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A mosaic of modular variation at a single gene
underpins convergent plumage coloration

Dave Lutgen et al.

INTRODUCTION: Phenotypic diversification abundantly reuses
existing variation that is available within species or introgressed
from other species. Still, insights into how such variation is
integrated with new mutations to form new phenotypes and how
this process may be limited by genetic architectures remain scarce.

RATIONALE: In this work, we investigated the genetic architecture and
evolutionary history of plumage coloration in a group of songbirds.
Wheatears (genus Oenanthe) show a high incidence of convergent
plumage color evolution and frequent hybridization in the Oenanthe
hispanica complex, within which three species (O. hispanica, O. melanoleuca,
and O. pleschanka) exhibit a black or white throat color polymorphism,
and the mantle coloration that is divergent black or white between species
is abundantly recombined by hybridization. We leveraged the throat
color polymorphism and the recombined mantle coloration to infer the
genetic architecture underpinning plumage coloration. On the basis of
population genetic patterns observed for the color-related genomic
variation, we reconstructed plumage colorations’ evolutionary histories.

RESULTS: Genome-wide association studies associate throat and
mantle coloration with variation at a single gene, the agouti
signaling protein (ASIP) locus. Throat coloration is underpinned by
the interaction of a new transposable element (TE) insertion 5’ of
ASIP with nonsynonymous variation within the ASIP coding
sequence. Mantle coloration is governed by additive effects at
multiple sites up to 50 kbp 5’ of ASIP. Expression patterns and
isoform structures of ASIP in regrowing feathers confirm this role of
ASIP in the regulation of the melanin-based plumage coloration.
Population genetic analyses based on the ancestral recombination
graph place the evolution of white throat and mantle coloration in
0. melanoleuca, from where both introgressed into O. hispanica,
and white throat coloration introgressed into O. pleschanka. In

0. melanoleuca and O. hispanica, throat phenotypes are associated
with different nitrogen stable isotope signatures that suggest an
association of throat coloration with alternative foraging niches.

At the genus level, the convergent evolution of throat and mantle
coloration involved variation different from that recovered in the

O. hispanica complex; that is, new variation.

CONCLUSION: The convergent plumage coloration in wheatears

evolved from a combination of new and introgressed variation at a
single gene. Whereas the convergent pattern of coloration predominantly
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Plumage color evolution in wheatears. White mantle and throat coloration evolved
in 0. melanoleuca through regulatory mutations (mantle) and coding mutations and
TE insertion (throat) at the ASIP gene. Introgression of ASIP variation led to white
mantle coloration in O. hispanica and a throat polymorphism in O. hispanica and

0. pleschanka. Fine-scale ASIP recombination in hybrid zones underpins the expression
of intermediate plumage phenotypes. SNP, single-nucleotide polymorphism.

roots in past introgression within the O. hispanica complex, it
involved new mutations at genus scale. Introgression further
contributed to the formation of recombined phenotypes in extant
hybrid zones that may constitute a source for future phenotypic
evolution. The complex patterns of color evolution in wheatears
demonstrate how phenotypes can be decoupled between body parts
within the constraints of a monogenic architecture. Despite the
strong linkage within a single gene, fine-scale recombination can
integrate linked regulatory modules from divergent origins into
new, recombined haplotypes. This appears to imperatively involve
long-term recombination; be it within species, in their ancestors, or
in hybrid zones that ever increasingly come into focus as notable
melting pots that enable evolutionary tinkering. [
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The reshuffling of genomic variation from multiple origins is
an important contributor to phenotypic diversification, yet
insights into the evolutionary trajectories of this combinatorial
process and their interplay with genetic architecture remain
scarce. We show that convergent plumage color evolution

in wheatears involves a monogenic architecture with modular
variation introgressed at the agouti signaling protein (ASIP)
locus. Introgression of a new transposable element insertion
and linked protein-coding variation underpin a transspecific
throat color polymorphism, which stable isotopes suggest

is associated with alternative foraging niches. Cointrogression
of linked regulatory ASIP variation resulted in mantle color
convergence in one species, whereas convergent color
evolution at the genus level required new variation. Our
results demonstrate evolutionary trajectories from
introgressed variation realized within the constraints of a
monogenic architecture.

Phenotypic evolution was long perceived as a slow process driven by
a gradual accumulation of new mutations (7). However, recent studies
across diverse organisms show that the reshuffling of already existing
genetic variation, whether standing within species or introgressed
from other species (“preexisting variation”), provides an important
fast-track to phenotypic evolution (2-6). Yet, we still have much to
learn about the trajectories along which this reshuffling occurs and
how it is shaped by the genetic architecture of phenotypes (6).

Prominent examples such as Denisovan-derived adaptations in humans,
adaptive introgression in butterflies, Darwin’s finches and Yellowstone
wolves (3, 7-9), and adaptation from ancestral variation in stickleback
(10) all demonstrate preexisting variation as a potent source for pheno-
typic evolution. These examples highlight how rapid phenotypic evo-
lution can be facilitated by preexisting variation at single genes. By
contrast, the evolution of more complex phenotypes, such as recom-
bined phenotypes composed of reshuffled combinations of multiple
traits, typically involve genetic variation spanning multiple genes. For
example, the adaptive radiation of cichlid fish and convergent color
evolution in several bird genera show how individual phenotypic traits
can be recombined into rich suites of phenotypes (2, 11-15).
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Whether the evolution of phenotypic richness typically involves
preexisting variation remains a key question. The answer may in part
depend on the genetic architecture of phenotypes. Although single
genes repeatedly hit by new mutations over time may generate com-
plex phenotypic patterns within single traits (16), examples of complex
recombined phenotypes underpinned by monogenic architectures
remain scarce (9, 17, 18). This raises the question of how genetic
architecture limits the role of preexisting variation in shaping com-
plex phenotypic diversity. Although the cited examples show the
power of combinatorial processes in driving phenotypic and species
diversity (6), substantial gaps remain in our understanding of the
evolutionary trajectories along which the reshuffling of preexisting
variation into complex phenotypes occurs. The role of genetic archi-
tectures in constraining this combinatorial process warrants further
investigation (19).

To obtain insights into the role of preexisting variation in the evolu-
tion of recombined phenotypes and its interplay with genetic architec-
ture, we investigated the genomic basis and evolutionary trajectories
of plumage coloration in a group of songbirds, the wheatears (genus
Oenanthe). The high incidence of convergent evolution [according to
(20), including all instances of independent evolution of a phenotype;
elsewhere referred to as parallel or repeated evolution (21)] and hy-
bridization in wheatears offers powerful opportunities to investigate
the involvement of combinatorial processes in the evolution of pheno-
typic diversity (22). Males of most wheatear species display plumages
combining black and white feather tracts. The coloration of single
feather tracts largely switches independently across species, resulting
in phenotypes that reappear multiple times across the genus (22-24).
The convergent evolution of these phenotypes may have involved a
combination of ancestral, introgressed, and new genetic variation (22).
However, to fully understand how these processes contribute to pheno-
typic evolution, it is essential to trace the evolutionary trajectories of
the underlying genetic variants.

Three plumage color traits divergent across the wheatear genus are
amenable to genetic mapping in the recently radiated hispanica com-
plex, where they also evolved convergently (25), and are present as
polymorphisms in three of four species (throat coloration) or are re-
combined by hybridization (mantle and neck side coloration) (25, 26)
(Fig. 1, A and B). The four species of the hispanica complex are dis-
tributed from western North Africa and Iberia to eastern China (Fig. 1,
A and C): Oenanthe hispanica, O. melanoleuca, O. cypriaca, and
O. pleschanka (27). Hybridization leads to phenotypic and genetic ad-
mixture (Fig. 1B) (25-27) in four regions: the western coast of the Black
Sea, the Alborz mountains of northern Iran, the Caucasus, and the
Mangyshlak peninsula in southwestern Kazakhstan (“Caspian,”’ Fig. 1C)
(27). These characteristics distinguish wheatears as an excellent system
to investigate the genetic architecture and evolutionary history of plum-
age coloration.

Cryptic diversity, pervasive hybridization, and idiosyncratic
ancestry composition of hybrid zones

To establish the geographic structure of genome-wide variation in the
hispanica complex, we produced 379 phased genomes (assisted by
linked-read information from 235 genomes) sampled over 9000 km
across the complex’s entire range, with dense sampling of hybrid zones
(Fig. 1C and table S1).

Population genomic and phylogenomic analyses establish five
ancestry groups that evolved in fast succession (Fig. 1, D to G, and figs.
S1 and S2). Principal component analyses (PCAs) of genotype and
haplotype frequencies distinguish separate clusters for the four
known taxa and uncover a fifth cluster consisting of black-throated
O. pleschanka phenotypes from the Pontic steppes west and north of
the Black Sea (Fig. 1D and figs. S1 and S2), hereafter referred to as the
Pontic lineage. The Pontic lineage is sister to O. pleschanka (Fig. 1E
and fig. S3) but shows a distinct demographic trajectory (Fig. 1F).
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Pairwise differentiation (Fsr) between lineages ranges from 11 to 41%
(table S2). The distinctiveness of the five lineages is supported by (i)
high coancestries within lineages in fineSTRUCTURE analyses (28)
(figs. S4, and S5), (ii) the clear-cut clustering of the lineages based on
coancestries (figs. S4 and S5), and (iii) nonlinear ancestry transitions
across the three contact zones between O. melanoleuca, O. pleschanka,
and the Pontic lineage (fig. S6). The short interval within which the
inverse instantaneous coalescent rate (IICR) trajectories of the five
lineages started diverging (Fig. 1F) together with cross-lineage coales-
cence times estimated from an ancestral recombination graph (ARG)
(Fig. 1G) suggests that species split within a time window of about
60 thousand years (kyr) that occurred at the latest around 700 kyr ago
(Fig. 1G; range of lowest to highest 95% confidence values, 678 to
727 Kyr; table S3).

The hispanica complex’s evolutionary history is shaped by hybrid-
ization. Aside from numerous individuals with intermediate ancestry
compositions (Fig. 1D and fig. S4), D and f; statistics indicate abundant
introgression (table S4). According to the taxa involved, each hybrid
zone hosts a distinct ancestry composition, variably combining
0. melanoleuca, O. pleschanka, and/or Pontic ancestries. The abun-
dance of genetic and phenotypic admixture highlights pervasive hy-
bridization in the Aispanica complex and promises the power to map
plumage coloration using individuals with admixed ancestries from
different hybrid zones (Fig. 1, D and H, and figs. S2 and S4). All hybrid
zones feature individuals with intermediate plumages (26, 27), but
individuals of mixed ancestry can be phenotypically indistinguishable
from parental taxa (Fig. 1H and fig. S7). This combination of high and
partly dissociated variation in plumage coloration and ancestry com-
position provides the power for the genetic mapping of color pheno-
types divergent between parental species (29).

