat body cells, necessary for
egg growth®, and also promotes pheromone production by regulating
a desaturase called desatF*°. Sex-specific development of the gonads is
the last and key aspect of sexual differentiation that is regulated by
dsx/fru’*" and conserved in diverse animal species. Both dsx and fru are
only expressed in a subset of cells and are required at specific critical
periods during development to build dimorphic structures***°,
Once established, their continuous expression in adulthood is
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Fig. 1| Every organ has a sexual identity. a Diagrams displaying the genomic loci
of tra, fru and dsx genes. A blue and red triangle indicates the male- and female-

specific stop coding in the tra locus. b Expression pattern of dsx-Gal4 and fru-Gal4
(P1 promoter) reporters in female tissues at the third larval stage (DNA labelled with
DAPI, blue; the membrane-bound form of GFP, green). ¢ Expression pattern of tra
promoter-Gal4 reporter in male and female tissues at the third larval stage (DNA

labelled with DAPI, blue; nucleus-targeted GFP, green). d Expression pattern of traF-
Gal4 reporter in male and female tissues at the third larval stage (DNA labelled with
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DAPI, blue; nucleus-targeted GFP, green). e Expression pattern of traF-Gal4
reporter, combined with the dsx-Gal80 and fru-Gal80 (P1 promoter) repressors, in
female tissues at the third larval stage (DNA labelled with DAPI, blue; the nuclear
form of GFP, green). The visualised cell populations and specific organs are green in
the right and top diagrams. Diagrams of the new alleles generated are presented at
the top of each panel. Immunohistochemical analyses were repeated at least three
independent times.
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sometimes needed to maintain sex differences. For example, thermos-
sensitive alleles of tra2 underscored the necessity of the sex cascade in
sustaining sex-specific Yp synthesis™*? or desatF expression*. Adult
gonadal cell types, intriguingly, also exhibit sexual plasticity. The
continuous expression of DsxM in the adult testis’ cyst cells is vital for
preserving their sexual identity. Indeed, adult-specific ectopic DsxF
production feminises these cells into female follicle-like cells*’*,
Moreover, dsx and fruM function during adulthood to inhibit male-
male courtship and maintain sexual orientation, respectively®°,
These results led to the proposal of the two-gene model of sexual
differentiation*®. According to this model, both male and female flies
are composed of a mosaic of dsx-/fru-positive and dsx-/fru-negative
cells that, consequently, have and don’t have the potential to sexually
differentiate. This mosaic expression of sexuality at the cellular level is
believed to be a widespread feature of animals™,

However, recent studies™ ', including our work®*®, have revealed
that sex chromosomes impact the function of some cells, even if they
do not express dsx and fru, the final effectors of the sex determination
cascade. We previously found®® that the sexual identity of adult
intestinal stem cells, determined by the presence or absence of TraF,
significantly impacts their proliferative capacity. These findings illus-
trate that somatic cells undergo sex-specific differentiation through-
out adulthood, independently of dsx and fru. While we have
established a proof-of-principle that TraF-dependent mechanisms
impact intestinal stem cells, the full range of functions and phenotypic
consequences of this sex pathway remains elusive.

Here, using newly generated Drosophila melanogaster genetic
tools, we systematically assess the general significance of cellular sex at
the organism-wide level. We found that every organ and somatic cell
converts the intrinsic presence of sex chromosomes into the active
production of a sex determinant. This ubiquity of cellular sex is crucial
in determining sex differences in organ size and body weight. It is also
essential for sex organ development and reproduction. Ultimately, our
findings also show that these cellular sex pathways depend on the
splicing activity of TraF and are active in dsx-expressing cells, where
they control species-specific differentiation programmes vital for fer-
tility. By testing the general role of cellular sex, we discover that it plays
an essential function in the process of sexual differentiation.

Results

Every cell has a sexual identity

One outstanding question concerning the functioning of the sex
determination cascade is whether all cells are sexually differentiated.
Based on the expression of dsx and fru, the two terminal effectors of
sexual differentiation (Fig. 1b)***5*°, most somatic tissues are the same
in males and females and cannot differentiate sexually. Those obser-
vations suggest that TraF, the upstream sex determinant, lacks func-
tion in most organs. However, this hypothesis has never been tested:
although tra was discovered in 1945°, the lack of a functional TraF
reporter has prevented further examination of tra expression and
activity in most organs.

To test this assumption, we replaced tra coding sequences with
Gal4 sequences, generating a transgenic reporter line and enabling us
to follow tra promoter activity (Fig. 1c). As anticipated, we found that
this knock-in Gal4 created a mutant allele of tra that produced classical
tra*® morphological phenotypes, female to male sex reversals, when
heterozygous with a null allele (Supplementary Fig. Sla). Using this
genetic tool, we first characterised the transcription pattern of tra at
the third larval stage in all major tissues. Unlike dsx and fru, which are
only expressed in a restricted subset of tissues (Fig. 1b), this reporter
revealed ubiquitous tra expression across organs in both
sexes (Fig. 1c).

To further investigate the specification of genetic sex at the organ
level, we next examined the translation profile of the TraF protein.
Previous work indicates that sex-specific splicing of tra transcripts only

leads to the production of functional TraF protein in XX cells’.
Therefore, we introduced Gal4 in-frame just before the stop codon in
the endogenous tra locus (Fig. 1d). The resulting allele, traF-Gal4, only
produces wild-type TraF protein supporting female differentiation
(Supplementary Fig. S1b) and Gal4 in females (Fig. 1d). We observed
extensive TraF production in the tissues where dsx and fru are
expressed, such as in the fat bodies (Fig. 1d), where DsxF activates yolk
protein genes®. Interestingly, we also detected TraF in other female
organs. For example, TraF is ubiquitously expressed in the female wing
imaginal disc, the brain, and the tracheal system (Fig. 1d). We then
characterised the temporal dynamics of traF-Gal4-driven expression.
We found that TraF is ubiquitously produced at all developmental
stages, from embryos to adults (Supplementary Fig. S1c).

To test whether somatic sexual identity based on TraF expression
is independent of dsx and fru, we took advantage of Gal80-based
repression of Gal4**. We generated a transgenic line where dsx-Gal80
and fru-Gal80 repress traF-Gal4-driven expression in dsx- and fru-
positive cells. These two Gal80 alleles proved specific and efficient,
suppressing dsx- and fru-Gal4-driven expression (Supplementary
Fig. S1d, e). These tools were not able to suppress traF-Gal4-driven
expression in most organs (Fig. 1e), validating the universality of cel-
lular sex. While only a limited subset of tissues uses dsx and fru to
differentiate sexually, our data indicate that cellular sex is ubiquitous,
and most female organs have the potential to control their sexual
differentiation through a mechanism downstream of TraF indepen-
dent of classical dsx- and fru-based regulation.

