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SUMMARY

The emergence and diversification of morphological novelties is a major feature of animal evolution.'™®

However, relatively little is known about the genetic basis of the evolution of novel structures and the
mechanisms underlying their diversification. The epandrial posterior lobes of male genitalia are a novelty
of particular Drosophila species.'®'® The lobes grasp the female ovipositor and insert between her
abdominal tergites and, therefore, are important for copulation and species recognition.'®'21%-17 The
posterior lobes likely evolved from co-option of a Hox-regulated gene network from the posterior spira-
cles'® and have since diversified in morphology in the D. simulans clade, in particular, over the last
240,000 years, driven by sexual selection.'®2! The genetic basis of this diversification is polygenic but,
to the best of our knowledge, none of the causative genes have been identified.??~2° Identifying the genes
underlying the diversification of these secondary sexual structures is essential to understanding
the evolutionary impact on copulation and species recognition. Here, we show that Sox27b negatively
regulates posterior lobe size. This is consistent with expanded Sox21b expression in D. mauritiana, which
develops smaller posterior lobes than D. simulans. We tested this by generating reciprocal hemizygotes
and confirmed that changes in Sox271b underlie posterior lobe evolution between these species. Further-
more, we found that posterior lobe size differences caused by the species-specific allele of Sox21b
significantly affect copulation duration. Taken together, our study reveals the genetic basis for the sex-
ual-selection-driven diversification of a novel morphological structure and its functional impact on copu-
latory behavior.

RESULTS AND DISCUSSION

Identification of transcription factors regulating the
development of Drosophila male external genitalia
To better understand how the male genitalia develop and have
evolved between D. simulans and D. mauritiana (Figure 1A), we
used a candidate gene approach to interrogate RNA sequencing
(RNA-seq) data and genomic regions identified by introgression
mapping.” We focused on genes encoding transcription factors
(TFs) because in many previous studies they have been shown to
occupy key nodes in gene regulatory networks and contribute to
morphological evolution.>' ¢

Our previous analysis of RNA-seq data from the developing
male genitalia of D. simulans*®°" and D. mauritiana D1 revealed
49 differentially expressed TF-encoding genes,?’ 24 on the chro-
mosome arm 3L, where we have previously generated high-reso-
lution introgression maps of regions contributing to divergence in
genital structures between these two species.?®*"*” We tested
the function of these 24 genes during genital development using
RNAI knockdown in D. melanogaster (Data S1A). RNAi against
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ten of these genes significantly altered the size and/or bristle count
of the posterior lobes, surstyli, and/or cerci compared with
parental controls (Figures S1A-S1D; Data S1A). Seven out of the
ten affected just one structure, while Mediator complex subunit
24, tonalli, and Enhancer of split m3, helix-loop-helix knockdown
affected multiple structures (Figures S1A-S1D). For four of these
genes, CKll-«a subunit interactor-1, knirps-like, Mediator complex
subunit 10 (all cercus area), and Sox21b (posterior lobe area), the
effect of the knockdown was consistent with the direction of the
difference in their expression and phenotype in D. mauritiana D1
compared with D. simulans”®°" (Figures S1A and S1C). However,
Sox21b is the only one of these genes located within a mapped in-
trogressed region.?” The higher expression of Sox21b in D. maur-
itiana, the species with smaller posterior lobes, and enlargement of
this structure upon knockdown in D. melanogaster, suggests a
previous unknown role for Sox21b in repressing posterior lobe
size during male genital development.®®°

Furthermore, although the posterior Ilobes of the
D. melanogaster species subgroup have been shown to have
evolved from co-option of the Hox-regulated gene network
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Figure 1. RNAi knockdown of Sox21b in
D. melanogaster increases posterior lobe
size
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ancestrally involved in posterior spiracle formation, '® none of the
genes involved in subsequent posterior lobe diversification
among these species have yet been identified. Therefore, we
further examined the role of Sox271b in posterior lobe develop-
ment and evolution.

Sox21b regulates posterior lobe size

We first carried out additional RNAi knockdowns of Sox271b in
D. melanogaster. We used a second upstream activating
sequence (UAS)-RNAI line designed to target a different region
of the Sox27b mRNA, and an alternative driver line, POXN-
GAL4, (a posterior-lobe-specific GAL4 driver*®). All of the RNAI
knockdowns of Sox27b resulted in an increase in posterior
lobe area relative to controls (Figures 1B-1D). In addition, the
width of the base of the posterior lobes also significantly
increased upon reduction of Sox21b expression (Figure S1E).
Conversely, Sox21b RNAI led to a decrease in the size of the
lateral plates, i.e., the structure from which the posterior lobes
grow out of (Figure S1F). The reduction of the lateral plate and

(A) Posterior lobes of D. melanogaster, D. simulans,
and D. mauritiana. MYA, million years ago.

(B) RNAi knockdown of Sox21b in D. melanogaster.
Genotypes in bold represent Sox21b RNAi knock-
down lines. KD, knockdown. UAS lines indicate the
parental control lines with only the UAS-RNA.. Full
genotypes for the lines used can be found in the
method details. Asterisks above the knockdown
line indicate the levels of statistical significance
between the RNAi knockdown and associated
parental GAL4 driver: orange for NP6333-GAL4
and pink for POXN-GAL4. The lines below,
adjoining the RNAi knockdown to the parental
UAS-RNAI line, indicate the level of statistical sig-
nificance between each pair. **p < 0.001 and
*p < 0.01. Within each violin plot, the following
values are represented: the median as the bold
horizontal line, the box as the interquartile range,
and the range as the vertical line. n > 13 for each
line.

(C-D’) SEM images of example NP6333-GAL4
control genitalia (C and C’) and NP6333-
GAL4>UAS-Sox21b RNAi TRIiP genitalia (D and
D’). Purple marks the cerci, pink the epandrial
posterior lobes, and yellow the surstyli.

See also Figure S1 and Data S1A and S1B.

reciprocal enlargement of the lobe reveals
a potential trade-off in the proportion of
cells assigned to posterior lobe versus
lateral plate fate.

