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Abstract
Sex determination is a developmental switch that triggers sex-specific devel opmental
programs. This switch is“flipped” by the expression of genes that promote male- or female-

specific development. Many lineages have evolved sex chromosomes that act as primary signals
for sex determination. However, haplodiploidy (males are haploid and females are diploid),
which occurs in ca. 12% of animal species, isincompatible with sex chromosomes. Haplodiploid
taxa must, therefore, rely on other strategies for sex determination. One mechanism,
“complementary sex determination” (CSD), uses heterozygosity as a proxy for diploidy. In CSD,
heterozygosity at a sex determination locus triggers female development, while hemizygosity or
homozygosity permits male development. CSD loci have been mapped in honeybees and two ant
species, but we know little about their evolutionary history. Here, we investigate sex
determination in the clonal raider ant, Ooceraea biroi. We identified a 46kb candidate CSD locus
at which all females are heterozygous, but diploid males are homozygous for either allele. As
expected for CSD loci, the candidate locus has more alleles than most other loci, resultingin a
peak of nucleotide diversity. This peak negligibly affects the amino acid sequences of protein-
coding genes, suggesting that heterozygosity of a non-coding genomic sequence triggers female
development. Thislocusisdistinct from the CSD locus in honeybees but homologous to a CSD
locus mapped in two distantly related ant species, implying that this molecular mechanism has

been conserved since a common ancestor that lived approximately 112 million years ago.
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Introduction

Whether an animal develops as amale or afemaleistypically determined by a switch
early in development. This switch, known as sex determination, is a multistep process beginning
with primary sex determination signals triggering sex-specific splicing of downstream
transcription factors that encode sexual identity (Williams and Carroll 2009). Although the
downstream transcription factors are evolutionarily conserved, primary sex determination signals
are evolutionarily labile and comprise a diverse range of environmental and genetic mechanisms
(Bachtrog et al. 2014). Genetically encoded primary signals (sex-determining genes or
chromosomes) are usually found in only one sex. Such systems do not work in haplodiploid taxa
(an estimated 12% of animal species, including ants (Normark 2003)), where any allele on any
homol ogous chromosome can be transmitted from diploid females to their haploid male sons,
and all alleles experience selection to be viably transmitted from both sexes (Whiting 1935).
Haplodiploids, therefore, require alternative sex determination mechanisms, but we know little
about the molecular details.

Some parasitoid wasps use a mechanism involving maternal imprinting (Verhulst et al.
2010; Zou et al. 2020). However, in many Hymenoptera, inbred crosses produce diploid males,
which led to the hypothesis that female development is triggered by heterozygosity as a proxy
for diploidy (Whiting 1933; Whiting 1943). Under this “complementary sex determination”
(CSD) hypothesis, different alleles at a given sex determination locus “complement” one
another, meaning that heterozygosity triggers female development (Fig. 1A). By contrast, the
presence of asingle allele (either because the individual is haploid or because a diploid
individual is homozygous at the sex determination locus) permits male development. Under

CSD, diploid males produce diploid sperm and, therefore, are functionally sterile (van
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Wilgenburg et al. 2006). Thisimposes selection for homozygosity avoidance, often meaning
obligatory outbreeding. At the gene level, there is negative frequency-dependent (balancing)
selection on CSD loci, resulting in the co-occurrence of many alleles at similar frequencies
within populations.

Having been afavored hypothesis for more than half a century, CSD was demonstrated in
the honeybee Apis mellifera in 2003 (Beye et al. 2003). In A. mellifera, biallelic heteromers of
the protein encoded by the complementary sex determiner (csd) gene trigger female
devel opment, whereas monoallelic homomers permit male development (Beye et al. 2003; Beye
et al. 2013; Otte et al. 2023; Seiler and Beye 2024). Although this primary sex determination
signal differs from primary signalsin other insects, it nonetheless converges upon the pathway
that transduces sex determination signals in most insects (Bopp et al. 2014; Wexler et al. 2019).
The Csd protein sex-specifically splices the closely linked splicing factor feminizer (fem) (the
honeybee version of transformer (tra) in Drosophila and other insects), which in turn leadsto the
production of sex-specific isoforms of doublesex (dsx), a transcription factor that regul ates sex-
specific development (Hasselmann et al. 2008; Gempe et al. 2009; Verhulst et al. 2010; Zou et
al. 2020). Intriguingly, csd is a paralog of fem. Following the prediction that CSD loci should
evolve under balancing selection, many csd alleles are held at similar frequencies, and the locus
bears signatures of adaptive evolution (Hasselmann and Beye 2004), with amino acid-level
heterozygosity in certain protein domains required for female devel opment (Otte et al. 2023).

CSD isassumed to occur in many Hymenoptera that occasionally produce diploid males
(van Wilgenburg et al. 2006). Until recently, however, heterozygosity-dependent female
development had not been demonstrated outside of A. mellifera, which remained the only species

for which a CSD locus had been genetically mapped. A recent genetic mapping study in the
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85  wasp Lysiphlebus fabarumidentified at least one and as many as four candidate sex

86 determination loci (Matthey-Doret et al. 2019) (the multi-locus extension of the CSD hypothesis

87  proposes that heterozygosity at any of multiple sex determination loci is sufficient to trigger

88 femaledeveopment (Crozier 1971) (Fig. 1B)). However, arequirement of heterozygosity at

89 theseloci for female development was not demonstrated. In the ant Vollenhovia emeryi, a

90  mapping study found two sex determination QTL (Miyakawa and Mikheyev 2015), with follow-

91  up work suggesting that these function as a multi-locus CSD system (Miyakawa and Miyakawa

92  2023). One of these QTL (V.emeryiCsdQTL1) containstwo closely linked tra homologs,

93 reminiscent of the locus containing csd and femin A. mellifera. By contrast, the other QTL

94  (V.emeryiCsdQTL2) only contains genes without annotated functionsin sexual development.

95  Although V. emeryi sex determination is likely integrated through tra and dsx, the molecular

96 basisof their primary sex determination signals remains unclear (Miyakawa et al. 2018;

97 Miyakawa and Miyakawa 2023).

98 Recently, a sex determination locus was identified in the Argentine ant, Linepithema

99  humile (Pan et al. 2024). Consistent with CSD, all pairwise heterozygous combinations of the
100 sevenidentified alleles were found in females, whereas diploid males were invariably
101  homozygous for one of the seven alleles. Moreover, these alleles occurred at roughly equal
102  frequencies within populations, suggesting evolution under balancing selection. The mapped
103 locusislocated within a noncoding genomic region tightly linked to ant noncoding transfor mer
104  splicing regulator (ANTSR), along noncoding RNA (IncRNA) with previously uncharacterized
105 function. ANTSR knockdown in female-destined embryos leads to male-specific splicing of tra,
106  suggesting that thisIncRNA transduces the primary sex determination signal encoded by the

107  heterozygosity (or hemi- or homozygosity) of the linked noncoding region (Pan et al. 2024).
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108 Because the synteny of thisregion (including the presence of alncRNA putatively homol ogous
109 to ANTSR) isconserved across the ants, bees, and vespoid wasps, it was suggested that this

110  molecular mechanism may be deeply conserved among the Aculeata (Pan et al. 2024). However,
111  genetic mapping of sex determination has yet to be performed in most of these taxa.

112 To explore the evolution of sex determination across ants, we investigated the topic in the
113  clona raider ant, Ooceraea biroi. Diploid males occur sporadically in this species, suggesting
114  that, like other ants, it might employ CSD (Kronauer et al. 2012). O. biroi reproduces via a mode
115  of parthenogenesisin which two haploid nuclel from a single meiosis fuse to produce diploid
116  offspring (central fusion automixis) (Oxley et al. 2014). Although heterozygosity is maintained
117  with high fidelity despite meiotic crossover recombination (Lacy et al. 2024), |osses of

118 heterozygosity occur occasionally, probably due to the inheritance of one recombined and one
119  non-recombined version of a homologous chromosome (Kronauer et al. 2012; Oxley et al. 2014,
120 Tribleet al. 2023; Lacy et a. 2024). Therefore, if O. biroi uses CSD, diploid males might result
121  from losses of heterozygosity at sex determination loci (Fig. 1C). Here, we use whole genome
122  sequencing to map a sex determination locus, demonstrate that most diploid males carry aloss of
123  heterozygosity at this locus, assess the homology of this locus with other sex determination loci,

124  and explore whether balancing selection has shaped evolution at this locus.

125
126 Reaults

127
128 Identification of a candidate sex determination locus on chromosome 4

129 To map sex determination loci in O. biroi, we first identified males based on sexual
130 dimorphism and distinguished diploid from haploid males based on heterozygosity at seven

131  genetic markers (supplementary table S1, file S1, and fig. S1). We then sequenced the
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132  genomes of 16 diploid males and compared them with 19 previously sequenced genomes of

133 diploid females (Trible et al. 2023; Lacy et a. 2024) (descriptions and metadata for all genomes
134  sequenced in this study are in supplementary table S2). CSD loci must be heterozygous to

135  trigger female development but can be homozygous in diploid males. To identify such sites, we
136 calculated a“CSD index” for each single nucleotide polymorphism (SNP), which equals zero if
137  any femaleis homozygous and equals the proportion of diploid males that are homozygous if all
138 females are heterozygous. We found a peak of the CSD index on chromosome 4 (Fig. 2A).

139 To corroborate our results, we looked for evidence of segmental losses of heterozygosity
140  aong chromosome 4. Eleven out of 16 sequenced diploid males bore segmental losses of

141  heterozygosity on chromosome 4 (Fig. 2B). Theintersection of these LOH segments comprised
142  a46kb peak at which all females were heterozygous, and most (11 out of 16) diploid males were
143  homozygous. Under the CSD hypothesis, homozygosity for any allele at CSD loci permits male
144  development. Congstently, O. biroi diploid males were homozygous for either allele at the 46kb
145  region on chromosome 4 (Table 1, supplementary fig. S2).