We finally sought to characterise the dimorphic nature of traF-
Gal4-driven expression at the cellular level. While our previous results
demonstrated that every organ has its own sexual identity, it remains
possible that some cells within a tissue (made of multiple cell types) do
not have the capacity to sexually differentiate. To test this hypothesis,
we introduced a different binary system to detect TraF production:
traF-LexA. We combined this novel genetic tool with cell-type specific
Gal4-UAS drivers and directly visualised the overlap between TraF
expression and specific cell types. We selected two tissues for in-depth
examination: the intestine and the brain. All the cell types studied
(Fig. 2a and Supplementary Fig. S2a) expressed TraF in females only
(Fig. 2b and Supplementary Fig. S2b). For example, all intestinal cell
types (tracheal cells, visceral muscles, intestinal progenitors, and
entero-endocrine cells) were negative for dsx and fru (Fig. 2c and
Supplementary Fig. S2¢) but positive for TraF during larval and adult
stages (Fig. 2b and Supplementary Fig. S2b).

Taken together, our findings establish that cellular sex is ubiqui-
tous both spatially and across developmental stages. Every somatic
cell converts the intrinsic presence of sex chromosomes into the active
production of the sex determinant TraF. This molecular switch spe-
cifies sexual state in a static and binary manner, with no organ, cell
type, temporal plasticity or heterogeneity. This refutes the idea that
males and females are mosaics of sexually differentiated and sexually
undifferentiated cells.

Cellular sex is essential and sufficient to drive sex differences
Our results reveal that all cells are competent to differentiate sexually.
Next we tested whether TraF expression reflects physiological differ-
ences in these cells. Is the effective action of the sex determination
hierarchy limited only to a subset of cells? In Drosophila, based on the
two-gene model of sexual differentiation®®, it is predicted that the
conversion of both dsx- and fru-expressing cells should be enough to
completely change an individual’s phenotypic sex. We decided to test
this model and assess the global functional significance of ubiquitous
TraF expression.

To do so, we developed two new tra alleles, allowing us to perform
conditional cis-allele switching® from a null allele of tra to the wild-
type female isoform or the reverse. The first line, tra°*" ", allows the
rescue of TraF activity following the expression of the Flp recombinase
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Fig. 2 | Every cell has a sexual identity. a Expression pattern of cell-type specific
reporters in the female midgut at the third larval stage (DNA labelled with DAPI,
blue; the nuclear form of GFP, green). b Expression pattern of cell-type specific
reporters, combined with the traF-LexA marker, in the female midgut at the third
larval stage (DNA labelled with DAPI, blue; the nuclear form of GFP, green, the
nuclear form of tdTomato, red). Arrowheads indicate examples of cells expressing
both GFP and tdTomato. ¢ Expression pattern of cell-type specific reporters,

combined with the dsx-Gal80 and fru-Gal80 repressors, in the female midgut at the
third larval stage (DNA labelled with DAPI, blue; the nuclear form of GFP, green).
The visualised cell populations and specific cell types are yellow or green in the
right and top diagrams. The TraF-expressing cells alone and co-expressing cell-type
specific markers are depicted in red and yellow, respectively. Diagrams of the
alleles used are presented on the top of each panel. Immunohistochemical analyses
were repeated at least three independent times.

in any cell type of interest. Combining this allele with dsx-Gal4 and fru-
Gal4-driven Flp expression generates tra knock-out females with
restored traF expression, specifically in dsx- and fru-positive cells
(Fig. 3a). The second line, tra” """, permits the production of TraF

knock-in males. In this case, Flp expression in dsx- and fru-positive cells
results in the expression of TraF in dsx- and fru-negative cells only
(Fig. 3b). RT-qPCR and morphological analyses established that dsx
and fru sex-specific splicing (Supplementary Fig. S3a, b), as well as
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Fig. 3 | Cellular sex is essential and sufficient to drive sex differences.

a Diagrams representing the specific cell population with tra knock-out in females,
the allele generated and the genotypes used. b Diagrams representing the specific
cell population with traF knock-in in males, the allele generated and the genotypes
tested. c-e Adult wing size (c), adult weight (d), female fertility (e) quantifications
following tra knock-out specifically in dsx- and fru-negative cells. In all figures, the
wing size and the weight of control females are set at 100%. All other sexes and
genotypes are shown as a percentage of this female control. f Ovaries of control
females and females with tra knock-out specifically in dsx- and fru-negative cells
(DNA labelled with DAPI, blue; Actin stained with phalloidin, red). g-i Adult wing
size (g), adult weight (h), and male fertility (i) quantifications following traF knock-
in specifically in dsx- and fru-negative cells. j Testes of control males and males with
traF knock-in specifically in dsx- and fru-negative cells (DNA labelled with DAPI,
blue; Actin stained with phalloidin, red). k-m Adult wing size quantifications

following tra knock-out and gain-of-function specifically in wing pouch cells (k), tra
knock-down and overexpression in wing pouch cells (I), and tra knock-down
specifically in wing cells outside the pouch (m). In this and all subsequent figures,
boxplots display the minimum, the maximum, the sample median, and the first and
third quartiles. Data was combined from at least three independent experiments.
n=wing number measured per genotype in (c), (g), (k), (I), and (m), number of
replicates (each repeat containing five flies) in (d) and (h) and number of flies in (e)
and (i). Asterisks highlighting significant comparisons across sexes are displayed in
grey boxes at the bottom of graphs; those highlighting significant comparisons
within female and male datasets are displayed in red and blue boxes, respectively.
When significant, the difference compared to the median of the controls is indi-
cated. For all panels, p-values from one-sided Mann-Whitney-Wilcoxon tests are
***p < 0.0001, **p = 0.0043, *p = 0.035, (ns) p=0.7322.

sex-specific abdominal pigmentation and genitalia (Supplementary
Fig. S3c, d), remained unaffected validating that our manipulations
were indeed restricted to dsx- and fru-negative cells. Based on these
findings, we concluded that the modifications introduced into the tra
locus generated chimeric male/female animals with manipulation of
sexual identity confined to dsx- and fru-negative cells.

