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1 | INTRODUCTION

Abstract

Large structural variants in the genome, such as inversions, may play an important role
in producing population structure and local adaptation to the environment through
suppression of recombination. However, relatively few studies have linked inversions
to phenotypic traits that are sexually selected and may play a role in reproductive iso-
lation. Here, we found that geographic differences in the sexually selected plumage of
a warbler, the common yellowthroat (Geothlypis trichas), are largely due to differences
in the Z (sex) chromosome (males are ZZ), which contains at least one putative inver-
sion spanning 40% (31/77 Mb) of its length. The inversions on the Z chromosome vary
dramatically east and west of the Appalachian Mountains, which provides evidence
of cryptic population structure within the range of the most widespread eastern sub-
species (G.t.trichas). In an eastern (New York) and western (Wisconsin) population
of this subspecies, female prefer different male ornaments; larger black facial masks
are preferred in Wisconsin and larger yellow breasts are preferred in New York. The
putative inversion also contains genes related to vision, which could influence mat-
ing preferences. Thus, structural variants on the Z chromosome are associated with
geographic differences in male ornaments and female choice, which may provide a
mechanism for maintaining different patterns of sexual selection in spite of gene flow

between populations of the same subspecies.
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throughout the genome (Lamichhaney & Andersson, 2019). Structural

Recent studies have revealed that ecological and morphological dif-
ferences between closely related species or populations are often
associated with large-scale structural variants in the genome, such
as inversions or duplications (e.g. copy number variation). Large-scale
inversions, for example, average 8.4 megabases (Mb; Wellenreuther
& Bernatchez, 2018), are typically much larger than the ‘islands of di-
vergence’ (regions of high FST) found in earlier genome scans, which
are on the order of kilobases, and are often more widely distributed

variants have been relatively unexplored until recently, because de-
tecting them is difficult without highly contiguous genome assemblies
(e.g. chromosome level). Structural variants are potentially important
for understanding adaptation and evolution, because they have been
associated with morphological and behavioural differences that lead
to local adaptation (Wellenreuther & Bernatchez, 2018). For exam-
ple, inversions have been associated with adaptation to freshwater in
sticklebacks (Jones et al., 2012), elevation in babblers (Lu et al., 2023),
mimetic wing patterns in Heliconius butterflies (Jay et al., 2021), type
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of shore habitat in snails (Westram et al., 2018) and water depth in fish

(Barth et al., 2019). Inversions are thought to facilitate local adaptation

by suppressing recombination, leading to reduced gene flow and the
maintenance of locally favoured alleles. These processes could also
be important during the early stages of speciation (Wellenreuther &
Bernatchez, 2018).

Theory and empirical studies suggest that inversions accu-
mulate more often on sex chromosomes over evolutionary time
(Charlesworth et al., 1987; Hooper et al., 2019; Irwin, 2018), and if
these differences vary geographically, then they could be an import-
ant contributor to reproductive isolation of populations. However, in
several cases morphological differences between populations and
closely related species are associated with inversions on autosomes
or a relatively small number of SNPs that control coloration, and

thus, it is not clear what role inversions may play in reproductive

D
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isolation and phenotypic differences. For example, a large inversion
(115Mb) on Chromosome 1 of common quail (Coturnix coturnix) is as-
sociated with two different forms that differ in both plumage colour
and migration distance, which leads to geographically discrete distri-
butions for birds with the inversion (Sanchez-Donoso et al., 2021).
However, both forms of quail commonly interbreed and the fitness
consequences of these differences are not yet known. Alternatively,
some large inversions (e.g. ‘super-genes’) on the autosomes of birds,
such as ruffs (Calidris pugnax; Kupper et al., 2015) and white-throated
sparrows (Zonotrichia albicollis; Tuttle et al., 2016), are associated
with morphs that have different plumages, and individuals homo-
zygous for the inversion may incur lower fitness. There have also
been several recent studies comparing closely related species that
are generally similar across the genome except for small regions with

a few genes that control species-specific differences in coloration,
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trichas), while the Florida (G.t.ignota) and
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different (non-migratory) subspecies.
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in Belize, which has a small mask and
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Bird illustrations by Jess McLaughlin.
Bottom panel shows a discriminant
function analysis of the morphology of
males in Florida, New York and Wisconsin
populations using mask and bib size, wing
length, body mass and brightness in the
ultraviolet (UV) and yellow portions of the
spectrum (see Section 2). These data are
from Whittingham et al., 2018. [Colour
figure can be viewed at wileyonlinelibrary.
com]
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particularly genes in melanin pathways that produce black and
brown pigments (Knief et al., 2019; Poelstra et al., 2014; Toews
et al.,, 2016; Wang et al., 2020). In many of these studies, the com-
parisons are between well-defined species, so it is often not clear
if these areas of genomic divergence (inversions or smaller regions)
arose early in the process of speciation during changes in pre-zygotic
isolating mechanisms (e.g. changes in mate choice before extensive
divergence) or later in speciation during changes in post-zygotic
mechanisms, perhaps after secondary contact. Theory suggests that
larger inversions should form early in the speciation process, partly
because they prevent recombination from breaking up adaptive
allele combinations (Schaal et al., 2022); however, several empiri-
cal studies suggest that inversions are often relatively old (>100K
generations) and may have evolved in allopatry (Wellenreuther &
Bernatchez, 2018). Thus, studying genomic divergence in species at
the earliest stages of reproductive isolation may help to understand
the early stages of speciation.