146 The stretches of homozygosity found in diploid males could have resulted from

147  segmental deletions resulting from improperly repaired DNA damage, or rare copy-neutral losses
148  of heterozygosity resulting from thel ytokous parthenogenesis (Kronauer et al. 2012; Oxley et al.
149  2014; Trible et al. 2023; Lacy et al. 2024). To distinguish between these two scenarios, we

150 analyzed read depth and found that runs of homozygosity were not accompanied by changesin
151  copy number (supplementary fig. S2). Thisimplies that diploid males arise when rare losses of
152  heterozygosity, which result from crossover recombination during meiosis, span the CSD locus.
153 Surprisingly, five of the 16 diploid males were not homozygous in this 46kb region. One

154  possible explanation isthat these individuals had mutationsin other genes involved in the sex-
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155 determination pathway. We therefore inspected all unique mutations and losses of heterozygosity
156 inthesefivediploid males, but did not find any in genes with annotated sex determining

157  functions (supplementary file S2). Male development may have been triggered by rare

158  stochastic perturbationsto gene expression or splicing. Alternatively, these individuals may carry
159 mutations or losses of heterozygosity in genes or regulatory elements with unannotated sex

160  determination function.

161

162 TheO. biroi CSD locus is homologous to another ant sex determination locus but not to

163  honeybee csd

164 To assess homology to CSD loci mapped in other species, we identified O. biroi

165 orthologs of the genes found in the sex determination QTL identified in V. emeryi (Miyakawa
166 and Mikheyev 2015) (supplementary table S3). This approach aso identified homology to the
167 L. humile CSD locus, which was expected because a subset of V.emeryiCsdQTL2 is homologous
168 tothe CSD identified in L. humile (Pan et al. 2024). Homology to V.emeryiCsdQTL2 was

169  scattered across one arm of O. biroi chromosome 4, including the 46kb CSD index peak, and
170  homology to the L. humile CSD locus mapped within the O. biroi CSD index peak (Fig. 3A).
171 TheO. biroi CSD index peak contains four protein-coding genes that are also present in

172  V.emeryiCsdQTL2, including HCF, COPA, an uncharacterized gene, and CRELD2. Notably, the
173  candidate CSD region in O. biroi also includes alarge stretch of sequence with no annotated
174  genes downstream of an uncharacterized INCRNA. LncRNAs often retain their functions and
175  synteny with surrounding genes despite divergence in sequence homology (Chodroff et al. 2010;
176  Ulitsky et al. 2011; Quinn et al. 2016), meaning that although this IncRNA has limited sequence

177  homology with L. humile ANTSR, it may have a homologous function (Pan et al. 2024). Because
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thisregionisimplicated in CSD in L. humile, our data suggest that the mechanistic basis of CSD
at thislocusis conserved between O. biroi, L. humile, and V. emeryi (Fig. 3B). This would mean
that this sex determination locus is ancient, as these three species belong to different ant
subfamilies that diverged roughly 112 million years ago (Borowiec et al. 2025).

We performed our genetic mapping in clonal line A, but different clonal lines of O. biroi
vary in which portions of the genome are ancestrally homozygous (Oxley et al. 2014). Therefore,
it was unclear whether heterozygosity at the mapped CSD locusis required for female
development in all clonal lines of O. biroi. To investigate this, we inspected heterozygosity in
diploid females from six different clonal lines by retrieving previously published genome
sequences from clonal line B (Lacy et al. 2024) and sequencing genomes of diploid females from
four additional clonal lines (from both the native and invasive ranges of O. biroi (Kronauer et al.
2012; Trible et al. 2020)). Females from all six clonal lines were heterozygous at the CSD index

peak, consistent with its putative role asa CSD locusin al O. biroi (Fig. 3C).

The CSD index peak has high diversity in a non-coding region.

Because CSD loci are expected to evolve under balancing selection, we expect many
different alleles to exist at those loci. For example, as many as 19 csd alleles were found to
segregate in honeybee populations (Hasselmann et a. 2008), and seven alleles were found to
segregate in apopulation of L. humile, despite a recent genetic bottleneck (Pan et al. 2024).
Looking for elevated genetic diversity isimpossible by only studying genomes from a single
clonal line (i.e., asexual descendants of asingle diploid female), so we looked across diploid
females from six different clonal lines. We calculated nucleotide diversity (rr) in 5kb sliding

windows (step size = 1kb) across the genome and found a nucleotide diversity peak that fell
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201  within the CSD index peak (Fig. 4A, supplementary fig. S3), between positions 1,717,00 and
202 1,730,000 on chromosome 4 (Fig. 4B).

203 We hypothesized that this nucleotide diversity peak resulted from many alleles found
204  among clonal lines of O. biroi at thislocus. Identifying these aleles requires DNA sequences of
205 individual haplotypes, whereas short-read genome sequences of diploid females only provide
206 diploid genotypes. To investigate allelic diversity, we retrieved previously published haploid
207  male genome sequences from clonal lines A and B (Lacy et al. 2024) and sequenced whole
208  genomes of haploid males from additional clonal lines. We assembled their genomes de novo to
209 identify the different haplotypes found in thisregion. In addition to the haplotype found in the
210 reference genome, we identified six additional haplotypes (or “alleles’) in the five clonal lines
211  for which we sequenced at least one haploid male genome (Fig. 4C, Table 2). These dleles
212  differ substantialy in their DNA sequences in the region with high nucleotide diversity (Fig.
213 4C).

214 To investigate which genetic elements might act to determine sex in a heterozygosity-
215  dependent manner, we inspected all annotated genes in the CSD index peak (Fig. 4D). Within
216 thisregion, none of the protein-coding genes contained substantial heterozygosity that affected
217  amino acid identity (supplementary file S3). To determine whether any genes or exons were
218 missing from our annotation, we performed RNA sequencing of embryos and several other life
219  stages (including female and male adults) using several different technologies (see Methods).
220 Briefly, we used long-read RNA sequencing (PacBio 1soSeq) to extend gene models and used
221  severa different library preparation methods followed by standard short-read (11lumina)

222 seguencing: standard poly-A tail library prep to capture mRNAS, ribosomal RNA depletion to

223  capture IncRNAs that are not poly-adenylated, and small RNA sequencing to annotate miRNAS,

10
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endo-siRNAS, and putative piRNAs. Although thisimproved the O. biroi genome annotation by
adding new genes and improving existing gene models (supplementary table $4, file $4), no
new genes or exons were identified near the CSD index peak.

To look for sex-biased gene expression, we performed differential gene expression and
differential transcript usage analysis between the transcriptomes of three male and three female
white pupae. We used pupae for this experiment because thisisthe earliest life stage at which
males and females can be readily distinguished. Many genes were differentially expressed
between males and females (24.6% of expressed genes) or had one or more differentially used
exons, including four genes near the CSD index peak (LOC105285605, LOC105283850,
LOC105283849, and LOC105283844) (supplementary tables S5 and S6; fig. $4). However,
none of these overlapped with the region of elevated genetic diversity. Very few reads aligned to
the IncRNA putatively homologous to ANTSR, which precluded a rigorous assessment of its
differential expressionin O. biroi.

The peak of nucleotide diversity minimally affects amino acid sequences and is primarily
located in a non-coding genomic region (Fig. 4B-D). Thus, a non-coding genetic element within
this region may instruct sex determination in O. biroi in a heterozygosity-dependent manner.
Thisissimilar to L. humile, where the mapped CSD locus had high variability in non-coding and
non-exonic regions (Pan et al. 2024). RNA interference of the nearby INCRNA, ANTSR, led to
male-specific splicing of tra, raising the possibility that heterozygosity or homozygosity in the
non-exonic and non-coding L. humile CSD locus affects the expression level of ANTSR, which
instructs sex-specific splicing of tra (Pan et al. 2024). Because the peak of nucleotide diversity

within our CSD index peak minimally affects protein-coding sequences and the region is closely

11
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246  linked to alncRNA that is putatively an ortholog of L. humile ANTSR, our data suggest that the
247  mechanism of CSD in O. biroi may be conserved with L. humile.
248

249  O. bhiroi may have one or multiple sex determination loci.

250 Our CSD index mapping results suggest that O. biroi has asingle CSD locus rather than
251 multiple loci. However, a curious observation raises the possibility that there may be other

252  *“ghost” CSD loci that went undetected in our mapping study. We sampled many males from
253 clonal lines A and B, and a few males from four additional clonal lines. Despite this, all the

254  diploid males we detected came from clonal line A. We, therefore, looked back at data from
255  previoudy genotyped males and found that this pattern held across a previous study (Kronauer et
256 al. 2012). Intotal, from clonal line A, 22 out of 114 males were diploid, whereas all 78 males
257  genotyped from clonal line B were haploid (Table 3). Thisdisparity is statistically significant
258  (y%=15.4, df=1, p<0.0001), suggesting that the two clonal lines differ in their propensity to

259  produce diploid males.

260 One possible explanation for this phenomenon could be that O. biroi has two-locus CSD
261 (Fig. 1B), but that clonal line A is ancestrally homozygous for one of the loci, whereas clonal
262 line B retains heterozygosity at both loci. Because multi-locus CSD requires homozygosity at all
263  sex determination loci for diploidsto develop as males, in this scenario, two losses of

264  heterozygosity would be needed for diploid malesto develop in clonal line B. In contrast, only
265 onelossof heterozygosity would be required in clonal line A, which we used for our genetic
266  mapping.

267 A second QTL region identified in V. emeryi (V.emeryiCsdQTL1) contains two closely

268 linked tra homologs, similar to the closely linked honeybee tra homologs, csd and fem. This has

12
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led to the hypothesisthat its function as a CSD locus is conserved with the csd-containing region
of honeybees (Miyakawa and Mikheyev 2015). However, it remainsto be demonstrated that
either of these tra homologs acts as aprimary CSD signal in V. emeryi. To test whether this locus
might be involved in CSD in O. biroi, we searched for homology to V.emeryiCsdQTL1 in the O.
biroi genome and identified several regions scattered across O. biroi chromosome 2 (Fig. 5A).
However, we did not find a CSD index peak on chromosome 2, and no sex determination locus
with homology to the V. emeryi QTL was found in L. humile (Pan et a. 2024). Thus, the function
of V.emeryiCsdQTL1 as a primary sex determination signal might have evolved after this lineage
separated from other ants (Fig. 5B). Alternatively, the sex determination activity of
V.emeryiCsdQTL1 could be ancestral to these three ant species and independently lost in O. biroi
(at least in clonal line A) and L. humile.