First, we investigated whether female differentiation requires
cellular sex outside the cells expressing the only two known splicing
targets of TraF. If so, females masculinised only in dsx- and fru-negative
cells should display altered sexual differentiation. To test this predic-
tion, we used our tra*® 7" gllele to specifically express TraF in dsx-
and fru-expressing cells (Fig. 3a). We used three sexually distinct
characteristics, organ size, body weight, and fertility, to assess the
phenotypic sex of the flies****’. Knock-out of tra in dsx- and fru-
negative cells resulted in partial masculinisation of organ size (Fig. 3c)
and body weight (Fig. 3d). Indeed, females were ~10% smaller and
lighter. The same manipulation sterilised females (Fig. 3e) due to the
presence of atrophic gonads (Fig. 3f). Importantly, the phenotypes
observed for the three readouts fully recapitulated ¢ra null mutant
phenotypes (Fig. 3c-e). Together, these data establish that a non-

canonical TraF-dependent mechanism is essential and controls
important aspects of somatic sexual differentiation in dsx- and fru-
negative cells.

If cellular sex is a switch mechanism, then males feminised only in
dsx- and fru-negative cells should not only lose male identity, but they
should also gain female characteristics (Fig. 3b). We used our tra” "
ko allele to drive traF expression specifically in dsx- and fru-negative
cells in males. This specific TraF expression resulted in increased wing
size (Fig. 3g) and body weight (Fig. 3h), and induced male sterilisation
(Fig. 3i) due to atrophic testes (Fig. 3j). Overexpression of TraF in dsx-
and fru-negative cells recapitulated these observations and similarly
induced female characteristics in otherwise normal males (Supple-
mentary Fig. S3e-j). Interestingly, performing the reverse experiments,
feminising males only in dsx- and fru-expressing cells (Supplementary
Fig. S3k) did not affect organ size and body weight (Fig. 3¢, d). These
results confirm that the sexual identity of dsx- and fru-positive cells are
not involved at all in the sex differences studied.

To investigate the mechanism of action of this new non-canonical
sex pathway (i.e., independent of fru and dsx), we examined the rela-
tive contribution of cell-autonomous versus non-cell-autonomous
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Fig. 4 | The TraF-dependent mechanism is active in dsx-expressing cells. a TraF
protein sequence divergence between Drosophila species and the red flour beetle
Tribolium castaneum. b Sex transformations of abdominal pigmentation and gen-
italia induced by tra knock-out and knock-in of D. sechellia and D. virilis tra genes.
¢, d Adult wing size (c), and female fertility (d) quantifications following D. sechellia
and D. virilis TraF protein expressions. e Diagrams representing the specific cell

population with D. virilis tra expression, the allele generated, and the genotypes

tested. f Female fertility quantifications following D. virilis TraF protein expression

| I |

€ Dvir tra knock-in in dsx- or fru-positive cells

specifically in fru- or dsx-positive cells. Data was combined from at least three
independent experiments. n = wing number measured per genotype in (c) and
number of flies in (d) and (f). Asterisks highlighting significant comparisons across
sexes are displayed in grey boxes at the bottom of graphs; those highlighting
significant comparisons within female datasets are displayed in red. For all panels,
p-values from one-sided Mann-Whitney-Wilcoxon tests are **p < 0.0001,

(ns) p>0.066.

effects of TraF on the sex differences in adult organ size. When we
specifically eliminated or introduced traF function in the wing pouch
cells, it significantly impacted wing size (Fig. 3k), mirroring whole-body
traF manipulations (Fig. 3c, g). Interestingly, when we expressed traF
only in the wing disc of a traF null mutant, it completely restored the
standard size of female wings (Fig. 3k) despite all other organs being
masculinised in these individuals. In fact, the adult wing was even
slightly larger than that of wild-type females. We observed the same
effects with both traF knockdown and over-expression, specifically in
the wing disc (Fig. 31). On the other hand, removing traF from all wing
disc cells except the pouch didn’t affect wing size (Fig. 3m). These
results show that TraF’s influence on the size of adult organs is pri-
marily through cell-autonomous mechanisms. To strengthen our
findings, we conducted genetic experiments targeting adipocytes, as a
previous report suggested that the expression of TraF in the fat body
could impact body size during larval stages in a non-cell-autonomous
manner*’. As anticipated from our earlier results, eliminating traF
function in the fat body had no impact on wing size (Supplementary
Fig. S3I). Furthermore, the expression of traF in adipocytes did not
restore the size of female null mutants (Supplementary Fig. S3l).
Similarly, both fat body-specific traF knockdown and over-expression
did not affect wing size (Supplementary Fig. S3m), confirming that
TraF controls the size of adult organs through cell-autonomous
mechanisms.

Based on our observations, it appears that TraF exerts its splicing
activity in a wide range of cells, including some that do not express fru
or dsx. The expression of TraF in these cells is necessary and sufficient
to shape multiple phenotypic differences between the sexes, through
autonomous mechanisms. Indeed, we found that the sexual differ-
entiation of the dsx- and fru-negative cells controls sex differences in
organ size, body weight and sex organ formation. This is the first time
that the sex of general somatic cells has been implicated in the three

phenotypes investigated. It is a common biological strategy to use the
sexual identity of equivalent differentiated cells in both sexes to create
sex differences in phenotypes. Contrary to the traditional two-gene
model of sexual differentiation that only considers dsx- and fru-posi-
tive cells, our findings indicate that cellular sex has a crucial role in
organs and suggest that an intrinsic sex pathway exists downstream
of TraF.

The new TraF-dependent mechanism is active in dsx-
expressing cells
Our previous genetic manipulations were restricted to dsx- and fru-
negative cells, so we were curious to test whether TraF-dependent sex
differentiation is active and operates in dsx- or fru-expressing cells.
We hypothesised that a TraF variant could potentially uncouple
canonical and uncharacterised sex differentiation pathways, enabling
us to test the latter’s significance in dsx- and fru-cells. Given the high
degree of evolutionary divergence in sex-determining gene sequences
between species®®’?, we leveraged natural TraF variations among
closely related fly species” (Fig. 4a). We generated knock-in lines that
replaced the coding sequences of D. melanogaster TraF with sequences
from two closely related species, D. sechellia and D. virilis. These alleles
were then evaluated to determine their ability to regulate various
aspects of sexual differentiation under TraF control. D. sechellia pro-
tein was able to rescue all aspects of female differentiation, including
genitalia formation (Fig. 4b), dsx, and fru splicing (Supplementary
Fig. S4a), as well as organ size (Fig.4c) and female fertility (Fig. 4d).
However, while the D. virilis protein triggered dsx and fru female-
specific splicing (Fig. 4b and Supplementary Fig. S4a) and female size
(Fig. 4¢), it failed to support female fertility (Fig. 4d). To confirm these
findings, we generated two additional tra knock-in lines. One line was a
negative control and utilised a more distantly related species, the
beetle Tribolium castaneum’. The other line used the TraF protein
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from D. pseudoobscura, which has a similar degree of divergence from
D. melanogaster TraF as the D. virilis protein. The knock-in line from
T. castaneum exhibited classical tra loss-of-function morphological
phenotypes (Supplementary Fig. S4b), failing to induce female-specific
splicing of dsx and fru (Supplementary Fig. S4a), as well as female
organ size (Supplementary Fig. S4c) or fertility (Supplementary
Fig. S4d). This allele served as a negative control for our cross-species
transgenic approach. Interestingly, the D. pseudoobscura protein trig-
gered female-specific splicing of dsx and fru (Supplementary Fig. S4a),
as well as female size (Supplementary Fig. S4c), but it could not sup-
port female fertility (Supplementary Fig. S4d). This new allele inde-
pendently replicated our results obtained with D. virilis. As anticipated,
our approach identified TraF variants that can regulate dsx and fru
splicing but can only partially activate the new TraF-based non-cano-
nical sex differentiation pathway (i.e., independent of fru and dsx). This
allows us to test its significance in dsx- and fru-expressing cells.

