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SUMMARY

When related taxa hybridize extensively, their genomes may become increasingly homogenized
over time. This mixing via hybridization creates conservation challenges when it reduces genetic or
phenotypic diversity and when it endangers previously distinct species via genetic swamping [1].
However, hybridization also facilitates admixture
mapping of traits that distinguish each species and
the associated genes that maintain distinctiveness
despite ongoing gene flow [2]. We address these
dual aspects of hybridization in the golden-winged/
blue-winged warbler complex, two phenotypically
divergent warblers that are indistinguishable using
traditional molecular markers and that draw substantial conservation attention [3–5]. Whole-genome
comparisons show that differentiation is extremely
low: only six small genomic regions exhibit strong
differences. Four of these divergence peaks occur
in proximity to genes known to be involved in feather
development or pigmentation: agouti signaling protein (ASIP), follistatin (FST), ecodysplasin (EDA),
wingless-related integration site (Wnt), and betacarotene oxygenase 2 (BCO2). Throat coloration—
the most striking plumage difference between these
warblers—is perfectly associated with the promoter
region of agouti, and genotypes at this locus obey
simple Mendelian recessive inheritance of the
black-throated phenotype characteristic of goldenwinged warblers. The more general pattern of
genomic similarity between these warblers likely results from a protracted period of hybridization, contradicting the broadly accepted hypothesis that
admixture results from solely anthropogenic habitat
change in the past two centuries [4]. Considered in
concert, these results are relevant to both the genetic

architecture of avian feather pigmentation and the
evolutionary history and conservation challenges
associated with these declining songbirds.
RESULTS AND DISCUSSION
The parulid warblers of North America are a well-known avian radiation in which species are distinguished by dramatic differences in plumage [6]. Unlike classic adaptive radiations, in which
species show strong ecological differentiation driven by natural
selection, the most conspicuous phenotypic differences across
this family of warblers are presumably the result of divergent sexual selection on plumage characters [7]. In most species radiations (e.g., crater lake Cichlids, New Guinean birds of paradise),
it remains challenging to link genes to phenotypes and thereby
understand how selection shapes key traits at the molecular
level. The genomic mixing that occurs from natural hybridization
provides a powerful opportunity to identify the traits and associated genes that may function as reproductive barriers in such
explosive radiations. Here we study two phenotypically distinct
wood warblers that are known to be very similar throughout
much of their nuclear genome, likely due to gene flow [3]. We
leverage this genomic similarity to associate their pronounced
plumage differences with candidate genes that likely underlie
their coloration.
We compared whole-genome variation in golden-winged (Vermivora chrysoptera) and blue-winged (V. cyanoptera; Figure 1)
warblers, which hybridize across a broad zone of eastern North
America. These warblers have perplexed biologists since at least
1835, when pioneering ornithologist John James Audubon wrote
about the paradox of their distinct plumages yet similar distributions, songs, and ecology [8]. Even though Audubon was unaware that hybridization occurred between them, he surmised
that they might simply be strikingly different plumage variants
of the same species [8]. Nearly a century later, hybridization
was documented when a third species, then named ‘‘Brewster’s
Warbler,’’ was found to be a common hybrid of blue-winged
and golden-winged warblers (Figure 1B). Numerous studies
have documented extensive hybridization [3] with little or no
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Figure 1. Geographic Variation across the
Golden-Winged and Blue-Winged Warbler
Complex
(A) The range of golden-winged (yellow) and bluewinged (blue) warblers. Areas of overlap (light blue)
have both of the parental phenotypes, as well as
birds of hybrid ancestry.
(B) Illustrations of the parental and several hybrid
phenotypes (illustrations by Liz Clayton Fuller).
See also Figure S1.