Intriguingly, while clonal linesB, D, I, and M retain heterozygosity at all sites with
homology to V.emeryiQTL1 (Fig. 5C), clonal lines A and C are homozygous in aregion
homologous to a portion of V.emeryiQTL1. We note, however, that heterozygosity in thisregion
islimited—it has no elevated nucleotide diversity (supplementary fig. S3), and there are only
two nonsynonymous heterozygous variantsin this region, with clonal line B conspicuously
lacking any nonsynonymous heterozygosity. Therefore, it seems unlikely that this region bears a

CSD locusin O. hirai.

Discussion
Genetically mapping sex determination loci in diverse taxais key to understanding how
sex determination evolves. Here, we investigated the mode of sex determination in the clonal

raider ant, O. biroi. First, we mapped a sex determination locus that was heterozygousin all
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292 females, but homozygous for either allelein diploid males (Fig. 2). Next, we showed that most
293  diploid males bear rare losses of heterozygosity that arise during thelytokous parthenogenesis
294  (Fig. 2). We then showed that thislocusis homologous to a sex determination locus found in two
295  other ant species—V. emeryi and L. humile (Fig. 3), suggesting that this mechanism of sex

296 determination may be conserved among formicoid ants. By sequencing whole genomes of

297  haploid males and diploid females from other clonal lines of O. biroi, we showed that the

298  mapped locus corresponds to aregion with high genetic diversity, following the expectation that
299 CSD loci should evolve under balancing selection (Fig. 4). Thisdiversity peaksin anoncoding
300 genomic region, and we found limited evidence for functional heterozygosity in nearby protein-
301 coding sequences, suggesting that heterozygosity in this noncoding sequence may trigger female
302  development. Finaly, we demonstrated that O. biroi CSD in clonal line A does not map to the
303 tra-containing sex determination locus previously identified in V. emeryi, but it remains unclear
304  whether O. biroi ancestrally has single-locus or multi-locus CSD (Fig. 5).

305 The presence of diploid males in many ant taxa previously led to the conclusion that most
306 antsemploy CSD (van Wilgenburg et al. 2006). Along with L. humile (Pan et al. 2024) and V.
307 emeryi (Miyakawa and Mikheyev 2015), O. biroi is now one of three ant species for which

308 heterozygosity-dependent female devel opment has been demonstrated at mapped CSD loci. Our
309 mapped locus appears to be homologous to V.emeryiCsdQTL2 and to the locusidentified in L.
310 humile (Fig. 3). Aswasfound in L. humile, thislocus colocalizes with a peak of nucleotide

311 diversity (Fig. 4), with seven aleles found among five clonal lines (Fig. 4C, Table 2), consistent
312  with the expectation that CSD loci should harbor many alleles due to evolution under balancing
313  sdection. Thisimpliesthat the role of thislocusin CSD evolved before the divergence of the

314  Dorylinae from the other formicoid ants roughly 112 million years ago (Borowiec et al. 2025).
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315  Although synteny analyses raised the possibility that thislocus arose early within the evolution
316 of the Aculeata (Pan et al. 2024), genetic mapping studies of additional representative species of
317 different ant subfamilies (especially in the poneroid clade and the Leptanillinag) and across other
318 Aculeatawill be required to determine when the function of thislocusin CSD originated and
319 how it isdistributed across taxa.

320 In L. humile, alIncRNA (ANTSR) closdly linked to thislocus plays arolein sex

321 determination (Pan et al. 2024). We did not observe substantial expression of the putative ANTSR
322 homologin O. biroi. Thisislikely because the rarity of malesin O. biroi required us to sample
323 malesat the pupal stage, well after primary sex determination signals are transduced to self-

324  sustaining sex-specific splicing of downstream transcription factors during the early stages of
325 embryonic development (Gempe and Beye 2011). Therefore, we likely missed differential gene
326  expression relevant to sex determination that occurs before the pupal stage.

327 We did not find a peak of the CSD index at the O. biroi tra homolog (Fig. 5), indicating
328 that, asin L. humile, the mode of CSD is not homologous to the system in A. mellifera mediated
329 by thetransformer homologs csd and fem. This was previously suspected for O. biroi dueto the
330 presence of only asingletra homolog (Oxley et al. 2014) rather than the two closely linked tra
331 homologs found in other ants (Privman et al. 2013). In V. emeryi, however, one of the two Csd
332 QTLs(V.emeryiCsdQTL1) spansthetra locus, raising the possibility that the molecular

333  mechanism of CSD might, in part, be conserved between A. mellifera and V. emeryi (Miyakawa
334 and Mikheyev 2015). It has not been demonstrated that either of V. emeryi’s tra homologs act as
335 aprimary sex determination signal. Our results raise the possibility that the role of

336 V.emeryiCsdQTL1 as aprimary sex determination signal evolved independently of A. mellifera

337 csdand after V. emeryi diverged from L. humile. However, further investigations into the
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338 mechanisms of sex determination in V. emeryi and other ants are required to reconstruct the

339 evolutionary history of V.emeryiCsdQTL1’s function in hymenopteran sex determination.

340 Curiously, diploid males were only produced in clonal line A, even though many males
341  were collected from other clonal lines (Table 3). One possible explanation is that O. biroi has
342  multi-locus CSD, and clonal line A is ancestrally homozygous for all but one of theloci. Clonal
343 line A isancestrally homozygous for a portion of the region homologous to the second V. emeryi
344  QTL, dthough it retains heterozygosity in the region overlapping tra (Fig. 5C). However, this
345  region lacks elevated genetic diversity and functional heterozygosity, making it a poor candidate
346  for asecond CSD locus. Further study would be required to determine whether O. biroi hasa
347  second CSD locus. However, there may be other explanations for diploid males being found
348 exclusively in clonal line A. For example, clonal line A could be more likely to lose

349  heterozygosity than other clonal lines, or diploid malesin clonal line A could be more likely to
350 develop and survive. Currently, we have no datato distinguish between these hypotheses.

351 Another peculiarity of our study isthat five of the 16 sequenced diploid males retained
352 heterozygosity at the mapped CSD locus. Stochastic gene expression or splicing fluctuations
353 may have caused these individuals to devel op as males despite having female genotypes. Certain
354  dlelic combinations of A. mellifera csd trigger female development with incompl ete penetrance
355 (Beyeet a. 2013), and the allelic combination found in clonal line A might similarly be

356 permissive to occasional male development. Alternatively, these diploid males could result from
357 mutationsin or losses of heterozygosity at different genetic loci. We note that it might be easier
358 tofind rare stochastically produced diploid malesin laboratory colonies of O. biroi thanin

359  sexual species. Thisis because genetically encoded diploid males only result from loss of

360 heterozygosity, whichisrarein O. biroi (Oxley et al. 2014; Lacy et al. 2024). By contrast, in
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361  sexually reproducing populations, diploid males homozygous for sex determination loci will
362  arise much more frequently due to matings between individuals that share an allele at the sex
363  determination locus (this effect is exacerbated in invasive species like L. humile that have

364  undergone recent genetic bottlenecks). Thus, if stochastically produced diploid males occur at
365 very low basdline levelsin ants, such males will rarely be detected in sexual species. In O. biroi,
366 however, they could make up a substantial proportion of diploid males, ssmply because diploid
367 males caused by homozygosity at the CSD locus are likewise extremely rare.

368 Finally, we note that heterozygosity-dependent female development, a fundamental tenet
369 of CSD, has major implications for breeding system evolution. Due to the high fitness cost of
370  producing sterile diploid males, species with CSD should obligatorily outbreed or have other
371  mechanisms of maintaining heterozygosity (van Wilgenburg et al. 2006). Intriguingly, in many
372  taxa, asexual lineages reproduce via mechanisms that lead to complete homozygosity in asingle
373  generation (Suomalainen et a. 1987; Ma and Schwander 2017). However, among the social

374  Hymenoptera (and other Vespoids), the known modes of asexual reproduction al maintain at
375 least some heterozygosity (Rabeling and Kronauer 2012; Ma and Schwander 2017). For

376  formicoid ants, bees, and other taxawith CSD, asexual reproduction with high rates of

377  heterozygosity loss would incur a steep fitness penalty due to the production of sterile diploid
378 males. This may help explain the unusual inheritance system recently described in O. biroi,

379  wherefollowing crossover recombination, reciprocally recombined chromatids are faithfully co-
380 inherited so that no heterozygosity islost (Lacy et al. 2024).

381 How this ancient putative CSD locus triggers female development in a heterozygosity-
382  dependent manner remains unknown. In L. humile, RNAI experiments suggested that the

383 expression level of the IncRNA ANTSR affects sex-specific splicing of tra, even though
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384  heterozygosity in the exons of ANTSRisnot required for this effect (Pan et al. 2024). Thus, the
385 heterozygosity-dependent function of the putative CSD locus may depend on local regulatory
386 interactions between homologous chromosomes, similar to a phenomenon known as transvection
387  (Duncan 2002). To better understand how heterozygosity induces female devel opment in ants,
388  future studies will need to fine-map and functionally characterize this causal locus.

389

390 Materialsand Methods

391 Software Versions

392 The versions of all software used for analyses are provided in supplementary table S7.
393

394 Identifying Male Ploidy

395 Clonal raider ant colonies are composed of female ants that reproduce asexually viaa
396 type of thelytokous parthenogenesis termed central fusion automixis (Oxley et a. 2014). Males
397  are produced only sporadically (Oxley et al. 2014). Females of this species are diploid, whereas
398 males can either be haploid (presumably arising via afailure of central fusion following female
399 meiosis) or diploid (presumably arising due to rare losses of heterozygosity at CSD loci). Males
400 areeasily recognizable due to substantial sexual dimorphism (males have eyes and wings,

401  whereas females are blind and flightless, and males also have different body shape and more
402  darkly pigmented cuticles than females). We sampled them opportunistically whenever they
403  were observed in colonies. We distinguished diploid males from haploid males based on

404  heterozygosity at several unlinked genetic markers (supplementary table S1). For this, we
405  disrupted one leg from each male using a Qiagen TissueLyser Il and extracted DNA using

406 Qiagen’'s QIAmp DNA Micro Kit. We then PCR-amplified each marker and genotyped using
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407  Sanger sequencing (for most markers) or via gel electrophoresis either after restriction digestion
408 (for two markers) or directly after amplification (for one marker at which the different alleles are
409 different sizes). Details of the genotyping methods can be found in supplementary table S1.
410

411 Genome Sequencing and Preliminary Analysis

412 For each library, we disrupted an individual ant with a metal bead and Qiagen’s

413  TissueLyser |l and extracted DNA with Qiagen’s QIAmp DNA Micro Kit. We prepared Nextera
414  Flex [llumina DNA sequencing libraries for 16 diploid males from clonal line A, six diploid

415 femalesfrom different clonal lines, and seven haploid males from different clonal lines. We

416  sequenced these libraries using an Illumina NovaSeq 6000. We also accessed libraries for

417  individual genomes from previous studies. The information for all DNA sequencing libraries
418  used in thisstudy can be found in supplementary table S2.

