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Abstract

Background

In moths and butterflies (Lepidoptera), several distantly related lineages have independently arrived
at a similar feminizing strategy: piRNAs from the W chromosome that silence masculinizing genes.
Whether this convergence is coincidental or reflects a sequence-level predisposition of the W

chromosome has remained unknown.
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Results

Screening 266 lepidopteran genome assemblies shows that W chromosomes of 106 species
spanning 20 families harbor sequences homologous to Masc (Masculinizer) or znf-2 (zinc finger
protein 2), in three structural forms: intronless copies (42 species), intron-retaining copies (32
species) and short tandem arrays (61 species), with some species carrying more than one form.
Gene trees resolve these copies as independent, lineage-specific acquisitions. Transcriptome
screening detects transcriptional activity at W-linked loci in 12 of the 61 species with public
transcriptome data. Embryonic small-RNA and transcriptome profiling across four species from
three families identifies W-derived antisense piRNAs targeting Masc or znf-2 in three. In Chilo
suppressalis, knockdown of the W-linked Masc-derived locus CsFem or disruption of the piRNA
pathway shifts genetic females toward male-type doublesex splicing, establishing CsFem as a

feminizing piRNA precursor.
Conclusions

W chromosomes across Lepidoptera independently accumulate sequences homologous to
masculinizing genes, providing a sequence-level foundation that predisposes the W chromosome
toward the recurrent evolution of piRNA-based feminization. The parallel with small-RNA-based
sex determinants in dioecious plants suggests that repeat-rich, non-recombining sex-limited

chromosomes are a recurrent cradle for such systems across eukaryotes.
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Background

Primary sex-determining signals evolve rapidly across insects: although the downstream doublesex
(dsx) switch is deeply conserved, the upstream signals that direct its sex-specific splicing differ
markedly among lineages[1,2]. In Lepidoptera, a recurrent upstream mechanism involves piRNAs
derived from the W chromosome that silence masculinizing genes to direct female development[3—
12]. The principal known targets are Masc (Masculinizer), a CCCH-type zinc finger protein
required for male-type dsx splicing and dosage compensation, and znf-2 (zinc finger protein 2), a
Masc-interacting factor whose repression likewise redirects the sex-determination cascade toward
female development[6,8,9]. Feminizing W-linked loci have now been molecularly characterized in
species spanning several families[5,7,8,11-14]. These loci vary markedly in architecture, from
transposon-chimeric sequences (Fem in Bombyx mori[5,13]) to retrocopies of masculinizing genes
(PxyFem in Plutella xylostella[7T]), tandem-repeat arrays (OfFem in Ostrinia furnacalis[8], EkMom
and PiMom in the pyralids Ephestia kuehniella and Plodia interpunctella[11], Fet-W in Lymantria
dispar[12]), and intron-retaining duplications (LdMasc-W in L. dispar[14]), and share no cross-
family sequence homology. Among the loci that target Masc, the piIRNA-binding sites on Masc
mRNA are non-overlapping across species[7,11,12]. Moreover, at least one locus (OfFem) targets
znf-2 rather than Masc[8]. This diversity in locus architecture, target gene, and target site is
suggestive of repeated, independent origins, but whether this pattern reflects a systematic

predisposition of the W chromosome has not been tested across the order.

That a similar molecular solution, a W-linked piRNA precursor that silences a masculinizing gene
to direct female dsx splicing, has evolved independently in multiple lepidopteran lineages poses a
question that the characterization of individual systems cannot answer: does this convergence arise

by chance, or does the W chromosome provide a genomic predisposition? Two properties of

3
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lepidopteran W chromosomes could favor such predisposition. Their repeat-rich, transposon-dense
composition provides multiple routes by which gene-derived sequences can be captured and
amplified[15]. Their lack of recombination promotes the retention of such sequences once
integrated[15,16]. Because Masc and znf-2 occupy conserved upstream positions in the sex-
determination cascade[3—12], silencing either gene can shift dsx splicing toward the female pattern,
making them high-value targets for any W-borne piRNA system. If sequences homologous to these
genes accumulate on W chromosomes through the routes above, they would constitute a reservoir of

precursor material from which feminizing piRNA loci can be independently recruited.

Here we survey 266 lepidopteran genome assemblies for W-linked sequences homologous to Masc
and znf-2 and complement this with transcriptome screening, embryonic small-RNA and
transcriptome sequencing across four species from three families, and functional validation in Chilo
suppressalis. We show that W chromosomes in diverse lineages across the order harbor a
widespread, structurally diverse reservoir of sequences homologous to masculinizing genes from

which feminizing piRNA loci can independently arise.

Results

W chromosomes across Lepidoptera harbor sequences homologous to masculinizing genes in

diverse structural forms

A homology screen for W-linked copies of Masc and znf-2 covered 266 lepidopteran genome
assemblies across 29 families (Figure 1a). The sampling is almost entirely ditrysian (264 of 266
assemblies). W-linked Masc- or znf-2-homologous sequence was detected in 106 of the 266
assemblies (~40%), spanning 20 of the 29 sampled families (Figure 1b, Additional file 2). All 106

positive species are ditrysian, while the two non-ditrysian assemblies (Ectoedemia decentella and

4



85

86

87

88

&9

90

91

92

93

94

Tischeria ekebladella) lacked detectable W-linked homologs. Of the 9 sampled families without any

positive species, most were represented by fewer than 5 assemblies, so their absence may reflect

limited sampling rather than true absence of the reservoir (Additional file 2).

2epIqWEID

Figure 1. A W-linked reservoir of Masc- and znf-2-homologous sequences across Lepidoptera.
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(a) Screening and classification workflow yielding the 106 W-positive species.

(b) Circular phylogeny of all 266 screened lepidopteran genome assemblies (29 families).
Outermost band, family. Inner rings, the W-screening call for Masc/znf-2 by structural class, from

the inside out: intronless, intron-retaining, tandem array. W-linked Masc- or znf-2-homologous

sequence was detected in 106 of the 266 species (~40%) across 20 families.
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(c) One exemplar per structural class as two-chromosome ribbon ideograms (Z-linked parent top,
W-linked copy bottom): intronless copy (Acronicta rumicis Masc), intron-retaining DNA-level copy
(Cosmorhoe ocellata Masc) and tandem array (Helleia helle Masc, a ~38 bp Masc-derived unit

reiterated head-to-tail, ~92% parental identity).

(d) Three-set Venn of structural classes by species: intronless copy (42), intron-retaining DNA-level

copy (32) and tandem array (61). 34 species are tandem-only and 28 carry two or more classes.

W-linked copies were identified by aligning per-exon and per-intron query features of each parental
gene to the corresponding W chromosome with BLASTN (Methods, Figure 1a). The recovered
copies fall into several distinct structural forms (Figure 1c,d). Intronless copies span multiple
parental exons but lack introns (42 species, 628 copies, 333 Masc-derived and 295 znf-2-derived,
Additional file 1: Figure S1). Intron-retaining copies preserve parental intron-exon structure (32
species, 210 copies). Short-fragment tandem arrays consist of a brief parental-homologous unit,
typically matching part of a single exon, reiterated head-to-tail (61 species). Copy number per
species varies widely, from a single copy to nearly 100 in the most expanded loci. These categories
are not mutually exclusive: 28 species carry more than one form, and even longer homologous

fragments occasionally form tandem arrays, as in S. exigua (see below).

