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Extravagant ornaments are thought to signal male quality to
females choosing mates, but the evidence linking ornament size to
male quality is controversial, particularly in cases in which females
prefer different ornaments in different populations. Here, we use
whole-genome sequencing and transcriptomics to determine the
genetic basis of ornament size in two populations of a widespread
warbler, the common yellowthroat (Geothlypis trichas). Within a
single subspecies, females in a Wisconsin population prefer males
with larger black masks as mates, while females in a New York
population prefer males with larger yellow bibs. Despite being
produced by different pigments in different patches on the body,
the size of the ornament preferred by females in each population
was linked to numerous genes that function in many of the same
core aspects of male quality (e.g., immunity and oxidative bal-
ance). These relationships confirm recent hypotheses linking the
signaling function of ornaments to male quality. Furthermore, the
parallelism in signaling function provides the flexibility for differ-
ent types of ornaments to be used as signals of similar aspects of
male quality. This could facilitate switches in female preference
for different ornaments, a potentially important step in the early
stages of divergence among populations.
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Ornaments are often thought to signal male qualities, such
as health and vigor, that may increase the fitness of

females choosing mates. However, the evidence for a connec-
tion between ornaments and the quality of males is mixed, and
it remains unclear if females in different populations prefer
males with ornaments that signal similar aspects of quality (1).
Several hypotheses have been proposed at the genetic level to
link the production of sexually selected ornaments to honest
information about male quality. These hypotheses (2–4) define
male quality in relation to genes controlling core cellular pro-
cesses, including cellular respiration and oxidative balance,
growth, and immunity. Thus, we expect genes related to these
processes to be associated with the production of larger or
more elaborate sexually selected ornaments, although their
influence is likely to be indirect, if these traits are controlled by
many genes.

The preferences of females for particular male ornaments can
vary across populations and time (5, 6), providing an important
driver for divergence and reproductive isolation among popula-
tions (1, 7). In theory, female preferences for an ornament can
shift to a new ornament, if the newly preferred ornament is an
equally informative signal of male quality (8). For example, birds
often possess multiple colors in their plumage, including black
and brown produced by melanins, and yellow and red produced
by carotenoids. Potentially either type of pigment can signal male
quality (9), but how each pigment type might relate to core cellu-
lar processes underlying male quality, and if they are the same
processes, remains to be established (3).

Here we determine if two different male plumage ornaments
provide signals of male quality in terms of core cellular functions,

and if those functions are similar in two populations that differ in
the ornament preferred by females. Males of the common yellow-
throat (Geothlypis trichas), a widespread North American war-
bler, possess two sexually selected ornaments, a black facial mask
and a yellow breast (“bib”). Females in a Wisconsin (WI) popula-
tion prefer males with larger black masks as mates, while females
in a New York (NY) population prefer males with larger yellow
bibs (10). Birds in these two populations belong to the same sub-
species (G. t. trichas), have low genetic divergence (mean FST =
0.013) (11), and have similar mean bib sizes, although the mask
is 5% larger and 6% more variable in size in WI than in NY
(10). Despite being produced by different pigments (eumelanin
in mask and lutein in bib) (12), both ornaments signal similar
aspects of male quality in their respective populations. For exam-
ple, survival, resistance to oxidative stress, antibody production,
and allelic diversity at the major histocompatibility complex
(MHC) are all positively correlated with mask size among WI
males (13, 14) and with bib size or color among NY males (11,
13, 15, 16). Here we focus on the size of ornaments, because size
is the primary target of mate choice in aviary experiments (10)
and it is correlated with both social and extrapair mating success
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(15, 17). Although the bib in NY and mask in WI are correlated
with several of the same physiological processes, it is not known
if the same genes are involved in producing these different orna-
ments in different populations (i.e., if there is parallelism at the
molecular level). We used both whole-genome sequencing and
transcriptomics to determine if the same core genetic functions
are associated with the preferred male trait in their respective
populations, as predicted by theoretical models for divergence in
mating preferences (8, 18).