419 We trimmed reads using Trimmomatic 0.36 (Bolger et al. 2014), aligned them to the O.
420 biroi reference genome (McKenzie and Kronauer 2018) (Obir_v5.4, GenBank assembly

421  accession: GCA_003672135.1) using bwa mem (Li 2013), and then sorted, deduplicated, and
422  indexed using picard (http://broadinstitute.github.io/picard/). We called variants using GATK
423  HaplotypeCaller (version 4.2) (Poplin et al. 2018). To exclude falsely collapsed regionsin the
424  reference genome, we filtered against sites found to be heterozygous in haploid males. We also
425  screened out any variants for which putatively heterozygous samples had a proportionate minor
426  alelic depth less than 0.25 and/or for which putatively homozygous samples had a minor allelic
427  depth greater than zero. We performed custom filtering of variants and calculated statistics using
428  pyvcf 0.6.8 (https://github.com/jamescasbon/PyV CF), and performed sliding window analyses

429  using pybedtools 0.9.0 (Dale et al. 2011).
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430

431 CSD Index Mapping

432 By definition, CSD loci are heterozygous in females, but can be homozygousin diploid
433 males. Thus, traditional association mapping cannot identify CSD loci because particular alleles
434  do not trigger femal e development. Therefore, to map candidate CSD loci, we used a“CSD

435 Index,” which equals zero if any female is homozygous, but if all females are heterozygous, it
436  equalsthe proportion of diploid males that are homozygous. Before calculating thisindex, we
437  hadto identify ancestrally heterozygous sites. All individuals within an O. biroi clonal line are
438  descended asexually from a single diploid female ancestor, and CSD loci would have been

439  heterozygous in that common ancestor. Putatively ancestrally heterozygous variants are those for
440 which at least onediploid individual is heterozygous, and all other diploid individuals are either
441  heterozygous for the same two aleles, or homozygous for one of the two alleles for which other
442  diploid(s) are heterozygous (Oxley et al. 2014; Lacy et al. 2024). After identifying putatively
443  ancestrally heterozygous SNPs, we calculated the CSD index for each SNP and then recorded the
444  mean CSD index value in dliding windows.

445

446  Losses of Heterozygosity

447 We identified losses of heterozygosity as ancestrally heterozygous SNPs that had become
448  homozygous in a given sample. To assess whether homozygosity for either allele at the mapped
449  region permitted male development, we randomly chose a reference haploid male and assigned
450 dléicidentity based on whether afocal sample was homozygous for the same allele or the

451  adternate aleleto that possessed by the reference haploid male. To clearly illustrate losses of
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452  heterozygosity, we used the ordinal position of SNPs rather than the position of SNPs in the
453  reference genome assembly.

454 Homozygosity in whole genome sequencing data can result from deletions, for which the
455  affected region would have half the read depth of the genome-wide average, or copy-neutral
456  losses of heterozygosity (which result rarely from meiotic recombination and central fusion
457  parthenogenesis (Kronauer et al. 2012; Rabeling and Kronauer 2012; Oxley et al. 2014; Lacy et
458  al. 2024)). To determine which of these processes caused homozygosity in diploid males, we
459  identified runs of homozygosity using “bcftools roh” (Narasimhan et al. 2016), obtained read
460 depthsat all SNPsthat passed filtering within these regions using “samtools depth —aa’

461  (Danecek et al. 2021) and then normalized by dividing by the genome-wide median read depth.
462  For samples without losses of heterozygosity on chromosome 4, we obtained normalized read
463  depth at all SNPsthat passed filtering on chromosome 4.

464

465 Homology Between CSD Loci Across Species

466 To determine whether our mapped CSD |ocus bore homology to those identified in other
467  ant species, we used OrthoFinder (Emms and Kelly 2019) to identify orthologs of the genes
468 present inthetwo CSD QTL in V. emeryi (Miyakawa and Mikheyev 2015). The locus identified
469 inL. humile (Pan et al. 2024) is homologous to a subset of one of the V. emeryi QTL. In this
470  process, we noticed that one of the genes found within our mapped CSD locus (cysteine-rich
471  with EGF-like domain protein 2, or CRELD2) was also present in a second copy in a contig that
472  was erroneously duplicated during the genome assembly process (Chr4:21571-39095). We

473  masked this contig and realigned sequencing data for all subsequent analyses.

474
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475 Balancing Selection

476 Because CSD loci are expected to evolve under negative frequency-dependent

477  (balancing) selection, many different alleles should segregate in populations. To assess this, we
478  used scikit-allel (Miles et al. 2019) to calculate nucleotide diversity across six different clonal
479  lines and reported nucleotide diversity in sliding windows.

480 From inspecting DNA sequencing alignments to the reference genome, it became clear
481 that the high genetic variation within the mapped CSD locus likely resulted from several highly
482  differentiated haplotypesin this region. To investigate this further, we sequenced whole genomes
483  of haploid malesfrom clonal lines other than A and B. We assembled the genomes of each

484  haploid male de novo using SPAdes (Bankevich et al. 2012; Prjibelski et al. 2020), found the
485  contig bearing homology to the mapped CSD locus in the reference genome assembly using

486  blastn (Camacho et al. 2009), manually scaffolded contigs as needed, and pairwise aligned each
487  dternate adleleto the reference genome using nucmer and mummer (Kurtz et al. 2004) to identify
488  differences between alleles.

489

490 RNAseq for Annotation Improvements

491 To avoid missing any previously unannotated genes in the mapped CSD locus region, we
492  performed RNA sequencing following various approaches. To start, we extracted total RNA

493  from multiple samples, including separate pooled tissue from several different life stages (eggs,
494  young larvae, fourth ingtar larvae, prepupae, pupae, and adults), different adult tissues (antennae,
495  heads, thoraces, legs, abdomens), and individual male and female pupae using a TriZol RNA
496  extraction method followed by precipitation in isopropanol at -20C overnight. We used the

497  different life stage extractions for long read RNA-seq, rRNA depletion RNA-seq, and small
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498 RNA-seq. We used the different adult tissues for long read RNA-seq, and the individual male
499  and female pupae for mMRNA-seq. Long read RNA-seq was performed on a PacBio Sequel 11,
500 and all other sequencing was performed on an Illumina NovaSeq 6000. For rRNA depletion, we
501  used lllumina s TruSeq Stranded Total RNA RiboZero kit. For small RNA-seq, we prepared
502 librariesusing Perkin EImer's NEXTFLEX Small RNA-Seq Kit v3 for Illumina Platforms.

503

504  Annotation Improvements — Long Read Transcriptome Assembly

505 The GenBank reference genome (GCA_003672135) for O. biroi (Obir_v5.4) was

506 retrieved from NCBI in FASTA format alongside the GenBank (GCA_003672135) and RefSeq
507 (GCF_003672135.1) transcriptomesin GTF format. Additionally, a curated RefSeq annotation
508 wasretrieved from Zenodo (https://doi.org/10.5281/zenodo.10079884) in GTF format. RefSeq
509 assemblies were chromosome name-mapped to GenBank chromosome names using the

510 Bioconductor GenomelnfoDb package (Arora et a. 2024) and the chromosome name maps
511 availablein NCBI.

512 The PacBio toolset's ppmm2 (https://github.com/PacificBiosciences/pbmm?2), a PacBio
513  wrapper for Minimap2 (Li 2018), was used for indexing and alignment of pooled full-length,
514  non-concatemer long reads to the GenBank reference genome using the parameters “--preset
515 ISOSEQ -j 8. Following the generation of aligned long readsin BAM format, Stringtie2

516 (Kovakaet al. 2019) was used with parameters “-L” for long read transcriptome assembly, and
517 the curated RefSeq annotation was supplied as a guide for assembly using the “-G” parameter.
518 Theresulting gene models were exported for further analysis and integration as a gzipped GTF
519 file

520
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521  Annotation Improvements — Short Read Transcriptome Assembly

522 For Illumina RNA-seq data, FastQ quality control was performed using Rfastp (Wang
523 and Carroll 2024). Indexing and alignment of short reads to the GenBank genome was performed
524  using Hisat2 (Kim et al. 2019) with default parameters, and samtools was used to generate sorted
525 andindexed BAM filesfor further analysis. Stringtie2 was then used to assembl e transcriptomes
526  using the default parameters. Gene models were then combined across replicates using

527  Stringtie2's merge function with parameters “-F 0.5 -T 2 -f 0.1” and were exported for further
528 analysisand integration as agzipped GTF file.

529

530 Annotation Improvements — Integrating Short and Long Read Transcriptomes with the RefSeq

531 Assembly.
532 Integration of long read and short read generated gene models with the established and

533 curated RefSeq transcriptome was performed using custom scriptsin R available from GitHub
534  (https://github.com/RockefellerUniversity/Obiroi_GeneModels 2025) and described here.
535 First, conflicting gene models where single long read genes map to multiple RefSeq
536 genesand viceversawere identified. As generated long read gene models are supported by
537  multiple full-length, non-concatemer long read alignments, attention was focused on the 720
538 instances of multiple long read generated genes overlapping single Ref Seq genes.

539 Single exon long read genes were removed as these are often found to be artifacts from
540 PacBio sequencing. Following this, long read gene models that split Ref Seq gene models but
541  matched with GenBank gene models were accepted with the corresponding Ref Seq models

542  reected.
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543 Next, RefSeq gene models that conflicted within themselves were removed. Thisincludes
544  genesthat were overlapping in their exons but marked as separate genes.