W-linked copies of all three structural classes have arisen independently across lineages

We next asked whether the W-linked copies share a common ancestry or have arisen independently
in each lineage. If the reservoir originated once in an ancestor and was vertically transmitted, W-
linked copies from different species should form a single clade separate from their parental genes. If
instead copies were acquired independently, each should group with its own species’ parental gene.

Gene trees built separately for each structural class and each gene clearly favor the second scenario
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(Figure 2a—f). In every tree, the W-linked copies of a species group with that species’ own parental
coding sequence to the exclusion of all other species: 26 of 27 species for Masc intronless copies
and 14 of 17 for znf-2, 21 of 21 and 16 of 16 for Masc and znf-2 intron-retaining copies, and 27 of
30 and 24 of 33 for Masc and znf-2 tandem arrays, most at ultrafast bootstrap 100. The species that
depart from this pattern are congeners that share one ancestral W-copy event, such as Boloria selene
and B. thore for znf-2 intronless copies (ultrafast bootstrap 82) and B. titania and B. freija for Masc,
together with three Mechanitis species and three Polyommatini genera whose tandem units group by
locus rather than by species. No cross-family clade of W-linked copies was recovered in any tree,
ruling out a single shared origin across the order. The segment of the parental coding sequence
captured by each copy is also broadly distributed, spanning 4% to 94% of relative CDS position
across species and covering every decile (Figure 2g), as expected when capture events are
independent: a single ancestral capture followed by vertical transmission would fix one segment
across the order. The intronless structure of many W-linked copies further argues against ongoing
gene conversion from the parental locus, which would preserve intron-exon structure rather than

eliminating introns.
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Figure 2. Independent, lineage-specific origins of W-linked Masc and znf-2 copies.

(a—f) Maximum-likelihood gene trees of W-linked copies and their parental coding sequences, one
panel per gene and structural class: Masc (top row) and znf-2 (bottom row) intronless retrocopies (a,
d), intron-retaining DNA-level copies (b, e) and tandem-array units (c, f). Blue circles, parental
coding sequences. Orange triangles, representative W-linked copies. Black diamond, outgroup
(Plutella xylostella for Masc and Argyresthia albistria for znf-2, both confirmed as orthologs of the
intended gene by reciprocal tblastx). The intronless trees in (a) and (d) are midpoint-rooted. Species
assignments are unchanged under either rooting. Tip labels are omitted for legibility and the same
trees with species names are given in Additional file 1: Figures S2 to S4. The bar beside each tree

summarizes each tree species by species: green, the species’ parental sequence and all of its W-
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linked copies form a clade that excludes every other species. Amber, the clade is shared with
another species. Purple, individual copies fall outside the species clade. The fraction beside each bar

counts species meeting the exclusive criterion. Scale bars, 0.1 substitutions per site.

(g) Position of the parental coding sequence captured by each class of W-linked copy, plotted along
the parent from 5’ to 3’ for Masc (left) and znf-2 (right). Upper panels, percentage of species whose
copies cover each position. Lower panels, one line per species-level record, grouped by structural

class. Independent capture events sample different parts of the coding sequence.

A subset of W-linked loci are transcribed, with female-biased expression in S. exigua

The presence of target-homologous sequence on the W is only the first prerequisite for a feminizing
piRNA locus: to function, such sequence must also be transcribed. To ask whether this reservoir is
expressed, we screened the 61 species with public transcriptome data for W-copy transcription
using diagnostic k-mer typing (Methods, Figure 3a), spanning all structural categories (Figure 3).
This set of 61 species is distinct from the 61 tandem-array species in Figure 1d, and the identical
count is coincidental. The full per-species transcription screen, including the public sequencing

accessions used, is provided in Additional file 5.
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Figure 3. Transcriptional screening of W-linked Masc and znf-2 copies across species with public

transcriptome data.

(a) Stranded reads are typed against diagnostic k-mers (K = 25) that distinguish the W-copy from its
parent. Calls are made only at authenticated W-copy coordinates, with a matched male control

where public data allow.

(b) Female-versus-male W-copy expression for the four W-linked copy loci with matched female
and male arms (diagnostic k-mers, K = 25, reads per million, subsampled to <8,000,000 per run).
Numbers at right, male read counts. Fold-differences on the plot (5.2%, 6.7%, 2.0%) are female-to-

male ratios of mean expression. Only S. exigua is statistically supported (DESeq?2 log> fold change
10



168  =6.70, Pagj=2.6 x 10—13, male arm = 0 in 3/3 runs). In B. mori (znf-2), C. suppressalis and P.
169  aegeria the male arm also carries W-copy reads, so these three are not scored as female-specific.
170  The B. mori arm is the znf-2 W-linked copy, not Fem. Open symbols, male values at or below

171  detection (n.d.).

172 (c) Per-species calls on the constrained phylogeny (structural class, transcription call, evidence tier
173 L1-L2, and literature-established feminizers in blue). B. mori appears as two lines, Fem[5] and the
174 znf-2 W-linked copy screened here. Calls: mixed / weak, W-copy reads below the positive-call

175  threshold. Parent / not W-specific, reads assigned to the parent rather than the W-linked copy. Not
176  assessable, read-level typing impossible in principle (e.g. M. galathea, whose W copies and parent
177  share every diagnostic k-mer). Of the 61 species screened, transcription was detected in 12 (20%).
178  The remaining 24 are in Additional file 5. H. charithonia is indeterminate, its array spanning the W
179  and an autosomal repeat. Tiers: L1, transcription of the W-linked copy detected. L2, female-specific
180  transcription confirmed with a matched male control. Structural-class squares mark the copy carried

181  through the screen. Species carrying additional classes appear in Figures 1 and 4.

182  Twelve of the 61 screened species showed W-copy expression in available transcriptomes (20%,
183  Figure 3c). This rate is constrained by the tissue and developmental-stage coverage of public

184  transcriptome data, and the true proportion of species with W-copy transcription is likely higher.
185  Among the loci carried through the screen, intronless copies showed the highest transcription rate (4
186  of 8 loci, 50%), compared with intron-retaining copies (5 of 18, 28%) and tandem arrays (3 of 12,
187  25%). These per-class denominators count loci rather than species and therefore do not sum to the

188 61 species screened. The class of the copy screened in each species is given in Additional file 5.

189  Among the transcribed species, Spodoptera exigua showed the strongest female bias at its znf-2-

190  derived W-linked copy (DESeq?2 log: fold change = 6.70, Pagj = 2.6 x 10—13) with zero reads in all
11
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three male replicates (Figure 3b). Chilo suppressalis showed a 6.7-fold female excess that did not
reach significance in this public-data screen (exact P = 0.060, limited by the available sample size).
Female-specificity of CsFem was subsequently confirmed by qRT-PCR on independently generated
samples (Figure 5b) and by CQ analysis of genomic reads (Additional file 1: Figure S5). The
remaining transcribed species showed signal without demonstrated female bias (details in

Additional file 5).