Modular architecture of plumage coloration

A transposable element insertion and protein-changing ASIP variation
underpin throat coloration

Throat coloration is polymorphic in three species of the hispanica
complex (Fig. 1A). To investigate its genetic basis, we performed a
genome-wide association study (GWAS) on 335 wheatears (57 white-
and 278 black-throated) from all five lineages and hybrid zones based
on linear mixed models that account for relatedness in GEMMA (30).
The GWAS identified five single-nucleotide polymorphisms (SNPs)
clustered within <15 Kkilo-base pairs (kbp) on chromosome 20 that are
most strongly associated with throat coloration [negative logarithm
of the odds ratio for linkage (-LOD) > 27; fig. S8A], all in the genomic
region harboring a well-known gene within the melanogenesis pathway;,
the agouti signaling protein [ASIP; (31)] (Fig. 2, A and B, and fig. S9A;
see supplementary text). The highest-scoring SNP together with the fully
linked neighboring SNP (“throat SNPs”) display nonsynonymous

variation in consecutive codons in ASIP exon 2 that are otherwise
highly conserved across birds (table S5). These throat SNPs are nearly
completely associated with throat coloration across all five taxa and
within O. hispanica and O. melanoleuca (Fig. 2C). The sequenced
white-throated pleschanka (“vittata” phenotype, n = 3; Fig. 1A) are
heterozygous for the same variants. Heterozygotes almost exclusively
show white throat coloration, establishing the dominance of the white
variant, similar to other species (32) and in line with ASIP expres-
sion preventing the differentiation or presence of melanocytes (33).

ASIP-related color variation is not usually underpinned by amino
acid changes but rather with variation regulating ASIP expression
[(3I), but see (34)]. Therefore, we interrogated our data for linked
variation hidden from typical GWASs, such as structural variants. A
revised repeat annotation of chromosome 20 identified a >9-kbp-long,
full-length long terminal repeat (LTR) retrotransposon (“throat LTR”)
in the reference genome (from a white-throated individual) 617 bp
upstream of ASIP exon 2 (Fig. 2B). The presence of the throat LTR was
nearly perfectly associated with white throat coloration in O. hispanica
and O. melanoleuca (Fig. 2C).

The interaction of throat SNP and LTR genotypes explains all throat
color variation in O. hispanica and O. melanoleuca (associations
of coloration with the remaining GWAS top hits were substantially
weaker; table S6). From this, we infer that the throat LTR up-regulates
ASIP expression, whereas the protein-changing throat SNP variation
determines throat coloration (Fig. 2C). The LTR-SNP interaction is
supported by rare recombinants for which the throat SNP and LTR
genotypes do not match coloration (n = 4, genotypes marked by two
asterisks in Fig. 2C). These mismatches suggest that the “white” ASIP
protein is only expressed if an LTR up-regulates its expression (Fig. 2C,
bottom two asterisks). Conversely, ASIP up-regulation by an LTR only
produces white plumage if the up-regulated haplotype encodes the
“white” ASIP protein (Fig. 2C, right two asterisks). Additional support
for this model comes from ASIP haplotype structure. The model pre-
dicts that, to up-regulate expression of “white” protein, the LTR must
collocate in cis on the same haplotype as the white-coding variant. In
line with this prediction, for all heterozygotes with linked reads avail-
able from the ASIP region, linked-read barcodes exclusively (n = 36)
or in majority (n = 2) placed the throat LTR and the white throat
variant on the same haplotype (table S7).

ASIP expression may be regulated differently in the white-throated
vittata phenotype of O. pleschanka. Although the rarity of this pheno-
type and the accordingly limited data we had at hand prevents us
from making firm conclusions, several lines of evidence point in this
direction. We found no evidence for the LTR’s presence in any
black- or white-throated (vittata) individuals of O. pleschanka and the
Pontic lineage. For the three (white-throated) vittata individuals,
neither a linked-read-based de novo assembly (fig. S10 and data S1)
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Fig. 1. Plumage color variation and evolutionary history of the hispanica complex. (A) Color phenotypes and frequencies of throat phenotypes. Mantle and neck sides are
white in O. hispanica and 0. melanoleuca and black in the remaining taxa. O. hispanica, O. melanoleuca, and O. pleschanka display a throat color polymorphism [pies indicate
species-wide frequencies estimated from (98)]. (B) Hybrid-type mantle color variation. Black coloration on hybrids’ mantles can vary from absent, overmottled, and reduced
black to fully black. (C) Species ranges and sampling. Colors follow those in (A). Samples are depicted by white dots. Cyprus is shown magnified. The right-hand box zooms onto
hybrid zones' locations (encircled). Species distributions are adapted from maps provided by Birdlife International (99). (D) Population structure inferred by PCA. For further PC
axes, see fig. S1. Black, encircled dots depict individuals from hybrid zones. (E) Species tree inferred using the multispecies coalescent. The node for which ancestral states of
genetic variation underpinning color phenotypes were estimated is highlighted (circled A). All nodes have 100% local posterior probability. (F) Demographic history of the
lineages. (G) Genome-wide distributions of TMRCAs between lineages show that lineages split within a narrow time window. Most distributions are similar (gray); those between
0. melanoleuca and O. cypriaca (purple) and those between Pontic and O. pleschanka (green) show more recent TMRCAs. Tick marks indicate mean TMRCAs between lineages
(confidence intervals too small to be visible; table S3). (H) Highly variable ancestry compositions of color phenotypes provide high power for GWASs. Shown is individuals’
ancestry, as estimated from PCA (low values, O. melanoleuca; high values, O. pleschanka), in relation to phenotypic hybrid index (1, white mantle and neck sides; 4, black mantle

and neck sides). Additional PC axes are shown in fig. S7. Colored points follow those in (A).

nor short-read-based LTR genotyping indicated the throat LTR’s
presence, despite the white throat SNP variant being present. Together
with the observation that vittata displays a white throat despite featuring
the same recombinant haplotype as two black-throated O. melanoleuca
individuals (Fig. 2C, bottom), this suggests that unknown variation may
up-regulate ASIP expression in the vittata phenotype of O. pleschanka.

Additive ASIP-based architecture of mantle and neck side coloration
Mantle and neck side coloration are divergent between white-mantled
O. melanoleuca and O. hispanica and black-mantled O. pleschanka,
Pontic, and O. cypriaca, with the same color variants shared by non-
sister species (Figs. 1, A and E).

To infer the genetic variation underpinning the species-specific
mantle and neck side coloration, we leveraged information from 230
individuals from all four hybrid zones (Fig. 1C) in which mantle col-
oration is recombined into diverse genomic backgrounds (Fig. 1H and
fig. S7). GWAS identified 17 variants (14 SNPs and 3 indels, hereafter
referred to as “mantle loci;” Fig. 2A and fig. S9, B and C; see supple-
mentary text) strongly associated with mantle coloration (-LOD > 15;
fig. S8B), of which 15 are located within <45 kbp upstream of ASIP exon 2,
and 2, in intron 2 (Fig. 2B).

Bayesian linear regressions support an additive architecture of mantle
coloration. Individuals with a higher number of white variants at mantle
loci show increasingly white mantles (Fig. 2D and table S8). Entirely
black mantles are expressed with highest probability only in individuals
with fewer than 10 white alleles (out of 34 alleles or 17 mantle loci)
(Fig. 2D). This suggests partial dominance of white mantle coloration.

The GWAS for neck side coloration identified overall weaker associa-
tions (Fig. 2A). The overlap of the identified SNPs with mantle loci
(Fig. 2B and fig. S9C; see supplementary text) suggests that neck side
coloration is an extension of mantle coloration associated with the
same genetic variation. The observation that birds with black neck
sides but white mantles are the most frequent hybrid phenotypes leads
us to hypothesize that the penetrance of white is lower for neck sides
than for the mantle, which may result from embryonic prepatterning
by ASIP (35). In line with this, more white variation would be required
at mantle loci to result in white neck sides than are required to result
in a white mantle (see shifted intersection between Fig. 2, D and E).
Henceforth, we focus on mantle coloration, which implicitly includes
neck side coloration.

ASIP expression and isoform structures corroborate the genetic
architecture of wheatear plumage coloration

To corroborate the statistically inferred genetic architectures of throat
and mantle coloration, we investigated gene expression patterns in re-
growing feathers. To this end, we chose O. melanoleuca and O. cypriaca
as representatives of alternative colorations and performed single-
molecule real-time isoform sequencing (Iso-Seq) of RNA for feather pools
representing alternatively black or white coloration of throat and mantle,
and, in addition, feathers from the shoulders and belly that are homoge-
neously black (shoulders) or white (belly) across species (Fig. 3A).

Science 16 OCTOBER 2025

ASIP expression profiles of regrowing feathers corroborate ASIP’s
role in regulating wheatear plumage coloration. ASIP expression is
about four times higher in white than in black feathers for the major
isoform (¢ = 3.6, P =0.007; adjusted coefficient of determination R?=
0.57; Fig. 3B; see supplementary text) also when accounting for the
feathers’ species of origin (color, ¢ = 3.9, P = 0.006; species, t = -1.5, P =
0.19; adjusted R? = 0.62). This result holds when jointly analyzing all
detected isoforms (¢ = 4.6, P = 0.002; adjusted R? = 0.69; accounting
for species: color, t =5.6, P < 10"3; species, t = -2.0, P = 0.08; adjusted
R?=0.78; fig. S11). The higher expression in white than in black feathers
is in line with ASIP’s role in preventing melanin synthesis when acting
early during feather growth (33).

Moreover, ASIP isoform structures confirm the role of the GWAS
hits in ASIP regulation. Eight of the 17 mantle loci, including the top
GWAS hits, are situated within or immediately upstream of the three
alternative forms of exon 1 (fig. S12). This provides evidence for these
genomic regions’ involvement in ASIP regulation that is entirely inde-
pendent of the statistical associations established by GWAS and estab-
lishes mantle loci as likely key regulators of ASIP expression in mantle
feathers. For white throat color, all transcription start sites are situated
further 5’ of ASIP exon 2 than the throat LTR. Together with the re-
verse complementary orientation of the LTR compared with the ASIP
gene (Fig. 2B), this suggests that the LTR is unlikely to provide a tran-
scription start site. Rather, the throat LTR acts as a (throat-specific)
enhancer of ASIP expression, as documented for transposable element
(TE) insertions upstream of ASIP in other species (36).

The patterns of gene expression and isoform variation recovered
from regrowing feathers thus provide compelling support for the ASIP
gene’s key role in regulating melanin-based coloration in wheatears.

Introgression of throat coloration

Throat coloration is polymorphic in three species, with intermediate
frequencies of the black and white phenotypes in O. hispanica and
O. melanoleuca and with the black phenotype predominant (>98%) in
O. pleschanka (27) (Fig. 1A). It was unclear whether this polymor-
phism arose from incomplete lineage sorting of ancestral variation
or from introgression of variation that evolved following the species’
divergence.