Results
Ornament Size Is Highly Polygenic. We found that ornament size
was related to many genes that were widely distributed through-
out the genome (Fig. 1 and SI Appendix, Table S1). Using a
whole-genome analysis comparing pooled samples of DNA
(pool-seq) of males with large and small ornaments (top and bot-
tom 25th percentiles; n = 35 to 47 males per pool; SI Appendix,
Figs. S1 and S2), we found up to 256 genes associated with

significant FST outlier peaks. We defined outlier peaks as those
that contained at least two single-nucleotide polymorphisms
(SNPs) with a genome-wide significance level of P < 5 × 10�8

(19) (Table 1 and Dataset S2). We also examined the genetic
architecture of ornament size variation using SNPs in messenger
RNA (mRNA) transcripts obtained from developing feathers.
These transcripts were from individual males (n = 25 males in
NY, 23 males in WI; SI Appendix, Fig. S2 and Dataset S4), in
contrast to the pooled DNA samples. Based on these transcripts,
72 to 76% of the variation in ornament size was explained by all
of the SNPs, while 44 to 47% of the variation was due to large-
effect SNPs, implying a substantial proportion of the variation in
ornament size was controlled by many genes of small effect
[based on a Bayesian sparse linear mixed model (20); SI
Appendix, Table S2]. We also found that the proportion of vari-
ance in the ornaments explained by SNPs increased with chromo-
some size (SI Appendix, Fig. S3 and Table S2), as expected if a
trait is polygenic (21).
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Fig. 1. Manhattan plots of genomic divergence between large and small ornament size pools. Fisher’s exact test �log10(P) values are shown for FST com-
parisons of bib (A and B) and mask (C and D) size in NY (A and C) and WI (B and D). Sample sizes were 35 to 47 males per pool. Red lines indicate a
genome-wide significance of �log10(P > 5 × 10�8). Blue points and black vertical lines indicate the position of outlier peaks (identified by GenWin) with
at least two SNPs. Note that all SNPs under the divergence peaks are colored blue for clarity, including SNPs below the significance threshold. Colored ver-
tical lines above the Manhattan plots indicate the position of outlier peaks with immunity- (red) or oxidative balance– (blue) related functions (defined
by the GO terms listed in Table 1). The largest peak in A has been truncated for space [�log10(P) = 34.7].
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Ornament Size Is Related to Genes Signaling Male Quality. As pre-
dicted if ornaments signal core cellular functions, individual
genes in the pool-seq peaks were related to immunity, oxidative
phosphorylation, and response to oxidative stress (Fig. 1, Table
1, and Dataset S2), and they were found in 13 to 31% of outlier
peaks (WI mask: 17.8%, 38/213; NY bib: 31.3%, 25/80; WI bib:
18.6%, 38/204; NY mask: 13.7%, 25/182). Additionally, protein-
interaction networks constructed from genes in the outlier
peaks were significantly enriched for the Gene Ontology (GO)
terms “innate immune response” in NY bib (64 gene hits, 30.6
expected, false discovery rate [FDR]–adjusted P = 1.3 × 10�7)
and “DNA repair and response to oxidative stress” in WI mask
(19 gene hits, 5.95 expected, FDR-adjusted P = 2.3 × 10�4 and
10 gene hits, 3.09 expected, FDR-adjusted P = 8.3 × 10�3,
respectively; Dataset S3). Genes regulating growth (e.g.,
insulin-like growth factor [IGF]) have previously been associ-
ated with the size of ornaments (22), but we found only a small
number of these genes in outlier peaks, and they were only out-
liers in size comparisons of nonpreferred ornaments (NY mask,
WI bib; Table 1). In addition to our specific hypothesis func-
tions, we found that genes that differed between large and
small ornaments were related to a diversity of other functions
potentially affecting ornament quality, such as regulation of
cell proliferation, growth, and development (SI Appendix,
Table S3). Thus, there were individual genes related to immu-
nity and oxidative balance associated with ornament size in all
four comparisons, and these quality-related functions may be
important in the protein interactions of female-preferred orna-
ments in particular.