Wk-linked loci of diverse structure produce antisense piRNAs targeting masculinizing genes

Transcription is necessary but not sufficient: to function as a feminizing signal, a W-linked
transcript must be processed into antisense piRNAs that target and silence masculinizing gene
mRNA, thereby redirecting dsx splicing toward the female pattern. We therefore profiled embryonic
small RNAs and mRNAs in four species: C. suppressalis and S. exigua, the two species with
female-biased W-linked transcription, S. frugiperda, a congener of S. exigua included for within-
genus comparison, and Pieris rapae, a butterfly (Pieridae) included to test whether the mechanism
extends beyond moths. Small-RNA reads were mapped to de novo transcriptome assemblies and
processed through the W-linked piRNA Precursor Miner pipeline (Methods, Figure 4a), which
integrates ping-pong piRNA detection, transcriptome mapping, and W-chromosome support
annotation. We first confirmed that the pipeline recovers the known female-specific antisense
piRNAs against Ofznf-2 at the characterized OfFem locus of Ostrinia furnacalis (Additional file 1:
Figure S6), then applied it to the four focal species. Candidate loci were validated by diagnostic

PCR on sex-separated genomic DNA, confirming W-linkage (Figure 4b).

12
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212 Figure 4. W-linked piRNA precursor miner pipeline and its application to four Lepidoptera species.

213 (a) Workflow of the W-linked piRNA precursor miner: small-RNA-seq (ping-pong piRNA reads)

214  and transcript-seq (de novo Trinity precursors from female-enriched libraries) converge.

215  (b) PCR and RT-PCR validation in three species: genomic PCR for sex-linked amplification
216  (genetic-sexing control), RT-PCR for female-specific transcription, and autosomal EF'/a as the
217  amplification control (assay type and locus per species in the panel labels, primers in Additional file

218  4). Each track shows lanes cropped from the corresponding gel image (Methods).
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(c) Small-RNA features at the three loci, one row per species (C. suppressalis CsMasc / S.
frugiperda SfMasc / S. exigua Seznf-2): sense (blue) and antisense (orange) coverage in RPM along
the parental CDS, read-length distribution (25-32 nt), and 5’ nucleotide-frequency logos. The 5'-
uridine bias on antisense reads and tenth-position adenine bias on sense reads constitute the ping-

pong piRNA signature. Coverage, read-length and bits scales are independent per row.

(d) Z-linked parent (top), W-linked genomic copy (middle) and piRNA precursor (bottom), one
column per species. W-linked copies: two intronless CsMasc copies (C. suppressalis), a single 5’
SfMasc-homologous block (S. frugiperda) and a Seznf-2-derived tandem array (S. exigua). SfFem
embeds a lineage-specific PIF/Harbinger DNA-transposase ORF. CsFem carries a retroelement-
derived ORF on one flank. SeF'em comprises ~3 tandem copies of the ~338 bp znf-2-derived unit
(precursor-transcript span). The primary W-linked array carries 10 units and a second W-linked
window 55 kb away carries 3 more (93-98% identity between units). Antisense homology of each
precursor was scored by minus-strand BLASTN (Additional file 3). The CsFem-flanking ORF is a
114-amino-acid non-catalytic fragment of a Pao/BEL-type retroelement, and the SfF'em transposase
OREF is 726 amino acids. The CsFem RACE product is 1,912 nt including the poly(A) tail, of which

1,889 bp were cloned and used throughout.

Three of the four species yielded W-derived antisense piRNAs (Figure 4c, Additional file 1: Figure
S7). In C. suppressalis, dense CsMasc-antisense piIRNAs (antisense-to-sense ratio ~42:1 at 48 hpo,
Additional file 1: Figure S8) traced to the W-linked CsMasc copy. In S. exigua, antisense piRNAs
against a znf-2-derived precursor formed a low-diversity pool dominated by a single 26 nt species
(68.2% of antisense reads). In S. frugiperda, antisense piIRNAs mapped to a 373 bp Masc-
homologous block within SfMasc exon 1. Notably, S. frugiperda carries a partial single-exon Masc-
homologous sequence without tandem repeats that had fallen below the structural-screen threshold
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242 in the genomic survey, yet this locus still produced detectable piRNAs, suggesting that the genomic
243 screen provides a conservative estimate of the reservoir. P. rapae was negative. All three positive

244 species display hallmarks of ping-pong amplification: a 2630 nt size mode, a 10-nt 5’ overlap

245  between sense and antisense reads, and a 5'-uridine bias on antisense reads (98.1%, 99.6% and 82.2%
246  in C. suppressalis, S. exigua and S. frugiperda, respectively) with the complementary tenth-position
247  adenine bias on sense reads. We designate the corresponding W-linked loci CsFem, SeF'em, and

248  SfFem on the basis of their W-linkage, female-specific expression, and antisense piRNA production.

249  The three loci differ markedly in architecture (Figure 4d): CsFem (~1.9 kb) is an intronless copy
250  whose Masc-derived core is flanked on one side by a retroelement-derived ORF, SeFem is

251  transcribed from a genomic locus whose primary array carries 10 tandem copies of a ~338 bp znf-2-
252 derived repeat unit, of which the precursor transcript spans approximately 3, and SfFem (~5.7 kb)
253  consists of a partial single-exon Masc-homologous sequence embedded within a PIF/Harbinger
254  transposon transcript whose transposase ORF dominates the locus. Two of the three precursors

255  match structural classes defined in the genomic survey (an intronless multi-exon copy and a short-
256  fragment tandem array), whereas the third is a transposon-embedded partial-exon fragment that fell
257  below the survey threshold, indicating that diverse structural forms, including some the genomic
258  screen does not capture, can serve as substrates for piRNA production. The contrast within

259  Spodoptera is particularly informative: S. frugiperda produces antisense piRNAs against Masc

260  while its congener S. exigua targets znf-2, indicating independent recruitment of different

261  masculinizing genes after species divergence.

262  Functional validation supports CsFem as a feminizing piRNA precursor in C. suppressalis

263  We carried out functional validation in C. suppressalis. CQ (chromosome quotient) analysis of

264  genomic reads confirmed the female-specificity of CsFem (Additional file 1: Figure S5). PCR
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across five embryonic time points (0, 8, 16, 24, 48 h post-oviposition) revealed that Csdsx splicing
resolves into a clear female (F) or male (M) pattern by 48 hpo[17] (Figure 5a). The delayed
resolution in females relative to males is consistent with the time required for progressive

accumulation of CsFem-derived piRNAs to suppress CsMasc.
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Figure 5. CsFem, CsMasc and piRNA-pathway control of female-type Csdsx splicing in C.

suppressalis.

(a) RT-PCR of Csdsx splicing in embryos at 0, 8, 16, 24 and 48 hpo. Genetic sexing by the W-

marker primer, autosomal primer as amplification control. One embryo per lane.

(b) Sex-resolved CsFem (left) and CsMasc (right) qRT-PCR in genetically sexed embryos at 16, 24

and 48 hpo (n = 6 per sex and stage). CsFem was female-specific, undetectable in males (n.d.).
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CsMasc was male-biased, falling in females to ~0.2x the male level by 48 hpo (female versus male
at each stage, Welch’s two-sided #-test on ACt, P=2.2 x 10—6 to 2.0 x 10—10). Boxes, median and

IQR. Points, individual embryos. Female red, male blue.

(c) Unhatched wild-type and heterozygous ZZ-male (CsMasc-edited) embryos.

(d) Hatch rate and genotypes of unhatched Masc CRISPR-edited G1 embryos. Seven GO x wild-
type broods gave 590 eggs, of which 501 hatched (84.9%). Of the 89 unhatched embryos, 71
(79.8%) were heterozygous ZZ males (both wild-type and edited Masc bands) and 18 were wild
type. Hatching was reduced in the Masc-edited cross (per-brood mean 82.5% =+ 4.1% SEM) versus
wild-type control (98.0% =+ 0.8% SEM), with brood as the replication unit (binomial generalized
linear mixed model, P = 2.8 x 10—5, Wilcoxon rank-sum on per-brood rates, P=5.8 x 10—4,n="17

broods per cross). ***P < 0.001.