To establish how TraF divergence is linked to specific functions,
we created a genetic tool to achieve tissue-specific interspecies gene
exchange analyses. This transgenic fly line allowed us to replace the
wild-type D. melanogaster tra gene with the divergent tra of virilis in
any given genetically defined (Gal4-positive) cell population (Fig. 4€).
While expression of virilis TraF specifically in fru-positive cells did not
affect fertility (Fig. 4f), it sterilised females in dsx-positive cells (Fig. 4f).
To rule out a potential effect of altered dsx splicing undetectable in RT-
gPCR, we generated a dsxF constitutive allele (dsxF ™). As expected,
this new reagent was able to carry out all the crucial functions medi-
ated by DsxF during development and adulthood (Supplementary
Fig. S4e-j), which are necessary for female differentiation. Indeed,
dsxF <™ effectively suppressed the expression of a male-specific
reporter’”® in the ventral nerve cord (Supplementary Fig. S4h) and
simultaneously triggered the female-specific expression of YpI in adult
adipocytes in both males and females (Supplementary Fig. S4g). It also
successfully restored the fertility of dsx null mutant females (Supple-
mentary Fig. S4j). However, this feminising allele did not rescue the
sterility of females expressing D. virilis TraF protein (Supplementary
Fig. S4j), indicating that a sex pathway downstream of TraF is active
and crucial in dsx-cells. We observed that these female flies had normal
ovaries with developing egg chambers at all stages, including late
vitellogenic stages (Supplementary Fig. S4k). However, they were
unable to lay eggs and had swollen abdomens (Fig. 4b). The Hox gene
Abdominal-B (Abd-B) is responsible for forming the posterior seg-
ments, which include cells involved in egg-laying behaviour, such as
the motoneurons that innervate the oviducts™ or the vaginal plate””,
When D. virilis TraF was expressed specifically in Abd-B-expressing
cells, it caused sterility in females (Supplementary Fig. S41), suggesting
that the egg retention phenotype might be due to problems in the
sexual differentiation of these somatic cells.

These findings demonstrate that the cellular sex pathway we
identified plays a crucial role not only during development in dsx- and
fru-negative cells but also in dsx-positive cells. The cross-species
transgenic tests provide evidence that the variation in TraF protein
sequences between Drosophila species has functional importance and
regulates lineage-specific cellular sex differentiation programmes.

Cellular sex requires the splicing activity of TraF and its
cofactor Tra2
Previous experiments revealed that D. virilis TraF can splice dsx and
fru, but only partially supports the activation of the cellular sex path-
way. This led us to wonder if the new targets of TraF were also regu-
lated at the splicing level. To gain further insights into the molecular
mechanisms involved in cellular sex specification, we investigated
whether TraF splicing activity is required. We therefore focused on the
RS domain of TraF and its cofactor Tra2.

To eliminate TraF’s splicing activity, we designed a new tra knock-
in allele with RS/SR repeats mutated to alanines. Our findings showed

that the absence of female-specific dsx- and fru-splicing events (Sup-
plementary Fig. S5a) caused sex-reversal of genitalia and secondary
sexual characteristics (Fig. 5a). We also observed a reduction in organ
size (Fig. 5b) and body weight (Fig. 5c) in these masculinised female
flies lacking the TraF RS domain. In addition, these pseudo-males were
found to be sterile (Fig. 5d). Notably, deletion of the C-terminal pro-
line-rich domain, which is not implicated in the splicing activity of
TraF?, did not impact the ability of TraF to drive female organ size,
unlike RS domain mutation (Supplementary Fig. S5b). These results
highlight that the RS domain is required for TraF splicing activity and
its role in cellular sex-driven differentiation.

We then tested whether Tra2 protein, the binding partner of TraF,
is involved in the regulation of cellular sex. To study its expression
pattern, we generated a tra2-Gal4 knock-in reporter line (Fig. 5e). Our
findings showed that when tra2 knockdown was induced through tra2-
Gal4, female-to-male sex reversal transformations occurred in all
sexually dimorphic structures controlled by dsx and fru (Supplemen-
tary Fig. S5c). This effect could be rescued when tra2-Gal4 was com-
bined with dsx- and fru-Gal80 (Supplementary Fig. S5c). All of our
findings were consistent with tra2-Gal4 accurately reporting tra2
expression. We also found that this newly generated reporter was
expressed ubiquitously in both sexes (Fig. 5e and Supplementary
Fig. S5d), suggesting that the sex differentiation pathway could also
rely on Tra2.

In order to evaluate the role of Tra2, we introduced tra2 into cells
expressing dsx and fru in tra2 null mutants. This approach allowed us
to generate flies that specifically lack Tra2 in cells that do not express
the two established splicing targets of TraF. We accomplished this
using a tra2 CRISPR null mutant and two lines that reinstated tra2
expression in dsx- and fru-expressing cells (Fig. 5f). These lines were
created by exchanging MiMIC lines’” with a trojan exon encoding tra2.
This genetic manipulation fully rescued sex-specific splicing of dsx and
fru (Supplementary Fig. S5e) as well as genitalia formation (Supple-
mentary Fig. S5f). In addition, we drove tra2 knockdown using the
newly generated traF-Gal4 combined with dsx- and fru-Gal80 as an
alternative strategy (Supplementary Fig. S5g-k). Both genetic manip-
ulations partially abrogated the sex bias in organ size (Fig. 5g and
Supplementary Fig. S5j) and body weight (Fig. Sh and Supplementary
Fig. S5k). The tra2 mutation downregulates size and weight in mas-
culinised female flies. Indeed, females were 8% smaller and 11% lighter,
whereas males were unaffected. Moreover, we were able to abolish the
feminisation of organ size and body weight in TraF overexpressing
males by downregulating tra2 expression (Supplementary Fig. S5I).
These results suggest that the presence of Tra2 in somatic cells is
crucial for the control of organ size and body weight by cellular sex.
However, we observed that tra2 mutation (Fig. 5i) and downregulation
(Supplementary Fig. S5m) did not affect female fertility when confined
to dsx- and fru-negative cells. This indicates that a distinct ¢tra2-inde-
pendent mechanism is involved in fertility control by cellular sex.