Spatial differences in Sox21b
expression between species in the
posterior lobe primordium

Previous analysis of Sox27b in the devel-
oping male terminalia of D. melanogaster
showed expression in the developing
posterior lobes and lateral plates during
pupal stages.*’ We analyzed the expression of Sox27b during
larval and pupal stages using in situ hybridization chain reaction
(HCR). Although we were unable to detect the Sox21b exp-
ression captured in pupal periphallic structures previously
reported,”’ we found that Sox217b is expressed earlier in the
genital discs of D. melanogaster, D. simulans, and D. mauritiana
larvae (Figures 2 and S2).

At 96 h after egg laying (hAEL), Sox21b is expressed across
the medial and lateral regions of the genital discs of all
three species, which encompass the posterior lobe/lateral
plate/surstylus primordium (Figures 2A-2C).*> However,
D. mauritiana expression was observed across the entirety
of this region, whereas D. simulans lacks expression in
the most lateral parts (Figures 2B and 2C). At 120 hAEL, the
medial expression contracts to varying extents among the
species (Figures 2A’-2C'). D. simulans exhibits the most
extreme contraction in expression, with Sox27b mostly absent
from the posterior lobe primordium (Figure 2B’), whereas in
D. mauritiana, the broader Sox21b expression persists
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Figure 2. Expression of Sox21b in D. melanogaster, D. simulans, and D. mauritiana genital discs
(A-C) (A-C) Sox21b in situ hybridization chain reaction (HCR) of male genital discs at 96 hAEL and (A'-C’) 120 hAEL. (A and A’) D. melanogaster”’"’®, (B and B')
D. simulans”®°’. (C and C') D. mauritiana D1. (A)n =5, (A)n=7, (B)n =4, (B') n =4, (C) n = 4, and (C') n = 4. Ovals with dashed lines indicate the position of the

posterior lobe primordia.

(D) Anti-Drop staining in a D. melanogaster”’"’® male genital disc (n = 8). Positions of the posterior lobe primordia are indicated by ovals with dashed lines.
(E and E') (E) Anti-Eyes absent (Eya) staining and (E’) Sox27b HCR in a D. melanogaster”’""® embryo at stage 16. Ovals with dashed lines surround the developing

posterior spiracles. (E) n = 15 and (E') n = 8.

(F) Schematic showing lateral plate (Ip), posterior lobe (pl), and clasper/surstylus (c) primordia in D. melanogaster.

See also Figures S2 and S4.

(Figure 2C'). The expression of Sox27b in genital discs is
similar to that of Drop (Figure 2D), a known marker of posterior
lobe development.*®

Given our finding that Sox271b negatively regulates posterior
lobe size, these data suggest that the higher and more expansive
expression—detected by RNA-seq and in situ hybridization,
respectively—in D. mauritiana compared with D. simulans con-
tributes to the evolutionary difference in posterior lobe size be-
tween these two species.

Sox21b is not expressed in the developing posterior
spiracles

We next explored whether Sox271b could have also been co-
opted with the Hox-regulated network during posterior lobe
evolution by assaying whether this gene is also expressed in
the posterior spiracles, like eyes absent (Figures 2E and
2E)."° However, we did not observe Sox21b expression in
the developing posterior spiracles in D. melanogaster
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(Figure 2E'). This suggests that, while Sox27b can modulate
the expression of this network to regulate posterior lobe size,
expression of this gene was likely not co-opted from the poste-
rior spiracles.

Highly conserved coding sequences of Sox21b between
D. mauritiana and D. simulans

To further compare Sox21b between D. simulans and
D. mauritiana, we analyzed the coding sequence differences
in this gene between the two species. We found 24 nucleotide
differences in the coding sequence of Sox21b between
D. simulans”®°" and D. mauritiana D1, four of which are non-
synonymous, but we found no insertions or deletions. Two
of the nonsynonymous changes are located in exon 1 and
are derived in D. simulans (Data S1F). The other two changes
are located in exon 6 and are derived in D. mauritiana.
None of these changes affect the DNA binding high-mobility
group (HMG) box domain. Only the A535V substitution
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Table 1. Nonsynonymous changes in the coding sequence of Sox21b between D. simulans and D. mauritiana

Codon/amino acid

nsSNV frequency®

ReSeq Popoolation DB

Nsyn? Dsim coordinate® Dmel Dsim"%07 DmauD1 Dsim Dmau Dsim Dmau
A151TSP 13791381 GCG/A - GCG/A 5/10 8/11 9/18 11/16

- ACG/T - 5/10 3/11 9/18 5/16
A186S° NP GCT/A - GCT/A 9/10 11/11 -

- TCT/S - 1/10 0/11
E502DSP 13779108 GAG/E GAG/E - 9/10 3/10 8/15 9/14

- - GAT/D 1/20 7/10 7/15 5/14
A535VF NP GCG/A GCG/A - 10/10 0/10 -

- - GTG/NV 0/10 10/10

NP: variant not present in the Popoolation dataset. nsSNV Frequency obtained from two datasets (1) ReSeq: a dataset made by resequencing ten
strains of each species, (2) Popoolation DB***°°: Pool-seq data from 107 strains of D. mauritiana and 50 strains of sub-Saharan D. simulans. Amino
acid differences denoted as: SP, shared polymorphism; S, singleton in Dsim"®°7: F, fixed difference. See also Data S1F.

#Nonsynonymous.
®PopoolationDB.*°
°Nonsynonymous single nucleotide variation.

represents a fixed difference between D. simulans and
D. mauritiana (Table 1). The variants underlying the A151T
and E502D change between D. simulans*®°" and D. mauriti-
ana D1 are present in populations of both species and the
A186S variant is a singleton in D. simulans”®°? (Table 1). All
substitutions are fairly conservative**™*® and unlikely to have
a large effect on protein structure and function,*”*® especially
given the pleiotropic roles of Sox21b in these flies.*®*°
Although we cannot completely rule out the contribution of
the amino acid substitutions in Sox21b between the two spe-
cies to their posterior lobe size differences, given the striking
spatial differences in the expression of this gene in the genital
discs of D. mauritiana and D. simulans, we hypothesize
that regulatory evolution in Sox27b is more likely to be
responsible.