‘We established that the throat color polymorphism evolved by in-
trogression of white ASIP variation among the throat-polymorphic
species. Comparisons of times to the most recent common ancestor
(TMRCAs) inferred in tsinfer (37) and tsdate (38) show that (i) the poly-
morphism evolved only after species diverged, with (ii) white being
the derived state, and that (iii) the ASIP gene body shows distinctive
footprints of introgression, with a divergence of the white ASIP haplo-
types between O. hispanica and O. melanoleuca dating this introgres-
sion to 403 kyr ago, after O. melanoleuca split from O. cypriaca (Fig. 4A
and tables S3 and S9; see supplementary text).

Next, we established that the white-throated phenotype originated
in O. melanoleuca. Population genetic expectations are that (i) the
species in which the white ASIP haplotype originated displays higher
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Fig. 2. Genetic architectures of plumage coloration. (A) GWAS results across the genome. Chromosomes are marked in black and gray; chromosome 20 is colored.
(B) Distribution of GWAS top SNPs for the three color phenotypes within the ASIP region [colors follow those in (A)] and schematics of the haplotypes underlying throat color

phenotypes in 0. melanoleuca (top two) and the vittata phenotype of O. pleschanka (bottom). Arrowed boxes depict annotated ASIP exons. The throat LTR and SNP are

highlighted in red. Absence of the throat LTR is depicted by dotted lines. (C) Genotypes of the throat SNPs and throat LTR. Boxes are shaded according to throat coloration.
Recombinants in O. hispanica and O. melanoleuca are highlighted by asterisks: Recombinants supporting the interaction of the throat LTR and SNP in determining coloration
are indicated with two asterisks, and recombinants not informative in this respect are indicated with one asterisk. All genotypes agree with the phenotypes predicted by a model
in which the presence of the throat LTR (+/+ or +/—) up-regulates ASIP expression and, in the presence of a white throat SNP variant (W/W or W/b), confers white throat

coloration, whereas an absent throat LTR (—/—) or homozygous black throat SNP (b/b) confers black throat coloration. See also table S6 for matches of observed with
predicted phenotypes of the throat SNPs and lower-ranking GWAS hits. (D) Bayesian linear regressions of mantle variation. Shading shows 95% confidence intervals. The

probability of observing a black mantle decreases, whereas the probability of observing a white mantle increases with an increasing number of white alleles (out of 34 possible
at the 17 mantle loci) observed at mantle loci. Intermediate mantle colorations are most likely observed at intermediate numbers of white alleles. (E) Bayesian linear regressions
of neck side variation. The probability of observing a black neck decreases, whereas the probability of observing a white neck increases with an increasing number of white
alleles observed at mantle loci. Intermediate neck colorations are most likely observed at intermediate numbers of white alleles.
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we first analyzed triple-element (nitrogen, car-
bon, and sulfur) stable isotope composition in
the whole blood of 161 males of O. melanoleuca
(Mp1ack = 49, Nwhite = 43) and Iranian hybrid an-
cestries (7plack = 56, Nwhite = 13). Blood isotope
composition provides an integrated isotopic
signature over several weeks, reflecting dietary
intake and ecological interactions during this
period. It can indicate differences in trophic niche
[nitrogen, 615N; (39)]; habitat composition [car-
bon, 613C; (40)]; and foraging niche, dietary source,
and habitat use [sulfur, §**S; (41)]. The alterna-
tive throat phenotypes showed no significant
differences in 8°C and §%*S values (fig. S14). How-

-
e

mel cyp T
black

Feather coloration

Fig. 3. Association of ASIP expression with feather coloration. (A) Design of the Iso-Seq experiment. Iso-Seq
was performed once on each combination of feather tract, coloration, and species, except for white mantle, for
which three pools from 0. melanoleuca were sequenced (tables S16 and S17). mel, melanoleuca; cyp, cypriaca.
(B) Association of the expression of the major ASIP isoform with feather coloration (TPM, transcripts per
million reads). Symbols show individual values and follow those in (A); colors indicate species (red, O. melanoleuca;
purple, O. cypriaca). ASIP expression is higher in white than in black feathers (t = 3.6, P = 0.007; adjusted

R?=0.57).

diversity (thus, has older TMRCAs) of the derived white ASIP haplotype,
whereas, conversely, (ii) introgression increases both the diversity of black
ASIP haplotypes and of overall ASIP diversity in the introgressed species. In
line with an origin of the white haplotype in O. melanoleuca, we found
an older TMRCA among white ASIP haplotypes in O. melanoleuca (395 kyr)
than in O. hispanica (320 kyr; Fig. 4A, label 6, and table S9) and older
TMRCAs among black ASIP haplotypes and across all ASIP haplotypes
in O. hispanica (black haplotypes, 564 kyr; all haplotypes, 535 Kyr)
than in O. melanoleuca (black haplotypes, 554 kyr; all haplotypes, 510 kyr;
table S10). Despite the confidence intervals of the white haplotypes’
TMRCA overlapping between O. hispanica and O. melanoleuca, this
result provides conclusive evidence for an origin of the derived white
throat phenotype in O. melanoleuca (see supplementary text; fig. S13 and
table S10). The white throat phenotype evolved through new protein-
coding variation and insertion of the throat LTR in O. melanoleuca
before being introgressed into O. hispanica.

The origin of the white-throated vittata phenotype in O. pleschanka
was likely more intricate. For O. pleschanka, owing to the small sample
size of white haplotypes (n = 3) and their recombined structure, we could
not obtain the same level of evidence for introgression as observed in
0. melanoleuca. Nonetheless, an introgressed origin, similar to that in
O. hispanica, seems plausible, given well-documented hybridization
with O. melanoleuca (26, 27) (Fig. 1D and table S4). The absence of the
throat LTR in vittata (fig. S10 and data S1) suggests that homologous
recombination may have dissociated the white coding variant from
the throat LTR, as also observed in the five recombinants marked with
asterisks in Fig. 2C. In the absence of the throat LTR, it seems reason-
able to assume that in vittata throat feathers, ASIP expression is up-
regulated by undetected new genetic variation.

The successful introgression and maintenance of the throat color
polymorphism suggest a role of throat coloration in wheatear ecology.
Assortative and disassortative mating are unlikely to explain the poly-
morphism’s maintenance: Contrary to expectations under such a sce-
nario, we do not observe an excess of homo- or heterozygotes at the
throat SNPs (table S11). Moreover, the two throat phenotypes co-occur
on small spatial scales, and no differences in habitat or resource use
are known despite rather well-studied species ecology (27). We there-
fore tested the hypothesis that the two throat phenotypes occupy sub-
tly different microniches with different nutrient sources. To this end,
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ever, irrespective of whether analyzed for all
individuals or O. melanoleuca, Greek, or Iranian
males separately (table S12), white-throated males
exhibited a narrower distribution as well as, on
average, lower 8'N values than black-throated
individuals (Fig. 5 and fig. S15). This result per-
sisted after accounting for individual and geo-
graphic correlates (table S12) and for unequal
sample sizes of the two throat phenotypes (fig. S16).
Second, we were interested in whether the same
association persisted in O. hispanica, where
the white throat phenotype introgressed from
O. melanoleuca. Despite limited sample sizes (7pjack = 15, twhite = 8), this
analysis shows that white throats are associated with lower 8'°N values
in O. hispanica, too (Fig. 5, fig. S16, and table S12). These results sug-
gest that white-throated individuals prey on insects from a narrower
and lower trophic level than black-throated individuals.

On the basis of these results, we speculate that the throat polymor-
phism is related to the trophic niche of prey and thus the wheatears’
foraging strategy, such as observed in other birds: In barn owls, white
underbody coloration aids hunting by prolonging prey freezing times
in moonlight (42), whereas Nearctic warblers and redstarts display
white feather tracts to flush prey and enhance foraging success (43, 44.).
White-throated wheatears may be better at exploiting a specialized
niche in a related manner, but further research is required to infer the
adaptive role of the throat polymorphism. Alternatively, black-throated
birds may be more aggressive (45) and exclude white-throated con-
specifics from part of the species’ niche. However, we deem such a
scenario less likely, as it involves a lower fitness of the white throat
phenotype and does not explain the polymorphism’s maintenance and
successful introgression. Therefore, and because the difference in ni-
trogen isotope composition between throat phenotype seems strongest in
O. hispanica, the species into which white throat coloration successfully
introgressed to high frequencies (Fig. 1A), we favor a scenario of niche
specialization of the white throat phenotype. This would suggest that
the recruitment of the white throat haplotype from O. melanoleuca into
O. hispanica and O. pleschanka constitutes an event of likely adap-
tive introgression that enabled the exploitation of a specialized for-
aging niche.

1
white

Mantle color evolution by cointrogression of new variation
Mantle coloration is more similar between more distantly related lin-
eages than between sister lineages of the hispanica complex (Fig. 1, A
and E). We show that this pattern is rooted in the evolution of white
mantle coloration in O. melanoleuca followed by its cointrogression
with white throat coloration into O. hispanica.

Our results indicate that, originally, all members of the O. hispanica
complex displayed black mantle plumage. Ancestral state reconstruc-
tions show that black variants were ancestral at 11 mantle loci at the
node at which the O. hispanica complex split from O. deserti (node A,
Fig. 1E). Furthermore, except O. melanoleuca, all species show moderate
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Fig. 4. Introgressed origins of ASIP variation. (A) ARG-based reconstruction of of ASIP haplotypes’ evolutionary history within the species tree (right) and distributions of
interspecific TMRCAs (left). White haplotypes evolved after relevant species splits (blue and green dotted lines). The O. hispanica—0. melanoleuca ASIP TMRCA (upper right
black dotted line) is more recent than these species’ genome-wide TMRCA, indicating ASIP introgression. The TMRCA among white haplotypes is more recent than that
among black haplotypes (upper and middle left black dotted lines) and establishes the white haplotype as derived. The TMRCA of white haplotypes in O. melanoleuca was
older than that of white haplotypes in O. hispanica (lowest right and left black dotted lines) and establishes white coloration’s origin in O. melanoleuca. The TMRCA between
white haplotypes in O. hispanica and O. melanoleuca (pink dotted line) pinpoints the time of ASIP introgression. TMRCAs' confidence intervals are too small to be visualized
(fig. S13 and tables S3 and S9). (B) Topology weighting with topologies and their interpretation (top) and fgu tests for O. melanoleuca—O0. hispanica introgression (bottom)
variably including one of three black-mantled lineages (black) or exclusively black-mantled lineages (gray). Triangles highlight mantle loci that ancestrally featured
black variation (black), polymorphic variation (gray), or white variation (white). Red blocks indicate the throat LTR and throat SNP. Regions harboring color loci show an
excess of the introgression topology and footprints of 0. melanoleuca—-0. hispanica introgression (positive fqu). The discrepancy between high fqy in the comparison
including O. melanoleuca (black) and ones only including black-mantled lineages (gray) consolidates evidence for introgression. (C) Frequencies of ancestral and black
alleles at mantle loci. Darkening shades indicate increasing allele frequencies. Positions’ colors indicate ancestral states. The high frequencies of derived variants and
lowest frequencies of black alleles in O. melanoleuca and higher frequencies of ancestral black alleles in O. hispanica demonstrate the origin of white mantle variation in

0. melanoleuca and introgression of the white variation into an originally black-mantled background in O. hispanica.