(e) Csdsx splicing after dSRNA targeting Ago3 or Siwi, scored female-type / male-type /
intermediate. Genetic females: dSEGFP 14 /0 /4, dsAgo34/9/7,dsSiwi 2 /5 / 4. Both differed
from control (Fisher’s exact test, P=1.7 x 10—4 and 7.7 < 10—4). Genetic males: dSEGFP 0/ 11/ 2,

dsAgo30/21/4,dsSiwi 0/ 19/ 1. Not significant (P = 1.0 and P = 0.55).

Expression dynamics of CsFem, CsMasc, and CsFem-derived piRNAs across the same time course
trace three parallel trajectories. CsFem transcript rises from 8 hpo and peaks at 24 hpo in females,
with no detectable expression in males (Figure 5b, Additional file 1: Figure S9). CsMasc mRNA is
initially equivalent in both sexes but falls sharply in females from 16 hpo onward, coincident with
the rise in CsFem-derived piRNAs (Additional file 1: Figure S8) and the appearance of female-type
Csdsx. The temporal anticorrelation between CsFem piRNA accumulation and CsMasc decline

suggests a causal link.
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Because CsMasc is Z-linked, we tested its role in sex determination by CRISPR—Cas9 disruption.
GO founders injected with Cas9 ribonucleoproteins targeting CsMasc were crossed to wild-type
adults, so that progeny inheriting both wild-type and edited alleles are ZZ males. Among the G1
progeny, hatching fell from a pooled 98.2% to 84.9% (binomial generalized linear mixed model
with brood as a random effect, P = 2.8 X 105, n = 7 broods, Figure 5d), and 71 of 89 unhatched
embryos (Figure 5¢) carried both wild-type and edited CsMasc alleles, identifying them as
heterozygous ZZ males. Editing CsMasc thus predominantly killed genetic males, indicating that
CsMasc is required for male development. Independently, injection of dsSRNA targeting either
CsAgo3 or CsSiwi (two PIWI-clade proteins) within 1 hpo shifted female Csdsx splicing toward the
male pattern (Figure 5e, Additional file 1: Figure S10), demonstrating that an intact piRNA pathway

is required for robust feminization.

To confirm the full structure of CsFem and enable precise dsSRNA design for functional testing, we
performed RACE (rapid amplification of cDNA ends), which recovered the full-length CsFem
transcript. Recovery of 5" and 3’ RACE products is consistent with an mRNA-like structure carrying
a 5’ cap and a 3' poly(A) tail. dsSRNA was designed to target the CsFem-specific region, avoiding

cross-reactivity with CsMasc.

Injection of dsCsFem within 2 hpo produced four concordant effects: (i) CsFem transcript was
reduced by 61% (Additional file 1: Figure S10), (ii) Csdsx splicing shifted from the female toward
the male or intermediate pattern in 6 of 11 injected females (~55%) (Figure 6a,b), (iii) CsMasc
mRNA rose 2.2-fold in females (Figure 6¢), and (iv) CsMasc-targeting antisense piRNAs declined
by 36% (Figure 6d,e). That all four readouts shift in the predicted direction upon a single
perturbation establishes CsFem as a feminizing piRNA precursor whose transcription is required to
maintain CsMasc repression and female-type dsx splicing.
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322 Figure 6. dsCsFem knockdown shifts genetic-female Csdsx splicing and derepresses CsMasc

323  mRNA in early C. suppressalis embryos.

324 (a) Csdsx splicing classes (female-type / male-type / intermediate) after dsCsFem. Genetic females:
325 dsEGFP 16/0/0,dsCsFem 5/ 3/ 3, shifting toward male-type/intermediate splicing (Fisher’s

326  exact test, P =0.0016). Genetic males: dSEGFP 0/ 15/0, dsCsFem 0/ 17/ 1. Not significant (P =

327 1.0).

328  (b) Genotyping and splicing after targeting a non-Masc-homologous segment of CsFem. The three-
329  track gel reports Csdsx splicing, the W-marker and the autosomal control, as in Figure 4b. Gel lanes:
330 9 and &, uninjected female and male references. NC, no-template control. M, size marker. All lanes

331  of each track are shown in their original order, cropped as a block from the corresponding gel image

332 (Methods).
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(c) CsMasc transcript in genetic-female embryos 48 h after dsCsFem or dsEGFP injection, by qRT-
PCR (n = 6 per group). CsMasc rose 2.2-fold under dsCsFem (Welch’s two-sided #-test on ACt, P =

1.0 x 10—6, ***P < (0.001). Boxes, median and IQR. Points, individual embryos.

(d) Strand-resolved piRNA coverage along the CsMasc CDS after dSEGFP (blue) or dsCsFem
(orange) injection. Bars, per-base mean RPM of 25-32 nt reads, sense above and antisense below
the zero axis. Antisense logoFC = —0.64 (—36%, 95% confidence interval —1.04 to —0.24, negative-

binomial GLM likelihood-ratio P = 0.016, n = 3 unsexed pools).

(e) Read-length distribution of antisense piRNAs on the CsMasc CDS (25-32 nt) for dsSEGFP and

dsCsFem. Mean RPM + SEM (n = 3).

In S9 cells, co-expression of CsFem and CsMasc reduced CsMasc reporter levels (Additional file 1:
Figure S11), but the small RNAs produced lacked piRNA hallmarks (size mode, ping-pong
signature). These results indicate that Sf9 cells do not recapitulate the embryonic piRNA-processing
environment and that CsFem transcription in vivo likely depends on W-chromosomal chromatin

context.

Discussion

Our survey shows that sequences homologous to the masculinizing genes Masc and znf-2 are not
incidental features of a few W chromosomes but a widespread component of the lepidopteran W,
present in 106 of 266 species across 20 families. This reframes the repeated, independent evolution
of feminizing piRNA loci: rather than a series of coincidences requiring a similar rare invention in
lineage after lineage, convergence follows from a sequence-level predisposition of the W
chromosome itself. Two properties of the W favor this accumulation: its transposon-dense

composition provides multiple routes by which gene-derived sequences can be captured, and its
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suppressed recombination promotes the retention of such sequences once integrated. Crucially, the
same transposon density that drives accumulation also creates a piIRNA-permissive environment. In
B. mori, the W chromosome is a major source of female-enriched piRNAs, most of which derive
from its resident transposons and function in transposon defense[18]. Gene-derived sequences
embedded on such a transposon-rich, piIRNA-producing chromosome are situated within a
chromatin and processing context that can co-opt them into piRNA production[19], consistent with
the non-canonical, dual-strand transcription described for piRNA clusters in Drosophila[20-22].
The reservoir is thus not only accumulated on the W but positioned within a genomic environment
that is inherently permissive to piRNA biogenesis, linking transposon defense and sex

determination through a common molecular platform.