Sox21b contributes to the evolution of posterior lobe
size between D. simulans and D. mauritiana

Because Sox21b regulates posterior lobe development in
D. melanogaster, is located in a genomic region?” that contributes
to differences in posterior lobe size between D. mauritiana and
D. simulans, and is expressed differently between these two spe-
cies, we then directly tested whether this gene has contributed to
the evolution of their posterior lobe size difference. To do this, we
carried out a reciprocal hemizygosity test.®°'°° We used
CRISPR-Cas9 to direct the insertion of 3XP3-DsRed fluorophore
into exon 1 of Sox21b in D. simulans*®°" and an introgression line
(IL108) carrying 2.8 Mb of D. mauritiana DNA (3L: 12,277,961-
15,075,323), spanning the previously mapped region containing
this gene (P5, 1.138 Mb) (3L: 13,393,862-14,532,063)°” in an other-
wise D. simulans”®°" genome (Figure S3A). This successfully dis-
rupted the reading frame in the Sox21b locus from both species
(Figure S3A). Interestingly, D. simulans Sox21b mutants were ho-
mozygous viable, and these flies had significantly larger posterior
lobes than controls. This result corroborates the Sox27b RNAI
knockdown results in D. melanogaster and confirms that this TF
negatively regulates posterior lobe size in D. simulans (Figures 1B
and S3B; Data S1B and S1C).

Reciprocal hemizygotes were then generated by crossing the
two sets of independent Sox27b mutant lines to generate flies
that were genetically identical except that they had either a
working D. mauritiana Sox21b allele (IL108/DsimS®2101-1/1-2) o¢
a working D. simulans Sox21b allele (Dsim/IL10859%2101-1/1:2)
(Figure 3A). Remarkably, posterior lobe size was significantly
different, depending upon the species-origin of the working
Sox21b allele and consistent with the direction of the species
difference (Figure 3A). Male flies with the D. mauritiana
Sox21b allele had significantly smaller lobes with narrower ba-
ses compared with flies with a working D. simulans Sox21b
allele (Cohen’s effect size = —1.172; Figures 3A and S3C). Sur-
stylus bristle count, cercus bristle count, and cercus area did
not differ significantly between the reciprocal hemizygotes
(Data S1B and S1C). This difference of 5.5.% in the size of
the posterior lobes between the reciprocal hemizygotes is
consistent with the 9% effect of the introgression containing
Sox21b.?” These results show that variation in Sox21b has
contributed to the evolution of posterior lobe size between
D. mauritiana and D. simulans.

The shape of the posterior lobe is altered according to
the species origin of Sox21b

To test whether variation in Sox271b contributes to the evolution
of posterior lobe shape between D. simulans and D. mauritiana,
we used elliptical Fourier analysis (EFA) to summarize the
morphometric changes in shape between the reciprocal hemi-
zygotes to identify variation originating from species-specific
alleles of Sox21b (Figures 3B, S3D, and S3E; Data S1D). The
two principal components (PCs) summarizing the highest pro-
portion of shape variation, PC1 and PC2, contributing 27.1%
and 12.5%, respectively, were compared to assess the relative
distribution in shape differences captured by species-specific
alleles of Sox21b (Figures S3E and S3F’). PC1 captured shape
alterations from the artificial baseline to the beginning of the
beak extension. The D. mauritiana Sox21b allele reduced the
height of the “neck” leading up to the “beak” extension, in com-
parison to the D. simulans working allele (Figure 3B). When
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Figure 3. Effects of species-specific Sox21b alleles on posterior lobe size and shape

(A) Posterior lobes are smaller in size when only the D. mauritiana allele of Sox21b is working (IL108/Dsim®°*?™°"-1 and IL.108/Dsim5°27°7-2) (n > 22). The lower
schematic illustrates the generation of reciprocal hemizygotes, containing either a D. simulans working allele or D. mauritiana working allele of Sox21b. The
lightning bolt represents the disrupted Sox217b locus, the shaded rectangle represents the D. mauritiana introgressed region (3L: 12,277,961-15,075,323).

(B) PC1 versus PC2, whereby both statistical identifiers summarize 37.6% of total shape variation between the two reciprocal hemizygotes. Outlines of lobes

show the minimal and maximal data points for each principal component.

(C) The D. mauritiana working Sox21b allele significantly decreased copulation duration compared with the working D. simulans Sox21b allele when reciprocal
hemizygote males were paired with D. simulans*°°’ females (n > 87 for each reciprocal hemizygote).

See also Figures S3 and S4 and Data S1B-S1E.

assessing the variation captured by PC2, a notable shape alter-
ation in the beak region of the lobe (extending from the main
body of the lobe, parallel to the artificial baseline) was identified
(Figure 3B). Therefore, the EFA of the posterior lobes between
the Sox21b reciprocal hemizygotes revealed shape variation
affecting the beak extension and the neck, consistent with the
direction of the species difference.

The behavioral consequences of Sox21b species-
specific alleles

We next sought to understand whether the species-specific alleles
of Sox21b that contribute to evolutionary differences in posterior

1118 Current Biology 34, 1114-1121, March 11, 2024

lobe morphology also cause detectable differences in copulation,
by crossing reciprocal hemizygote males to D. simulans"°°’ fe-
males. In contrast to a previous study that used laser microdissec-
tion to alter the morphology of the posterior lobes in D. simulans,'®
we found no difference in mating frequency between reciprocal
hemizygote males (Data S1C and S1E). We also found no differ-
ence in copulation latency between reciprocal hemizygote males
(Figure S4A; Data S1C and S1E) but, indeed, to the best of our
knowledge, copulation latency differences do not segregate in
these two species, although a previous study using introgression
lines between D. mauritiana and D. sechellia found that posterior
lobe morphology did affect copulation latency.'* Interestingly,
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however, we did observe that males carrying a working
D. mauritiana Sox21b allele engaged in significantly shorter copu-
lations than those carrying a working D. simulans Sox21b allele,
which may result in a difference in sperm transfer time (Figure 3C;
Data S1C). This result is consistent with the previous study of
D. mauritiana and D. sechellia and, more importantly, a species-
specific difference in copulation duration, with shorter copulations
in D. mauritiana than in D. simulans,®>*°° although we cannot
exclude that this could be a general effect of smaller lobes rather
than representing the true species difference.