(O. hispanica) to high frequencies (all black-mantled species) of black
variants at most mantle loci (Fig. 4C). The considerable frequencies
of black variants at three ancestrally white sites in all species but
0. melanoleuca (Fig. 4C) suggest that these were polymorphic in the ances-
tor of the complex. Given the additive genetic architecture (Fig. 2D),
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the ancestral populations would have likely displayed black mantle

coloration.

Then, O. melanoleuca evolved derived white variation at the 11 an-
cestrally black mantle loci, and white variation introgressed into
O. hispanica. O. melanoleuca features white variation at by far the
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Fig. 5. Association of nitrogen stable isotopes with throat phenotype. Results are shown for analyses
including all 0. melanoleuca, hybrids, and O. hispanica. Points show individual values for O. melanoleuca (red),
hybrid (black), and O. hispanica (yellow). All comparisons are significant (0. melanoleuca, t =-3.2,P =
0.002; hybrids, t = -4.1, P < 10~3; hispanica, t = -8.3, P < 1075 table S12). Additional comparisons including
Greek O. melanoleuca separately, all O. melanoleuca and hybrids together, and all individuals together are

shown in fig. S15.

highest frequencies (91 versus 72% in O. hispanica; Fig. 4C). The con-
siderable frequencies of black variation in O. hispanica (Fig. 4C) sug-
gests that this species was originally black-mantled but largely swamped
by white O. melanoleuca variation. This scenario is supported by the
same evidence as introgression of throat variation. The genomic re-
gions underpinning mantle coloration display predominantly topolo-
gies related to mantle coloration (Fig. 4B, figs. S17 and S18, and table
S4); the TMRCASs between black and white haplotypes upstream of ASIP
are younger than TMRCAs between species, and the white haplotypes’
coalescence between O. melanoleuca and O. hispanica is younger than
these species’ split (Fig. 4, figs. S13 and S17, and tables S3, S9, and S10).

Several lines of evidence suggest an involvement of selection in
mantle color evolution, especially in O. melanoleuca. Compared with
the site frequency spectra (SFS) polarized according to ancestry, in all
species but O. cypriaca, SFS polarized according to coloration show
shifts toward the species’ coloration (Fig. 6A). The strongest shifts are
observed in O. melanoleuca, and conspicuous haplotype structures
and TMRCASs corroborate an involvement of selection in driving white
variation toward fixation, especially upstream of the most distal man-
tle loci (Fig. 6B, label 1, and fig. S19). Species other than O. melanoleuca
do not feature comparable footprints of positive selection (Fig. 6B and
fig. S19), likely because of a predominant involvement of ancestral
variation, and, in O. hispanica, introgression.

We conclude that white mantle coloration evolved adaptively in
0. melanoleuca and introgressed into O. hispanica along with the
linked white throat variation.

Multistage introgression underpins color convergence

and polymorphism

Within the hispanica complex, the evolution of species’ plumages as
we know them today predominantly roots in past introgression. Our
results suggest that originally all members of the hispanica complex
displayed black throat and mantle coloration before white mantle
coloration evolved in O. melanoleuca through mutations upstream of
ASIP that were fixed by positive selection (Fig. 7A). On this white-
mantled genomic background, new protein-coding ASIP variation
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owing to its linkage to white throat variation, white
mantle variation cointrogressed into O. hispanica,
where, due to its additive architecture with a partial
dominance of white, it confers white mantle color-
ation despite still segregating black mantle varia-
tion (Fig. 4C). Footprints of positive selection (Fig. 6B,
label 1), though much subtler than in O. melanoleuca,
suggest that mantle color introgression might also have
been supported by selection in O. hispanica (Fig. 6B).
In O. pleschanka, hybridization with O. melanoleuca
resulted in the introgression of white coding varia-
tion at ASIP, but not cointrogression of variation
5’ of ASIP. We interpret this in terms of selection
against introgression of white mantle coloration;
nearly fixed derived black variation at three of the
mantle loci in O. pleschanka and the Pontic lineage
(but not O. cypriaca) along with slightly longer-
than-average haplotypes in the region flanked by two
of these sites suggest that black mantle coloration
is under positive selection in O. pleschanka and the
Pontic lineage (Figs. 4C and 6B, label 2). For white
throat variation, only the throat variant successfully
introgressed into O. pleschanka. Introgression thus
only planted the seed for the white-throated vittata phenotype. It thus
appears that introgression shuffled plumage coloration among wheat-
ear species and led to the convergent evolution of throat and mantle
color phenotypes, similar to the reshuffling of morphologic or color
traits documented from cichlids, Heliconius butterflies, Capuchino
seedeaters, and Darwin’s finches (3-5, 13, 14).

Introgression further contributed to the formation of intermediate
phenotypes observed in extant hybrid zones (Figs. 7, B and C), where
hybridization and backcrossing recombine ASIP variation into recom-
bined haplotypes and color phenotypes (Figs. 1B and 7, B and C, and
data S2). Especially Iranian and Caucasian individuals of mixed an-
cestries highlight how the fine-scale reshuffling of mantle and throat
variation into recombined ASIP haplotypes directs the expression of
intermediate phenotypes (Fig. 7C and data S2). Different from these
recombined phenotypes of genome-wide admixed individuals, the Pontic
and Caspian populations feature white-mantled to O. melanoleuca-
type (white mantle with white neck sides) phenotypes in individuals
with entirely O. pleschanka or Pontic ancestries (Fig. 7). This mismatch
between phenotype and genome-wide ancestry takes its extreme in an
0. melanoleuca phenotype individual from the Caspian population
whose genome-wide ancestry exactly matches those of O. pleschanka
phenotypes from the same region (no. 11, Fig. 7). Like similar Pontic
and Caspian individuals, this individual displays ASIP haplotypes
matching its coloration. This suggests that introgression is restricted
to a small proportion of the genome. Accordingly, compared with Pontic
and Caspian O. pleschanka—type phenotypes, O. melanoleuca— and
hybrid-type individuals of these populations show higher proportions
of topologies congruent with color (O. melanoleuca) introgression,
mostly in the ASIP region (Pontic, 11.8% more topologies congruent
with introgression in O. melanoleuca and hybrid phenotypes than in
parental phenotypes; Caspian, 6.1%), much less across chromosome
20 (Pontic, 1.7%; Caspian, -0.3%), and not at all genome wide (fig.
S20). This suggests that the plumage color polymorphism in these
populations is a result of genomically very localized and likely old in-
trogression of white coloration, similar to introgressed wing-pattern
variation in Heliconius butterflies (4, 46).

white
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Fig. 6. Evidence for positive selection on ASIP variation. (A) Unfolded site frequency spectra for the 17 mantle loci polarized according to ancestry (top) or mantle coloration
(bottom). Stronger shifts toward species’ colorations than toward ancestral or derived variants (notably strong in O. melanoleuca, absent in O. pleschanka and the Pontic
lineage) are in line with positive selection on coloration. (B) (Top) Cross-population haplotype statistics [XP-nSL; (94)] between O. melanoleuca and O. hispanica and between
0. melanoleuca and all black-mantled species (mantle coloration is indicated by the color of circles besides the species labels). Positive and negative peaks indicate selection in
the lineage denoted to the left of the panels. Colors indicate the species to which O. melanoleuca was compared (colors follow those in Fig.1A). (Bottom) ARG-based TMRCAs
(37,38) within species scaled by effective population sizes (estimated based on nucleotide diversity), with low values indicative of positive selection. Footprints indicating
positive selection in 0. melanoleuca (labels 1) and (weaker) in the region flanked by two derived black variants in O. pleschanka and the Pontic lineage (label 2) are highlighted.
Dashed lines show the positions of mantle loci, with triangles at the top indicating sites that, in the complex’s ancestor, were black (black), polymorphic (gray), or white (white).
Lines depict multiple mantle loci where the latter are in close proximity.
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A Evolutionary history of plumage coloration
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Fig. 7. Evolutionary history of wheatear coloration and recombined phenotypes and haplotypes. (A) The evolutionary histories of throat and mantle coloration are
shown by arrows in the distribution maps (colors follow those inFig.1A). Black arrows depict ancestrally black mantle and throat coloration in O. pleschanka, the
Pontic lineage, and O. cypriaca, with mantle coloration fixed in all three lineages. White mantle and throat coloration evolved in the O. melanoleuca ancestor after

the split from O. cypriaca (white lightning arrows, which transition to white arrow in O. melanoleuca range); white mantle coloration is fixed in this species, whereas
throat coloration is polymorphic. Then white coloration introgressed from O. melanoleuca into O. hispanica (dotted arrow), leading to fixed white mantle and polymor-
phic throat coloration. Further east, the throat SNP introgressed from O. melanoleuca into O. pleschanka (dotted arrow) and, likely together with a new regulatory
mutation (black lightning arrow), led to the evolution of the vittata phenotype. Locations where phenotypes depicted in (C) can be observed are indicated by circled
numbers. Arrow lengths are not at scale with evolutionary timings. Although the evolutionary processes are projected on current species distributions, geographic
locations are not to be interpreted. (B) Phenotypes' typical ancestries (several possible) are shown on PC1 for phenotypes and haplotypes from (C). (C) Selected range
of phenotypes together with examples of the underlying ASIP haplotypes. Ovals depict mantle loci, throat variation is shown in red, and ASIP exons are shown as
squares. The depicted haplotypes illustrate the fine-scale recombination of ASIP variation. At mantle loci, variation blends into a continuum of almost exclusively white
(number 1), over different degrees of alternating black and white (numbers 2 to 12), to exclusively black variation (number 13). White-throated individuals exhibit at
least one haplotype containing the throat LTR (red arrows) and white throat SNP variant (red box), except vittata (number 12). (D) Mosaic black-and-white back feather,
as observed in various hybrid-type phenotypes.
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Color mosaics can be observed down to the level of single feathers.
In intermediate phenotypes, single mantle feathers commonly display
a mosaic of black-and-white coloration (Fig. 7D). This suggests that
mosaic ASIP haplotypes may result in unstable ASIP expression.