Genes Related to Ornament Size Differ between Populations but
Signal Similar Core Functions. There was little overlap of genes
related to ornament size between populations or ornaments in
the pool-seq analyses (Table 2). Even within the same orna-
ment, the overlap of genes related to size was only 1 to 1.5%
between populations (Table 2). Between populations, the over-
lap of genes from different ornaments ranged from 0.8 to 1.9%
(Table 2). Nevertheless, randomization tests show that the over-
lap in genes, while low, was higher than expected (i.e., >95%
quantile of 100 simulations) between NY bib and WI mask, the
ornaments preferred by females, as well as between the bib and
mask in WI (Table 2). Pairwise overlap of genes in the remain-
ing comparisons was not different from random. Despite lim-
ited overlap between ornaments and populations at the level of
individual genes, there was greater overlap at the level of func-
tion (36 to 44% overlap in GO categories for each gene list;
Table 2). Greater overlap at the functional level is expected
simply because these GO categories are broader and, in fact,
we did not find more overlap of GO terms than expected by
chance (Table 2). Nonetheless, genes underlying ornament size
variation had considerably more overlap in their functional
roles, and in all four comparisons there were GO functions
related to immunity and oxidative balance (Table 1), indicating
their potential importance to signaling male quality.

Molecular Parallelism of Ornaments Preferred by Females. If there
is parallelism between ornaments in different populations in
terms of the genes underlying their size, then we would predict
similar patterns of gene expression in each population, despite

Table 1. Number of genes related to immunity, oxidative balance, and growth (GO terms) in outlier peaks

Category/GO term
No. of reference
genes in GO term Feather ornaments

Preferred Nonpreferred

NY bib WI mask WI bib NY mask

No. of outlier peaks 80 213 204 182
No. of genes in outlier peaks 111 257 200 161
Immune function

Immune system process (GO:0002376) 3,171 25 32 40 20
Immune response (GO:0006955) 2,271 17 22 27 9
Innate immune response (GO:0045087) 926 7 8 10 2
Adaptive immune response (GO:0002250) 445 4 3 6 4
Antigen processing and presentation (GO:0019882) 234 6 5 4 2

Oxidative balance
DNA repair (GO:0006281) 581 3 11 7 5
Response to oxidative stress (GO:0006979) 458 2 9 6 2
Cellular response to oxidative stress (GO:0034599) 307 2 4 4 2
Oxidative phosphorylation (GO:0006119) 147 0 1 3 0

Growth (IGF)
IGF receptor signaling pathway (GO:0048009) 38 0 0 2 1

The numbers of genes within 25 kb of FST outlier peaks are from the pool-seq analysis of individuals with large and small ornaments (Fig. 1). The total
number of genes in each GO term in humans is given for reference.

Table 2. Overlap among ornaments in individual genes and enriched GO categories from the pool-seq analyses

Overlap in Female-preferred Nonpreferred Same ornament,different populations Different ornaments,same population

NY bib vs.WI mask NY mask vs.WI bib NY bib vs.WI bib NY mask vs.WI mask NY bib vs.NY mask WI bib vs.WI mask

Individual genes 1.9% (7/359)* 0.8%(3/356) 1.0% (3/306) 1.5% (6/410) 0.0% (0/270) 2.0% (9/446)**
Gene GO terms 38.3%

(1,695/4,421)
39.6%

(1,815/4,577)
37.2%

(1,590/4,270)
40.6%

(1,920/4,728)
36.2%

(1,386/3,834)
44.5%

(2,243/5,045)
Enriched networks 36.0% (63/175) 32.8% (58/177) 33.3% (59/177) 20.9% (41/196) 14.5% (30/207) 24.2% (46/190)

Percentages are based on the total number of unique genes, gene GO term membership, or significantly enriched interaction network GO:BP terms in
the two ornaments in each comparison (total counts are in parentheses). Randomization tests indicated greater than expected overlap in comparisons
marked with asterisks (i.e., >95% of 100 random trials). *95th percentile: 1.66% overlap; P = 0.02; **95th percentile: 1.82%; P = 0.02.
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occurring in different ornaments. To test for parallel patterns of
gene expression, we first filtered potential candidate genes
based on a nominally significant slope (either positive or nega-
tive at P < 0.05) between ornament size and gene expression
(normalized transcript counts; Dataset S6). Here, we assumed
that genes underlying revealing ornaments will be significantly
expressed in both populations (Fig. 2; see SI Appendix, Fig. S4
for an example with the MHC gene BLB2), so a gene had to be
significantly related to an ornament in both populations to be
included in this analysis (but see below). As a consequence,
sample sizes differed between comparisons (Fig. 2; n = 43 to 98
per test). We did not apply an FDR correction at this stage,
because we were simply filtering candidate genes prior to our
test of parallelism. The test of parallelism was based on a χ2
test of the number of similar (both slopes positive or both nega-
tive) or dissimilar (positive slope in one ornament or popula-
tion and a negative slope in another) slopes in each comparison
of ornaments and populations (Fig. 2 A–D). As expected if
there were parallelism for preferred ornaments, we found
that there were more genes with similar, rather than dissimilar,

