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Mating cues evolve rapidly and can contribute to species forma-
tion and maintenance. However, little is known about how sexual
signals diverge and how this variation integrates with other bar-
rier loci to shape the genomic landscape of reproductive isolation.
Here, we elucidate the genetic basis of ultraviolet (UV) iridescence,
a courtship signal that differentiates the males of Colias eury-
theme butterflies from a sister species, allowing females to avoid
costly heterospecific matings. Anthropogenic range expansion of
the two incipient species established a large zone of secondary
contact across the eastern United States with strong signatures of
genomic admixtures spanning all autosomes. In contrast, Z chro-
mosomes are highly differentiated between the two species, sup-
porting a disproportionate role of sex chromosomes in speciation
known as the large-X (or large-2) effect. Within this chromosome-
wide reproductive barrier, linkage mapping indicates that cis-regu-
latory variation of bric a brac (bab) underlies the male
UV-iridescence polymorphism between the two species. Bab is
expressed in all non-UV scales, and butterflies of either species or
sex acquire widespread ectopic iridescence following its CRISPR
knockout, demonstrating that Bab functions as a suppressor of
UV-scale differentiation that potentiates mating cue divergence.
These results highlight how a genetic switch can regulate a pre-
mating signal and integrate with other reproductive barriers dur-
ing intermediate phases of speciation.
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Premating signals such as pheromones, calls, and displays
often differ between sexes and species and, by helping ani-
mals to tell one another apart, they are integral to the forma-
tion of reproductive barriers during speciation itself (1, 2).
Mating factors can diverge early in the speciation process due
to local adaptation or later due to sexual selection that prevents
the generation of unfit hybrids (3). While a coupling of premat-
ing and postmating isolation mechanisms is thought to be
required for the completion of speciation (4), how mating cue
variation actually coincides with other barrier loci to split line-
ages remains elusive in the empirical literature (5-7).

Previous work on the genetics of hybridization between the
sulphur butterflies Colias eurytheme and Colias philodice high-
lights their potential for the study of intermediate phases of
speciation with gene flow. Initially restricted to the western
United States, the range of C. eurytheme expanded following
both the spread of agricultural alfalfa and the reduction in for-
est cover in the past 200 y into regions once limited to C. philo-
dice (8). As a result, the two species occur in secondary
sympatry throughout an anthropogenic contact zone that
includes the eastern United States and southern Canada. Both
pre- and postzygotic reproductive barriers maintain species sta-
tus in this system. However, heterospecific matings happen at
increased frequency in dense populations (9, 10), partly
because males can locate newly emerged females incapable of
performing mate rejection behaviors [teneral mating (11)].
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Hybrid female sterility forms an intrinsic postzygotic barrier
that affects one of the two heterospecific crosses: oogenesis fails
in female offspring that inherit a C. eurytheme W chromosome
and a C. philodice Z chromosome (12, 13). This incompatibility
is sex-linked and implies that to produce fully fertile progeny,
C. eurytheme females must select males that are homozygous
for a conspecific Z chromosome. An iridescent ultraviolet (UV)
pattern acts as a visual mating cue in males and accurately dis-
plays their Z-chromosome status to females (9, 14) (Fig. 14
and SI Appendix, Fig. S1). UV occurs on the dorsal wing surfa-
ces of C. eurytheme males only. The Mendelian U locus controls
this interspecific variation and was previously mapped to the Z
chromosome (15): C. eurytheme homozygous recessive males
are UV-iridescent (u/u), advertising two compatible Z chromo-
somes to C. eurytheme females. Incompatible mates such as C.
philodice males (U/U) and heterozygous hybrids (U/u) bear the
dominant allele and lack UV. Finally, the female preference
trait itself is also linked to the Z chromosome (14). This
Z-linked inheritance of genetic incompatibility, mating signal,
and mating preference supports an “indicator” model of specia-
tion, which was previously theorized as a system where the mat-
ing cue can signal species identity and enable selection against
hybrids (3, 16). In this study, we examine the genomic footprint
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Fig. 1. Large-Z architecture of species differentiation includes the U-locus candidate gene bab. (A) UV iridescence differentiates males from two incipient
species. (B and B’) PCA (B) and distance-based phylogenetic network (B’) of 22 male whole-genome SNPs from the admixed Maryland population. (C and
D) Fsy values for C. philodice vs. C. eurytheme plotted against recombination rate (C), and Manhattan plot (D). Red indicates windows with above-median
recombination rate and in the 95" percentile of Fsr, including on the Z chromosome (asterisk). (E) Quantitative trait locus (QTL) analysis of the presence/
absence of UV in 252 male offspring from F, and BCs. (F) Genotype plot for the whole Z chromosome with resequencing data from 23 individuals. Each
row is an individual, and each column is a color-coded SNP. The red bracket indicates a 2.5-Mb interval with high Fs; and above-median recombination
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rate. (G) Annotation of the U-locus zero-recombinant interval (box) and surrounding region.