New mutations underpin genus-level convergence

The plumage coloration in the hAispanica complex evolved convergently
also at the genus level and beyond (22, 23). Therefore, our final interest
was to understand whether the same variants as within the hispanica
complex underpin convergent evolution across all wheatears and re-
lated species. To this end, we interrogated alignments of whole-genome
resequencing data of 50 individuals from 44 species of wheatears and
their close relatives (22). At all sites associated with throat and mantle
coloration (including the throat LTR) for which data was available, we
only observed the ancestral variants in species outside the hispanica
complex (fig. S21). This highlights that the variation underpinning
plumage coloration at the genus level differs from the variation associ-
ated with these colorations in the hispanica complex. Thus, consistent
with results from other bird species (2, 12, 15), whereas the shorter-
term color evolution in the Aispanica complex is underpinned by in-
terspecific exchange of genetic variants, the longer-term convergent
evolution of plumage color diversity beyond the hispanica complex is
due to new mutations (19).

Evolution of recombined phenotypes within the constraints of a
monogenic architecture

Wheatear coloration shows how phenotypes can be decoupled between
body parts despite being regulated by a single gene. The genetic ar-
chitecture involving modular regulation of a single gene sets wheatear
coloration apart from what is known from other bird systems, where
recombined color phenotypes are underpinned by multiple genes (e.g.,
2,12, 47) or a single gene produces uniform coloration across multiple
feather tracts (e.g., 11, 48, 49). In the hispanica complex, independent
colorations of multiple body parts are determined by distinct regula-
tory modules of ASIP, similar to that in mammals (17, 34, 50). Also, the
grouping of mantle loci in blocks (Fig. 2B) and the alternative tran-
scription start sites observed among isoforms (fig. S12) reflect a pattern
known from mammals, where this pattern represents alternative un-
translated first ASIP exons (17, 50). The involvement of a TE in ASIP
regulation was hitherto only hypothesized for bird coloration (51) but has
been documented for mammalian ASIP regulatory modules (36, 51).
The modular regulation of wheatear coloration is thus similar to what
is documented from mammals and insects (9, 17, 50, 52) and reflects
a likely universal modular regulatory architecture of ASIP that enables
decoupled melanin expression between body parts.

However, modular gene regulation alone may not always grant in-
dependent evolution of the associated phenotypic elements. The sup-
posed evolutionary history of the vittata phenotype suggests that the
interplay of modules’ linkage with selection against introgression may
have prevented opportunities for the recombination required to de-
couple the evolutionary histories of different body parts. We deem it
likely that, in O. pleschanka, selection against white mantle coloration
prohibited the introgression of the throat LTR that is usually linked
to white mantle variation. Therefore, selection limited the opportunity
for recombination of the throat LTR onto haplotypes carrying black
mantle variation in O. pleschanka. Consequently, the evolution of the
vittata phenotype appears to have required a new element up-regulating
ASIP expression in throat plumage. Hence, with selection limiting in-
trogression and opportunities for recombination, the modularity of
ASIP expression was not sufficient to completely resolve the pleiotropy
between throat and mantle coloration.

For preexisting variation to contribute to phenotypic diversity un-
derpinned by a single gene, sufficient opportunity for recombination to
decouple regulatory modules turns out to be key. Together with previ-
ous insights from dogs, ladybird beetles, and Heliconius butterflies
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(9, 17, 18), the evidence from wheatears establishes that, in the long
run, even within the constraints of monogenic architectures, fine-scale
recombination can integrate linked regulatory modules from divergent
origins into new recombined haplotypes. This appears to imperatively
involve long-term recombination, be it within species (9, 17, 18) or their
ancestors (17) or in hybrid zones (wheatears). In this context, the al-
most seamless integration of black and white back variation upstream
of ASIP in hybrid wheatears (Fig. 7C) demonstrates the power of com-
binatorial processes in the evolution of phenotypic diversity and un-
derscores the importance of hybrid zones as melting pots that enable
evolutionary tinkering.

Convergent plumage color evolution involved diverse types and
origins of genetic variation

The patterns, processes, and genetic material involved in wheatear
color evolution paint an intricate evolutionary history, exemplifying
that “either-or”-type questions that shaped evolutionary genomics for
over a decade (53-56) may rarely find single, entirely black or white
answers. Wheatear color evolution involves a single gene, yet different
regions associated with this gene; it involves preexisting and new
variation, protein coding, and regulatory variation (53-55), and it is
based on both point mutations and structural variation (51, 56). This
highlights that the diversity of wheatear coloration is underpinned by
a mosaic of genetic variation, evolutionary origins, and evolutionary
histories.

‘We emphasize that a study system spanning variable evolutionary
timescales and hybridization contexts was key to obtain insights into
evolution from preexisting variation beyond the latter’s contributions
to phenotypic diversity. Our findings suggest that the role of preexist-
ing variation in wheatear plumage color evolution was limited by its
availability and the constraints imposed by a monogenic architecture.
First, extant hybrid zones showcase how long-term recombination can
break up even tightly linked variation at the fine scale required to re-
shuffle modular variation into recombined haplotypes. Yet, the result-
ing phenotypes do not contribute to plumage color diversity outside
hybrid zones, such as it was achieved by O. melanoleuca—O. hispanica
hybridization about 400 kyr ago. Second, past hybridization with
0. melanoleuca had distinct outcomes in O. hispanica and O. pleschanka.
It shaped all color variation of extant O. hispanica but contributed
only one component for the convergent evolution of the white-throated
vittata phenotype in O. pleschanka. At longer timescales at which pre-
existing variation was no longer available —that is, across the genus—
plumage color evolution was instead driven by new mutations. Similarly,
new mutations seem to have been involved where contributions of
preexisting variation were likely constrained by linked selection, as
seen in vittata. Together, these results offer a nuanced perspective on
how genetic architectures constrain phenotypic evolution from pre-
existing variation and, more broadly, how genetic architectures can
shape evolutionary trajectories over time.

The detailed insights into the roles and interactions of genetic
architecture and diversification processes in phenotypic evolution
gained from wheatear coloration may be relevant to our understanding
of the reshuffling of preexisting and new genetic variation during the
diversification of a wide range of organisms. Our results show that
evolution recruits variation from all sources it has at hand, genetic
architecture permitting. At deeper timescales, mutations were both
frequent enough and required to give rise to convergent plumage phe-
notypes. Future comparisons of evolutionary dynamics across a wide
range of phenotypes and organisms will be required to understand
whether this is only possible due to extraordinarily dynamic pheno-
types and genetic architectures, or, indeed, mutations may be less
limiting than assumed to date (57), and/or the regulatory effects of
new TE insertions play an even more important role in phenotypic
evolution than already commonly acknowledged (51, 58). For example,
we suspect that, in line with TEs’ effects on color evolution across the
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animal kingdom (51), extended studies of structural variation across
the genus will reveal an important role for TEs in the genetic archi-
tecture of coloration in other wheatears and their relatives. Still, pre-
existing variation and permeable species barriers in wheatears, as in
many organisms (59), prove to provide abundantly used substrate for
adaptation and phenotypic evolution. This highlights humankind’s
responsibility to conserve a maximum number of species and genetic
variation to equip biodiversity with the molecular prerequisites to
adapt to the increasing challenges encountered in the Anthropocene.

Materials and methods

Whole-genome resequencing

To obtain a representative sampling of genetic and phenotypic varia-
tion across the hispanica complex, we collected samples from the
major parts of the species’ distribution (Fig. 1C). To optimize the power
of admixture mapping, hybrid zones were densely sampled. During field-
work dedicated to the present project, we collected whole blood into
>96% ethanol, Queen’s lysis buffer, or DNA/RNA Shield (Zymo). Sam-
ples obtained from museum collections were either blood or muscle
tissue in ethanol, or toe pads collected from skins (table S1).

We extracted DNA from blood and tissues using the DNeasy Blood
and Tissue Kit (Qiagen) or the MagAttract HMW DNA Kit (Qiagen) fol-
lowing the manufacturer’s protocols, with the exception of an adapted
digestion of blood samples (60). We extracted DNA from toepads using
the QIAmp DNA Micro Kit (Qiagen) with a digestion protocol adapted
to ensure sufficient DNA quantities (https://www.protocols.io/view/
dna-extraction-protocol-for-historical-toe-pad-sam-dm6gpwrdplzp/vl).
For quality control, DNA concentrations were determined with a Qubit
fluorometer (dsDNA BR assay, Thermo Fisher Scientific), and DNA
integrity for linked-read sequencing was evaluated on a TapeStation
with the Genomic DNA Screen Tape (Agilent) or on a FEMTO Pulse
CE instrument (Agilent). To obtain high quality gametic phase infor-
mation for a reference haplotype panel, we sequenced 238 individuals
using linked-read technology (60). Linked-read sequencing libraries
were prepared using Chromium Genome library kits (10X Genomics)
(table S1). Short-read sequencing libraries for 139 additional in-
dividuals for which fresh material was available were prepared with
either the Illumina DNA Prep Kit, the Illumina DNA PCR-free kit,
or following Baym et al. (61); sequencing libraries for 12 individuals
with degraded DNA were prepared with the xGen ssDNA & Low-Input
DNA Library Prep Kit (Integrated DNA Technologies) (table S1). Apart
from the seven libraries reported in Lutgen et al. (60) that were se-
quenced on an Illumina HiSeq-X instrument, all libraries were se-
quenced on an Illumina NovaSeq6000 instrument with a target
coverage of ca. 15x. After the removal of individuals with a coverage
below 8x, this resulted in a dataset comprising a total of 379 indi-
viduals (tables S1, S13).

Data preparation

To prepare whole-genome resequencing data for analysis, linked-read
data and standard short read data were first treated separately, fol-
lowing the GATK 4.1.4.1 (62) best practices pipeline where appropriate.
We aligned linked reads to the O. melanoleuca reference genome (63)
using phase-aware alignment in Lariat as implemented in LongRanger
2.2.2 align (64). To obtain a SNP exclude set for base quality score
recalibration (BQSR), SNPs were then called and genotyped in GATK
with HaplotypeCaller as depicted in fig. S22. To include only high-
confidence SNPs in the SNP exclude set for BQSR, we retained only
SNPs with mapping quality > 40, Fisher strand phred-scaled p-value
>60, SNP quality score >20, mapping quality rank sum value > -12.5,
read pos rank-sum test value > -8.0 and quality by depth > 5. We re-
tained only biallelic SNPs with at least one homozygous reference and
one homozygous alternative genotype or with a minimum of three
observations of reference or alternative alleles. BQSR was performed in
GATK followed by final SNP calling with HaplotypeCaller. Short reads
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were adapter-trimmed in fastp 0.20.0 (65) before mapping them to the
O. melanoleuca reference genome (63) using bwa-mem 0.7.17 (66). We
then marked duplications with PicardTools 2.9.1 (http://broadinstitute.
github.io/picard) and directly performed BQSR with the SNP exclude
set obtained from the geographically and taxonomically repre-
sentative linked-read data (n=235, table S1). SNPs were called with
HaplotypeCaller. To obtain a joint VCF file with unphased SNP data
for linked-read and short-read data, we imported the resulting gVCF
files into a single genomic database and genotyped SNPs for both data
types. The resulting VCF constituted the basis for analyses not requir-
ing gametic phase, such as GWAS.