Thus, our data point to the existence of two cellular sex pathways
that contribute to sex differences and depend on the RS domain of
TraF. One mechanism is tra2-dependent and controls sex-specific dif-
ferences in organ size and body weight, while the other mechanism is
tra2-independent and is essential for female fertility.

Discussion

Our findings invalidate the two-gene model of sexual differentiation in
Drosophila and demonstrate that cellular sex is ubiquitous and
essential for shaping differences between males and females during
development and evolution.

We found that every somatic cell expresses the primary sex
determinant, TraF, indicating that all male and female cells are sexually
differentiated. It is worth noting that among the thousand Gal4
reporter lines generated in Drosophila over decades, our traF-Gal4 is
the first and only sex-specific and ubiquitous line. Obtaining this tool
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Fig. 5| Cellular sex requires the splicing activity of TraF and its cofactor Tra2.
a Sex transformations of abdominal pigmentation and genitalia induced by tra
knock-out and RS domain mutation. b-d Adult wing size (b), adult weight (c), and
female fertility (d) quantifications following RS domain mutation. e Expression
pattern of tra2-Gal4 reporter in the female tissues at the third larval stage (DNA
labelled with DAPI, blue; the nuclear form of GFP, green). f Diagrams representing
the specific cell population with ¢tra2 knock-out, the alleles generated, and the
genotype used. g-i Adult wing size (g), adult weight (h), and female fertility (i)
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was quite challenging since TraF production is controlled by female-
specific alternative splicing of a very short exon, an event easily dis-
rupted by the introduction of additional sequences. The ubiquitous
expression of the fly sex determinant has significant implications
beyond sex differentiation. TraF is a splicing factor, thus it appears
crucial to sex biological samples when studying alternative splicing
processes in Drosophila. In the brain, for example, all neuronal and glial
cells expressed TraF, and this tissue has the maximum mRNA isoform
diversity, but most splicing studies’’’ still use unisex or mixed sam-
ples. Besides fundamental research, our observation could be bene-
ficial for genetic engineering. For example, individual sex-sorting
remains a crucial issue in male sterile techniques developed to control
pests and disease vector insect populations®. Our traF-Gal4 line
design could serve as a model for developing reporters that combine
fluorescent proteins downstream of the ubiquitous female-specific
traF exon. This approach could be adapted to various insect species
since TraF is conserved.

While recent studies suggest that non-cell-autonomous mechan-
isms also contribute to male-female size differences in flies*** 3, our
data reveal that intrinsic sex pathways downstream of TraF account for
40% of sex difference in organ size and 30% of the sex gap in body
weight. Previous studies have primarily concentrated on analysing the

targets and expression sites of dsx and fru’, assuming that these two
effectors account for all TraF functions. However, our discoveries
emphasise that it is crucial to look beyond these two factors and
characterise the complete range of sex-specific isoforms since the
overlooked sex pathways depend on the splicing activity of TraF.

We discovered that TraF targets beyond dsx are also crucial for
specifying sex organs. Our experiments, involving TraF from various
fly species, further confirmed this conclusion. We found that one TraF
protein from D. virilis could splice dsx and fru but could not support
female reproduction. These findings prove that there are intrinsic
cellular sex pathways that differ between closely related species, which
operate in dsx-positive cells. Altogether, our experiments demonstrate
the global requirement of cellular sex for sexual differentiation and the
presence of essential sex pathways. The genetic tools we have devel-
oped will help researchers further explore the functional significance
of cellular sex in various sex differences related to immunity®,
metabolism®, or development® that have yet to be fully understood.

Our results make Drosophila the first animal where the presence
of cellular sex and its functional importance have been tested exten-
sively at the organism level. Could the ubiquitous nature of sex-
determinant expression and function be conserved in other animals,
including mammals? While the general importance of intrinsic sex
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pathways remains to be determined, clear examples already highlight
the critical role of cellular sex in these animals. In humans, the func-
tional equivalent of TraF is SRY which instructs embryonic gonads to
develop into testes™. Interestingly, SRY is also present in various adult
tissues outside the sex organs, including the lungs, heart, and liver,
where its putative functions and targets remain to be fully explored®.
Beyond SRY, while it's commonly believed that Y-chromosome genes
are only expressed in the testis, recent studies have shown elevated
Y-chromosome gene expression in non-reproductive tissues® 2. For
example, EIFIAY, which encodes an essential translation initiation
factor, is more abundant in male heart tissue than its X-linked homo-
logue EIF1AX in female heart tissue at the protein level’”. Combined
with the recent discoveries linking Y-linked genes to cancer growth
and immunotherapy® %, it is becoming increasingly evident that cel-
lular sex also plays an essential role in mammalian development and
physiology. Despite these few examples, the global importance of
cellular sex in vertebrates at the organism level and its integration with
better-characterised hormonal effects remain to be elucidated.

Methods

Fly strains and media

Gal4 drivers. dsx-Gal4 (gift from C. Rezaval, generated by ref. 44,
FlyBase ID: FBtiO168641), fruPI-Gal4 (BDSC: 66696, FlyBase ID:
FBti0168666), mexI-Gal4 (BDSC: 91368, FlyBase ID: FBti0213076),
prosVI-Gal4 (BDSC: 84276, FlyBase ID: FBti0010694), DI-Gal4 (BDSC:
45136, FlyBase ID: FBti0134190), vm-Gal4 (BDSC: 48547, FlyBase ID:
FBti0133125), btl-Gal4 (BDSC: 66790, FlyBase ID: FBti0185389), repo-
Gal4 (BDSC: 7415, FlyBase ID: FBti0018692), nSyb-Gal4 (BDSC: 51635,
FlyBase ID: FBti0150361), tra promoter-Gal4 (this study, see below for
details), traF-Gal4 (this study, see below for details), dsx-Gal80 (this
study, see below for details), fruP1-Gal80 (this study, see below for
details), traF-LexA (this study, see below for details), tra2-Gal4 (this
study, see below for details), nubbin-Gal4 (BDSC: 84330, FlyBase ID:
FBti0016825), cg-Gal4 (BDSC: 7011, FlyBase ID: FBti0027802), Yolki-
Gal4 (BDSC: 58814, FlyBase ID: FBti0164887), R17G1I-Gal4 (BDSC:
49275, FlyBase ID: FBti0133549), Abd-B-Gal4 (BDSC: 55848, FlyBase ID:
FBti0074266), pdm2-Gal4 (BDSC: 49828, FlyBase ID: FBtp0057439),
tsh-Gal4 (BDSC: 3040, FlyBase ID: FBti0002787).