slopes in a comparison of preferred ornaments (bib in NY,
mask in WI; Fig. 2D). There was no similar size-related pattern
of gene expression in any of the other comparisons (Fig. 2
A–C). The genes with similar slopes in preferred ornaments
had multiple functions and interactions, including immune sys-
tem function (e.g., MHC class II, BLB2), oxidative phosphory-
lation (ND5), and DNA repair (TERF1), but in this case no
genes were related specifically to growth (IGF) (Fig. 2E).

We also conducted a similar analysis using genes that were
significantly related to ornament size (mask or bib) in one popu-
lation but not the other (n = 3,668), because it is possible that
some genes may lose their relationship (or fail to gain one) with
ornaments in one population. This analysis also revealed a sig-
nificant positive relationship between the slopes for NY bib and
WI mask (F1, 3666 = 201.3, P < 0.0001), indicating similar effects
of these genes on ornaments (SI Appendix, Fig. S5). In contrast,
we found nonsignificant relationships for WI bib slopes vs. NY
mask and NY bib slopes (SI Appendix, Fig. S5), similar to Fig.
2, but a slightly positive slope for WI vs. NY mask slopes (stan-
dardized slope = 0.05, F1, 3666 = 9.76, P = 0.002). Thus, there
was some similar directionality for the genes underlying mask
size in each population, but it was not as strong as for the pre-
ferred ornaments (WI mask vs. NY bib; standardized slope = 0.
22 in SI Appendix, Fig. S5). These results are interesting because
the mask is sexually selected by male–male competition in both
NY and WI [e.g., males with larger masks are dominant over
other males in aviary experiments (11)] and, thus, we might
expect mask size to also show some underlying relationship with
male quality, although it is less consistent here than in the
preferred-ornament comparison.

Discussion
We demonstrate that the size of male ornaments preferred by
females is linked to multiple genes that involve core cellular pro-
cesses, confirming several hypotheses for the honest signaling of
male quality (2, 4, 23). Furthermore, we show that the preferred
ornaments in different populations signal some of the same core
functions, despite being produced by different pigments. These
patterns occur in both the whole-genome (pool-seq) and feather
expression RNA-sequencing (RNA-seq) results, indicating that
quality-related genes are expressed in the developing ornament
and are also potentially heritable. Our previous studies demon-
strated that the preferred ornament in each population (mask in
WI, bib in NY) was correlated with multiple measures of male
quality at the physiological level, but these new results provide evi-
dence that the size of preferred ornaments is related to expression
of numerous genes involved in quality-related functions, particu-
larly immunity and oxidative balance. In contrast, we found lim-
ited evidence that genes associated with growth, particularly IGF
(22), were related to ornament size. Our results also reveal that
some of the same core genes are related to the size of both carot-
enoid- (bib) and melanin- (mask) based ornaments, confirming
that both types of pigments can be used as signals of male quality.
Overall, these results suggest that changes in female preference
for an honest signaling trait can occur within a species if the new
signal already has links to male quality at the genetic level.

Our previous studies indicated that the mask and bib of com-
mon yellowthroats were related to immunity, including MHC
class II variation and immunoglobin G concentration (10, 24).
Here we found MHC class II gene expression was positively
correlated with the size of the preferred ornament in each yel-
lowthroat population (SI Appendix, Fig. S4), supporting the
hypothesis that females select the ornament that is the best
indicator of resistance to pathogens in each population (4).
However, we also found dozens of other immune genes linked
to the size of each ornament through expression patterns or
SNP frequencies (Table 1 and Dataset S2). This suggests that