The structural forms we recover, intronless copies, intron-retaining copies, and short-fragment
tandem arrays, are each consistent with a distinct mode of origin. Intronless copies lack parental
introns, consistent with reverse transcription of spliced mRNA and reintegration. In some cases,
such as PxyFem[7], the flanking sequence contains retrotransposon ORF fragments, further
supporting this mechanism. Not all intronless copies retain identifiable retrotransposon flanking
sequence. Intron-retaining copies preserve parental intron-exon structure with high sequence
identity, pointing to DNA-level transfer whose precise mechanism remains unclear. Short-fragment
tandem arrays consist of brief parental-homologous units iterated head-to-tail, consistent with local
amplification. These categories are not rigidly bounded: SeFem in S. exigua comprises an intronless

multi-exon repeat unit amplified into a tandem array, bridging the first and third forms.

The three new precursors we characterize, CsFem, SeFem, and SfF'em, illustrate that diverse
structural forms can independently give rise to feminizing piRNAs. CsFem (~1.9 kb) is an
intronless multi-exon copy of Masc whose core is flanked on one side by a retroelement-derived
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ORF. SeFem represents a particularly informative case: its repeat unit is an intronless multi-exon
segment derived from znf-2, yet the locus as a whole is organized as a tandem array of 10 genomic
copies in its primary block (of which the precursor transcript spans approximately 3), bridging the
intronless and tandem-array categories. SfF'em (~5.7 kb) takes yet another form: a partial single-
exon Masc-homologous sequence embedded within a PIF/Harbinger transposon transcript, where
the transposase ORF dominates the locus. Despite these structural differences, all three produce
antisense piRNAs with ping-pong signatures, demonstrating that the piRNA pathway can process
precursors of widely varying architecture. The contrast within Spodoptera adds a further dimension:
S. frugiperda targets Masc while its congener S. exigua targets znf-2, demonstrating that even
closely related species can independently recruit different masculinizing genes from the same
reservoir after speciation. This multi-path pattern is echoed in previously characterized systems: in
O. furnacalis, the functional feminizer OfFem derives from a tandem array rather than from
coexisting pseudogenized intronless copies[8], and in L. dispar, two structurally unrelated W-linked
loci (Fet-W and LdMasc-W) coexist and complement each other in suppressing LdMasc[12,14].
Together, these cases show that the reservoir provides a palette of structural options from which

feminizing signals can be assembled through independent, lineage-specific trajectories (Figure 7).
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Figure 7. Working model: a W-linked reservoir of masculinizing-gene homologs underlies

recurrent feminizing piRNA loci in Lepidoptera.

Ancestrally the W chromosome carries transposable elements but no feminizing locus, while the
masculinizing gene (Masc or znf-2) resides on the Z. Three routes independently seed Masc- or znf-
2-homologous sequence onto the W: retrotransposition of spliced mRNA (intronless copies), DNA-
level duplication of genomic segments (intron-retaining copies) and local tandem amplification of
exon-derived repeats. These coexisting copy classes form a W-linked reservoir, a subset of which is
transcribed into candidate piRNA precursors. In WZ females, a reservoir-derived precursor enters
the Siwi/Ago3 ping-pong pathway and generates antisense piRNAs that silence the masculinizing-
gene transcript, permitting female-type dsx splicing. In ZZ males, the precursor is absent,
masculinizing-gene expression is maintained, and male-type dsx splicing proceeds. Z, Z
chromosome. W, W chromosome. TE, transposable element. dsx, doublesex. dsxF and dsxM denote
the female- and male-type doublesex splice isoforms. Orange, W-linked copy or precursor. Blue, Z-
linked masculinizing gene. Beige, W chromosome. Gray, transposable element. Magenta, ping-

pong amplification and the antisense piRNAs it produces. X, a blocked step (target silenced in
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females, piRNA signal absent in males). Downward and upward arrows, reduced and maintained

masculinizing-gene protein. Q and &, female and male.

That Masc and znf-2 are the repeatedly co-opted substrates likely reflects their conserved upstream
positions in the sex-determination cascade: repression of either gene can shift dsx splicing toward
the female pattern[3—12], making them high-value targets for any W-borne silencing system. The
transposon-chimeric Fem of B. mori[5,13] demonstrates that sequence complementarity to the
masculinizing gene, not derivation from it, is the functional requirement, but duplicating the target
gene is the most direct way to acquire such complementarity, which likely explains why target-
derived copies predominate. In Bicyclus anynana, the W carries pseudogenized Masc copies with
no detectable transcription, and sex is instead determined by a zygosity-based switch on BaMasc:
heterozygosity at exons 89 drives male development, while hemizygosity (WZ) or homozygosity
(ZZ) leads to the female pathway[23]. This mechanism, strikingly convergent with the
complementary sex determiner (csd) system in the honeybee, shows that the presence of W-linked
homologs does not guarantee co-option into feminization. More broadly, all confirmed piRNA-
based feminizing systems to date are in moths, and Pieris rapae, the one butterfly in our piRNA
screen, was negative. Whether butterflies (Papilionoidea) generally rely on alternative mechanisms
such as zygosity-based switches or Z:A ratio counting, as demonstrated in Samia cynthia ricini[24],
rather than W-linked piRNAs, is an open question whose resolution will require broader sampling
of butterfly species. Nevertheless, the 106-species reservoir documented here establishes that W-
linked masculinizing-gene homologs arise at high frequency across the order, increasing the

probability that at least some lineages will co-opt them into piRNA-based feminization.

The principle we describe, a target-homologous duplicate on a non-recombining sex-limited
chromosome giving rise to small RNAs that silence the parental gene, extends beyond Lepidoptera
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and beyond piRNAs. In Diospyros (persimmon), the Y chromosome carries OGI, a partial duplicate
of the feminizing gene MeGI, whose transcripts are processed into small RNAs that silence MeGI
and permit male development[25]. In Populus (poplar), Y-linked partial duplicates of ARRI7
produce 24-nt siRNAs that silence the autosomal ARR17 locus via DNA methylation[26], and in
Salix purpurea (willow), a ZW system uses W-linked palindromic ARR17 copies[27], and the W
chromosome of the dwarf willow Salix herbacea carries PISTILLATA pseudogenes proposed to
suppress their parental gene through interfering RNAs[28]. In the persimmon and poplar cases the
polarity is inverted (plants silence a feminizing gene), but the logic is identical: a target-derived
duplicate on the sex-limited chromosome produces silencing small RNAs. That two kingdoms
converge on this architecture through non-homologous small-RNA pathways suggests it is a general

feature of how small-RNA-based sex determination originates.

Several limitations temper these conclusions. W chromosomes are difficult to assemble and
homology-based detection may overlook rapidly diverging copies, so the 106 species recovered
here is a lower bound. Functional validation was carried out in C. suppressalis. The three piRNA-
positive species provide independent correlative support, and extension to additional species is a
natural next step. The transcriptome screen relied on public data of uneven tissue and
developmental-stage coverage, so the 20% transcription rate is a lower bound whose true value will
require systematic profiling. Tandem-array copy-number estimates are sensitive to W-chromosome
assembly quality, and the piRNA screen covered only four species, leaving the prevalence of active

piRNA production across the reservoir unknown.
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Conclusions

Testing whether reservoir density predicts the birth rate of feminizing loci, resolving the origin and
turnover of the W across the order[29—34], and determining why some lineages target znf-2 rather
than Masc are natural next steps. More broadly, the convergence between Lepidoptera and
dioecious plants suggests that the repeat-rich, non-recombining sex-limited chromosome may be a

recurrent cradle for the independent origin of small-RNA-based sex determinants across eukaryotes.