UAS transgenes. UAS-Stinger (BDSC: 84277, FlyBase ID: FBti0074589),
UAS-flp (BDSC: 4539, FlyBase ID: FBti0012284), UAS-traF (BDSC: 4590,
FlyBase ID: FBti0010566), UAS-traF (this study, see below for details),
UAS-traF*® (this study, see below for details), UAS-traF*" (this study,
see below for details), LexAop2-IVS-tdTomato.nls (BDSC:66680, Fly-
Base ID: FBti0185294), UAS-IVS-mCD8::GFP (BDSC: 32186, FlyBase ID:

FBti0131963), UAS-IVS-mCD8::GFP (BDSC: 32185, FlyBase ID:
FBti0131931), UAS-dicer2 (VDRC: 60007).
RNAi transgenes. UAS-tra2®™ (BDSC: 28018, FlyBase ID:

FBti0128004), UAS-tra™* (BDSC: 28512, FlyBase ID: FBti0127269).

Mutants. tra“® (BDSC: 67412, FlyBase ID: FBti0186559), tra”™"*° (gen-
erated by ref. 63, FlyBase ID: FBti0211844), tra*® fR" ™ (this study, see
below for details), tra*® (this study, see below for details), tra2 (this
study, see below for details), dsx>tra2 (this study, see below for
details), fruP1>tra2 (this study, see below for details), Dsech tra (this
study, see below for details), Dvir tra (this study, see below for details),
traP™e FRTDAr (this study, see below for details), dsx ™ (this study, see
below for details), dsx’ (BDSC: 1679, FlyBase ID: FBal0003154), dsx*
(gift from B. Prudhomme, FlyBase ID: FBal0325111), tra2' (BDSC: 66712,
FlyBase ID: FBal0017020), Df(3L)stj7 (BDSC: 5416, FlyBase ID:
FBab0002416), Dpseudo tra (this study), Tcas tra (this study).
Animals were reared on fly food containing (per liter): 10 g of agar,
82.5g polenta, 34 g dry yeast and 3,75 g Moldex (per liter, diluted in
ethanol). All experimental flies were kept in incubators at 25 °C, and on

a 12 hr light/dark cycle. Flies were transferred to fresh vials every
3 days, and fly density was kept to a maximum of 15 flies per vial.

Fertility tests

For fertility experiments, males or females were collected and aged for
3-5 days. For female fertility experiments, females were mated over
five days to CantonS males (1 female with 1 male per vial). For male
fertility experiments, males were mated over five days to CantonS
females (1 male with 3 females per vial). Flies were then removed, and
progeny was counted.

Generation of the tra promoter-Gal4 knock-in allele

To generate the tra promoter Gal4 knock-in allele, the 1917 nucleo-
tides (nt) upstream of the tra start codon were cloned into the RIV
FRTnMCSIFRT white vector (DGRC: Plasmid#1333) using the Notl
and Nhel restriction sites by gene synthesis (Genscript). The
Gal4 sequences and the 3'UTR of tra, along with the 967 downstream
nt, were added by PCR between the Nhel and Xhol sites. The construct
was sequence-verified, and a transgenic line was established through
®C-31 integrase mediated transformation (Bestgene), using a recently
generated amorphic allele of tra®® in which tra locus has been replaced
by an attP site (BDSC: 67412, FlyBase ID: FBti0186559). The generated
allele behaves as a tra null mutant.

Generation of the traF-Gal4 and traF-LexAp65 knock-in alleles
To generate the traF-Gal4 and traF-LexAp65 knock-in alleles, the T2A-
Gal4 sequences (Addgene: Plasmid #62893) or the T2A-nls-LexA:;p65
sequences (Addgene: Plasmid #26230) were cloned upstream of the
tra STOP codon into an RIV FRTnMCSIFRT white vector (DGRC: Plas-
mid#1333, containing the tra locus (3869 nt containing: tra coding
region, 1910 nt upstream and the 967 nt downstream®). The con-
structs were sequence-verified and transgenic lines were established
through ®C-31 integrase mediated transformation (Bestgene), using a
recently generated amorphic allele of tra® in which tra locus has been
replaced by an attP site (BDSC: 67412, FlyBase ID: FBti0186559).

Generation of the traF “°-Gal4 knock-in allele

To generate the traF*°-Gal4 knock-in allele, the T2A-Gal4 sequences
(Addgene: Plasmid #62893) were cloned 26 nt downstream of the tra
female-specific exon into a RIV FRTnMCSIFRT white vector (DGRC:
Plasmid#1333, containing the tra locus (674 nt containing: tra coding
region deleted of 582 nt of the female-specific exons, the 353 nt
upstream and the 310 nt downstream®). The constructs were
sequence-verified and transgenic lines were established through ®C-31
integrase mediated transformation (Bestgene), using a recently gen-
erated amorphic allele of tra® in which tra locus has been replaced by
an attP site (BDSC: 67412, FlyBase ID: FBti0186559).

Generation of the dsx-Gal80 knock-in allele

To generate a knock-in Gal80 under the control of dsx regulatory
sequences, recombination-mediated cassette exchange of the follow-
ing insertion was performed: Mify[+mDint2]=MIC}dsx[MI03050] (BDSC:
36182, FlyBase ID: FBti0143242). The swapping strategy was previously
described in ref. 77. Midiprep plasmid DNA of pBS-KS-attB2-SA(1)-T2A-
3X Gal80-Hsp70 (addgene: Plasmid#62952) was injected together with
®C31 plasmid DNA into the embryos of flies bearing MI03050. The
orientation of the Gal80 exon inserts was then determined by PCR
amplification.

Generation of the fru-Gal80 knock-in allele

To generate a knock-in Gal80 under the control of fru regulatory
sequences (P1 promoter), recombination-mediated cassette exchange
of the following insertion was performed: Mi{y[+mDint2]=MIC}
fru/MI05459] (BDSC: 42086, FlyBase ID: FBti0149046). Midiprep plas-
mid DNA of pBS-KS-attB2-SA(1)-T2A-3X Gal80-Hsp70 (addgene:
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Plasmid#62952) was injected together with ®C31 plasmid DNA into the
embryos of flies bearing MI05459. The orientation of the Gal80 exon
inserts was then determined by PCR amplification.