detectable fitness reduction in hybrid individuals, which appear
fully fertile [5]. Both taxa are declining, golden-winged warblers
precipitously so, and are the focus of conservation efforts [4].
This decline is due in part to forest regeneration, which has
reduced the availability of the early-successional habitats that
both taxa rely on during breeding [4]. Golden-winged warblers
are also thought to be threatened by displacement and hybridization due to expanding ranges of blue-winged warblers [5]: in
many locations, golden-winged warblers have been replaced
by hybrids and subsequently by blue-winged warblers [9].
Extreme Interspecific Genomic Similarity
Golden-winged and blue-winged warblers exhibit an unusual
combination of substantial divergence in their mitochondrial
genome (mtDNA) but very low divergence between their nuclear
genomes [3, 13]. The two mtDNA lineages possessed by the
warblers differ by approximately 3%, suggesting that they
were separated for a substantial period at some time in the
past [10]. The contemporary distribution of mtDNA lineages
broadly corresponds to allopatric populations (Figure 1A); however, extensive mtDNA mixing occurs in locations where both
forms interbreed [11, 12]. Divergence in the nuclear genome is
much lower: assays of allozymes [12], microsatellites [3], introns
[3], AFLPs [3], and reduced-representation genome sequencing
(ddRAD, this study; Figure S1) have failed to identify fixed
markers between the taxa.
Using whole-genome re-sequencing, we characterized the
chromosomal regions at which these species differ, identified
the genes that likely underlie their distinct plumage traits, and
modeled the demographic history of introgression that has
resulted in their combination of phenotypic differentiation and
low genomic divergence. We first assembled the genome of a
related warbler species (the yellow-rumped warbler, Setophaga
coronata) as a high-quality reference. We then re-sequenced
the genomes of ten male golden-winged and ten male bluewinged warblers to an average individual coverage of 4–5X.
We found 11.4 million single nucleotide polymorphisms (SNPs)
among these 20 birds. Measures of differentiation across their
genomes were extremely low (weighted-mean FST = 0.0045)

compared to all other hybridizing avian
species pairs for which similar data are
available, such as Galápagos finches
[14], Ficedula flycatchers [15], hooded
and carrion crows [2], and subspecies of
Swainson’s thrush [16]. The level of nuclear differentiation is also much lower
than would be expected based on distance estimates from non-recombining mtDNA, which would
suggest approximately over one million years of independent
evolution (Figure S2).
Genome-wide comparisons identified a number of strongly
differentiated loci, the majority of which clustered within six
very small regions of the genome (Figure 2A). For example, of
the 362 SNPs with FST > 0.9, all but three were found in these
small clusters, each with multiple divergent markers per scaffold.
Most of the highly divergent loci (331 SNPs with FST > 0.9) occur
on two scaffolds that map to the avian sex chromosome; these
Z-linked regions also house the majority of fixed SNPs across
the genome (61 of 74 SNPs with FST = 1). Within the six scaffolds
with FST peaks, regions of high divergence were very small (median peak size = 30 kb), with the largest peak occurring on
one of the two Z-linked scaffolds (180 kb). Together, these
divergent sites represent <0.03% of the polymorphic regions of
the genome. We also found that the divergent regions had, on
average, higher levels of absolute divergence (e.g., dxy; Figure S3). The disproportionate extent and number of divergence
peaks associated with the Z chromosome are likely due to its
reduced Ne and recombination rate but also may be due to reproductive barrier gene accumulation on the Z chromosome [17].
Admixture Reveals Genes for Feather Pigmentation and
Development
To further test for associations between divergent genomic regions and the phenotypic traits that distinguish these warblers,
we assayed SNPs in the six divergence peaks in a set of individuals sampled from across the ranges of both taxa (n = 346).
These additional individuals came from both areas with active
hybridization and allopatric regions and represented the full
spectrum of phenotypes. In this assay, all six loci exhibited
strong frequency differences between the phenotypes (Figure 2B; Table S1). We found a strong correlation between the additive score of the genotypes at these loci and a plumage score
across a gradient of phenotypes (Figure 3; n = 132, R2 = 0.94,
df = 130, p = 2.2e16), consistent with these genomic regions
housing the causal genes that contribute to the phenotypic differences between these warblers (Table S2).
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Figure 2. Genomic Patterns of Divergence between Golden-Winged and Blue-Winged Warblers
(A) Overlapping sliding windows of FST. Divergent scaffolds are identified by their position in the zebra finch (ZF) genome and the associated candidate genes.
(B) Genotype frequencies for SNPs in each divergent region. The size of the circle corresponds to the sample size from 2015 sampling; rows are distinguished by
phenotype (i.e., ‘‘blue-winged,’’ ‘‘golden-winged,’’ or ‘‘Brewster’s’’).
(legend continued on next page)
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Figure 3. Correlation between Genotype and Phenotype
Sum of plumage score for individuals with complete genetic and plumage
information (n = 132). The genetic score is the sum of the genotypes across the
six divergent regions using an RFLP assay.