Methods

Genome dataset and W/Z assignment

Chromosome- or scaffold-level assemblies with annotated W chromosomes were retrieved from the
International Nucleotide Sequence Database Collaboration (INSDC)/GenBank (256 species),
National Center for Biotechnology Information (NCBI) RefSeq (9 species), and the National
Genomic Data Center Genome Warehouse (1 species, Bombyx mori), giving 266 species across 29
families (accessions in Additional file 2). W- and Z-chromosomal scaffold identities were taken
from deposited assembly reports and chromosome annotations. Parental coding sequences were

extracted per species from the genome annotation with TBtools[35] during genome preparation.

W-linked copy detection and structural classification

For the screen of W chromosomes across 266 genomes, each parental gene was decomposed into
per-exon and per-intron query features and aligned with nucleotide Basic Local Alignment Search
Tool (BLASTN, BLAST+ v2.16[36], E-value 1 x 10-3, word size 11) against the W chromosome
of the corresponding assembly. High-scoring segment pairs were aggregated per W-linked copy and

scored by exon coverage and parental-intron retention. Candidate parental gene models, and contigs
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for species lacking usable annotation, were resolved beforehand by reciprocal protein BLAST
(BLASTP) against previously published reference proteins. For Plutella xylostella Masc, the
published sex-separated female assembly[7] was screened because the standard assembly lacks an
assembled W. Each retained W-linked copy was classified as a retrocopy or a DNA-level
duplication by intron-homology testing. The parental gene for each copy was identified by
alignment to the reference genome with W scaffolds excluded. Parental coding sequence was then
mapped to the W-linked copy by splice-aware alignment (minimap2 v2.28[37]), and sequence
between aligned exon blocks was compared to the corresponding parental introns by BLASTN (E-
value <1 x 10-3). An exon was scored as present when its query coverage reached 50%, only
introns falling between the first and last present exon were evaluated for retention. A copy in which
any in-scope intron was retained (coverage > 45%) was classified as a DNA-level copy, full if all
parental exons were present, partial otherwise. If in-scope intron coverage fell in the 15-45% range,
the copy was flagged as ambiguous. A copy carrying two or more present exons in a contiguous run
but no retained intron was classified as a retrocopy. Short copies in which no single exon reached
the 50% coverage threshold were rescued as retrocopies when the best exon segment showed > 85%
identity to the parent and maximum intron coverage stayed below 15%, this rescue applied directly
to single-exon parents, while multi-exon parents additionally required the best exon to reach 50%
coverage. Copy-level calls were aggregated per species and gene: a combination was scored as
retrocopy-positive if any copy was classified as a retrocopy, DNA-copy-positive if any was a DNA-
level copy, and MIXED if both were present. Combinations in which all copies were ambiguous,
single-exon-only, or undetermined were not counted as retrocopy-positive. Full classifier code and
parameters are in the deposited repository (GitHub and Zenodo, see the Data Availability

Statement).
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Species tree and gene-tree phylogenetics

For the 266-taxon species tree (Figure 1b), single-copy orthologs were identified per assembly with
BUSCO (lepidoptera_odb12[38]), and the top 500 BUSCO families ranked by species coverage
were retained. Per-gene protein alignments were generated with MAFFT v7.525[39] (--auto, 20
threads) and concatenated into a supermatrix. A maximum-likelihood tree was inferred with 1Q-
TREE2[40] under the LG+G4 model, applying a topological constraint that enforced the family-
level backbone of Kawahara et al. (2019)[41]. The tree was rooted on Ectoedemia
decentella(Nepticulidae) andTischeria ekebladella (Tischeriidae). Figure 1b shows this tree as a
compact circular phylogeny summarizing the per-species screening calls. For the Figure 2 gene
trees, one tree was built per gene and structural class. Intronless (retrocopy) trees used the parental
coding sequences of the 27 Masc-positive and 17 znf-2-positive species together with their W-
linked retained blocks from the screening output. Intron-retaining copies were first projected onto
exon sequence by aligning each copy to its own parental coding sequence with BLASTN and
concatenating non-overlapping high-scoring segment pairs in query order. Tandem-array units were
extracted with the parameters of the array screen (BLASTN-short, word size 7, E-value 1, dust off,
identity > 80%, length > 20 bp) and each unit was realigned to the parental coding sequence for
verification. Within each species and gene, W-linked sequences were clustered at > 95% nucleotide
identity with CD-HIT-EST[42] while parental sequences were left unclustered, because clustering
parents together merges the cross-species similarity that the test evaluates. The member with
highest identity to the parent was the display tip, and cluster size is the XN label used in Additional
file 1: Figures S2 to S4. Per-gene alignments were generated with MAFFT v7.525 (--localpair --
maxiterate 1000, L-INS-i for the intronless sets, --auto for the larger DNA-copy and tandem sets)

and trimmed with trimAl (-gappyout). Maximum-likelihood phylogenies were inferred with 1Q-
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TREE2[40] (v2.2.2.7) under ModelFinder Plus[43] (-m MFP, BIC) with 1,000 ultrafast bootstrap
replicates[44] (-B 1000, UFBoot > 95 = well-supported). The intron-retaining and tandem-array
trees were rooted on an outgroup outside the ingroup of that gene, Plutella xylostella for Masc and
Argyresthia albistria for znf-2, each confirmed as an ortholog of the intended gene by reciprocal
tblastx before use. The two intronless trees were midpoint-rooted. Species assignments under the
exclusivity criterion were identical under outgroup and midpoint rooting. A species was scored as
exclusive when its parental coding sequence and all of its W-linked copies formed a clade
containing no sequence from another species. For Figure 2g, the parental coding-sequence interval
covered by each W-linked record was expressed as a relative position along the parent. Figure 1b
reports raw W-linked copy counts, whereas Figure 2 uses clustered representatives. Trees were

drawn in R v4.4.3 with ape v5.8[45] and ggtree[46].

W-linkage confirmation

For the full positive set, W-linkage was assigned from existing chromosome annotations: each
candidate scaffold was matched to the chromosome-assignment map of its source assembly, and
copies on a W-designated scaffold were scored as W-linked (Additional file 2). Experimental
confirmation by PCR was performed for the three functionally profiled species (C. suppressalis, S.
frugiperda, S. exigua): genomic DNA from individually sexed adults gave female-specific
amplification of the candidate locus, and RT-PCR on sex-separated cDNA gave female-specific
precursor transcription (Figure 4b, primers in Additional file 4). Primers were designed from
flanking W-chromosomal sequence with NCBI Primer-BLAST[47] and amplified with 2x Taq
Master Mix (Vazyme). For C. suppressalis, W identity was confirmed independently by the
chromosome quotient (CQ) method[48]. Male and female adults were resequenced. Raw reads were
quality-filtered with SOAPnuke v2.2.6[49] (filter -n 0.001 -1 10 -q 0.5 -Q 2), aligned to the C.
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suppressalis assembly with BWA-MEM v0.7.19 (bwa mem -M -Y), and sorted and duplicate-
marked with SAMtools v1.22. CQ was computed per chromosome as the male-to-female ratio of
normalized read depth, scaffolds with CQ < 0.5 were designated W-derived (Additional file 1:

Figure S5).