Generation of the UAS-traF lines

To generate a wild type UAS-traF line, tra coding regions (687 nt, Fly-
Base ID: FBtr0075364) were cloned by PCR into the pUASt-attB vector
(DGRC: Plasmid#1419) between the EcoRI and Xhol restrictions sites. In
the UAS-traF*® line, the 17 RS/SR repeats are mutated in alanine (RS/
SR>AA). In the UAS-traF** line, the 35 last amino-acids of tra are
deleted. The constructs were sequence-verified and transgenic lines
were established through ®C-31 integrase mediated transformation
(Bestgene), using the attP40 (BDSC: 36304, FlyBase ID: FBti0114379)
attP site line.

Generation of the tra*® ™" knock-in allele

To generate the tra*® ™" "% knock-in allele, the following sequences
were cloned into the RIV FRTnMCSIFRT white vector (DGRC: Plas-
mid#1333) using the EcoRI and Bglll restriction sites by gene synthesis
(Genscript): tra promoter-truncated tra cDNA -FRT site - traF cDNA.
The construct was sequence-verified, and transgenic lines were
established through ®C-31 integrase mediated transformation (Best-
gene), using a recently generated amorphic allele of ¢ra® in which tra
locus has been replaced by an attP site (BDSC: 67412, FlyBase ID:
FBti0186559).

Generation of the D. virilis tra knock-in allele

To generate the D. virilis tra knock-in allele, the tra locus (tra coding
region, the 353 nt upstream and the 310 nt downstream) was cloned by
gene synthesis (Genscript) into the RIV FRTnMCSIFRT white vector
(DGRC: Plasmid#1333) using the EcoRI and Xhol restriction sites. The
tra-coding regions were replaced with the tra-coding regions of
D. virilis. The introns, 5'UTR, and 3’'UTR were not swapped. The con-
struct was sequence-verified, and a transgenic line was established
through ®C-31 integrase-mediated transformation (Bestgene) using a
recently generated amorphic allele of tra®® in which the tra locus has
been replaced by an attP site (BDSC: 67412).

Generation of the D. sechellia tra knock-in allele

To generate the D. sechellia tra knock-in allele, the tra locus (tra coding
region, the 353 nt upstream and the 310 nt downstream) was cloned by
gene synthesis (Genscript) into the RIV FRTnMCSIFRT white vector
(DGRC: Plasmid#1333) using the EcoRI and Xhol restriction sites. The
tra-coding regions were replaced with the tra-coding regions of
D. sechellia. The introns, 5UTR, and 3'UTR were not swapped. The
construct was sequence-verified, and a transgenic line was established
through ®C-31 integrase mediated transformation (Bestgene) using a
recently generated amorphic allele of tra® in which tra locus has been
replaced by an attP site (BDSC: 67412).

Generation of the D. pseudoobscura tra knock-in allele

To generate the D. pseudoobscura tra knock-in allele, the tra locus (tra
coding region, the 353 nt upstream and the 310 nt downstream) was
cloned by gene synthesis (Genscript) into the RIV FRTnMCSIFRT white
vector (DGRC: Plasmid#1333) using the EcoRI and Nhel restriction
sites. The tra-coding regions were replaced with the tra-coding regions
of D. pseudoobscura. The introns, 5’UTR, and 3’'UTR were not swapped.
The construct was sequence-verified, and a transgenic line was estab-
lished through ®C-31 integrase mediated transformation (Bestgene)
using a recently generated amorphic allele of ¢tra® in which tra locus
has been replaced by an attP site (BDSC: 67412).

Generation of the T. castaneum tra knock-in allele
To generate the T. castaneum tra knock-in allele, the tra locus (tra
coding region, the 353 nt upstream and the 310 nt downstream) was

cloned by gene synthesis (Genscript) into the RIV FRTnMCSIFRT white
vector (DGRC: Plasmid#1333) using the EcoRI and Xhol restriction
sites. The tra-coding regions were replaced with the tra-coding regions
of T. castaneum. The introns, 5SUTR, and 3’'UTR were not swapped. The
construct was sequence-verified, and a transgenic line was established
through ®C-31 integrase mediated transformation (Bestgene) using a
recently generated amorphic allele of tra® in which tra locus has been
replaced by an attP site (BDSC: 67412).

Generation of the tra®™ ™72 knock-in allele

To generate the tra®™ ™72 knock-in allele, the following sequences
were cloned into the RIV FRTnMCSIFRT white vector (DGRC: Plas-
mid#1333) using the EcoRI and Xhol restriction sites by gene synthesis
(Genscript): D. melanogaster tra locus-FRT site - D. virilis tralocus. The
construct was sequence-verified, and transgenic lines were established
through ®C-31 integrase-mediated transformation (Bestgene) using a
recently generated amorphic allele of ¢ra® in which tra locus has been
replaced by an attP site (BDSC: 67412, FlyBase ID: FBti0186559).

Generation of the dsxF “™ knock-in allele

To generate a dsx™ knock-in, recombination-mediated cassette
exchange of the following insertion was performed: Mify[+mDint2]
=MIC}dsx[MI03050] (BDSC: 36182, FlyBase ID: FBti0143242). The pBS-
KS-attB2-SA(1)-T2A-3X Gal80-Hsp70 (addgene: Plasmid#62952) vector
was modified. The last common exon of dsx followed by the female-
specific exon and the SV40 poly(A) replaced the Gal80 sequences, and
a 3xP3 promoter driving DsRed was added to facilitate the knock-in
event screening. Midiprep plasmid DNA of this construct was injected
together with ®C31 plasmid DNA into the embryos of flies bearing
MI03050. The orientation of the tra2 exon inserts was then determined
by PCR amplification.

Generation of the tra*® knock-in allele

To generate the tra®® knock-in allele, the tra locus (1648 nt containing:
tra coding region, the 353 nt upstream and the 310 nt downstream) was
cloned by gene synthesis (Genscript) into the RIV FRTnMCSIFRT white
vector (DGRC: Plasmid#1333) using the EcoRIl and Xhol restriction
sites. In the tra coding region, the 17 RS/SR repeats are mutated in
alanine (RS> AA). The construct was sequence-verified, and a trans-
genic line was established through ®C-31 integrase mediated trans-
formation (Bestgene) using a recently generated amorphic allele of
tra® in which tra locus has been replaced by an attP site (BDSC: 67412).