The very small size of the peaks allowed us to identify particular genes that are likely responsible for some of the observed
plumage variation (Figure S4; Table S2), including winglessrelated integration site (Wnt; Figures 2E and 2F), ectodysplasin
(EDA; Figures 2E and 2F), agouti signaling protein (ASIP; Figures
2G and 2H), beta-carotene oxygenase 2 (BCO2; Figure 2I), and
follistatin (FST; Figures 2C and 2D). In each case, the divergent
regions fall in the 50 region that is directly upstream of the associated coding region. Wnt is expressed in developing feather
tracts and buds in chicken embryos and is linked to defining
feather bud polarity [18]. EDA is expressed in developing feather
placodes in chicken embryos and involved in the feather
patterning pathways [19]. ASIP interacts with MC1R in follicular
melanocytes and has well-characterized function in pheomelanin (e.g., yellow/red pigment) synthesis and as an inhibitor of
eumelanin (e.g., black/brown pigment) [20]. Several ASIP promoters have been characterized in chickens and are involved
in feather dichromatism [21]; the chicken ASIP promoters align
to positions very near the divergence peaks between the warblers (Figure 2H). BCO2 is involved in the breakdown of carotenoids (red/yellow/orange pigments) to form precursors of vitamin
A and other metabolites [22]; it is involved in yellow skin pigmentation in chickens but has not been directly implicated in differences in feather coloration [23]. Finally, FST is expressed during
feather bud development in chickens [24]. FST has also been
indirectly linked to possible plumage differences between Ficedula flycatchers [25]. Therefore, all five of these genes have
strong evidence-based links to the specific aspects of plumage

color and patterning that differ between these warblers. Finally,
while warbler scaffold 653 holds only one uncharacterized
gene (Figure S4G), it is within a protein family associated with
feather kertains (Table S2). This region of chromosome 25
is also associated with the epidermal differentiation complex
(EDC), a group of genes involved in integumentary development
and very recently linked to possible ketocarotenoid metabolism
in canaries [26]. This region and suite of genes is not yet
well characterized [26]; additional functional annotation will
be required before there can be any association with feather
pigmentation or patterning in this or other systems.
Correlations of variation at particular feather tracts and specific genetic variants imply even stronger associations between
genotype and phenotype. For example, the black throat of
golden-winged warblers, absent in blue-winged warblers and
F1 hybrids, was predicted to be a Mendelian recessive trait as
long ago as 1908 [27]. This prediction is now validated by the
perfect correlation between the ASIP region and throat coloration across every bird in our sample: all ASIP-heterozygous individuals have a yellow or white throat, whereas a black throat is
found only in birds homozygous for the golden-winged variant
(Figure 2B and Table S1). The recessive behavior of ASIP conferring a melanistic phenotype is consistent across other studies in
other vertebrates [20]. The blue-winged variant of the BCO2 region similarly has a high correlation with the extent of yellow in
several feather tracts, consistent with its involvement in yellow
carotenoid metabolism [22]. Moreover, the only individual in
our sample that has the very rare ‘‘Lawrence’s warbler’’ phenotype (i.e., a yellow body and upper parts, but with a distinct black
throat and mask; Figure 1B) is also the only individual in our sample that is homozygous for both the blue-winged BCO2 genotype
and the golden-winged ASIP genotype. Parkes [28] suggested
that the allele for white underparts is incompletely dominant
over the allele for yellow and that heterozygotes could be both
white and yellow. This is in general agreement with our data:
birds heterozygous for the BCO2 genotype exhibit a range of yellow feathers, particularly in the breast. More-specific genotypephenotype connections, as well as more detail on the sequence
variation and expression of these genes, will be important to
identify causal mutations; however, these associations strongly
implicate linked regulatory SNPs upstream of each gene.
Conservation in the Genomics Era
The genomic patterns we have characterized allow us to frame
the historical context in which admixture has occurred. Hybridization with blue-winged warblers is considered one of the primary conservation threats to golden-winged warblers [4]. It has
been widely posited that hybridization between these warblers
has been caused by recent human-mediated habitat modification via the creation (and subsequent abandonment) of farmlands, which created new successional breeding habitats that
brought the two species into wide sympatry [5, 9]. We tested
whether this scenario is consistent with the genomic data or