Conclusions

We have shown that inter-specific allelic variation in Sox27b con-
tributes to the diversification of an evolutionary novelty, the poste-
rior lobes, and that this affects copulatory behavior, suggesting
that this gene has been subject to sexual selection to help shape
lobes with different morphologies. Genes have been identified
that contribute to the evolution of other sexual traits,®”°"°® but
Sox21b is the first for the diversification of the posterior lobes, to
the best of our knowledge. As it appears that Sox21b regulates
the early stages of posterior lobe development, one possible
mechanism for this occurrence is that this gene may restrict the
allocation of lateral plate cells to posterior lobe fate and thereby in-
fluence the size and shape of these structures. Our results strongly
suggest that a difference in Sox27b expression between
D. mauritiana and D. simulans underlies the role of this gene in
the evolution of posterior lobe morphology between these two
species. However, we cannot rule out the possibility that coding
changes may also be involved because we did not detect a consis-
tent difference in Sox21b expression between the reciprocal hemi-
zygotes (Figures S4B and S4C). This is likely because the Sox21b
expression difference in the reciprocal hemizygotes is too subtle to
detect, and the full difference in the expression of this gene, and
difference in posterior lobe morphology between D. mauritiana
and D. simulans, probably involves the evolution of the expression
of TFs that regulate Sox21b. Therefore, it will be important to iden-
tify the other genes that contribute to posterior lobe diversity be-
tween D. mauritiana and D. simulans, and other species, to under-
stand more fully how the gene regulatory network for posterior
lobes has evolved. Several other genes have already been found
that regulate posterior lobe development,’®?®*! and a crucial
role has been identified for the apical extracellular matrix (ECM)
in cell extension from the lateral plate.59 Therefore, it will be inter-
esting to determine how Sox217b is integrated into this network.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Drop (rabbit) C. Doe N/A

Anti-rabbit AlexaFluor 488 (goat) ThermoFisher Scientific CAT# A-11008; RRID: AB_143165
Anti-Eya (mouse) DSHB CAT# eya10h6; RRID: AB_528232

Anti-mouse 647 (donkey)

Thermo Fisher Scientific

CAT# A32787; RRID: AB_2762830

Bacterial and virus strains

DH5-alpha competent E. coli NEB CAT# C2987H
Chemicals, peptides, and recombinant proteins

Hoyer’s Liquid entomopraxis CAT# A901B

Q5® High-Fidelity DNA Polymerase NEB CAT# M0491
Normal Goat Serum Life Technologies CAT# PCN5000
Formaldehyde Merck CAT# F8775-4X25ML
EcoRI-HF NEB CAT# R3101
Bbsl|-HF® NEB CAT# R3539

Sapl NEB CAT# R0569

Aarl ThermoFisher Scientific CAT# ER1581
Hydromount Histology Mounting Media Scientific Laboratory Supplies CAT# NAT1324
Triton X-100 Sigma Aldrich CAT# X100
TWEEN® 20 Sigma Aldrich CAT# P9416
Dextran Sulfate Sigma Aldrich CAT# D6001
Formamide ThermoFisher Scientific CAT# AM9342
Heparin Sigma Aldrich CAT# H3393
Critical commercial assays

DAPI Merck CAT# 10236276001
QIAGEN Plasmid Mini/Midi Kit QIAGEN CAT# 12123

Ampicillin Sodium Salt (Crystalline Powder)

HCR Custom Sox21b Synthetic DNA
Oligonucleotide and B3 647 Hairpins

ThermoFisher Scientific
Molecular Instruments

CAT# BP1760-25
N/A

Experimental models: Organisms/strains

D. melanogaster yw; NP6333-GAL4, UAS-DICER

D. melanogaster w; Poxn-GAL4*'*/TM6B
D. simulans nos>cas9;; IL108 Sox21b-
DsRed (IL 10830X27b1. 7/1.2)

D. simulans nos>cas9;; Sox21b-DsRed

(D.SimSOX21b1' 1/1.2)

D. simulans”°°’

D. mauritiana: D1

D. melanogaster”""®

D. simulans"®°’;; IL108 (164.2.16.4 D.
mauritiana®~'? introgression)

w507 nos>cas9

D. simulans'
D. simulans*®°" nos>cas9;; IL108

D. melanogaster; UAS-Sox21b RNAi 9720

(Without UAS-DICER)
Kyoto DGGR

BDSC
This Paper

This Paper

National Drosophila
Species Stock Center

True et al.;
Tanaka et al.”5;
Hagen et al.?’

BDSC
Hagen et al.?’

Hagen et al.?’