Sample collection, RNA extraction and sequencing

Individual C. suppressalis eggs were isolated from egg masses by 1 M KOH (12 min) and PBS
wash (3 min) adapted from[50], and collected at 0, 8, 16, 24 and 48 hours post-oviposition (hpo) at
27 °C. Individual embryos can be molecularly sexed only from 16 hpo, when W-linked genomic
DNA is amplifiable. From 16 hpo, the genomic DNA and RNA of each embryo were co-extracted
with the MiniBEST Universal RNA Extraction Kit (TaKaRa). The DNA fraction was PCR-
genotyped with W-linked primers, using the autosomal EF' /o primer as the genomic-DNA
amplification control, and the RNA was used for expression. Genotype-resolved analyses are
therefore reported for 16, 24 and 48 hpo. Single-embryo cDNA synthesis and pre-amplification
used the Single Cell Sequence Specific Amplification Kit (Vazyme). Bulk RNA was isolated with
TRIzol (Vazyme). All PCR amplifications used 2x Taq Master Mix (Vazyme). Total RNA from
pooled eggs (3 biological replicates per time point) at 0, 8, 16, 24 and 48 hpo was used for
sequencing. Small-RNA libraries were prepared with the MGIEasy Small RNA Library Prep Kit
(polyacrylamide gel electrophoresis (PAGE) size selection) and sequenced single-end 50 bp on
DNBSEQ-T7 (BGI Genomics). Paired-end 150 bp mRNA-seq libraries were prepared in parallel
with the BGI Optimal mRNA Library Prep Kit (oligo(dT) enrichment). Raw data are deposited in
the China National Center for Bioinformation (CNCB) Genome Sequence Archive under BioProject
PRJICA058350 (GSA accession CRA038921). Small-RNA reads were quality- and adapter-trimmed
with Trim Galore v0.6.10 (Cutadapt[51]) using the BGI DNBSEQ 3’ adapter and a 25-32 nt
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window (-a AGTCGGAGGCCAAGCGGTCTTAGGAAGACAA --length 25 --max_length 32 --
quality 20 --stringency 3). This 25-32 nt window defines the piRNA size range used throughout

(trimming, ping-pong, per-stage antisense counts, specificity, and the dsCsFem analysis).

Small-RNA mapping and piRNA identification

Trimmed reads were mapped to the CsMasc CDS with Burrows—Wheeler Aligner (BWA)
v0.7.19[52] (bwa aln at -n 0, -n 1 and -n 2 to test sensitivity to the mismatch threshold, with the
formal call for each species using the setting recorded in Additional file 3, which accommodates
sequence divergence between W-linked retrocopy-derived piRNAs and the Z-linked parental CDS
reference), filtered by mapping-quality score (MAPQ, samtools view -q 20, MAPQ > 20), and
sorted and indexed with SAMtools v1.22[53]. Reads in the 25-32 nt window were classified as
candidate piRNAs. Per-stage, strand-resolved coverage, read-length and 5’ motif profiles across the
0-48 hpo series are in Additional file 1: Figure S8. Strand-specific coverage was computed in reads
per million (RPM), with each library’s total clean 25-32 nt read count as the denominator. Position
1-15 nucleotide composition was visualized with WebLogo 3[54]. Each species was mapped at
zero, one and two mismatches, and Additional file 3 reports the recovered antisense and ping-pong
counts at every setting together with the setting carried through to the formal call for that species, so
the specificity of target assignment and its sensitivity to the mismatch threshold can be read directly.
Polyadenylated mRNA libraries from C. suppressalis, O. furnacalis, S. frugiperda, S. exigua and P.
rapae eggs were assembled de novo with Trinity v2.15.2[55] (--SS_lib_type RF), with reads
trimmed by Trim Galore v0.6.10 as above. piRNA precursors were identified with the W-linked
piRNA precursor miner: (1) antisense piRNA-sized reads (25-32 nt) were extracted from BWA-
aligned BAM files, (2) ping-pong pairs were detected by matching antisense 5’ positions to sense 5’
positions at a —10 bp offset with a 10-nt seed-complementarity check[56], (3) piRNAs were aligned
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to the de novo transcriptome with BLASTN-short (BLAST+ v2.16, ungapped, plus strand only, E-
value < 1000), (4) hits were filtered to <2 mismatches and alignment length > query length — 2, (5)
candidate transcripts were ranked by piRNA coverage ratio (piIRNA-mapping positions / transcript
length) and those > 10% retained, (6) retained candidates were aligned to the reference genome with
BLASTN (pident > 95%, qcovs > 50%) for W-chromosomal support, (7) candidates were classified

as best_hit on W, W _supported not_top_hit or no W support.

RACE

The full-length CsFem precursor was determined by 5" and 3' RACE (HiScript-TS 5'/3' RACE Kit,
Vazyme) from total RNA of female C. suppressalis eggs (48 hpo). Products were cloned into
pTOPO-Blunt (Zero Background pTOPO-Blunt Simple Cloning Kit, Vazyme) and Sanger-
sequenced across independent clones per end (RACE primers in Additional file 4). A 5’ cap and
poly(A) tail were inferred from recovery of 5" RACE products and 3’ poly(T)-primed products,

respectively.

Transcript quantification

For bulk mRNA-seq, pooled embryo libraries (0, 8, 16, 24, 48 hpo, 3 biological replicates each)
were assembled with Trinity v2.15.2 (--SS_lib_type RF) and quantified per sample with Salmon
v1.11.4[57]. BLAST against the CsMasc CDS identified CsFem precursor and CsMasc target
isoforms. Per-sample counts were aggregated across BLAST-confirmed isoforms. Differential
expression of the aggregated CsFem and CsMasc features (each stage versus 0 hpo) was assessed
with DESeq2 (median-of-ratios normalization, empirical-Bayes dispersion across the full
transcriptome, Wald test), edgeR quasi-likelihood F-tests and a negative-binomial GLM

(MASS::glm.nb) with a trimmed mean of M-values (TMM)-normalized library-size offset returned

32



611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

concordant estimates. The compact letter display in Additional file 1: Figure S9 derives from all-
pairwise comparisons among stages on the negative-binomial GLM (emmeans, multiplicity-
adjusted). For qRT-PCR, total RNA was extracted from individual embryos with TRIzol, each
biological replicate being a single embryo from one synchronized clutch. cDNA was synthesized
with the Hifair III 1st Strand cDNA Synthesis Kit (gDNA digester plus, YEASEN) and qRT-PCR
run with Hieff gPCR SYBR Green Master Mix (No ROX, YEASEN) on a CFX96 system (Bio-
Rad), two technical replicates per sample. CsUbc and CsRpl32 were reference genes. Targets were
normalized to their geometric mean and expressed as 2—AACt. The CsFem qPCR primers Fem-q-
F1/Fem-q-R1 amplify a 142 bp region outside the 480 bp CsMasc-homologous core of CsFem,
CsFem primer specificity was confirmed by BLASTN against the CsMasc CDS (no match > 15 bp,

E <1 x 10-3). All gPCR primers are in Additional file 4.