545 After tidying RefSeq gene models, long read gene models that split Ref Seq gene models
546  but matched with short read gene models were accepted, with the corresponding Ref Seq models
547  rgected. After this gene model polishing, only 132 gene models were left where multiple long
548 read generated genes overlapped single RefSeq genes.

549 To potentially rescue internally primed transcripts caused by long stretches of genomic
550 polyAs, long read transcripts were assessed for polyA nucleotide content downstream from their
551  endpoints, and these distributions were visualized to identify cut-offs for putative internally

552  primed transcripts. Transcripts with at least 70 percent as 10bp downstream of the last exon or
553  with apolyA stretch > 4 in 10bp of the last exons were labeled as putative internally primed
554  transcripts. For putative internally primed transcripts, which also split Ref Seq genes, short read
555  gene models were used to guide the rescued models when both short read and Ref Seq agreed on
556 asingle gene model.

557 Finally, for the remaining long read gene models that split RefSeq gene models, gaps
558  between long read gene models were assessed in the short read and Ref Seq gene models. If

559  agreement in exon and junction structure was found between short read and Ref Seq gene models,
560 thelong read gene models were rejected. Thisleft afinal 27 genes where long read gene models
561 gplit RefSeq gene models, and these were manually assessed in IGV alongside short read and
562 long read alignments to reject or accept.

563 With afinal set of long read gene models, all RefSeq and short read transcripts that fell
564  within single genes were then added to the long read transcriptome to create an integrated

565 transcriptome. Duplicate transcripts were then removed from the integrated transcriptome, and
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566 transcripts and genes were annotated for their sources (long read, short read, RefSeq) and any
567 overlap with the established RefSeq, GenBank, and Ensembl gene models included. Following
568 the creation of the integrated gene models, SQANTI3 (Pardo-Palacios et al. 2024) was used to
569 provide afinal corrected set of gene models as well as additional QC, as described below.

570

571  Assessment of Annotation Quality and Identifying Novel Genes, Transcripts and Exons

572 SQANTI3 was run with default parameters on the integrated transcriptome against the
573 curated RefSeq and GenBank gene models to generate QC and descriptive statistics on novel and
574  non-canonical splicing events. Gffcompare software (Pertea and Pertea 2020) was run against the
575 curated RefSeq and GenBank gene models to provide statistics on novel exons, transcripts, and
576  genes.

577 BUSCO (Siméo et al. 2015) was run on the integrated, curated Ref Seq and GenBank

578 gene modds with the parameters “-| insecta_odb10 -m tran” to provide measures of

579 transcriptome completeness based on a set of core gene models. All these metrics were

580 summarized into tables using custom R scripts available on GitHub

581  (https://github.com/Rockefel lerUniversity/Obiroi_GeneModels 2025).

582

583  Annotation of CDS and Functional Annotation of Genes

584 Annotation of coding regions was performed using TransDecoder (Haas 2023) to add

585 CDSinformation to our integrated gene models GTF. TransDecoder was run with default

586  parameters except for providing the “--single best only” to the TransDecoder.Predict function to
587  get only one prediction per transcript. CDS information was merged with SQANTI3's GeneMark

588 CDSannotation for afinal set of CDSs. With this coding information, gene models were read
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589 into R, trandated into protein sequences using the BioStrings package, and protein per transcript
590 sequences exported as FASTA format for use in downstream tools. For functional annotation,
591  both eggNOG (Huerta-Cepas et al. 2019) and InterProScan (Jones et al. 2014) were used using
592  default parameters with our protein sequences FASTA to provide predictions for functional

593  annotations of genes including their putative GO, KEGG, PFAM and Panther categories.

594  Annotations were summarized to gene levels from transcript level annotation using R.

595

596 Annotation of IncRNAs

597 FEELnNc (Wucher et a. 2017) was used to identify putative IncRNAs within our fina
598 integrated gene models. First, the FEELnNc filter.pl script was run with default parameters, and
599 thenthe FEELnc_codpot.pl script was run with parameters “--mode=shuffle’ to generate our
600 putative set of INcCRNASs for annotation of our integrated gene model GTF.

601

602  Annotation of miRNAs

603  Small RNA-seq reads were adaptor clipped for a“TGGAATTCTCGGGTGCCAAGG” adapter
604  using CLIPflexR (Rozen-Gagnon et al. 2021) and aligned to the genome using miRDeep2's
605  mapper.pl script with parameters “-c -j -m -1 18” (Friedlander et al. 2012). Aligned data were
606 then processed using miRDeep2's miRDeep2.pl script with a FASTA of known Drosophila
607 miRNAs etrieved from miRBase (Kozomara et al. 2019). The resulting annotated miRNA

608 genomic locations were merged across samples and added into our integrated gene model GTF.
609

610 Annotation of piRNAs
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611 For theidentification of piRNA clusters, small read RNA-seq was processed using the pipeline
612  workflow described within the Pilfer (Ray and Pandey 2018) toolkit to generate piRNA cluster
613 BED files per sample. The sample piRNA clusters were then merged across samples to produce a
614 final piRNA cluster set, which was then included in our integrated gene model GTF.

615

616  Annotation of tRNAs, shRNAs, snoRNAs and rRNAS

617  Additional annotations for tRNAs, shRNAS, snoRNAs and rRNAs were mapped from Ref Seq
618 annotation onto our integrated gene model GTF.
619

620 Sex-specific Gene Expression

621 To identify genes with sex-specific expression, we aligned Illumina mRNA-seq reads
622  from three female and three male pupae using STAR (v2.5.0a) (Dobin et al. 2013). We counted
623 and assigned reads to genes and transcripts using RSEM (v1.2.28) (Li and Dewey 2011). We
624 analyzed differential gene expression using DESeq2 (Love et al. 2014), filtering out genes

625  shorter than ten bases or with less than ten counts across all six samples. We hierarchically

626 clustered the differentially expressed genes by Euclidian distance using the R package pheatmap
627 (v1.0.12) (Kolde 2024). We used DEX Seq (v1.50.0) (Anders et al. 2012) to identify differential
628  exon usage.

629

630 Dataand Software Availability

631 All DNA and RNA sequencing data are publicly available at the National Center for
632  Biotechnology Information Sequence Read Archive under accession number PRINA1075055.

633  All other data are available in the article and Supporting Information. All code is available on
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634  GitHub (genome annotation:

635 https://github.com/RockefelerUniversity/Obiroi_GeneModes 2025; differential gene

636  expression and exon usage: https://github.com/jina-leemon/CSD_biroi_male-female-RNA-seq;
637  dl other code and analyses: https://github.com/kipdlacy/SexDetermination_Obiroi).
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Fig. 1. Theoretical expectationsfor complementary sex deter mination (CSD). (A) Cartoon depicting
amating between a diploid female with two different aleles at a sex determination locus and a haploid
male bearing one of these two aleles. Half of the sexually produced diploid offspring are expected to
develop as males. (B) Table illustrating multi-locus CSD in diploids, in which heterozygosity of at |east
one sex determination locus is required for female devel opment. By contrast, only homozygosity at all
laci resultsin diploid male devel opment. (C) Cartoon depicting how CSD might work in asexual species
such asthe clonal raider ant. If diploid males arise from losses of heterozygosity at sex loci, then
homozygosity for either of the two alleles should trigger male devel opment. Offspring proportions reflect

empirical observationsin the clonal raider ant (Kronauer et al. 2012; Oxley et d. 2014).
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857  Fig. 2. Whole genome sequencing reveals a candidate sex deter mination locus on chr omosome 4. (A)
858  Karyoplot depicting the mean CSD index in 50kb windows with a 15kb sliding interval. For each SNP,
859 the CSD index equals zero if any femaleis homozygous. If all females are heterozygous, the CSD index
860  equalsthe proportion of homozygous diploid males. The CSD index peak is shown as a green dotted line.
861  Thegrey histogram shows the number of ancestrally heterozygous SNPsin 200kb windows. (B) Stacked
862  bar plotsfor al diploids used for mapping, with one horizontal line for each ordered putatively ancestrally
863  heterozygous SNP on chromosome 4. For each sample, SNPs that retain ancestral heterozygosity are

864  drawn asgrey lines, whereas SNPs that have lost ancestral heterozygosity are drawn as black lines.
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Heterozygous | Homozygous | Homozygous
Alldel Allde?2

Diploid 19 0 0

Females

Diploid 5 2 9

Males
865 Table 1. Number of samples heterozygous and homozygous for each allele in the 46kb region on
866  chromosome4.
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Fig. 3. The putative sex deter mination locusidentified in O. biroi is conserved across for micoid ants.

(A) Karyoplot depicting the 14 chromosomesin the O. biroi genome, chromosome 4 from the L. humile

genome (Pan et a. 2024), and one contig from linkage group 14 of the V. emeryi reference genome

(Miyakawa and Mikheyev 2015). Note that the plots from the different species are not drawn to scale.

Homology to protein-coding genes identified within V.emeryiCsdQTL2 is drawn in green. The location of

the O. biroi CSD index peak isindicated. (B) A phylogeny of the ant subfamilies (adapted from

(Borowiec et al. 2019)), with the presence of a sex determination locus homologous to the peak of our

CSD index, or the absence of data shown. The yellow shaded background denotes the formicoid clade.