To infer gametic phase for phase-aware analyses, we leveraged the
linked-read information from 235 individuals to establish a high-
quality reference haplotype panel (60) with which we then supported
the statistical phasing of short-read data. To this end, for each indi-
vidual we phased heterozygous genotypes obtained in the last step
either with (i) linked-read-barcode data using HapCUT2 (67) for indi-
viduals with linked reads available or (ii) paired-end information using
whatshap v.1.1 (68) for the remaining individuals. To include all origi-
nally called SNPs in the individual VCF files, we parsed the phased
and unphased data for each individual to reintroduce SNPs homozy-
gous in the individuals. We then parsed individual vcf files into either
of two population vcf files, separated by linked-read and short-read
data. To establish the final reference haplotype panel, for linked-read
data we retained only high-quality SNPs that had a minimum sequenc-
ing depth of 5 and minimum genotype quality of 20 in at least 75% of
individuals. This left a total of 69,855,099 SNPs (table S13). We then
established the gametic phase of phase sets statistically using Shapeit
4.2 (69), assuming that phase sets established beforehand based on
linked-read info are correct (-use-PS 0). Finally, we introduced the
resulting haplotypes as reference haplotype panel into the statistical
phasing of short-read data in Shapeit (-use-PS 0.0001). To avoid biases
introduced by population stratification we performed this statistical
phasing separately for each of the 11 populations (one cypriaca, four
melanoleuca, two pleschanka, two Pontic, and two Caucasus popula-
tions) using a specific reference panel consisting of individuals from
populations closest related as determined from the PCA (Fig. 1D).
Short-read data were not filtered prior to statistical phasing, as with
the reference haplotype panel and an average sequencing coverage of
18 x per individual, imputation of missing data are expected to yield
adequate genotypes.

For analyses that require an outgroup, we added unphased data
from three O. deserti individuals to the phased dataset. For each of the
three O. deserti, we generated allsites vcf files in GATK and extracted
genotypes for the sites contained in the phased dataset using GATK’s
SelectVariants. Using bcftools we then merged the outgroup data with
the phase dataset and removed O. deserti-specific indels that contained
no data in the phased dataset. To reconstruct the ancestral states of
the hispanica complex and the O. deserti outgroup, additional allsites
vcf files were generated for two O. monacha and three O. oenanthe
serving as distant outgroups.

A characterization of all data sets used for analysis is provided in
table S13. Individuals used for specific purposes or analyses are listed
in table S14.

Reconstruction of the hispanica complex’s evolutionary history
We first aimed to obtain insights into the genetic structure of the
hispanica complex without prior assignment of individuals to populations.
To this end, we performed a PCA on genotype frequencies of all 379 indi-
viduals using smartpca (70) and inferred co-ancestries among indi-
viduals and based on this individual clustering in fineSTRUCTURE (28).
For PCA, we used the SNPs contained in the genome-wide phased
data set. To exclude data affected by poor mapping in repeat regions,
selection on genes, and linkage disequilibrium, we removed (i) repeats
based on the annotation using the repeat library from Peona et al. (63),
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(ii) gene regions using the annotation bed file published in Peona et al.
(63), and (iii) regions with high linkage disequilibrium (-indep-pairwise
50 5 0.2) using plink v.1.9 (7I). To ensure that the PCA is not biased by
our sampling's high load with individuals from hybrid zones, in addition
to the standard PCA including all individuals (fig. S23), we ran smart-
pca first with 12-15 individuals per each of the five taxa (hispanica: 14;
pleschanka: 15; Pontic: 15; melanoleuca: 15; cypriaca: 12), with indi-
viduals chosen from the core clusters of the former PCA (hereafter re-
ferred to as “reference individuals;” fig. S24) and projected the genotypes
of the remaining individuals onto the inferred axes using smartpca. Two
individuals were strong outliers, with each producing an axis separating
it from all other individuals (not shown). We therefore removed these
individuals from the final analyses. To estimate the level of differentia-
tion between lineages, we computed pairwise differentiation based on
Weir and Cockerham’s Fsy implemented in vcftools (72).

To investigate how ancestries transition across the hybrid zones (Iran,
Caucasus, Black Sea, and Caspian), we performed one-dimensional
sigmoid geographic cline analyses in the HZAR package in R (73). To
this end, first, we for each hybrid zone first identified the principal
component axis (PC) that best separates parental lineages. The respec-
tive PC axes were then used as a proxy for hybrid index by rescaling
PC scores to between 0 and 1. Second, we estimated Bayesian hybrid
indices in bgchm (74) To this end, we for each lineage pair extracted
ancestry-informative markers (AIM), with AIM defined as SNP with
Fsras estimated in veftools (72) exceeding 0.7. For comparisons exceed-
ing 10,000 AIM, we randomly sampled 10,000. This resulted in each
10,000 AIM for melanoleuca-pleschanka across Iran, melanoleuca-
pleschanka across the Caucasus, and melanoleuca-Pontic (Black Sea),
and 4,369 AIM for the Pontic-pleschanka (Caspian) comparison. Based
on these AIM we then estimated Bayesian hybrid indices using the
est_hi function in bgchm (74), using reference individuals as parentals
(table S14, fig. S24)). For each hybrid zone, we then projected samples
along a one-dimension transect using the distm function implemented
in the geosphere R package (https://github.com/rspatial/geosphere).
Specifically, we calculated the great circle distance between each indi-
vidual and the westernmost parental individual averaging across sam-
ples for the latitude. We assigned samples to populations along the
transect by grouping individuals within a 100 km radius into a single
population. Next, we fit three geographic cline models with HZAR
using hybrid indices per sampling location as the dependent variable
and the geographic distance along the one-dimensional transect (in
100 km) as predictor. We fitted clines using the default MCMC chain
length of 100,000 steps with 10,000 burn-in steps and selected the best
model by comparing the support for then null model and the three
cline models using AIC. We plotted the best model having an AIC
threshold score >2.

To investigate admixture and infer population clusters based on
individuals’ co-ancestries we leveraged our phased data to trace excess
haplotype sharing using the powerful approach implemented in fineS-
TRUCTURE v.4.1.1 (28). We visualized the results of this analysis as a
clustering tree, haplotype frequency-based PCA, and co-ancestry
matrix. For fineSTRUCTURE analyses we corrected excess relatedness
among individuals by removing each one individual from nine in-
dividual pairs with above second degree relatedness (>0.2; vcftools
-relatedness2), because their inclusion would bias population cluster-
ing given the extremely high excess of recent haplotype sharing, and
we thinned the phased whole-genome dataset using vcftools (72) to
retain 1 SNP every 500 base pairs (-thin 0.5). Thinning was performed
to reach achievable computing times, with parameters based on a
comparison of fineSSTRUCTURE runs using complete and thinned data
sets from (micro)chromosomes 15-28. FineSTRUCTURE was run with
a recombination map estimated from melanoleuca data using pyrho
v.0.1.7 (75). Because population structure can confound LD-based recom-
bination rate estimates, we restricted recombination rate estimation to
a single population of melanoleuca from Greece (N=13). Population
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size trajectories were estimated with MSMC2 for five individuals from
this population to account for demography within the pyrho inference.
Optimal hyperparameters were determined through 50 rounds of simu-
lations for all possible combinations of parameters from block penal-
ties 0f 10, 15, 20, 25, 30, 35, 40, 45, and 50 and window sizes of 30, 40, 50,
60, 70, 80, and 90. A per-generation mutation rate of 4.6 - 1077 from
collared flycatcher (76) was applied to convert population-scaled re-
combination rate to cM/Mb. The pyrho output was converted to ge-
netic map format with a custom script, and the genome-wide average
recombination rate was calculated by taking the average rate between
SNP pairs, weighted by the physical distance between SNPs.

To reconstruct the Aispanica complex’s speciation history, we in-
ferred the species tree and estimated demographic trajectories and
split times based on the multiple sequentially Markovian coalescent
(MSMC) and based on the ancestral recombination graph (ARG). We
estimated the species tree based on non-overlapping 10 kbp windows
in the reference individuals. Data from three O. deserti were included
to root the species tree. We only considered windows meeting the fol-
lowing criteria, following Alaei Kakhki et al. (22): minimum read depth
of 5, minimum 50% of the window covered by data, and maximum
20% missing data per site (n=79,127). To include only windows without
recombination but free inter-locus recombination, we excluded all
windows with recombination signals (P < 0.05) as inferred from the
pairwise homoplasy index Phi (®dw) estimated in PhiPack 1.1 (77) and
enforced a minimum distance of 10 kbp between consecutive loci,
as at this distance no linkage disequilibrium occurs in flycatchers (78)
(N=29,792). Based on this data, we estimated the species tree with
multiple individuals forced together in the species tree (-a option;
Fig. 1E), or keeping all individuals as leaves (without the -a option;
fig. S3) using the multispecies coalescent in ASTRAL-III (79) based on
maximum likelihood gene trees estimated in IQ-TREE 2.1.2 (80) using
a GTR+I+G substitution model and one thousand ultrafast bootstrap
approximations. We estimated the MSMC using MSMC2 (8I) using
data of five individuals of each of the five taxa. Where possible, we
included individuals with linked-read data available to ensure the best
phase information. To make use of the phase information, we first
generated sample-specific VCF and mask files using the bamCaller.py
from msmc-tools, and into the resulting VCF files injected phase in-
formation from our phased VCF file. SNPs without phase information
were excluded. MSMC2 was run to evaluate coalescence between hap-
lotypes within individuals for each population (-I) with default time
intervals (-p1x 2+ 25 X1+ 1X 2+ 1x 3) and a ratio of recombination
over mutation rate (-r) of 5.65 based on the flycatcher mutation rate of
4.6 - 10~° per bp per generation (76) and a mean autosomal recombina-
tion rate of 2.6 - 10~° (as estimated for melanoleuca, see above). To con-
vert generations into years, we assumed a generation time of two years.

To infer the relative timing of lineage splits based on coalescence
times, we leveraged the power of phased data and ARGs. ARGs were
inferred from phased data using tsinfer v. 0.3.1 (87) for the reference
individuals. We ran tsinfer with a mismatch ratio of 0.1 and provided
a uniform recombination rate for each chromosome, using the mean
recombination rate estimate for melanoleuca (table S15) with pyrho
(see above). In this way, we accounted for broadscale interchromo-
somal variation in recombination rate, where the average recom-
bination rate increases with decreasing chromosome size. We then
estimated the age of ancestral nodes in the inferred trees with tsdate
v. 0.1.7 (38), using the variational gamma method of dating. For each
chromosome we provided a mutation rate of 4.6 - 10~ per bp per
generation (76), while a chromosome-specific N, was estimated from
chromosome-level genetic diversity. We then extracted the TMRCA for
each pair of haplotypes across the full set of trees based on the ages es-
timated by tsdate. To obtain genome-wide estimates of divergence
times, we calculated the logarithmic mean TMRCA, weighted by tree
span, for haplotype pairs of each interspecies comparison. Mean
TMRCAs were estimated for all trees genome-wide, restricted to trees
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overlapping with genic regions, and for all trees on chromosome 20. We
then obtained 95% confidence intervals around the mean values of
TMRCA by performing 100 bootstrap replicates, in which we resampled
haplotype pairs with replacement and re-estimated the mean TMRCA.