RNA interference (RNAi) and CsFem-precursor knockdown

Double-stranded RNAs targeting CsSiwi, CsAgo3 and EGFP (negative control) were synthesized by
in vitro transcription with the MEGAshortscript T7 Transcription Kit (Thermo Fisher), purified by
LiCl precipitation, quantified by agarose-gel densitometry against a DNA mass standard (Image
Lab, Bio-Rad), and adjusted to 500 ng/uL. Freshly laid C. suppressalis eggs (0—1 hpo) were
microinjected with 1 nL dsRNA per egg using a pneumatic microinjector (PV850, World Precision
Instruments), maintained at 27 °C and harvested at 48 hpo. Csdsx splicing was assessed by RT-PCR
with primers spanning the sex-specific exons. Each embryo was scored as female-type, male-type or
intermediate by the presence of the corresponding splice-product bands. Reported proportions are
the fraction of embryos in each scoring class per treatment. To target the CsFem precursor itself,
dsRNA was designed against a non-Masc-homologous region of the 1,889 bp CsFem transcript (a
220 bp amplicon at precursor positions 1,661-1,880), the 480 bp CsMasc-homologous core was
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excluded from the template (primers dsFem-F/dsFem-R, Additional file 4). Absence of CsMasc
homology was confirmed by BLASTN against the CsMasc CDS (no hitat £ <1 x 10-3, longest
primer match 9 bp). Synthesis, purification, 500 ng/uL working concentration and 1 nL/egg
microinjection followed the protocol above. Eggs were injected within 2 hpo, held at 27 °C and
harvested at 48 hpo. Csdsx splicing was scored on individual genetically sexed embryos with the
same primers and scoring criteria, with dsSEGFP as control. For small-RNA-seq of knockdown
embryos, a parallel batch of freshly laid mixed-sex egg pools was injected within 2 hpo with
dsCsFem or dsEGFP (n = 3 biological replicates per group, ~500 eggs each) and harvested at 48
hpo for small-RNA-seq. Total RNA was extracted with TRIzol, small-RNA libraries were
sequenced on DNBSEQ (BGI Genomics, six libraries total). Reads were trimmed with Trim Galore
v0.6.10 using the same adapter and quality parameters as described above. Reads of 25-32 nt were
retained and mapped to the intron-free spliced CsMasc CDS (1,743 bp, mRNA-sense) with BWA
v0.7.19 (bwa aln -n 2). Alignments were filtered to primary records at MAPQ > 20 (samtools view -
bF 256 -q 20, SAMtools v1.22) and split by strand, the antisense pool corresponds to CsFem-
precursor-derived piRNAs complementary to CsMasc (Figure 4c). Per-base coverage of 25-32 nt
reads was computed with samtools depth -aa and converted to RPM using each library’s total clean
25-32 nt read count (the same per-library piRNA-window normalizer used for Figure 4c and
Additional file 1: Figure S8). As a specificity control, the 400 nt EGFP dsRNA template was
queried by BLASTN against CsMasc, Csznf-2 and the CsFem precursor (E < 1, word size 7) with
no significant similarity, and read names of dsRNA-aligning reads showed empty overlap with

CsMasc-mapped reads across all six libraries.

34



655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

CRISPR—-Cas9 disruption of CsMasc

Four guide RNAs targeting CsMasc were designed with sgRNAcas9[58] (sequences in Additional
file 4) and synthesized by in vitro transcription with the MEGAshortscript T7 Transcription Kit
(Thermo Fisher). Cas9 protein (TrueCut v2, Thermo Fisher) and sgRNA were assembled into
ribonucleoprotein complexes (Cas9 300 ng/uL, sgRNA 150 ng/uL final) and microinjected (~1 nL
per egg) into 0—1 hpo eggs (PV850, World Precision Instruments). GO mosaic founders were
crossed to wild type, and seven GO x wild-type broods (590 eggs total) were analyzed: hatching was
scored per brood and unhatched embryos genotyped at the CsMasc target site by a PCR-based assay
distinguishing mutant from wild-type alleles. Of 590 eggs, 501 hatched (84.9%) and 89 did not.
Among the unhatched, 71 of 89 carried a CsMasc mutant allele (Figure 5c,d). Hatch rate was
compared between the edited and wild-type crosses with brood as the unit of replication, using a
binomial generalized linear mixed model with brood as a random effect and a Wilcoxon rank-sum

test on per-brood rates.

S19 reporter assays

A dual-luciferase reporter system was built in Sf9 cells (Spodoptera frugiperda pupal ovary-
derived). The CsMasc CDS carrying four predicted piRNA target sites was fused to Firefly
luciferase in pIB (pIB-Masc-Fluc), alongside a mutant (pIB-MutMasc-Fluc) with point mutations at
all four sites. The full-length CsFem precursor (RACE, 1,889 bp) was cloned into pLex-His (pLex-
Fem), empty pLex-His was the negative control, and Renilla reporter pIB-Rluc was the
normalization control. Four conditions were tested (n = 6 biological replicates each): wild-type
(WT)-Masc-Fluc + pLex-His, WT-Masc-Fluc + pLex-Fem, mutant (MUT)-Masc-Fluc + pLex-His,
and MUT-Masc-Fluc + pLex-Fem. Transfection used Lipofectamine 3000 (Thermo Fisher), cells

were harvested 48 h post-transfection and Firefly/Renilla ratios measured with the Firefly & Renilla
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678  Luciferase Reporter Assay Kit (Yeasen). For small-RNA profiling, total small RNA was extracted
679  from three transfection conditions: empty vector, WT-Masc-Fluc + pLex-Fem, and MUT-Masc-
680  Fluc + pLex-Fem. Libraries were sequenced on DNBSEQ (BGI Genomics, ~25 million reads per
681  sample), trimmed with Trim Galore v0.6.10 and mapped to the CsMasc CDS with BWA v0.7.19
682  (bwa aln -n 2), read-length distributions and ping-pong signatures were analyzed as above. For
683  promoter activity, truncated CsFem upstream regions (2,119, 1,869, 1,669, 1,269, 1,069, 719 and
684 519 bp) were cloned upstream of Firefly luciferase in pGL4.10 (Promega), co-transfected with a
685  Renilla normalization control into S9 cells (n = 6 biological replicates each), and Firefly/Renilla

686  ratios measured 48 h post-transfection against an empty pGL4.10 control.

687  Gel imaging and image processing

688  Agarose gels were stained with nucleic-acid dye and imaged on a gel documentation system. The
689  panels in Figures 4b, 5a and 6b show lanes cropped from the corresponding gel images, with each
690 track (splicing assay, W marker and autosomal control) taken from its own gel or exposure and

691  assembled for presentation. Brightness and contrast were adjusted linearly across each whole image,
692  and no local adjustment, gamma correction or lane rearrangement was applied. Uncropped images

693  of every gel shown are provided in Additional file 1: Figures S12 to S14.

694  Statistical analysis

695  All analyses were performed in R v4.4.3. Data are mean + standard error of the mean (SEM) unless
696  noted. All tests were two-sided. The test used (Welch’s #-test, Fisher’s exact test, or, for hatch rate, a
697  binomial generalized linear mixed model with brood as a random effect and a Wilcoxon rank-sum
698  test on per-brood rates, as appropriate), exact P value, sample size (n) and relevant summary

699  statistics for each comparison are reported in the corresponding figure legend. Quantitative PCR
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comparisons were made on ACt (logz-scale) values. The dsCsFem effect on CsMasc-targeting
antisense piRNAs was assessed by a single-target negative-binomial GLM (MASS::glm.nb) on raw
antisense read counts with a TMM-normalized library-size offset, taking the likelihood-ratio P as

the primary statistic.

Use of generative artificial intelligence

Generative artificial intelligence was used to check language and formatting of the manuscript text.
It was not used to generate, analyze or interpret data, and the authors take full responsibility for the

content.
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dsx, doublesex

Masc, Masculinizer

piRNA, PIWI-interacting RNA

RACE, rapid amplification of complementary DNA ends

RPM, reads per million

TE, transposable element

znf-2, zinc finger protein 2
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