of sex-linked reproductive barriers, and fine-map the allelic var-
iation that switches on the male UV signal in C. eurytheme.

Results

The Z Chromosomes Define Species Barriers in Secondary Sympatry.
To test a putative role of the Z chromosome as a barrier locus,
we conducted a genome scan on 24 males from a sympatric
population in Maryland, USA, where C. eurytheme settled in
1927 (17). Two individuals were identified as probable recent
hybrids and excluded from further analyses. We retained 13
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UV, orange males and 9 non-UV, yellow males which formed
two discrete clusters based on genome-wide single-nucleotide
polymorphism (SNP) clustering by principal-component analy-
sis (PCA) (Fig. 1C and SI Appendix, Fig. S2 and Table S1). The
Z chromosome showed a large increase in genetic differentia-
tion when compared with autosomes (SI Appendix, Figs. S3 and
S4 and Table S2), with a Z:A ratio of 12:1, the highest sex
chromosome-to-autosome ratio of Fst reported from a whole-
genome dataset (7, 18). Heterogeneous landscapes of genomic
differentiation can be explained by local barriers to gene flow
or by linked selection in regions of low recombination (7, 19).
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To parse these two phenomena, we highlighted windows that
were both in the top 5% Fst and had an above-median
recombination rate, thereby identifying three regions—two
narrow autosomal Fgst peaks and a 2.5-Mb portion of the Z
chromosome (Fig. 1 C and D). These data show that while
only a restricted set of autosomal regions is likely under
selection in each population, a large fraction of the Z chro-
mosome is refractory to gene flow in a pattern consistent
with a causal role in reproductive isolation. In other words,
while Z chromosomes can recombine when hybrid F; males
are produced in the laboratory, this rarely persists in the
field, presumably due to the aforementioned isolating mech-
anisms that select against hybrids.

In addition, nucleotide diversity (r) was depressed on the Z
chromosome in both populations and divergence (dxy) was ele-
vated, supporting the inference that the Z chromosome is
highly differentiated (SI Appendix, Fig. S3 B and C’). In most
scenarios, one expects © on the Z chromosome to be 75% of =
on the autosomes (20). For C. eurytheme, nz/ny was 0.751 +
0.118, matching this expectation (SI Appendix, Fig. S3F). How-
ever, for C. philodice, nz/n4 was 0.532 + 0.105, meaning 7, was
lower than expected, which could reflect a recent selective
sweep in C. philodice.

The Male Mating Signal Polymorphism Maps to bab. The large-Z
effect results in extended nonrecombining haplotypes in the
natural population that prevent association mapping of trait
variation (SI Appendix, Fig. S5). To gain further resolution on
the genetic basis of the polymorphic UV signal, we turned to
linkage mapping from controlled hybrid crosses. F, and back-
cross (BC) broods showed Mendelian, recessive segregation of
the UV state among male offspring (SI Appendix, Fig. S6). We
genotyped 484 recombinant males and females using 2b-RAD
sequencing, scored UV among the 252 genotyped males, and
identified an LOD (logarithm of the odds) interval on the Z
chromosome (Fig. 1E and SI Appendix, Fig. S6). We rese-
quenced individuals with recombination events around the U
locus and refined a 352-kb zero-recombinant window with 18
annotated genes (Fig. 1 F and G and SI Appendix, Tables S4
and S5). This mapping interval includes the 5 intergenic
region, promoter, and first exon of the gene bric a brac (bab), a
salient candidate gene as it encodes a transcriptional repressor
of male-limited traits in Drosophila such as abdominal pigmen-
tation and sex combs (21-27).