A D
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Fig. 2. Tests of parallelism of genes related to the size of sexually selected
ornaments. Numbers in boxes indicate the number of ornament size and
gene expression slopes that were similar (both positive or both negative) or
dissimilar (different directions) for each combination of ornaments in NY
and WI (n = 224 genes overall). The size-expression slopes between the
same ornaments in different populations (A and B) and in nonpreferred
ornaments (C) did not show any pattern of similarity. However, the slopes
for preferred ornaments (D; NY bib and WI mask) were more often similar
(both positive or both negative) than expected (χ2 = 29.4, P = 5.84 × 10�8).
The gene network (E) shows the STRING interaction network for 63 anno-
tated genes from the 75 congruent slopes (blue points in D). Select
functional GO:BP categories are indicated in color.
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ornaments are reflective of many aspects of the immune system
and may not indicate resistance to specific pathogens as origi-
nally envisioned by Hamilton and Zuk (4). Instead, ornaments
may signal a more general ability to resist infection or disease
that also affects the ability to produce ornaments (25).

Resistance to oxidative stress provides one mechanism by
which ornament expression could be linked to immunity (26,
27). Here, we found ornament size was correlated with SNPs
and gene expression in oxidative phosphorylation genes (e.g.,
ND5), response to oxidative stress (e.g., DUSP1), and DNA
repair (e.g., NBN), suggesting that more ornamented individu-
als are better able to mitigate oxidative stress through efficiency
in oxidative phosphorylation, reduction in reactive oxygen spe-
cies, or mitigation of oxidative damage to DNA (16) (Fig. 2 and
Dataset S2). von Schantz et al. (26) predicted that individuals
with lower variation at the MHC will recognize fewer patho-
gens, leading to prolonged immune responses, greater oxidative
stress, and, ultimately, reduced expression of ornaments. Oxi-
dative stress can interfere with melanin synthesis (28) and
carotenoid deposition (29, 30) in ornaments. Therefore, higher-
quality plumage ornaments can signal both genetic resistance
to oxidative stress and better overall quality of the immune sys-
tem. Alternatively, ornament production could be tied directly
to oxidative phosphorylation, as occurs when carotenoid
pigments are converted from yellow to red in a ketolation reac-
tion in liver mitochondria (31). However, this mechanism is
unlikely to explain the yellow carotenoid-based bib in common
yellowthroats because the carotenoid in the blood (lutein) is
deposited into the feather with little modification (12).

Across multiple analyses, we found a considerable number of
genes related to ornament size similar to other continuous
traits in birds, such as beak size (32, 33). The polygenic control
of ornaments is consistent with the genic capture model of sex-
ual selection (34), which suggests that ornaments remain useful
indicators of male quality, despite strong selection from female
choice, because many genes affect fitness and this allows orna-
ments to maintain genetic variance. Our results are also consis-
tent with an omnigenic model in which quantitative variation in
a complex trait is associated with many interconnected path-
ways outside the “core” genes that directly produce the trait
(i.e., pigmentation genes in this study) (35, 36). Under this type
of genetic architecture, genes involved in immunity and oxida-
tive balance have an indirect role in producing ornaments and
are not necessarily predicted to be a majority of the candidate
genes (i.e., they may not be enriched). These results stand in
contrast to several previous studies in birds (37, 38) and fish
(39) that have found only a few pigmentation genes control the
production of discrete patches of color that distinguish closely
related species. This difference in genetic architecture might
suggest that more genes are involved in the production of orna-
ments used for mate choice, which often exhibit continuous var-
iation, than in the production of discrete traits, which are often
involved in species recognition (37, 40). However, it remains to
be determined whether this is simply a difference between con-
tinuous and discrete traits, or a more fundamental difference
between ornaments that covary with condition (and thus
undergo genic capture) and other types of signaling traits.

Despite the large number of genes associated with ornament
size, there was very little overlap between ornaments in the indi-
vidual genes associated with size (Table 2). This might be surpris-
ing if we assume that trait size is controlled by the same genes in
different populations. However, the genic capture model proposes
that traits under sexual selection will be controlled by many genes
of small effect (34), which can potentially allow independently
evolving populations to converge on a similar quality-indicating
ornament using different sets of genes (41).