To reconstruct the Aispanica complex’s introgression history, we
investigated genome-wide D statistics and f4-ratios using Dsuite (82).
For these analyses we specified O. deserti as outgroup (22).

Phenotype scoring

To obtain phenotype scores of throat, mantle (here referring to mantle
plus back) and neck coloration for GWAS, we categorized plumage
traits based off pictures of field-caught or museum specimens. We
scored throat coloration as discrete black or white. For mantle and
neck side coloration, intermediate phenotypes are frequent. Hence, we
divided these plumage traits into four ordinal categories: white (1), white
with some black feathers (2), black with some white feathers (3), and
black (4. To visualize the transition of mantle and neck side coloration
across geography and admixture proportions, we estimated a pheno-
typic hybrid index based on the average between individuals’ mantle and
neck side scores (Fig. 1H, fig. S7).

GWASs

To identify genetic variants associated with polymorphic throat, and
divergent mantle and neck side coloration, we conducted GWAS for
each of the three plumage color traits. To avoid eliminating relevant
SNPs, we preferred a strategy of initially restricting filtering to a mini-
mum but checking for adequate data quality of significant sites recov-
ered by GWAS post hoc. To this end, we determined filtering thresholds
based on parameter distributions of Fisher Strand (FS), Strand Odds
Ratio (SOR), RMS Mapping Quality (MQ), Mapping Quality Rank Sum
Test (MQRankSum), Quality by Depth (QD), Read Position Rank Sum Test
(ReadPosRankSum), and combined depth across samples (INFO/DP)
and filtered for FS>40.0, SOR>3, MQ<4, MQRankSum>5, QD<2.0,
ReadPosRankSum=4, and INFO/DP>13000 using bcftools v1.10 (72).
We further removed (i) individuals with missing phenotypic informa-
tion, (ii) females (because they hardly express the phenotype and
therefore scoring is difficult or impossible), (iii) individuals with a
sequencing coverage below 8x, and (iv) individuals that were outliers
in the PCA (ones that formed a principal component by themselves).
The final GWAS data set comprised 336 (58 white and 278 black) in-
dividuals for throat coloration and 230 individuals for mantle and
neck side coloration. Because mantle and neck coloration are fixed in
the parental species and only recombine in hybrids, we only included
(hybrid) populations that comprise phenotypically admixed individu-
als in the respective GWAS (Fig. 1H and fig. S7). We conducted GWAS
using linear mixed models to account for relatedness as implemented
in GEMMA v0.98.5 (30). We ran all models with default settings, re-
moving (i) non-polymorphic SNPs, (ii) SNPs with a missingness above
5%, (iii) SNPs with a minor allele frequency below 1%, and (iii) SNPs with
an r” above 0.9999, which left 40,180,174 SNPs (of originally 162,197,710)
SNPs. Throat color variation was almost entirely explained by two
SNPs in consecutive codons in ASIP exon 2. Genotypes between the
two SNPs were perfectly correlated except for genotypes of the second
SNP that showed a third, non-functional indel variant whose pseudo-
genizing effect fit the associated phenotypes (n=8).

We followed up all GWAS on the global datasets described above by
running GWAS split by species and hybrid zone, respectively. For
throat coloration, we conducted GWAS using linear mixed models
accounting for ancestry in melanoleuca (n=46, Nyhite=21, Npjack=25)
and the Iranian hybrids (n=87, nyhite=17, Np1ack=70). We refrained from
modeling GWAS for hispanica and pleschanka given the limited sam-
pling sizes in hispanica (n=11, Nyhite=5, Nplack=6) and of the white-
throated vittata phenotype in pleschanka (n=2). With these very
limited sample sizes, GWAS in GEMMA that model traits as additive
did not have the power to identify SNPs associated with the dominant
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throat color architecture. We therefore reran GWAS under a dominant
genetic architecture in angsd 0.940 (83). For mantle and neck-side
coloration, we performed GWAS on four sets of admixed individuals:
Iran (n=87), Black Sea (n=65), Black Sea and Caspian (n=93), and
Caucasus (n=50).

Identification, genotyping, and phasing of structural variants

Because ASIP usually affects color phenotypes through regulatory
changes that can involve structural variants (SVs) (17), we updated the
repeat annotation of chromosome 20 with a manually curated version
(84) of the O. melanoleuca library (63) (data S3) and investigated the
ASIP region for SVs associated with throat coloration. To identify SVs
on chromosome 20, we ran Smoove 0.2.8 (https://github.com/brentp/
smoove ) using all the short-read libraries available. The genotypes
of 291 individuals were directly inferred by Smoove (the remaining
44 individuals could not be genotyped due to insufficient sequencing
coverage ). SVs were then manually curated using Samplot 1.3.0 (85) and
Plotcritic 1.01 (86) to remove false positives. We overlapped the SV annota-
tion with the repeat annotation performed with RepeatMasker/4.1.0
using the new version of the O. melanoleuca library. An SV linked to
the throat SNP ("throat LTR’) was found to be a full-length endoge-
nous retrovirus (LTR retrotransposon) with a target site duplication
of 5 bp (ERVL oenMel1-22) (fig. S10). To investigate the presence of
the throat LTR in the white-throated vittata phenotype of pleschanka
based on a genome assembly, we investigated the insertion site in a
published draft genome assembly of this phenotype [(60); ENA biosample
SAMEA6823426]. To phase the throat LTR and throat SNP, that is, to
infer whether in heterozygous individuals the LTR insertion locates
on the same haplotype as the white throat SNP variant, we inter-
rogated linked-read barcodes in 38 heterozygous individuals with
linked reads available in the ASIP region. To this end, we first se-
lected all reads supporting the two throat SNP variants and then
collected the reads that shared those barcodes separately for the two
variants. We then mapped the reads supporting the black and white
variants separately to the genomic region comprising the ASIP gene
and the throat LTR and in both instances counted the reads mapping
to the LTR.

Statistical modeling of genetic architecture

We aimed to understand how variants inferred by GWAS interact to
form the associated phenotypes. To this end, we modeled mantle and
neck side variation with an additive effect by, for each individual
counting the number of white alleles (alleles associated with predomi-
nantly white phenotypes) across mantle loci. To model the phenotypic
effect of white as dominant, we counted the number of mantle loci
with at least one white allele for each individual, assuming that the
phenotypic effect of one single white allele is the same as for two white
alleles for this site. To model black as dominant, we did the same
analysis, but counting the number of sites with at least one black allele
for each individual. We then used these genetic effects to predict
mantle or neck side phenotypes using Bayesian linear regression mod-
els as implemented in the brms package version 2.20.4 (87) in R ver-
sion 4.3.3. We fitted Bayesian linear regression models with the family
categorical, using four chains each running 4,000 iterations with a
warm-up of 2,000 iterations. We then used the loo_compare () function
implemented in loo package to identify the best performing model
using leave-one-out (LOO) cross-validation. The cross validation imple-
mented in the loo_compare () function performs pairwise comparisons
of each model to the model with the highest estimated log predictive
density (ELDP) and generates the difference in ELDP and the associ-
ated standard error (88).

As evidenced in Fig. 2C the throat LTR and SNP genotypes explained
all color variation observed in hispanica and melanoleuca. We conse-
quently refrained from further statistical modeling (Bayesian models
require variation).
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Gene expression analysis

To confirm the regulatory nature of GWAS hits and corroborate the
genetic architecture of throat and mantle plumage coloration, we in-
vestigated ASIP expression and transcript diversity in wheatears of
alternative phenotypes. As representatives of alternative plumage col-
oration, we targeted white-mantled but alternatively white- or black-
throated melanoleuca and black-mantled and black-throated cypriaca.
Two white-throated melanoleuca individuals were caught in Greece,
two black-throated melanoleuca individuals were caught each one in
Greece and in Cyprus, and three cypriaca individuals were caught in
Cyprus. Birds were caught between August 22" and September 18“‘,
2024, during (cypriaca) or after (melanoleuca) post juvenile or post-
breeding moult when the birds are or have been in a physiological state
conducive of feather regrowth and first year birds already moulted
feathers to adult-type coloration. Immediately after capture, the birds
were transported to bird care facilities at Pafos Zoo (Paphos, Cyprus)
or Attica Zoological Park (Athens, Greece).

To characterize ASIP transcript variation and expression during
feather growth—that is, when pigments are deposited in the feathers—
we induced the regrowth of feathers. To this end, we pulled feathers
from the two feather tracts of interest, throat and mantle, as well as from
the shoulder and the belly, where both species express black (shoulder)
and white colored plumage (belly). Shoulder and belly feathers served
as a control to differentiate whether gene expression indeed differed
between feathers of different coloration and not between species.
Feather regrowth proceeded heterogeneously between species, indi-
viduals, and feather tracts in regard to both the onset of regrowth and
whether or not feathers regrew. Given that throat and especially man-
tle feathers do not exhibit uniform color when fresh but particularly
in melanoleuca show banded color patterns (fig. S25), we pulled feath-
ers at sizes during which we expected them to express the respective
white or black color for each feather tract (based on the patterns of
the initially pulled feathers; fig. S25). Pulled feathers were immediately
stored in liquid nitrogen until further storage and transportation and
final storage at -80°C.

Next, to investigate associations of gene expression in regrown
feathers with black and white coloration in the different feather tracts,
we performed single-molecule real-time isoform sequencing (Iso-Seq)
of total RNA on Pacific Biosciences’ Revio long-read sequencing plat-
form. To this end, from the available regrown feathers (table S16) we
made selections of each 3-9 regrowing feathers to go into ten RNA
pools representing alternative colorations and feather tracts (table
S17). For melanoleuca mantle feathers, we generated three pools with
feathers of different sizes and visible coloration (table S17) to ensure
that we capture the stage at which white is expressed (fig. S25). From
these feather pools we extracted total RNA using the RNeasy Universal
kit (Qiagen) following the manufacturer’s instructions. The tissues for
RNA extraction consisted of the feather tips embedded in the skin that
include the follicular sheet, the epidermal collar, part of the dermal
papilla, and the pulp of the feather. RNA extracts were cleaned up
with the RNeasy mini kit (Qiagen). RNA quantities and qualities were
controlled on a Qubit fluorometer (Thermo Fisher Scientific) or an
RNA ScreenTape on a TapeStation (Agilent). To prepare the RNAs for
sequencing they were transcribed to cDNA and barcoded individually
using the Iso-Seq express 2.0 kit (Pacific Biosciences). To maximize
sequencing yield, we constructed three sequencing libraries using the
KINNEX kit (Pacific Biosciences), with pools grouped into KINNEX
libraries as described in table S17. The three resulting libraries were
then sequenced each separately on one SMRT cell 25M (according to
table S17) at the NGS platform of the University of Berne, Switzerland.