Bab Expression Marks Non-UV Scale Cells. To test a role in the reg-
ulation of Colias male UV, we characterized the expression and
developmental functions of bab during color scale formation.
Butterfly wing scales are macrochaete derivatives that each pro-
trude from a single epidermal cell during pupal development
(28). UV scales found in the subfamily Coliadinae are a derived
scale type characterized by dense longitudinal ridges; each scale
forms a multilayer of chitinous lamellae that selectively reflects
UV light by the coherent scattering of incident light (29-32).
UV scales are specific to the dorsal wing surface of C. eury-
theme males, and cover the top of non-UV ground scales (Fig.
2 A and B). Immunofluorescence at the onset of scale emer-
gence reveals Bab expression in the nuclei of all non-UV scale
cell precursors (Fig. 2C, SI Appendix, Fig. S7, and Movie S1)
regardless of the scale layer (ground, cover), pigment fate (yel-
low pterins, black melanin), wing surface, and sex. Remarkably,
Bab is expressed in ground scales and is absent in the UV cover
scales on the dorsal male wing surface. Thus, Bab is negatively
correlated with the UV-scale type in C. eurytheme: it is consis-
tently expressed in all scale cells fated as non-UV except in the
wing cover scales of C. eurytheme males. Where it is not
expressed, these scales develop layered nanostructures specifi-
cally capable of UV-iridescent reflectance. This inactivation in
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the sexually dichromatic pattern suggests a repressor function,
analogous to the expression of Bab in the Drosophila abdominal
epithelium (21, 23, 27).

CRISPR Knockouts Yield Ectopic UV Iridescence. To directly test
this model, we generated CRISPR-mediated loss-of-function
mutations targeting the first exon of the bab coding sequence.
We collected C. eurytheme and C. philodice females and micro-
injected eggs within 7 h postfertilization. G, bab crispants
showed mosaic phenotypes of high penetrance (51 out of 63
surviving adults), with a widespread gain of UV iridescence in
both males and females of both species, including ventral surfa-
ces (Fig. 3 and SI Appendix, Figs. S§-S13). Both pterin and
melanin pigment scales and both cover and ground scales dif-
ferentiated into UV scales following bab knockout (KO).
Female-specific effects on pigmentation were also noted (S/
Appendix, Fig. S11). These loss-of-function assays show that
Bab represses the UV identity in all non-UV scale precursors
regardless of wing surface, sex, or species. Male UV iridescence
is widespread in the Colias genus (32), suggesting that the C.
philodice absence of UV is due to a secondary loss of repression
by Bab. The reappearance of UV in C. philodice bab crispants
(an atavism) implies that the underlying network for producing
UV scales is still present in this species.

bab Is the Causal Gene for UV-Iridescence Variation in Colias. Link-
age mapping of the U locus led to a zero-recombination inter-
val of 19 genes (Fig. 1 F and G), and the combined evidence
suggests that bab is the only gene in this interval that mediates
the phenotypic variation. First, the expression pattern of Bab
matches the pattern that would be predicted for a repressor of
UV scales. This is consistent with the recessivity of the
UV-iridescent allele, which would be difficult to explain if the
causal gene was an activator of the UV state. Second, mosaic
KOs of bab result in ectopic UV iridescence, meaning that no
other gene in the genome blocks UV iridescence, and thus rul-
ing out the existence of a second repressor at the U locus. No
fixed amino acid variants of Bab were found between the two
species (SI Appendix), suggesting that the mating signal differ-
ence involves a noncoding difference. Further experiments will
be required to identify cis-regulatory elements blocking bab in
UV-iridescent cover scales, and how it is derepressed in the
alternative haplotype.