Our results revealed molecular parallelism in the signaling
function of ornaments at two levels. First, we found that different

ornaments, while using largely different sets of genes, show over-
lap in function, including functions linked to male quality as pre-
dicted by genic capture models (Tables 1 and 2). Second, we show
limited, but significant, parallelism in gene expression in female-
preferred ornaments, including genes with these same quality-
related functions (Fig. 2). The parallelism between the yellow bib
in NYand black mask in WI might be unexpected, given that mel-
anins and carotenoids are produced by independent biochemical
processes; however, prior studies indicate that both pigments have
independent pleiotropic links to cellular processes like immunity
and oxidative stress (42), which could produce parallelism at a
functional level. Thus, parallelism in functions relating to male
quality may give these two different pigments the flexibility to
both be used as honest signals of similar aspects of male quality.
This flexibility in species with multiple ornaments could facilitate
the divergence of choice and signals across populations, and ulti-
mately has the potential to lead to the initial stages of speciation.

Materials and Methods
Sample Collection and Measurements. We sampled common yellowthroats
from 2005 to 2019 in Saratoga Springs, NY, and Saukville and Eagle, WI (see SI
Appendix for details). All animal care use was approved by the Institutional
Animal Care and Use committees at Skidmore College (protocol 163) and the
University of Wisconsin–Milwaukee (protocols 11–12 #33, 15–16 #42, 17–18
#31). We obtained morphometric measurements, blood samples for pooled
DNA analysis (n = 35 to 47 males per pool), and feather samples for mRNA
analysis (n = 23 in WI, 25 in NY) from males caught with mist nets on their
breeding territories. Feather samples were obtained in August and September
from males that were simultaneously molting mask, bib, and back feathers
(molt occurs prior to migration; see SI Appendix for details). We focused on
sampling feather tips because melanin is produced in the feather tip (43), and
lutein, which produces the yellow bib, is incorporated into the feather rela-
tively unmodified, unlike some other carotenoids (12, 31). It is possible that
ornament size is also influenced by gene expression in other tissues, but that
was beyond the scope of our study.

Ornament Measurements. Ornament (mask and bib) size was estimated from
photographs (SI Appendix, Fig. S1) of captured males by tracing the outlines
of the bib and mask (both sizes summed) in ImageJ (https://imagej.nih.gov/ij/)
(SI Appendix). Repeatabilities of these measurements are >0.90 for different
pictures and different persons performing the measurements (15, 44).

DNA Extraction and Pooled Sequencing. We constructed a total of eight geno-
mic DNA pools for WI and NY yellowthroats. Within each population, we
designed four pools of individual males. Two large and small mask size pools
were composed of individuals in the top and bottom 25% of mask size in the
population but which did not differ in mean bib size (SI Appendix, Fig. S1). Two
large and small bib size pools were composed of individuals in the top and bot-
tom 25% of bib size in the population but which did not differ in mean mask
size. Individuals were only used in a single pool. We extracted DNA from blood,
quantified the concentration using NanoDrop and Qubit fluorometers, and
then combined equal amounts of DNA from each individual to create pools (SI
Appendix). The pooled samples were sequenced to 30× coverage on an Illumina
HiSeq by Novogene.

RNA Extraction and Sequencing. RNA was extracted from feathers after they
were first homogenized using a TissueLyser (SI Appendix). RNA samples were
checked for quality and concentration on an Agilent BioAnalyzer (RNA Integ-
rity Number > 8.4) and Qubit fluorometer. Complementary DNA libraries
were prepared at the University of Wisconsin Biotech Center or at Novogene
with the TruSeq v3 Stranded mRNA Sample Preparation Kit (Illumina) and
then sequenced on an Illumina HiSeq 2000.

Reference Genome and Annotation. A chromosome-level reference genome of
the common yellowthroat (GCA_009764595.1) was constructed by the G10K-
Vertebrate Genomes Project (PRJNA589703) with 52× coverage (SI Appendix).
We annotated the reference genome using the MAKER pipeline (v2.31.10) (45)
(SI Appendix). This produced a final total of 18,740 gene annotations, of which
we assigned identities to 17,695 genes using BLAST (Dataset S1).