(C) Karyoplot for O. biroi chromosome 4, depicting homology to V.emeryiCsdQTL2 and ancestral

heterozygosity for six different clonal lines (A, B, C, D, I, and M). Grey histograms depict the number of

ancestrally heterozygous SNPs in 100kb windows.
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Fig. 4. The CSD index peak is characterized by high genetic diversity in a non-coding region. (A &

B) Nuclectide diversity across the length of O. biroi chromosome 4 in 5kb windows (step size=1kb) (A)

and across the vicinity of the CSD index peak in 100bp windows (step size=20bp) (B). (C) The number of

differences per 100bp window between each alternate de novo assembled allele and the reference genome

alele. (D) Annotated genesin the vicinity of the CSD index peak. Black boxes depict exons and thin lines

depict introns. The INcRNA ANTSRis indicated in bold. Arrows indicate the names of genesin close

proximity. The CSD index peak is shown as agreen dotted linein A, and with green shading in B-D.
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Clonal | CSD Index Peak
Line Haplotypes

A Al/ A2

B B1/Al

C ?/7

D D1/D2

I 11/%

M M1/ A1

888  Table 2. The haplotypes present at the CSD index peak for each studied O. biroi clona line.
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Clonal Haploid Diploid
Line Males Males
A 92 22
B 78 0
C 6 0
D 4 0
| 1 0
M 2 0

889  Table 3. Number of haploid and diploid males sampled from different O. biroi clonal lines.
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891 Fig.5. Whether a second, tra-containing CSD QTL from V. emeryi is conserved acr oss antsremains
892  ambiguous. (A) Karyoplot depicting the 14 chromosomes in the O. biroi genome and one contig from
893  linkage group 13 of the V. emeryi reference genome. Homol ogy to protein-coding genes identified within
894  V.emeryiCsdQTL1 isdrawn in purple. The locations of the O. biroi CSD index peak and the homol og of
895 transformer areindicated. (B) A phylogeny of the ant subfamilies (adapted from (Borowiec et al. 2019)),
896  with the presence or absence of this second putative sex determination locus, or the absence of data

897  shown. The yellow shaded background denotes the formicoid clade. (C) Karyoplot for O. biroi

898 chromosome 2, depicting homology to V.emeryiCsdQTL1 and ancestral heterozygosity for each clonal
899 line. Grey histograms depict the number of ancestrally heterozygous SNPsin 100kb windows. The region

900 of homology that is ancestrally homozygousin clonal lines A and C is labeled.
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904  Supplementary Fig. S1. Genome-wide heter ozygosity levels. Scatterplot depicting the

905 proportion of base pairsin the ~220Mb O. biroi genome that are heterozygous in each individual
906 for which we conducted whole genome sequencing. Haploid males have no legitimate
907 heterozygosity—the small elevation above zero is due to heterozygous genotype calls at

908 erroneously assembled regions of the reference genome.
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910 Supplementary Fig. S2. Diploid malesresult from copy-neutral losses of heter ozygosity for

911 ether allele. (A) Karyoplot depicting losses (green) or retention (gray) of heterozygosity across
912 thevicinity of the peak of the CSD index in diploid males and females. Codes at the left (C16,
913 C17, etc.) indicate the stock colonies from which each ant was sampled. The magenta box

914  surroundsthe CSD index peak. Dark green indicates that the sasmple has the same allele/

915 haplotype as the reference haploid male whereas light green indicates that the sample has the
916 dternative allele. Switches between alleles in homozygous regions within samples (i.e., changes
917  from light green to dark green or vice versa) represent recombination events that occurred in

918 generations prior to the meiosis that produced each diploid male. Because the reference haploid
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919 malewasfrom colony C16, fewer generations have elapsed since the common ancestor of the
920 reference haploid male and the diploid males from that colony, and thus fewer recombination
921 events have accumulated. By contrast, more generations have elapsed since the common ancestor
922  of the reference haploid male and the diploid males from colonies C17, C18, and C1, whichis
923  reflected in the higher number of recombination events that accumulated across generations. (B)
924  Normalized read depth across either al SNPs that passed filtering on chromosome 4 (gray, for
925 sampleswithout losses of heterozygosity on chromosome 4) or all SNPs that passed filtering

926  within that sample’ sloss of heterozygosity region (green). Box plots show median (center line),
927  interquartile range (IQR) (box limits) and 1.5 x IQR (whiskers). Data pointsthat fall outside 1.5
928 x IQR areshown individually. Violin plots show the kernel probability density, meaning that the

929 proportion of the data located at an x-axis value is represented by the width of the outlined area.
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Supplementary Fig. S3. Genome-wide nucleotide diver sity. Nucleotide diversity across the

genome in 5kb windows with a 1kb sliding interval. In the genome-wide plot (top), the red line
depicts the peak of the CSD index from genetic mapping. In the zoomed-in plots for
chromosomes 4 (middle) and 2 (bottom), the green and purple vertical shading indicates

homology to V. emeryi CSD QTL 2 and 1, respectively.
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937 Supplementary Fig. $4. Sex-specific gene expression. (A) Heatmap of genes that were
938 dignificantly differentially expressed between sexes (adjusted p-value < 0.05). Each row
939 represents a gene, and each column represents a sample. The trees at the |eft and the top of the
940 heat map depict hierarchical clustering of genes and samples, respectively. Z-scores of 10g-
941 transformed expression levels are shown as a color gradient. (B) Volcano plot depicting
942  differential gene expression between males and females. Each geneis represented by a dot,
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943 whichiscolored gray if not differentially expressed, green if the expression differenceis at least
944  2-fold (logl] > 1), or blue if the expression difference is statistically significant (adjusted p-value
945 < 0.05). Red indicates genes that are significantly differentially expressed and have at least a 2-
946 fold differencein gene expression. (C) Expression levels of genesin the vicinity of the CSD

947  index peak. Normalized counts are shown for each male and female sample, with error bars

948  depicting the mean and SEM for each sex. The genomic coordinates, name, and ID are given for
949  each gene. Genes with significantly different expression between sexes (adjusted p-value < 0.05)
950 arebolded in the table and marked with an asterisk on the plot. The CSD index peak isshown in

951 green, and the dashed box denotes the peak of nuclear diversity.
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Supplementary Tables

Primer |54 54 Forward 5'-3' Reverse5'-3' | Genotyping Method

Name Scaffold | Position

Obir Chr12 12801234 | TAGATCGAGT | AGCGTTAA | Visuaize differently

MPoidy GAGGTATCTT | GAGTAGAT | sized dleles(i.e,

128v TAAG different versions of a
structural variant
[SV]) using gel
electrophoresis

Obir Chr4 5840887 | CCACCCTCTC | TGCCGATT | Separately digest

Ploidy TCTCGTCTC CATATTTC | productswith the

4RE GAGATAAA | restriction enzymes

C (REs) EcoRI and

Bsml and visualize
genotypes via gel
electrophoresis

Obir Chr5 1963279 | GCGATAGAA | GCCAGTCA | Separately digest

Moidy GAGTGCTCGT | GTCTGTCA | products with the

5RE ATT TTCA restriction enzymes
(REs) EcoRI and
Avall and visualize
genotypes via gel
electrophoresis

Obir Chr2 18082503 | CACGTACAAT | TCGCGATC | Sanger sequence and

MPoidy GAGGGAACC | ATGAAATC | cal SNPs

2SNP TAA TAACCT

Obir Chrl2 8100152 | GTCAGTGCGC | AGATTATA | Sanger sequence and

Poidy TGTTCATTTC | GGGCGTTC | cal SNPs

12SNP CAATTCT

Obir Chr14 6377499 | CACGTGAACG | GGGTTGAG | Sanger sequence and

Poidy CTACGATGAA | GATGTCTA | cal SNPs

14SNP AGGTAATG

Obir Chr13 6262370 | CGTTACACTC | GCACGTAG | Sanger sequence and

MPoidy CTGTGTCGAA | CATTCTCTC | call SNPs

13SNPa TC TTTCT

Obir Chr13 7173724 | GCCATACATC | CGACGAGC | Sanger sequence and

MPoidy CTGCACTCTT | ATGCGTCT | call SNPs

13SNPb AC AAA

Supplementary Table S1. Primersfor ploidy assessment via heterozygosity. 5.4 refersto the

reference genome version (GCA_003672135.1).
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Library Mean

Sample name prep l(inI]cE)}naI S(t)?grl: tSargpIe read | BioProject
method y | P depth

LineA_DiploidFemale 1 | Ne&tera | o cie | PIPod 1551 | pRINAG23657
Flex Female

LineA_DiploidFemale 2 | NeXtera | o cie |DPIOd | 57 4| PRINAG23657
Flex Female

LineB_DiploidFemale 1 | Ne&tera | g stce |DPOd | 55 3| pRINAG23657
Flex Female

. L Nextera Diploid

LineA_ DiploidFemale 6 Flex A C18 Famale 30 | PRINA923657

LineA_DiploidFemale 5 | Nextera | o c1 Diploid | 41 5| prRINAG23657
Flex Female

LineA_DiploidFemale 3 | N&<tea | 5 cie | PIPOd 1 6 6 | PRINAGATO42
Flex Female

LineA_DiploidFemale 4 | Netera | o cie | PIPOd 1541 | PRINAGATO42
Flex Female

: N Nextera Diploid

LineB_DiploidFemale_2 | N B stce | 2P0 | 27| PRINAG47O42

LineB_DiploidFemale 3 | Netea | g stce |DPPIOd | 471 | PRINAGATI42
Flex Female

LineA HaploidMiale 1 | Nextera | 5 cie | Haploid | 56 1 | prINAGATI4?
Flex Male

LineA_HaploidMale 2 | Netera | o cie | H¥Od | 561 | PRINAGATO42
Flex Male

LineA_HaploidMale 3 | Nextera | o cie | H¥d | 57 6| PRINAGATO42
Flex Male

LineA_HaploidMale 4 | Nextera | o cie | Haploid | 5o 8| prINAGATI4?
Flex Male

LineB_HaploidMiale 1 | Netera | g stce | M0 | o6 3| prINAGATO42
Flex Male

: . Nextera Haploid

LineB_HaploidMale 2 | N B stce | DX 27.6 | PRINA947942

LineB_HaploidMae 3 | Netea | g stce | Halod | 5 7| pRINAGATO42
Flex Male

LineB_DiploidFemale 5 | Ne&tera | g stciz | PPl 4o 4 | PRINAGATI4?
Flex Female

LineB_DiploidFemale 4 | Netera | g stci | PiPlod 15 21 pRINAGATO42
Flex Female

LineA_HaploidMale 5 | Nextera | o c1 | Halod | 53] prINAGATO42
Flex Mae

LineA_HaploidMale 6 | Nextera | o cig | Haploid | 5o 3| prINAGATI42
Flex Male

LineB_HaploidMale 4 | Nextera | g stc1 | Haploid | 5 | priNAGAT942
Flex Male
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LineB_HaploidMlale 5 | Netera | g stciz | Haploid | 55 o | pRINAGAT942
Flex Mae

DiploidMale 1 Nextera | 5 cie |PPlOd | 57 9] PRINA1075055
Flex Male
N Nextera Diploid