Generation of the tra2“° CRISPR null mutant

To generate a tra2 null mutant, two gRNAs targeting the tra2 coding
sequence (gRNA 1: tcgatgcttcatgtcaaaagagg, and gRNA 2: gatgaagttc-
gacctaatcgtgg) were cloned into the pCFDS vector (Addgene: Plasmid
#73914). A 1kb homology arm flanking the cleavage site 1 was PCR-
amplified from genomic DNA using the Q5 high-fidelity polymerase
from New England Biolabs (M0491S). The PCR product was digested
with Nhel and Sacll prior to cloning into the pDsRedattP vector
(Addgene: Plasmid #51019). A 1 kb homology arm flanking the cleavage
site 2 was PCR-amplified from genomic DNA. The PCR product was
digested with Avrll and Xhol prior to cloning into the pDsRedattP vec-
tor, containing the first homology arm. The constructs were sequence-
verified and a mutant line was established through injection (Bestgene)
of the 2 generated vectors (pCFD5 gRNAs and pDsRedattP homology
arms) in yw;nos-Cas9 (FlyBase ID: FBti0156858) embryos. The generated
deletion removed 1513 nt of the tra2 coding sequence and replaced it
with an attP landing site and a loxP-flanked 3xP3-DsRed marker.

Generation of the tra2-Gal4 knock-in allele

To generate the tra2-Gal4 knock-in allele, the 589 nt of the tra2 locus
(containing half of the second intron and the third exon) were cloned
into the RIV FRTnMCSIFRT white vector (DGRC: Plasmid#1333) using
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the EcoRl and AsiSl restriction sites by gene synthesis (Genscript). The
T2A-Gal4 sequences (addgene: Plasmid #62893), along the SV40
poly(A), were added by PCR between the AsiSI and Xhol sites. The
construct was sequence-verified, and a transgenic line was established
through ®C-31 integrase mediated transformation (Bestgene), using a
newly generated amorphic allele of tra2 in which tra2 locus has been
replaced by an attP site. The generated allele behaves as tra2 null
mutant.

Generation of the fru-tra2 knock-in allele

To generate a knock-in of ¢tra2 under the control of fru regulatory
sequences (P1 promoter), recombination-mediated cassette exchange
of the following insertion was performed: Mify[+mDint2]=MIC}
fru[MIO5459] (BDSC: 42086, FlyBase ID: FBti0149046). The pBS-KS-
attB2-SA(1)-T2A-3X Gal80-Hsp70 (addgene: Plasmid#62952) vector was
modified. The tra2 cDNA replaced the Gal80 sequences, and a 3xP3
promoter driving DsRed was added to facilitate the knock-in event
screening. Midiprep plasmid DNA of this construct was injected
together with ®C31 plasmid DNA into the embryos of flies bearing
MI05459. The orientation of the tra2 exon inserts was then determined
by PCR amplification.

Generation of the dsx-tra2 knock-in allele

To generate a knock-in of tra2 under the control of dsx regulatory
sequences, recombination-mediated cassette exchange of the follow-
ing insertion was performed: Mi{y[+mDint2]=MIC}dsx[MI03050] (BDSC:
36182, FlyBase ID: FBti0143242). The pBS-KS-attB2-SA(1)-T2A-3X Gal80-
Hsp70 (addgene: Plasmid#62952) vector was modified. The tra2 cDNA
replaced the Gal80 sequences, and a 3xP3 promoter driving DsRed was
added to facilitate the knock-in event screening. Midiprep plasmid
DNA of this construct was injected together with ®C31 plasmid DNA
into the embryos of flies bearing M/03050. The orientation of the tra2
exon inserts was then determined by PCR amplification.

Immunohistochemistry

Larval and adult tissues were dissected in 1xPBS, placed on poly-L-
lysine (Sigma-Aldrich, P1524-1G) coated slides, fixed in 3.7% for-
maldehyde (Polyscience) in 1xPBS for 20 min at room temperature
(RT) and then washed several times in PBS containing 0,3% Triton
X-100 (PBT). Dissected tissues were blocked in PBT + 4% Horse serum
(HS) at RT for at least one h. The primary antibodies incubation was
performed in PBT + HS for 48 h at 4 °C. After several washes, secondary
antibodies were incubated for two hours at RT. Then, dissected tissues
were mounted into Vectashield with DAPI (Vector Labs) to stain DNA.
Fluorescence images were acquired using a Leica SP5 DS confocal
microscope. The following primary antibodies (see also Table S1) were
used: chicken anti-GFP (1/10000) (abl3970 Abcam), goat anti-
tdTomato (1/500) (LS-C340696, LSBio).

Wing size

Adult flies were collected in ethanol at least 12 hours following emer-
gence to ensure the wings were fully expanded. Right wings were
dissected in ethanol and mounted in a drop of Euparal mounting
medium (Carl Roth #7356.1). Slides were dried overnight on a heating
plate at 60 °C. Then, wings were imaged using a Leica M205 FA asso-
ciated with Leica DFC7000T camera. Wing areas were quantified using
Image) by manually selecting the Cartesian coordinates of six land-
marks representing junctions of veins with the wing contour, then
measuring the number of pixels included in the resulting outline
(method adapted from’). For a given experiment, all values were
normalised to one control condition.

Body weight
2-5 days old male and female flies were frozen at —20 °C. During the
two following days, flies were weighed by groups of 5 adults on an XPR

analytical balance (Mettler Toledo). For a given experiment, all values
were normalised to one control condition.

Reverse transcription and quantitative-PCR

RNAs were extracted from 10 whole flies (or 15 heads) using TRIzol
(Invitrogen). RNAs were cleaned using an RNAeasy mini Kit (Qiagen,
74-104). cDNAs were synthesised using the iScript cDNA synthesis kit
(Bio-Rad, 170-8889) from 500 ng of total RNAs. Quantitative PCRs were
performed by mixing cDNA samples (5 ng) with iTaq Universal SYBR®
Green Supermix (Bio-Rad, 172-5124) and the relevant primers in 384-
well plates. Expression abundance was calculated using a standard
curve for each gene and normalised to the expression of the rp49
control gene. For data display purposes, the median of the expression
abundance was arbitrarily set at 100% for control males or females, and
the percentage of that expression is displayed for all the tested gen-
otypes. qPCR primer pairs used are listed in table SI.

Statistics and data presentation

All statistical analyses were carried out in GraphPad Prism 7.04.
Comparisons between two genotypes or conditions were analysed
with the Mann-Whitney-Wilcoxon rank sum test. This non-parametric
test does not require the assumption of normal distributions, so no
methods were used to determine whether the data met such
assumptions. All graphs were generated using GraphPad Prism 7.04. In
all figures, when significant, the differences between the medians of
the control and the tested conditions are indicated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data is available in the main text or the supplementary materials.
Materials generated for the study are available from the corresponding
author on request. Source data are provided with this paper.
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