Pool-Seq Filtering and Analysis. After sequencing the DNA pools, we removed
Illumina adapter sequences and trimmed low-quality and short reads (SI
Appendix). These steps resulted in the retention of an average 96% of read
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pairs per pool. We aligned paired and trimmed reads to the common yellow-
throat reference genome using bwa mem with default settings (v0.7.17;
http://bio-bwa.sourceforge.net/bwa.shtml) (46). Next, we dropped reads with
a quality score below 20 and converted the SAM files to BAM format using
SAMtools (v1.7) (47). These steps resulted in aligned pools with an average
genomic read depth of 40.6×. We used PoPoolation2 (v1.201) (48) to compute
FST and Fisher’s exact test values for individual SNPs between ornament pools
(SI Appendix). SNPs were considered significant if they exceeded a genome-
wide threshold of �log(P < 5 × 10�8) from the Fisher’s exact test. We used
spline-based windows that contained at least two significant SNPs to define
peaks of divergence between pools (SI Appendix). Candidate genes for analy-
sis were those genes in or within 25 kb of a peak (Dataset S2).

RNA-Seq Filtering and Analysis. For each RNA-seq sample, we used HISAT2
(v2.1.0) (49) to map reads to the common yellowthroat genome. Prior to anal-
yses, we performed adapter removal and quality filtering as described above.
This resulted in an average decrease of 9.6% of reads per sample.We used the
BAM files from the HISAT2 alignment and the GTF file from MAKER to con-
struct a gene count file [using the featureCounts command in the R package
Rsubread (50); SI Appendix]. We further removed any genes that had fewer
than 10 counts total, resulting in a final gene count file with 17,835 putative
genes (Dataset S5).

Analysis of Parallelism. For the analysis of molecular parallelism in different
populations and ornaments, we compared the slopes of the relationship
between ornament size (mask or bib) and gene expression in the same feather
type between ornaments and populations. We estimated gene expression
using the normalized counts (log10-transformed) produced by DESeq2 (51).
Slopes of the relationship between ornament size and gene expression were
estimated using generalized linear models with ornament size as the
response, gene expression in the ornamental feather (mask or bib [log-trans-
formed]) as the main predictor and sequencing batch, and expression in the
back feathers (log-transformed) of the same individual as covariates to control
for batch effects and individual variation in expression in nonornamental
(back) feathers.We then filtered potentially relevant genes by retaining those
with positive or negative slopes (nominal P < 0.05) in both NY and WI for a
particular ornament comparison, as shown in SI Appendix, Fig. S4. The number
of these slopes in both populations was then tabulated and compared to test
for parallelismwith χ2 tests as shown in Fig. 2.

Interaction Network Analysis. We constructed protein–protein interaction
networks for candidate gene lists produced by the pool-seq analyses using the

STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) interac-
tome database with humans for the reference species and default settings
(900 confidence score cutoff and requiring experimental evidence) in Networ-
kAnalyst 3.0 (52). We used a protein interaction network (built using STRING),
in contrast to pathway models like the Kyoto Encyclopedia of Genes and
Genomes, because these networks incorporate interactions that are often not
included in a specific pathway. These interactions are particularly relevant in
our study because different types of quality-related genes may be interacting
in a protein network that are not necessarily included in a pathway model.
We used the minimum network tool in NetworkAnalyst, which adds the mini-
mum number of additional genes necessary to connect the input genes into a
single interaction network. Functional enrichment of GO:BP (biological pro-
cess) terms (from http://geneontology.org) in each resulting network was
tested using the human reference and hypergeometric tests as implemented
in NetworkAnalyst.

Number of Genes Associated with Ornament Size. We scanned the transcrip-
tome for SNPs associated with ornament size using a Bayesian sparse linear
mixed model in the GEMMA package (20). These SNPs were obtained from
transcripts in developing feathers and were discovered following the GATK
(v4.2.1.0) (53) RNA-seq short-variant discovery pipeline (SI Appendix). For each
ornament, we ran 10 independent runs of the model, each with 5 million
burn-in runs followed by 20 million iterations. The proportion of variation
explained and the number of large-effect SNPs were estimated by the median
of the hyperparameters from all runs (SI Appendix, Table S2).

Data Availability. Raw sequencing reads from pooled whole-genome and
RNA-seq analyses have been deposited in the Sequence Read Archive (https://
www.ncbi.nlm.nih.gov/sra) (PRJNA734331). All other study data are included
in the article and/or supporting information.
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