DiploidMale 2 iy A cle | b 32.7 | PRINA1075055

DiploidMale 3 Nextera | A cie | DPPlod | 5 5| pRINALO75055
Flex Mae

DiploidViale 4 Nextera | » cig | DPlod | 5531 pRINAT075055
Flex Male

DiploidMale 5 Nextera | o ciz | PiPod | 477 | pRINAT0O75055
Flex Male
N Nextera Diploid

DiploidVale 6 g A ci6 | b 28.4 | PRINA1075055

DiploidMale 7 Nextera | » cie | PPlOd | 55 60| PRINAT075055
Flex Mae

DiploidViale 8 Nextera | o co | DPipod | 355 | pRINAT075055
Flex Male

DiploidMale 9 Nextera | » cie | DPIPOd | 49 6| PRINAT075055
Flex Male

DiploidViale 10 Nextera | A cie | DPPlod | o1 | pRINAL075055
Flex Mae

DiploidMale 11 Nextera | cig | PPlOd | 465 | PRINATO75055
Flex Male

DiploidMale 12 Nextera | 5 cie |DPlOd | 5551 PRINATO75055
Flex Male
L Nextera Diploid

DiploidViale 13 g A cl6 | b 35.4 | PRINA1075055

DiploidMale 14 Nextera | o cie | DIPOd | 344 | pRINATO75055
Flex Mae

DiploidViale 15 Nextera | o c1 | DPiPod | 3 5| prINAT075055
Flex Male

DiploidMale 16 Nextera | » c1 | DPiPod | 355 | prINAT075055
Flex Male

LineC_DiploidFemale | Ne&t&a | o ? Diploid | 39 4 | PRINA1075055
Flex Female

LineD_DiploidFemale 2 | N&tea | p Bgo |DPIPlOd | 555 | pRINA075055
Flex Female

LineD_DiploidFemale 1 | Nextera | ? Diploid | 5 9 | pRINA1075055
Flex Female
. N Nextera Diploid

?

Linel_DiploidFemale Flex I : Famale 36.1 | PRINA1075055

LineM_DiploidFemale | Ne&Xtera | ? Diploid | 55 3| PRINA1075055
Flex Female
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LineB_HaploidMale Nextera | g 2 Haploid | 58 5| pRINA1075055
Flex Mae
LineC_HaploidViale | Ne&tera | o co | Halod | 57 6| prINA1075055
Flex Male
. : Nextera Haploid
LineD_HaploidMale 1 | 55 D BGT |y 25.2 | PRINA1075055
LineD_HaploidMale 2 | Ne&tea | p Bgo | Haloid | 5/ o1 pRINAL075055
Flex Mae
Linel_HaploidMale Nextera || ge2 | Havlod | 51 5| prINA1075055
Flex Male
LineM_HaploidMale 1 | Nextera |, BG4 | H0d | 26 21 pRINAL075055
Flex Male
: : Nextera Haploid
LineM_HaploidMale 2 | 55 M BG4 | o 34.0 | PRINA1075055
LineB_DiploidFemale | N&tera | g stce |PPlOd 1 4o 8| PRINATO75055
Flex Female

955  Supplementary Table S2. Metadata for all DNA whole-genome shotgun sequencing

956 librariesincluded in this study. Question marks indicate male samples for which the clonal line

957 isknown, but the stock colony of origin was not recorded.
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V.emeryi | V. emeryi OrthoFinder O. biroi
CSD QTL | GenelD O. biroi " Ortholog" genomic locus
2 | LOC105559778 | LOC105285603 Chr4:1637384-1672949
2 | LOC105559779 | LOC105285604 Chr4:1673043-1674418
2 | LOC105559781 | LOC105285607 Chr4:1674523-1676002
2 | LOC105559780 | LOC105285605 Chr4:1675932-1678296
2 | LOC105559782 | LOC105283856, Chr4:1727256-1729679;
LOC113561733 Chr4:22762-24749
2 | LOC105559784 | LOC105283852 Chr4:1729888-1737844
2 | LOC105559783 | LOC105283851 Chr4:1730326-1732211
2 | LOC105559785 | LOC105283850 Chr4:1738076-1749057
2 | LOC105559786 | LOC105282554 Chr4:7069030-7075460
2 | LOC105559787 | LOC105282557 Chr4:7075106-7080018
2 | LOC105559788 | LOC105286165 Chr4:4951574-4955391
2 | LOC105559790 | LOC105282568 Chr4:7141680-7152824
2 | LOC105559789 | LOC105282568 Chr4:7141680-7152824
2 | LOC105559791 | LOC105283915 Chr4:5377245-5381427
2 | LOC105559793 | LOC105283797 Chr4:2173362-2237652
1 | LOC105558826 | LOC105287916 Chr2:985469-993787
1 | LOC105558815 | LOC105283998 Chr2:14515051-14517463
1| LOC105558816 | LOC105283997, Chr2:14517342-14519998;
LOC113563596 Chr2:19219509-19221771
1| LOC105558817 | LOC105283996, Chr2:14519947-14522109;
LOC113563597 Chr2:19217723-19219230
1| LOC105558818 | LOC105283999 Chr2:14522233-14522882
1| LOC105558819 | LOC105278142 Chr2:16951611-16953740
1 | LOC105558820 | LOC105278143 Chr2:16947572-16951531
1| LOC105558821 | LOC105278141 Chr2:16939029-16945082
1| LOC105558822 | LOC105287131 Chr2:12765464-12768244
1 | LOC105558823 | LOC105278140 Chr2:16929798-16936497

Supplementary Table S3. O. biroi orthologs of geneslocated in thetwo V. emeryi CSD

QTLs.
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Gene_type RU RefSeq GenBank

Genes guide RNA 0 1 0

INCRNA 1767 1430 0

MiRNA 239 0 0

misc_RNA 0 44 0

piRNA 23596 0 0

protein_coding 12839 11927 13022

pseudogene 0 373 77

rRNA 108 109 0

SnoRNA 15 16 0

SnRNA 22 26 0

tRNA 194 202 0

Total Genes 38780 14128 13099

Transcripts | INCRNA 3795 1751 0

mMiRNA 239 0 0

MRNA 63620 24215 13099

piRNA 23596 0 0

rRNA 108 109 0

SnoRNA 15 16 0

SnRNA 22 26 0

tRNA 194 202 0

guide_ RNA 0 1 0

transcript 0 818 0

Total transcripts 91589 27135 13099

Total multi-exon 65882 25945 11923
transcripts

960 Supplementary Table $A4. Improvementsover previous genome annotations, with the new

961 (RU) annotation featuring genesand transcripts not found in previous annotation versons.
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Gene Name GenelD L og 2-Fold Change | p-value p-adjusted
unchar. protein LOC105285599 0.11 0.84 0.92
unchar. protein LOC105285600 0.11 0.73 0.85
zﬁtr%”;?ﬂﬁig LOC105285601 | 0.21 067 0.8
ataxin-7 LOC105285602 -0.33 0.063 0.17
Kank LOC105285603 0.05 0.82 0.91
Betl LOC105285604 0.08 0.54 0.72
2:82: ?2?3? " | Locioszseor | 034 0.12 0.27
THUMP LOC105285605 0.19 0.13 0.28
unchar. InNcRNA | LOC105285608 0.12 0.87 0.93
Creld LOC113561733 0.56 0.77 0.88
aphaCOP LOC105283852 -0.17 0.21 0.40
unchar. protein LOC105283851 9.95 NA NA
Host cell factor LOC105283850 -0.52 2.1E-04 1.8E-03
1(2)37Cg LOC105283849 0.86 5.7E-04 4.2E-03
LooSomal POt |y ocios283847 | -0.06 050 065
gg‘m&;e LOC105283846 | 0.03 0.8 094
unchar. protein LOC105283844 1.77 6.1E-08 1.0E-07

Supplementary Table S5. Differential gene expression near the CSD index peak.

963 Thelog 2-fold change in expression levels between male and female samples, p-values (Wald
964 test), and adjusted p-values (Benjamini-Hochberg adjustment) for 17 genesin the vicinity of the
965 CSD index peak. The p-values are “NA” for LOC105283850 because one of the samplesisan

966 extreme outlier detected by Cook’ s distance.
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Gene Name GenelD Exon Log 2- p-value p-adjusted
Fold
Change

unchar. protein LOC105285599 | E001 -0.24 0.37 0.84
E002 0.09 0.6 0.91
E003 0.21 0.63 0.92

unchar. protein LOC105285600 | E001 -0.59 0.32 0.82
E002 -0.23 0.78 0.96
E003 0.51 0.15 0.72
E004 0.03 0.87 0.98
E005 0.06 0.73 0.95
E006 -0.54 0.31 0.82
E007 -0.48 0.35 0.83
E008 0.11 0.91 0.99
E009 -0.66 0.65 0.92
EO010 0.08 0.92 0.99
EO011 0.11 0.91 0.99

paraneoplastic antigen Ma6E LOC105285601 | EO01 -0.28 0.06 0.51
E002 0.18 0.06 0.5

ataxin-7 LOC105285602 | E001 2.03 0.1 0.63
E002 0.12 0.98 1
E003 0.06 0.75 0.95
E004 0.05 0.69 0.94
E005 -0.04 0.48 0.87
E006 -0.48 0.01 0.17
E007 0.12 0.55 0.89