This Paper
BDSC

el Current Biology 34, 1114-1121.e1-e7, March 11, 2024

RRID: DGGR_113920

RRID: BDSC_66685
N/A

N/A

CAT# 14021-0251.195

N/A

RRID: BDSC_3605

N/A

N/A
N/A
RRID: BDSC_60120

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
melanogaster UAS-Sox21b RNAi 47998 Vienna Biocentre CAT# 41098
melanogaster; UAS-Ssb-c31a RNAi 6%9%° BDSC RRID: BDSC_65060
melanogaster; UAS-Ssb-c31a RNAi 47383 Vienna Biocentre CAT# 47383
melanogaster;; UAS-E(spl)m3-HLH RNAi 502 BDSC RRID: BDSC_55302
melanogaster;; UAS-Myb RNAJ %953 BDSC RRID: BDSC_35053
melanogaster;; UAS-Myb RNA; 37770 Vienna Biocentre CAT# 37710
melanogaster; UAS-nom RNAj 672%° BDSC RRID: BDSC_67295
melanogaster; UAS-odj RNAi 2784 BDSC RRID: BDSC_62184
melanogaster;; UAS-pnr RNAi 336%7 BDSC RRID: BDSC_33697
melanogaster;; UAS-pnr RNAi 6224 Vienna Biocentre CAT# 6224
melanogaster; UAS-CG6276 RNAi 59485 BDSC RRID: BDSC_60485
melanogaster; UAS-CG6276 RNAi %°7# Vienna Biocentre CAT# 30142
melanogaster;; UAS-ich RNAi #44¢ BDSC RRID: BDSC_44046
melanogaster; UAS-CG11966 RNAi 20727 Vienna Biocentre CAT# 20127
melanogaster;; UAS-E(var)3-9 RNA; 31948 BDSC RRID: BDSC_31948
melanogaster;; UAS-CKllalpha-il RNAi 1974 Vienna Biocentre CAT# 24722
melanogaster; UAS-CKllalpha-il RNAi €°7%2 BDSC RRID: BDSC_60102
melanogaster;; UAS-CG10147 RNAi 37783 Vienna Biocentre CAT# 31183
melanogaster;; UAS-CG10147 RNAi 37943 BDSC RRID: BDSC_31943
melanogaster UAS-Asciz RNAi 39856 Vienna Biocentre CAT# 39856
melanogaster;; UAS-MED24 RNAi 337%° BDSC RRID: BDSC_33755
melanogaster; UAS-Asciz RNAi °79%2 BDSC RRID: BDSC_51002

COOODODDODUDUUDDODUDODODODDODODODUDUDDODODODODODODDODDUODULDDODODODODDODDODDODDULDULDODDO

melanogaster; UAS-TAF RNAi 3754

melanogaster; UAS-CG13894 RNAi 32°78
melanogaster;; UAS-CG13894 RNAi 2724
melanogaster;; UAS-CG17359 RNAi 2°2°¢
melanogaster;; UAS-CG17359 RNAi 26776

melanogaster;; UAS-Mirror RNA; 0734

melanogaster; UAS-Meics RNAi °7254
melanogaster;; UAS-Meics RNAi °°°%€
melanogaster;; UAS-Su(z)12 RNAi #2423
melanogaster; UAS-knrl RNAi 4727
melanogaster;; UAS-knrl RNAi %6¢%¢
melanogaster; UAS-tna RNA; 287
melanogaster;; UAS-tna RNAi 27
melanogaster; UAS-mu2 RNAi #3343
melanogaster;; UAS-MED24 RNAj %878
melanogaster; UAS-CG6843 RNAi ©7%8
melanogaster; UAS-CG6843 RNAi 109471
melanogaster UAS-MED10 RNAi "27°%

melanogaster;; UAS-MED10 RNA; 34%%

Vienna Biocentre
Vienna Biocentre
BDSC
Vienna Biocentre
BDSC
Vienna Biocentre
Vienna Biocentre
BDSC
Vienna Biocentre
Vienna Biocentre
BDSC
Vienna Biocentre
BDSC
Vienna Biocentre
Vienna Biocentre
BDSC
Vienna Biocentre
Vienna Biocentre
BDSC

CAT# 37549

CAT# 32078

RRID: BDSC_27243
CAT# 25256

RRID: BDSC_26776
CAT# 50134

CAT# 51284

RRID: BDSC_50636
CAT# 42423

CAT# 47217

RRID: BDSC_36664
CAT# 28071

RRID: BDSC_29372
CAT# 28343

CAT# 15878

RRID: BDSC_61168
CAT# 109411

CAT# 12755

RRID: BDSC_34031 (No longer available)

Oligonucleotides

Sox21b sense gRNA 5’
GCAGCAGCAACAATCCGACCA 3’

Sox21b antisense gRNA 5’
TGGTCGGATTGTTGCTGCTGC 3’

w501 Sox21b Left HA Forward Primer 5’
CTTTCCATTATGCGACGGGG 3’

w501/IL108 Sox21b Left HA Reverse Primer 5’
TCGGATTGTTGCTGCTGCTG 3’

This Paper

This Paper

This Paper

This Paper

N/A

N/A

N/A

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
w501/IL108 Sox21b Right HA Forward Primer 5’ This Paper N/A
CCAGGGACTCGGCCACTCG 3

w501 Sox21b Right HA Reverse Primer 5’ This Paper N/A
TTTCGTGGCTTGCGTTACAC 3’

IL108 Sox21b Left HA Forward Primer 5’ This Paper N/A
GCTTG TGGACACGCTGG 3’

IL108 Sox21b Right HA Reverse Primer 5’ This Paper N/A
CGAAAGAAACGTTGCCACCA 3

12.1 Forward Primer (IL108 Introgression) 5’ Hagen et al.?’ N/A
CCAGGGTCGTTCACTT 3’

12.1 Reverse Primer (IL108 Introgression) 5’ Hagen et al.?” N/A
CCCAGCTTTGTTTCGAATGT 3’

11.9 Forward Primer (IL108 Introgression) 5’ Hagen et al.?’ N/A
CGGACTTGAGCGACCTTCTA 3’

11.9 Reverse Primer (11108 Introgression) 5’ Hagen et al.?” N/A
AAAACGAGCGGACTGCTTC 3’

14.2 Forward Primer (IL108 Introgression) 5’ Hagen et al.?” N/A
TGAGGACATGAGCTTTTCTT 3

14.2 Reverse Primer (IL108 Introgression) 5’ Hagen et al.”’ N/A
CTTGGCCAACTTATGTGAAC 3’

Dmau_Sox21b_Exon1-2 Forward Primer 5’ This Paper N/A
CTGAAACCGTGCTAAAGGCG 3’

AGGCAAACACAATTCAACAGG

Dmau_Sox21b_Exon1-2 Reverse Primer 5’ This Paper N/A
AGGCAAACACAATTCAACAGG 3’