‘We processed the Iso-Seq data using Pacific Biosciences’ SMRTLink
platform. Consensus reads were generated from subreads and then
demultiplexed. Demultiplexing included removal of barcodes and cDNA
primer fragments. During the refine step, polyA tails were trimmed
and concatemers removed to produce full-length non-concatemer
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reads (FLNC). FLNC reads were clustered per sequencing library to
produce FASTA files containing assembled transcripts for each sample.
Tools used: ccs, 8.2.0; pbtrim, 1.1.0; jasmine, 2.3.0; lima, 2.11.0; skera-
split, 1.3.0; lima.1, 2.12.0; refine, 4.2.0; pbmerge, 3.4.0; cluster2, 4.2.0.
We then generated gene models and transcript quantification using
the OenMell reference genome and annotation (63) in IsoQuant ver-
sion 3.6.3 (89) the currently most efficient tool for isoform detection
(90). We used the previously assembled transcripts as input data with
options-data_type assembly-fl_data -count_exons. IsoQuant reported
an updated gene model containing an additional exon upstream of
ASIP that matches existing gene models for ASIP (e.g., chicken in the
ENSEMBL gene browser). To improve transcript classification, we re-
ran IsoQuant with the updated ASIP gene annotation for each sample.
We performed downstream data analysis of IsoQuant results in R.

Evolutionary history of color phenotypes

To reconstruct the evolutionary history of throat and mantle coloration,
we first reconstructed the underlying variation’s ancestral states. To
this end we applied the maximum-likelihood approach implemented in
est-sfs (91) with O. deserti, O. monacha, and O. oenanthe (22) as out-
groups and the rate 6 model to estimate the ancestral states in the
common ancestor of the Aispanica complex and O. deserti. To infer
the longer-term conservation of the two throat SNPs, we furthermore
queried the NCBI ortholog database for ASIP, downloaded one amino
acid sequence per bird species other than wheatear (N=107) and
aligned these along with the two wheatear sequences using NCBI’s
COBALT multiple alignment tool.

To infer whether similar throat and mantle plumage phenotypes in
the hispanica complex are based on common variation recruited from
ancestral variation, by introgression, or evolved independently from
novel variation, we ran topology weighting in TWISST (92) under the
premise that topologies grouping lineages according to coloration
reflect a common genetic basis. TWISST was run reducing the phased
dataset to the reference individuals and removing either O. pleschanka
or the Pontic lineage to only explore three (unrooted) topologies at a time:
the species tree [(O. hispanica, O. pleschanka/Pontic), O. melanoleuca,
O. cypriaca)], a coloration tree [(O. hispanica, O. melanoleuca),
O. pleschanka/Pontic, O. cypriaca)] grouping white and black lin-
eages, and a topology reflecting known introgression (26, 27) between
0. melanoleuca and O. pleschanka/Pontic [(O. hispanica, O. cypriaca),
(0. melanoleuca, O. pleschanka/Pontic)]. We generated maximum like-
lihood trees for TWISST using the phyml_sliding_window.py script
(92) with the GTR model using 50 SNPs windows in PhyML (93). We
were interested to understand the extent by which melanoleuca- and
hybrid-type Pontic (n=11) and Caspian (n=3) individuals were more
introgressed by O. melanoleuca than parent-type phenotypes in these
populations. To this end, we counted the frequency of topologies con-
gruent with color introgression, that is, ones in which O. melanoleuca
is grouped with the according melanoleuca-type/hybrid-type, or with
parent-type Pontic or Caspian individuals. We obtained these counts
genome-wide, for chromosome 20, and for the 50 kbp ASIP region to
understand whether introgression occurred genome-wide or con-
centrated on chromosome 20 or the ASIP region. To obtain further
evidence for or against introgression, we investigated patterns of exces-
sive allele sharing across the ASIP region based on fiy, testing for (i) “white”
introgression between O. hispanica and O. melanoleuca, variably including
one of the three black-mantled lineages. As a control comparison and
to exclude that introgression occurred between the black-mantled lin-
eages, we estimated fay between O. cypriaca, O. pleschanka and Pontic.
We computed the f;, statistic in a sliding window containing 50 SNPs
with a step of 5 SNPs using Dsuite (82) Dinvestigate and O. deserti
as outgroup.

To infer the age of the color phenotypes and history of ASIP intro-
gression we compared TMRCAs (logarithmic mean weighted by tree span)
for different combinations of species and ASIP haplotypes (tables S3
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and S9), with TMRCAs estimated from the ARG using tsinfer and tsdate
as outlined above. The time scales at which ASIP haplotypes coalesce
relative to interspecific variation provides information on whether
color phenotypes are ancestral (interspecific variation coalesces before
ASIP haplotypes) or introgressed (interspecific variation coalesces af-
ter ASIP haplotypes). We used TMRCAs between species to time the
history of species splits within which to place the evolution of ASIP
haplotypes, (Fig. 4C and table S3). To estimate the age of black and white
throat haplotypes, we identified black-throated and white-throated
haplotypes based on which allele was present at the first coding SNP
within the ASIP gene that is associated with throat coloration (chromo-
some 20, position 12,972,212). To estimate the time at which the black
and white throat haplotypes split, we estimated the TMRCA within
and between all black- and white-throated haplotypes, with haplotypes
combined across species. To determine the ancestral haplotype and
the origin of the derived haplotype, we further compared TMRCAs
within and between black- and white-throated haplotypes for both
melanoleuca and hispanica, identifying the ancestral haplotype as the
one coalescing further back in time. Finally, to estimate the timing of
introgression, we estimated the TMRCA between white melanoleuca
and white hispanica alleles. The analyses targeting the variation under-
pinning throat coloration were performed both on the ASIP gene body
and on the gene body plus the region upstream to the throat LTR.
Analyses to determine the evolutionary history of mantle coloration
followed the same logic, grouping haplotypes according to species’
mantle coloration, and estimating TMRCAs from the ASIP region up-
stream the LTR and for the entire 50 kbp comprising the ASIP region.
All analyses made use of the reference individuals but excluded five indi-
viduals from the reference set for the throat phenotype-based analysis
due to poor genotype quality at the diagnostic SNP or throat LTR.

To obtain first insights into the role of selection in fixing ASIP varia-
tion associated with alternative coloration, we compared each taxon’s
unfolded (ancestry-polarized) site frequency spectrum (SFS) of mantle
loci against the taxon’s SFS with alleles polarized according to
the coloration they underpin (Fig. 6A). These comparisons visualize
whether the frequencies of alleles underpinning the expressed mantle
colors are skewed toward higher frequencies compared to skews in
the frequencies in ancestry classes. Under the premise that the color-
ation each allele underpins rather than its ancestry is exposed to selec-
tion, this comparison provides insights into the role of selection in the
evolution of species’ coloration. Finally, we inferred footprints of posi-
tive selection in the ASIP region based on haplotype structure and
variation in the TMRCA across the ASIP region. To this end, we in-
ferred XP-nSL (94) in selscan v2.0.2 (95) and estimated within-taxon
TMRCAs as stated above.

Comparative phylogenomics

To infer whether the same SNP variants are responsible for throat and
mantle color variation across wheatears and relatives, from 50 taxa
and phenotypes we extracted genotypes from mapped reads published
in Alaei KakhkKi et al. (22). Based on the same data, we genotyped the
throat LTR in each species using Paragraph (96) to infer whether the
same LTR underpins non-melanic throat coloration in species outside
the hispanica complex.

Stable isotope analysis

To investigate whether the throat color polymorphism could be associ-
ated with differences in dietary composition or environmental vari-
ables between phenotypes, we investigated stable isotope signatures in
the blood of 161 wheatears. To this end, whole blood preserved in >95%
ethanol was used to conduct multi-element stable isotope analysis for the
quantification of §*°C, §°°N, and %S values. Dried and powdered sam-
ples of approximately 0.3-0.4 mg were weighed to the nearest 0.001 mg
in small tin cups on a micro-analytical balance. Samples were then
combusted in a vario micro cube elemental analyzer (Elementar
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Analysensysteme GmbH, Germany). Subsequently, the evolved CO,,
N, and SO, gases underwent gas chromatographic separation and
were introduced into the inlet of an Isoprime isotope ratio mass spec-
trometer (IRMS) for determination of 13C/12C, 15N/14N ratios and
345/32S. Measurements are reported in 8-notation (5'°C, 8'°N, and
§°*S), where

R
8 sample = [(RS‘““—DI"‘> - 1] x 1000

standard

relative to standards [Pee Dee Belemnite (PDB) for carbon, atmo-
spheric N, for nitrogen, and IAEA-S1 and TAEA-S3 for sulfur] in parts
per thousand deviations. Thirty-two sulfanilamide (Iso-prime internal)
standards were placed between five unknowns in sequence. These
Internal laboratory standards indicated measurement errors (SD) of
+ 0.08%o for 8'3C, 0.12%o for 8'°N and 0.23%o for §°*S. To infer whether
throat plumage phenotypes differed in blood isotope composition, we
ran linear models with log-transformed §'°C as response variables,
throat coloration as explanatory variable, and coordinates (latitude,
longitude), birds’ age, day in the year, and year as covariables. Inter-

actions between latitude and longitude, and day in the year and year
were included in the models. We performed these analyses on the
complete data set (n=161) as well as separately for melanoleuca indi-
viduals (n=92), Greek melanoleuca individuals (n=57), and Iranian
individuals (n=69) to account for potential large-scale geographic
isotope variation not captured by coordinates. To account for potential
biases connected with the smaller sample size of white-throated indi-
viduals, we performed a resampling procedure. To this end, we re-
peated the aforementioned analyses by resampling (10° times) as many
black-throated individuals as white-throated individuals were avail-
able for the respective data partition. To understand whether the mean
and variance of 8°N values observed for the white individuals differ
from the ones of the same sample sizes of black-throated individuals,
we plotted the mean and variance of the 8'°N values observed for
white-throated individuals against the distributions of the according
resampled values for black-throated individuals (fig. S16, left and
middle). To confirm that these results also hold after accounting for
covariates, for each of the 10° samples we furthermore recorded the
effect size of throat coloration from a linear model including the same
covariates as the linear model run on the full data. Based on this, we
tested whether the distributions of effect sizes of throat coloration
adjusted for sample size and covariates differ from zero (fig. S16, right).
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