Kank LOC105285603 | E001 -0.93 0.24 0.79
E002 -0.65 0.05 0.47
E003 -0.14 0.72 0.94
E004 -1.04 0.44 0.86
E005 -1.6 0.29 0.81
E006 -0.55 0.08 0.57
E007 -0.67 0.04 0.4
E008 -0.63 0.08 0.58
E009 0.01 0.88 0.98
EO010 -0.15 0.34 0.83
EO011 -0.28 0.2 0.76
E012 -0.27 0.2 0.76
EO013 -0.27 0.18 0.74
EO014 0.07 0.3 0.81
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EO015 0.11 0.07 0.54
EO016 0.18 0.26 0.8
EO017 NA | NA NA
Betl LOC105285604 | E001 2.7 0.05 0.47
E002 0 0.99 1
EO03 -0.04 0.67 0.93
E004 -0.01 0.82 0.97
EO005 0.05 0.94 1
EO006 9.44 0.23 0.78
prob. ribosome prod. factor LOC105285607 | E001 0.24 0.77 0.96
E002 -0.12 0.77 0.96
E003 0.05 0.7 0.94
E004 0 1 1
EO005 0.3 0.55 0.89
THUMF LOC105285605 | E001 1.26 0.04 0.42
E002 -0.12 0.49 0.87
EO03 -0.09 0.55 0.89
E004 0.03 0.79 0.96
EO05 0.13 0.19 0.75
EO006 -0.03 0.96 1
EO07 -0.09 0.76 0.95
E008 -0.09 0.68 0.93
E009 39 0.000257 0.00951
unchar. IncRNA LOC105285608 | E001 -1.46 0.08 0.56
E002 0.28 0.06 0.5
Creld LOC113561733 | E001 -0.06 0.62 0.92
E002 -0.01 0.86 0.98
EO003 0.09 0.32 0.82
E004 -0.15 0.6 0.91
aphaCOP LOC105283852 | E001 -0.29 0.3 0.81
E002 -0.23 0.33 0.83
EO003 -0.21 0.25 0.79
EO004 -0.15 0.16 0.73
EO005 0.14 0.19 0.75
E006 0.32 0.3 0.81
E007 0.74 0.14 0.69
unchar. protein LOC105283851 | E001 -0.07 0.76 0.96
E002 0.14 0.76 0.96
Host cell factor LOC105283850 | E001 -0.34 0.28 0.8
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E002 -0.33 0.24 0.79
E003 -0.25 0.38 0.84
E004 -0.34 0.36 0.84
E005 -0.19 05 0.88
E006 -0.19 0.39 0.85
E007 0.75 0.12 0.67
E008 -0.23 0.33 0.82
E009 0.3 0.39 0.85
EO010 -0.05 0.93 1
EO011 0.44 0.34 0.83
EO012 0 0.59 0.91
EO013 0 0.35 0.83
E014 0.45 0.12 0.67
E015 0.04 0.2 0.77
EO016 -0.35 0.56 0.9
EO017 0.14 0.07 0.55
EO018 0.11 0.48 0.87
EO019 0.35 0.38 0.84
1(2)37Cg LOC105283849 | E001 0.04 0.54 0.89
E002 -0.03 0.6 0.91
E003 0 0.94 1
ribosomal protein S2 LOC105283847 | E001 0.1 0.54 0.89
E002 -0.03 0.45 0.86
E003 -0.06 0.63 0.92
E004 3.68 0.00233 0.06
guanine deaminase LOC105283846 | E001 0.29 0.31 0.82
E002 0.15 0.52 0.89
E003 0.15 0.37 0.84
E004 0.12 0.55 0.89
E005 0.1 0.58 0.8
E006 -0.06 0.62 0.92
E007 -0.09 0.41 0.85
E008 -0.17 0.18 0.75
E009 -0.26 0.07 0.54
unchar. protein LOC105283844 | E001 -0.52 0.000763 0.02
E002 -0.54 | 0.00000519 0.000311
E003 -0.56 0.000378 0.01
E004 -0.91 0.00693 0.13
E005 -0.85 0.00588 0.11
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E006 -0.92 0.000107 0.00449
EO07 -0.91 0.00434 0.09
E008 -0.8 0.00161 0.04
E009 -0.53 0.00458 0.1
EO010 -0.54 0.0000288 0.00143
EO11 -0.46 0.000237 0.00887
E012 0.57 7.31E-07 0.0000543
E013 0.79 | 0.00000443 0.00027
E014 111 1.32E-07 0.0000115
E015 1.07 3.96E-07 0.000031
EO16 0.86 0.000705 0.0219
EO17 0.8 0.000814 0.0245
EO018 1.29 0.000153 0.00613
E019 1.29 0.000454 0.0152
E020 113 0.000177 0.00694
EO21 0.99 0.00261 0.06
E022 -0.89 0.55 0.89
E023 1.32 0.000135 0.00547
E024 111 0.07 0.55
E025 -0.57 0.44 0.86
E026 -0.24 0.32 0.82
E027 0.09 0.00973 0.165
E028 0.21 0.0003 0.0107
E029 -0.59 2.27E-08 | 0.00000229
E030 -0.23 | 0.00000842 0.000479
EO31 0.51 0.00158 0.0418

967

968 Supplementary Table S6. Differential gene expression near the CSD index peak.

969 Thelog 2-fold change in expression levels between male and female samples, p-values
970 (likeihood ratio test), and adjusted p-values (Benjamini-Hochberg adjustment) for each exon of
971 17 genesin thevicinity of the CSD index peak. The p-values are “NA” for one of the exons of

972  LOC105285603 because there is negligible expression of that exon (basemean=0).
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Analysis Program Version | AnalysisAvailable At:
Genetic Trimmomatic | v0.36 https:.//github.com/kipdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genetic bwa v0.7.12- | https:.//github.com/kipdlacy/SexDeterminationM appi
Mapping r1039 ng_Obiroi
Genetic GATK v4.2 https:.//github.com/kipdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genetic vcftools v0.1.17 | https://github.com/kipdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genetic pyvcf v0.6.8 https:.//github.com/ki pdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genetic pybedtools v0.9.0 https:.//github.com/kipdlacy/SexDeterminati onM appi
Mapping ng_Obiroi
Genetic pandas v1.1.5 https:.//github.com/ki pdlacy/SexDeterminati onM appi
Mapping ng_Obiroi
Genetic numpy v.1.19.5 | https.//github.com/kipdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genetic bcftools v0.1.19- | https://github.com/kipdlacy/SexDeterminationM appi
Mapping 96b5f22 | ng_Obiroi

9a
Genetic samtools v1.8 https:.//qithub.com/ki pdlacy/SexDeterminati onlV appi
Mapping ng_Obiroi
Genetic OrthoFinder | v2.5.5 https:.//qithub.com/ki pdlacy/SexDeterminati onlV appi
Mapping ng_Obiroi
Genetic scikit-allel v1.3.5 https:.//qithub.com/ki pdlacy/SexDeterminati onlV appi
Mapping ng_Obiroi
Genetic blast v2.5.0 https:.//qithub.com/ki pdlacy/SexDeterminati onlV appi
Mapping ng_Obiroi
Genetic mummer v4.0.0rc | https://github.com/kipdlacy/SexDeterminati onM appi
Mapping 1 ng_Obiroi
Genetic python v3.6.15 | https.//github.com/kipdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genetic R v4.3.2 https.//github.com/ki pdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genetic karyoploteR | 1.28.0 https.//github.com/ki pdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genetic ggplot2 v3.5.0 https.//github.com/ki pdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genetic ggbeeswarm | v0.7.2 https.//github.com/ki pdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genetic matplotlib v3.3.4 https.//github.com/ki pdlacy/SexDeterminationM appi
Mapping ng_Obiroi
Genome pbmm?2 v1.12.0 | https.//github.com/RockefellerUniversity/Obiroi_Ge
Annotation neModels 2025
Genome stringtie2 v2.2.1 https.//github.com/Rockefel lerUniversity/Obiroi_Ge
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Annotation neModes 2025

Genome samtools v1.6 https.//github.com/Rockefd lerUniversity/Obiroi_Ge
Annotation neModes 2025

Genome hisat2 v2.2.1 https.//github.com/Rockefel lerUniversity/Obiroi_Ge
Annotation neModes 2025

Genome transdecoder | v5.7.1 https.//github.com/Rockefd lerUniversity/Obiroi_Ge
Annotation neModes 2025

Genome squanti3 v3.5.1 https:.//github.com/Rockefel lerUniversity/Obiroi_Ge
Annotation neModes 2025

Genome Repeatmasker | v4.1.7- | https://github.com/RockefellerUniversity/Obiroi_Ge
Annotation pl neModels 2025

Genome FEELnNc v0.2.1 https.//github.com/Rockefel lerUniversity/Obiroi_Ge
Annotation neModels 2025

Genome BUSCO v5.4.7 https.//github.com/Rockefel lerUniversity/Obiroi_Ge
Annotation neModels 2025

Genome CLIPflexR v0.1.20 | https.//github.com/RockefellerUniversity/Obiroi_Ge
Annotation neModels 2025

Genome miRDeep2 v0.1.3 https:.//github.com/Rockefel lerUniversity/Obiroi_Ge
Annotation neModels 2025

Genome Pilfer v1.0 https.//github.com/Rockefel lerUniversity/Obiroi_Ge
Annotation neModels 2025

Genome R v4.0 https.//github.com/Rockefd lerUniversity/Obiroi_Ge
Annotation neModels 2025

Genome Bioconductor | v3.19 https://github.com/RockefellerUniversity/Obiroi_Ge
Annotation neModels 2025

Differential multigc v19 https://github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression

Differential RSEM v1.2.28 | https://github.com/jina-leemon/CSD biroi_male-
Gene female-RNA-seq

Expression

Differential STAR v2.5.0a | https://github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression

Differential R v4.3.3 https.//github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression

Differential GenomicFeat | v1.52.2 | https.//github.com/jina-leemon/CSD_biroi_male-
Gene ures female-RNA-seq

Expression

Differential tximport v1.28.0 | https://github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression

Differential DESeq2 v1.40.2 | https://github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression
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Differential EnhancedVol | v1.18.0 | https:/github.com/jina-leemon/CSD_biroi_male-
Gene cano female-RNA-seq

Expression

Differential pheatmap v1.0.12 | https.//github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression

Differential dplyr v1i14 https.//github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression

Differential reshape2 v14.4 https.//github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression

Differential tidyr v13.1 https.//github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression

Differential tibble v3.2.1 https://github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression

Differential ggbreak v.0.1.2 | https.//github.com/jina-leemon/CSD_biroi_male-
Gene female-RNA-seq

Expression

Differential HTSeq v2.0.5 https.//github.com/jina-leemon/CSD_biroi_male-
Exon Usage female-RNA-seq

Differential DEXSeq v.1.46.0 | https.//github.com/jina-leemon/CSD_biroi_male-
Exon Usage female-RNA-seq

Differential stageR v.1.22.0 | https.//github.com/jina-leemon/CSD_biroi_male-
Exon Usage female-RNA-seq

Supplementary Table S7. Versions of software used for genomics analyses.
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