Dsim_Sox21b_Exon1-2 Forward Primer 5’ This Paper N/A
TTGAAGGGGCAATTGAGGCA 3’

Dsim_Sox21b_Exon1-2 Reverse Primer 5’ This Paper N/A
ACGTATCTGATCATTTCCTTTAAGC 3

Dmau_Sox21b_Exon3-4 Forward Primer 5’ This Paper N/A
TGTGCTTCAGCCGCTAGTTT 3’

AGGCAAACACAATTCAACAGG

Dmau_Sox21b_Exon3-4 Reverse Primer 5’ This Paper N/A
GGTGACCCCGACCAAACAT &

Dsim_Sox21b_Exon3-4 Forward Primer 5’ This Paper N/A
TTCAGGGGCTCTTAATGCGG 3’

Dsim_Sox21b_Exon3-4 Reverse Primer 5’ This Paper N/A
GGTGACCCCGACCAAACATT 3’

Dmau_Sox21b_Exon5 Forward Primer 5’ This Paper N/A
GGCGTCTTCCGTAGGAGTTT 3’

AGGCAAACACAATTCAACAGG

Dmau_Sox21b_Exon5 Reverse Primer 5’ This Paper N/A
GGTTGCATCGCGGTGATAAT 3’

Dsim_Sox21b_Exon5 Forward Primer 5’ This Paper N/A
ATTGGTCTCCGCTACCGTTC 3’

Dsim_Sox21b_Exon5 Reverse Primer 5’ This Paper N/A
TCACCTTTAATAATTGCCTATGCC 3’

Dmau_Sox21b_Exon6 Forward Primer 5’ This Paper N/A
TTGCGAACGGAAAAGAAGCG 3

AGGCAAACACAATTCAACAGG

Dmau_Sox21b_Exon6 Reverse Primer 5’ This Paper N/A
GGCACCCTTAGATGTTATTCAA 3’

Dsim_Sox21b_Exon6 Forward Primer 5’ This Paper N/A

GGTTTCGCGTAGCAAATTCTGA 3’
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REAGENT or RESOURCE SOURCE IDENTIFIER
Dsim_Sox21b_Exon6 Reverse Primer 5’ This Paper N/A
TATCCATGTCCTTGCCCCTC 3

Recombinant DNA

pCFD3-dU6:3gRNA Addgene RRID: Addgene_49410
pHD-DsRed-attp DGRC RRID: DGRC_1361

Software and algorithms

CRISPR Optimal Target Finder
R Studio 4.2.0

Gratz et al.?®

R Core Team®'

http://targetfinder.flycrispr.neuro.brown.edu/
https://rstudio.com

ImageJ/Fiji Schindelin et al.®” https://fiji.sc

PAT-GEOM Chan et al.®® http://ianzwchan.com/my-research/pat-geom/

Multcomp Hothorn et al.®* https://cran.r-project.org/package=multcomp

FactoExtra Kassambara et al.®® https://CRAN.R-project.org/package=factoextra

prcomp Kassambara et al.®® https://stat.ethz.ch/R-manual/R-devel/library/
stats/html/prcomp.html

FactoMineR Kassambara et al.®® http://factominer.free.fr

Other

Standard wall borosilicate glass with filament

0.14mm stainless steel pins (A3)
Hitachi S-3400N SEM

Zeiss Axioplan Light Microscope
Jenoptik ProgRes C3 Camera
Zeiss AxioZoom V16

Femtojet 4i

Leica light microscope

Zeiss LSM800 Confocal

World Precision
Instruments

Watdon
Hitachi
Zeiss
Jenoptik
Zeiss
Eppendorf
Leica
Zeiss

CAT# BF100-50-10

CAT# E6873
N/A
N/A
N/A
N/A
N/A
N/A
N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Alistair

McGregor (alistair.mcgregor@durham.ac.uk)

Materials availability

All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability

® RNA-seq data®” underlying this study are deposited in the ArrayExpress database at EMBL-EBI under accession number
E-MTAB-9465 (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9465). Sequence data used for allele frequency

analysis is available in Data S1F.
@ This paper does not report original code.
® Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All Drosophila strains and species used in this study can be found in the key resources table. Flies were maintained in a 12 hour light/
dark cycle incubator on standard cornmeal food and transferred every two days. All crosses were carried out at 25°C, unless other-
wise stated. For this study, all phenotypic analyses were performed on adult male genitalia, aged for at least 3 days prior to storage in
70% ethanol.
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METHOD DETAILS

RNAi knockdown of differentially expressed transcription factors in D. melanogaster

Differentially expressed TFs were identified from RNA-Seq data generated from the developing male genitalia of D. simulans and
D. mauritiana at 30 — 36 hours after puparium formation as previously reported.?” Those selected for further analysis in this study
were filtered based on chromosome 3 genomic location with respect to previous QTL and introgression mapping studies.?®27-3%37
Selected differentially expressed TFs were assessed for roles in the development of the male periphallic genitalia using the GAL4-
UAS system to drive RNAI in D. melanogaster. UAS-RNAI lines for each gene were provided by the Vienna Drosophila Resource
Centre (VDRC)®® and from Bloomington Drosophila Stock Centre (BDSC) (NIH P400D018537). UAS-RNAi males were crossed to
NP6333-GAL4 (P(GawB)PenNP6333) virgin females, (which drives GAL4 expression in all imaginal discs from larval stages and dur-
ing metamorphosis) also carrying UAS-Dicer-2 (P[UAS-Dcr-2.D].%” Sox21b RNAi was repeated using the POXN-GAL4 (14.1.1) driver,
which specifically drives in the posterior lobe primordium from larval imaginal disc stage*’ (Data S1A). All crosses were carried out at
25°C®8 (Data S1A). All crosses were performed using a 1:2 male to female ratio. The same conditions were used for each control line,
as well as reciprocal hemizygote crosses. Three biological replicates, with a total sample size of n > 13, were phenotyped for each
cross. Crosses were transferred to standard cornmeal food every two days and maintained in a 12-hour light/dark cycle incubators.
Males aged at least 3 days were collected and then stored in 70% EtOH at -20°C for phenotyping.