Discussion

Bab Is a Repressor of Male Dimorphic Traits. Our linkage map-
ping, expression, and functional assays of UV iridescence show
that 1) allelic variation of bab causes a male-specific mating sig-
nal difference between two incipient species; 2) Bab expression
is sexually dimorphic in C. eurytheme; and 3) Bab functions as a
repressor of the dimorphic trait. This repression of a male-
specific feature is analogous to the expression and function of
Bab paralogs in Drosophila sex-comb formation, abdominal pig-
mentation, and gonadal stem cell niches (21-23, 26, 27, 33, 34),
with a male-specific repression in the presumptive cells forming
the male feature, and loss of function resulting in gain or
expansion of the male state. Bab is thus a major player in the
development of sexually dimorphic features, and might have an
ancestral function in the repression of male-specific develop-
ment at the root of butterflies and flies. It will be critical to
study the versatility of its functions comparatively in order to
better understand how sexual forms evolve. As knockdowns
and knockouts are increasingly amenable in new organisms,
testing the repressive nature of Bab should be feasible and may
yield a wide range of trait gain or masculinization phenotypes.
Further work could also explore how the dimorphic (C. eury-
theme) vs. monomorphic (C. philodice) expression of Bab is
achieved. A potential regulator could be the transcription
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Fig. 2. Bab negatively correlates with UV-scale precursors in C. eurytheme male wings. (A) Pseudocolored SEM images highlighting the ultrastructural
differentiation of the UV-iridescent dorsal cover scales (dcs; magenta), relative to non-UV ground scales (gs; orange) and non-UV ventral cover scales (vcs;
green). (B) Microphotographs of adult C. eurytheme male wing surfaces in the visible and UV ranges. Line: damaged areas exposing non-UV ground
scales. (C) Immunofluorescence detection of Bab (green) in all UV precursors at 46% pupal development. Magenta: DAPI (nuclei); orange: Dve; circles:

cover-scale nuclei. (Scale bars, 2 um [A], 100 pm [B], and 10 pm [C].)

factor Doublesex, an integrator and master selector gene of
somatic sexual identity in insects, including butterflies (35-38).
In fruit flies, the DsxM male isoform of Doublesex directly
represses Bab via a cis-regulatory element in the first intron of
babl, thus derepressing abdominal pigmentation, while the
DsxF female isoform activates Bab, repressing pigmentation
(24, 28). Extrapolating from this precedent, it will be interesting
to test if DsxM similarly represses Bab in C. eurytheme cover
scales, and if its binding sites have mutated in C. philodice.

bab Is a Genetic Hotspot of Sexual Phenotypic Variation. There is
replicated evidence that cis-regulatory evolution of bab directly
causes sexual trait divergence in flies and Lepidoptera (butter-
flies and moths), making it a genetic hotspot of phenotypic vari-
ation (39). In Drosophila, linkage mapping studies have shown
that regulatory alleles of the bab locus (babl/2 recent paralogs)
explain natural variation in dimorphic pigmentation and ovari-
ole number (23, 26, 40). In corn borer moths (Ostrinia nubila-
lis), male response to a polymorphic female pheromone blend
is driven by a Z-linked regulatory variation in the first intron of

40of7 | PNAS
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bab (41). This same intron is within the Colias U-locus interval.
Thus, the 5’ portion of the lepidopteran bab locus likely under-
lies variation in a male olfactory preference in recently diverged
Ostrinia species, as well as in a male visual signal in Colias. This
leads us to propose that the bab locus is a hotspot for the evolu-
tion of reproductive isolation, driving species divergence and
maintenance across Lepidoptera. Factors related to the func-
tion, regulation, and genomic location of bab may have predis-
posed it to the tuning of sexually selected traits. First, repress-
ors have drastic effects on cis-regulatory regions and efficiently
suppress transcription (42, 43). In this sense, evolving new Bab
binding sites in DNA enhancers might be a path of least resis-
tance for optimizing gene expression subtractively, rather than
by adding activator binding sites for other selector genes. There
is already precedent for the Drosophila Bab integrating into a
preexisting network and sculpting sexual dichromatism (27, 44)
consistent with this idea. Second, the published expression pat-
terns of Bab show it integrates both spatial and sex-
determination inputs (21, 24, 25, 34). Due to a hub-like position
in gene-regulatory networks, Bab is potentially an input-output
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Fig. 3. Bab represses UV-scale fate. (A) Go phenotypes resulting from CRISPR mosaic KOs (mKO) targeting the first exon of bab. Gain of UV iridescence
was observed across both species and both sexes, including ventral wing surfaces. (B and C) Magnified views of male C. philodice wings featuring exten-
sive ectopic iridescence following bab mKO. WT, wild type. (D and D’) False-colored SEM views of a mosaic region (box in C), with complete transforma-
tion of wild-type cover (cs; orange) and ground scales (green) into UV-iridescent scales with dense longitudinal ridges. Arrowheads indicate examples of
ground scales in a wild-type state (white) and in a bab mutant clone. (E and E’) Correlative light and electron microscopy images featuring a superim-
posed view of UV-reflected light (magenta) on an SEM view. Both ground and cover scales from bab mutant clones are UV-iridescent. (Scale bars, 10 pm.)
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gene that facilitates tissue-specific change (45, 46). The large 5’
intergenic and intronic regions of bab in Colias and Ostrinia,
and of its subfunctionalized duplicates in Drosophila, together
suggest a complex cis-regulatory landscape bearing a multitude
of enhancers or silencers (47-49), enabling the evolution of
precise changes in specialized tissues (50). Last, the location of
Bab on the lepidopteran Z chromosome is relevant to the
divergence of premating traits under the assumption that sex
chromosomes are more prone to the generation of reproductive
isolation than autosomes (20, 51, 52). These possible generative
biases will require further investigation among diverged Dro-
sophila species, as well as in the Colias UV display and Ostrinia
mate detection systems. Nonetheless, we speculate that the
peculiar molecular function, regulation, and genomic location
of Bab may collectively explain its propensity to fine-tune varia-
tion in sexual traits.