(C–I) Patterns of FST across the warbler scaffolds that align to the ZF chromosomes: Z (C and D), 4A (E and F), 20 (G and H), and 24 (I). Gray points show per-locus
FST estimates. Vertical lines indicate exons in coding regions; open vertical lines in (H) show the alignment of the chicken ASIP promoters (see Supplemental
Experimental Procedures). Filled triangles show the locations of RFLP SNPs genotyped. Red lines identify the location and orientation of candidate genes
involved in either feather development or pigmentation.
See also Figures S2–S4 and Tables S1, S2, and S4.
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Figure 4. Demographic
Genomic Data

Modeling

of

Using vavi, we tested several demographic
models in order to estimate the timing of hybridization onset between golden-winged and bluewinged warblers.
(A) Model A specifies an ancestral population that,
at time Ts, split into two subpopulations with gene
flow (m) at a constant rate. Model B allows for the
possibility of asymmetric migration rates (mBG and
mGB). Model C allows for no gene flow until time
Tm, with constant asymmetric migration rates between the two subpopulations afterward.
(B) Comparison of folded joint frequency spectrum
from the observed data and the output from the
best-fitting model (model A).
See also Table S3.

whether hybridization is an older and possibly ongoing feature of
these warblers’ evolutionary histories. The best model included
an old and continuous movement of genes, as opposed to only
recent gene flow (Figure 4; Table S3). This result is consistent
with humans facilitating some recent admixture via 19th-century
habitat change but also shows that hybridization has likely
occurred over many millennia.
These genomic inferences have multifaceted implications for
the conservation of these taxa. The golden-winged warbler is
currently listed as ‘‘threatened’’ under the Canadian Species at
Risk Act and is being considered for listing under the USA Endangered Species Act. On one hand, the low and restricted
genomic divergence between these taxa—likely resulting from
extensive hybridization—makes their classification as distinct
species less certain; on the other hand, these distinct phenotypes appear to have persisted despite this extreme genomic
similarity and despite a protracted period of hybridization. Both
regulatory frameworks support the conservation of evolutionary
significant variation within species, and we recommend focusing
on managing the genetic and phenotypic diversity within the
warbler complex as a whole. Range-wide monitoring at these
divergent and functional loci will be a powerful tool for quantifying the extent, pace, and direction of hybridization in this dynamic hybrid zone mosaic.
General Conclusions
We have identified five candidate genes that are strongly correlated with plumage color and patterning in these distinct warblers.
Identifying the genetic bases of coloration in vertebrates is important, particularly finding the genes involved in carotenoid meta-

bolism and deposition, because they
have eluded general characterization [22,
26, 29]. In the warblers, the finding that
so few genes are likely responsible for
such dramatic differences in coloration
across multiple feather tracts is both unexpected and exciting. From a comparative
evolutionary perspective, these findings
will facilitate the study of molecular parallelism and convergence within the warbler
family [6], as well as across other explosive
avian radiations, such as the Sporophilia seedeaters [30], which
both show similarly strong divergence in coloration across analogous feather tracts. In these particular hybridizing taxa, the mechanisms by which the divergent genomic regions and phenotypic
differences are maintained with high levels of gene are still unknown. Nevertheless, these data have implications for our understanding of the hybridization dynamics in this system and pose a
new challenge for how best to interpret and manage phenotypic
distinctiveness in the face of striking genomic similarity.
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Martinez-Barrio, A., Promerová, M., Rubin, C.J., Wang, C., Zamani, N.,
et al. (2015). Evolution of Darwin’s finches and their beaks revealed by
genome sequencing. Nature 518, 371–375.
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