Phenotyping of RNAi knockdown flies

The cerci, epandrial posterior lobes and surstyli of the adult male genitalia were dissected in Hoyer’s Solution using 0.14 mm diameter
stainless steel pins and then mounted in Hoyer’s solution. This was done using slides containing eight individual 6 mm diameter wells.
To account for body size, the T2 legs of each fly were also dissected and mounted. A Zeiss Axioplan light microscope with a Jenoptik
ProgRes C3 camera was used to image each dissected structure. 250X magnification was used for the genital structures, and 160X
magnification for the T2 legs. The area of posterior lobes and cerci, and length of T2 tibias were measured manually using ImageJ®®
(Data S1B). The bristles were counted using the light microscope and a tap counter. When drawing the outline of the posterior lobe, an
artificial baseline was used as previously described.?® The area and bristle count were recorded for both pairs of structures per in-
dividual and the average was then used for the latter statistical analysis.

Generation of Sox21b-DsRed

To disrupt the reading frame of Sox21b, 3XP3-DsRed was inserted 152 bp into exon 1 using CRISPR/Cas9’° (Figure 2C). This exon
was chosen because it did not include restriction sites required in the cloning procedure 1 kb either side from the gRNA cut site, as
well as bypassing the conserved HMG-Box domain that may have resulted in off-target effects. The gRNAs were designed using
FlyCRISPR®® and inserted into the pCFD3 plasmid.”® The homology arms (HA) were amplified by PCR from salt extracted genomic
DNA of the focal strains (adapted from Miller et al.”"), and inserted into the plasmid pHD-DsRed-attp.®® Plasmids were sequenced
prior to injections to verify homology arms and gRNA incorporation. 200 ng/ul of gRNA-pCFD3 and 500 ng/pl of HA-pHD-DsRed-attp
were injected (using a Eppendorf FemtoJet 4i and Leica light microscope) into D. simulans“°? and IL 108 (D. mauritiana introgression
region spanning 3L: 12,277,961-15,075,323 in an otherwise D. simulans*®°" genetic background) embryos,?” both carrying nanos-
Cas9 on the X chromosome. 48 hours prior to injection, cages were set up containing apple juice plates and yeast paste, which were
changed twice per day prior to injections. Surviving adults from injected embryos were then backcrossed to non-injected adults of
the same strain. Progeny were screened for the DsRed marker in their eyes using a Zeiss Axiozoom microscope and those positive
were amplified and sequenced to verify genome editing (Figure 2C).

Generation of reciprocal hemizygotes

To generate the reciprocal hemizygote males, we crossed D. simulans male flies with a mutation in Sox271b (1.1 or
1.2) (D.simS®2101-1/12) to |1 108 virgin females to generate male progeny with the genotype IL7108/D.sim®*27P1-1/1:2 (i g,
flies with a working copy of only the D. mauritiana Sox21b allele). Or IL108 male flies with a mutation in Sox21b (1.1 or 1.2)
(IL10859%2101-171:2y 46 D simulans”®°? virgin females to generate male progeny with the genotype IL10859%27°1-1/1-2/p sim (i.e.
flies with a working copy of only the D. simulans Sox21b allele).

w501

Scanning electron microscopy

Flies stored in 70% EtOH were moved to 100% EtOH at least 24 hours prior to imaging. The posterior of the fly was dissected in EtOH.
Samples were processed in a critical point dryer and mounted on SEM stubs, then gold coated for 30 seconds. The genitalia were
imaged using SE mode at 5 kV in a Hitachi S-3400N SEM, with a working distance of 13 to 14 mm. Whole genitalia was imaged at a
magnification of 250x, and individual periphallic structures at 900x.

Posterior lobe shape analysis

Posterior lobes were manually traced as described above. To quantitatively assess shape variation, PAT-GEOM®® was used to
perform Elliptical Fourier Analysis (EFA) on each region of interest (ROI).”? This software benefitted from being trace-start point, scale,
rotation, and translation insensitive. One posterior lobe at random was assessed per fly (n = 45), and twenty descriptors were as-
signed to each ROI for EFA (Data S1D). Principal component analysis (PCA) was performed using prcomp and factoextra® in R,
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to evaluate variation between lines. This package standardised the data to have a mean of zero and variance of one prior to
computing the PCA. The eigenvalues for each principal component were also computed to identify those with a value above 1, to
which these principal components were retained for analysis (Figure S3D). Outlines of lobes corresponding to the extremities of
the minimum and maximum values of the principal components labelled on each axis were extracted from the ROI data.

In situ HCR of Sox21b in genital discs, embryos and pupal terminalia

To capture Sox21b expression, we carried out in situ HCR on larval genital discs (at 96 hAEL and 120 hAEL) to complement previous
analysis of Sox27b in developing male terminalia that showed expression in the posterior lobes and lateral plates.*’
D. melanogaster”’"'® D. simulans"®°’, D. mauritiana D1 and Sox21b reciprocal hemizygote male larvae were dissected in ice
cold 1XPBS. Each larva was cut in half and the posterior half inverted then placed into 4% formaldehyde in 0.3% PBT (TRITON
X-100) for 20 minutes. For D. melanogaster”’""® stage 16 embryos were collected and fixed in 4% formaldehyde and an equal volume
of heptane for 20 minutes, before being washed in methanol. For pupal terminalia, prepupa were collected and denoted as 0 hAPF.
Pupae were then cut in half and fixed at the required developmental timepoints using 4% formaldehyde in 1X PBS for 30 minutes.
Samples were washed in 1X PBS, and fixed tissue was removed from the pupal casing. The HCR procedure was based on an estab-
lished protocol.”®"* The probe from Molecular Instruments to target Sox21b was designed as 20 individual hairpins spanning the
entirety of the gene, ensuring that all isoforms were captured.”® A 16 nM probe solution was used, and the sample was incubated
for 24 hours at 37 °C on an orbital shaker at 60 RPM. Note, we used half the volumes of each solution compared to the protocol.”>"*
DAPI was diluted in the probe wash solution for nuclear staining of the samples. Samples were then dissected using forceps,
mounted in 1X PBS and imaged. Images were obtained on the Zeiss LSM800 upright Confocal Laser Scanning Microscope with
a 20X objective for larval discs and embryos, and a 40X objective for pupal samples.