Extreme Large-Z Effect in an Anthropogenic Contact Zone. Our
genomic scan of differentiation focused on two incipient species
that recently reunited due to human activity (alfalfa agricul-
ture). We caught a remarkable signature of a large-Z effect
(analogous to large-X) with widespread admixture across auto-
somes, and strong differentiation of the entire Z chromosome.
This heterogeneous landscape of differentiation is the most
pronounced identified so far from genome-wide data (18),
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supporting a role for sex chromosomes as key drivers of repro-
ductive isolation (20, 51). Collectively with the evidence that
both premating and postmating isolating mechanisms are sex-
linked in this system (12, 14, 15), these data highlight that spe-
cies status in this system is determined by Z chromosomes,
while autosomes are largely exchangeable (though some diver-
gence on autosomes was also observed). While linked selection
(syn. divergence hitchhiking) in regions of low recombination
can sometimes explain such extensive blocks of divergence (7,
19), our linkage map did not indicate that this is the case on
the Z chromosome for the Colias sympatric pair. The U locus
in particular overlapped with a 2.5-Mb region with above-
median recombination in between-species crosses (red bracket
in Fig. 1F). High Fgt indicates this region is refractory to gene
flow in wild populations, suggesting it acts as a genomic barrier
to gene flow rather than as a block of divergence hitchhiking,
and might include further Z-linked barrier loci in addition to
the male color signal variation (12-15). Overall, these data
establish the anthropogenic contact zones of Colias butterflies
as a promising system for the study of large-Z(X) effects in spe-
ciation with gene flow.

Coupling of Reproductive Barriers. The data in hand suggest the
U-locus variation causes premating isolation by accurately dis-
playing sex-chromosome compatibility of courting males to

PNAS | 50f7
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C. eurytheme females. In summary, the Colias UV mating signal
is polymorphic and recessive in areas of secondary contact, with
both heterospecific and hybrid males lacking UV iridescence
because they carry the dominant U allele of C. philodice. This
allele drives uniform expression of Bab, preventing UV-scale
development with a dominant effect. Conversely, the recessive
C. eurytheme u allele represses expression of Bab in dorsal male
cover scales, leading to UV fated scales. This Z-linked UV sig-
nal allows C. eurytheme females to choose Z-compatible mates,
thereby prezygotically selecting against Z-linked hybrid sterility
(3,9, 10, 12-14). The recessivity of the trait allows the rejection
of Z-heterozygous males and prevents a 25% cost in reproduc-
tive fitness (SI Appendix, Fig. S1), an effect that would not be
possible if Bab were an activator of UV, which would likely be
dominant. In this way, a large-Z effect that couples pre- and
postmating barriers likely drives reproductive isolation in these
butterflies (5, 18), akin to the genetic architectures of speciation
in other species (16, 53), and previously conceptualized as an
“indicator” mechanism that enables assortative mating (3). Fur-
ther work is needed to decipher other putative barrier loci on
this chromosome. In any case, these findings highlight how a
simple genetic switch for a mating cue can influence the origin
of species and the maintenance of biodiversity.
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aligned to the C. eurytheme reference genome assembly (54), and used in a
population scan analysis pipeline (55).
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theme Bab protein, and used with a guinea pig anti-Dve (57) for whole-mount
immunofluorescence in pupal wings. Heteroduplex mixes of Cas9 recombinant
protein and two equimolar sgRNAs (500:125:125 ng/uL) were injected into
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CRISPR-Mediated KO of bab. Two overlapping gRNAs were designed target-
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