Immunohistochemistry in genital discs and embryos

Genital discs of L3 larvae from D. melanogaster were dissected and fixed as described for HCR. Samples were incubated in 10%
NGS in 0.1% PBST (Tween-20) for 1 hour prior to the addition of the primary antibody. 1:200 dilution of Rabbit Anti-Drop was
used, and samples were incubated overnight at 4°C. 1:600 Anti-Rabbit 488 secondary was incubated with samples the following
day in 10% NGS at 4°C overnight. Samples were then dissected and mounted in 1X PBS, and imaged that same day with the
same imaging parameters as described above. As Drop is a male-specifically expressed factor, female genital discs could be readily
sorted from male discs when imaging.*® Embryos were fixed as described for HCR and blocked as described for larval samples.
1:100 dilution of Mouse Anti-Eya was used, and samples were incubated overnight at 4 °C. 1:400 Donkey Anti-Mouse 647 secondary
was incubated with samples the following day in 10% NGS at room temperature for 2 hours. Samples were then mounted and imaged
as described above.

Sox21b coding sequence analysis

Genomic DNA was isolated for ten strains of each species, including the mapped strains D. simulans and D. mauritiana D1 using
the high salt extraction method.”" The full coding sequence of Sox21b was amplified with OneTaq® 2X Master Mix with Standard
Buffer (New England BioLabs M0482) following the manufacturer recommendations, in four overlapping fragments using the primers
listed in the key resources table, all with annealing temperature of 55°C and 30 cycles. PCR products were purified following the
GeneJET PCR Purification kit (ThermoFisher Scientific) protocol and sequenced in both directions using Sanger sequencing tech-
nology via the Eurofins Sequencing service. As we only found non-synonymous differences between D. simulans*®°’ and
D. mauritiana D1 in exon 1 and 6, we only sequenced the remaining strains of each species for these two fragments. To further eval-
uate the population frequency of the non-synonymous differences found between D. simulans*°°’ and D. mauritiana D1, we used
polymorphism data from Pool-seq data from 107 strains of D. mauritiana and from 50 strains of sub-Saharan D. simulans’® available
at http://www.popoolation.at/pgt/.
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Behaviour assays using Sox21b reciprocal hemizygotes

All mating assays were carried out at 25°C and 70% humidity. Flies were kept in these conditions 24 hours prior to their respective
mating assay, allowing acclimatisation. Flies used in the mating assays were reared at 25°C in a 12-hour light/dark cycle. Mating ex-
periments were carried out within the first hour of lights as previously described.”” Reciprocal hemizygote males were collected as
pupae (identified by the presence of sex combs) and aged individually for 4-5 days in separate vials, ensuring they were socially naive.
D. simulans"®°" females were similarly collected as pupae (identified by the absence of sex combs) and aged for 4-5 days in vials in
groups of 5-10, ensuring virgin status. Reciprocal hemizygote males were screened for the DsRed marker at least 48 hours prior to
the mating to ensure full recovery from the brief CO, exposure. Single males were paired with single females in a standard food vial
with the stopper pushed down to 1 cm above the food, creating a restricted ‘mating chamber’. Each pairing was observed for a total
of 90 minutes. Mating frequency refers to whether there was evidence of mating in the 90-minute observation period (Y/N), charac-
terised as mounting of the female by the male for a minimum of 7 minutes because this is considered the minimal time for sperm
transfer to occur.'®>* Copulation latency was measured as the time between pairing and copulation onset. Copulation duration
was quantified as the time elapsed from initial male mounting and dismounting the female.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Al statistical analyses were carried out using R version 4.2.0.°" Measurements of each structure described above were first assessed
for normality using the Shapiro Wilk test. Normally distributed data were analysed using Dunnett’s test and ANOVA, whereas the
Kruskal Wallis test was used for non-normally distributed data.®* All comparisons included the RNAi knockdown compared to
both parental controls. If this test was evaluated as statistically significant, the Tukey’s Test / Wilcoxon Rank Sum Test (BH
p-adjusted method’®) was used to identify if the RNAi knockdown was significantly different to both parental controls (Data S1A).
Results were concluded as non-significant when p =/> 0.05 or the effect detected in the RNAi knockdown was an intermediate of
the two parental controls.

Where the T2 tibia length was significantly different to both parental controls following the tests described above, Pearson/
Spearman analysis was performed on the cercus and posterior lobe area of these crosses dependent on Shapiro Wilk test results.
If statistically significant, the area of the structure was divided by the tibia length squared, and statistical tests were carried out on the
normalised version of the measurements (Data S1A). Effect sizes between each parental control to the RNAi knockdown were calcu-
lated using Cohens’ d, where the coefficient value represents the number of standard deviations different between the two population
means under investigation.”® To calculate the Cohens’ d coefficient, the difference of the means from the two populations of samples
were divided by the cumulative pooled standard deviation of them both.

The phenotypic measurements for the reciprocal hemizygotes and null mutants were analysed using an independent t-test or Wil-
coxon Rank Sum Test dependent on the normality of the data. Details of morphometric analysis of posterior lobe shape can be found
above. For PCA, a MANOVA test was used, followed by univariate analysis to assess the significance of each individual principal
component between the two reciprocal hemizygotes.

A Fisher’s exact test was conducted to analyse copulation frequency. The Shapiro Wilk test was conducted to assess the distri-
bution of the datasets. As the copulation latency dataset was not normally distributed, a Kruskal Wallis test was performed. Copu-
lation duration was analysed using an independent t-test. Violin plots indicate the mean of the data, with the first quartile and the third
quartile value shown. The width of the violin plots represents the frequency of data points at assigned values.
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