In this study, we examine a sexually dichromatic warbler
(Parulidae) with several subspecies that are similar in appearance
and potentially at these early stages of speciation. The common
yellowthroat (Geothlypis trichas) breeds across most of the United
States (US) and southern Canada (Figure 1) and has 13 subspecies
(Guzy & Ritchison, 1999) in which males possess a black melanin-
based facial mask and a yellow carotenoid-based throat and breast
(‘bib’; Figure 1). Females lack the black mask and typically have a
smaller and more subdued bib. Variation in the size and shape of
the black mask and yellow throat ornaments in males has evolved
relatively recently across subspecies (within the last 1 My; Escalante
et al., 2009). These ornaments are likely subject to strong sexual se-
lection, which may have influenced their rapid divergence. Our pre-
vious research on two populations within one subspecies of common
yellowthroat (G.trichas trichas) has revealed strong, but divergent,
sexual selection on the black mask and yellow bib. Notably, females
prefer males with larger black masks in a Wisconsin (WI) US popu-
lation, while females in a New York (NY) US population prefer males
with larger and brighter yellow bibs (Dunn et al., 2008). Interestingly,
the female-preferred ornaments are each honest indicators of male
quality in their respective populations, but not vice versa (Freeman-
Gallant et al., 2010; Whittingham et al., 2015). Change in preference
alongside change in the size or colour of preferred ornaments may
be a path to diversification in a group of otherwise ecologically
similar taxa (Mendelson et al., 2014; Servedio & Boughman, 2017,
Wellenreuther et al., 2014, 2019).

If sexual selection on plumage ornaments is an important con-
tributor to the diversification of yellowthroats, then we can expect
genes associated with ornament production and female preference
to be among the most divergent genomic regions in comparisons
between populations. Here, we examined genomic differences
between populations of yellowthroats that differ widely in plum-
age (Figure 1). Our comparisons included different populations of
the same subspecies (e.g. NY vs. WI; G.trichas trichas), as well as
comparisons between subspecies (e.g. NY vs. Florida [FL]; G.t.tri-
chas vs. G.t.ignota) and another Geothlypis species (grey-crowned
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yellowthroat, Geothlypis poliocephala palpebralis) that is sexually
monomorphic and presumably subject to less intense sexual selec-
tion on plumage ornaments. Our initial comparisons of the NY and
WI populations revealed a large putative inversion on the Z chromo-
some (males are ZZ and females are ZW in birds), which we exam-
ined further to determine its geographic extent and role in plumage
differentiation. In particular, we tested whether the Z chromosome
was more closely related to morphological differences between
populations than the autosomes. Lastly, we identified outlier genes
on the Z chromosome and compared them to candidate genes pre-
viously associated with pigmentation or ornament size. Our results
suggest that genetic differentiation during the early (and cryptic)
stages of speciation may be related to large inversions that affect

morphology and behaviour, particularly on the sex (Z) chromosome.

2 | METHODS
2.1 | Sample collection

Our initial analysis examined sequences from pooled DNA sam-
ples (‘pool-seq’; Schlotterer et al., 2014) from four populations of
common yellowthroats (Geothlypis trichas) in the United States
and one population of the closely related grey-crowned yellow-
throat (Geothlypis poliocephala palpebralis) from Belize (Figure 1).
The four common yellowthroat populations included one subspe-
cies, G.trichas trichas from Wisconsin (WI) and New York (NY), and
two other subspecies from Florida (G.t.ignota, FL) and Arizona
(G.t.chryseola, AZ). These populations vary in mask and bib size
(Figure 1), and represent an increasing gradient of genetic diver-
gence from differences between one subspecies to differences
between subspecies and species. The FL and AZ subspecies are
also non-migratory, in contrast to G.t.trichas in NY and WI, which
migrate to the southern United States and Mexico in the winter.
We collected samples from yellowthroats in these populations
on breeding territories using mist-nets and took morphometric
measurements and blood samples for DNA analysis (for more de-
tails see Freeman-Gallant et al., 2010; Whittingham et al., 2018).
All captured birds were subsequently released unharmed, and all
animal care use was approved by Institutional Animal Care and
Use Committees at Skidmore College (163) and the University of
Wisconsin-Milwaukee (11-12 #33,15-16 #42, 17-18 #31). Blood
samples from AZ, FL and Belize were collected and imported
under permits (see Section Acknowledgments).

Following the discovery of a putative inversion, we expanded
our analysis to include additional samples from individuals (i.e. not
pooled samples) to determine the geographic extent of the inver-
sion. These individuals were sequenced at low coverage across
their genomes as part of the Bird Genoscape Project (www.birdg
enoscape.org), which maps genetic variation across the range of
species to study connectivity and migratory pathways. Captures of
banded individuals in the east suggest that common yellowthroats
generally migrate north and south and infrequently cross over the
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Appalachian Mountains (24% [18/74] of recaptures; Figure S1), so
we hypothesized that these mountains were a barrier to gene flow
that might result in geographic structure. We included 100 samples
of G.t.trichas that were from locations primarily west (Kansas, KS;
Kentucky, KY; Michigan, MI; New York, NY; Ontario, ON; Quebec,
QC) and east of the Appalachian Mountains (New Brunswick, NB;
Pennsylvania, PA), or in the southeast where there are two different
subspecies: G.trichas typhicola in Alabama (AL) and North Carolina
(NC) and the resident subspecies, G.trichas ignota, in Florida. More
details of the locations and analyses of samples are in Table S1 and
Dunn et al. (2023).

2.2 | Ornament size and colour

We measured ornament (mask and bib) size of males in FL, NY
and WI (Figure 1) by photographing captured males in standard-
ized postures against a background of 1cm? to capture images of
the mask (both sides of the head) and bib. These pictures were
imported into ImageJ (http://imagej.nih.gov/ij/) and scaled to a
1cm? grid in each picture. We measured ornament size of males
by tracing the outlines of the bib and mask (both sizes summed)
in ImagelJ. Estimates were averaged from two sets of pictures.
Repeatabilities of these measurements are >0.90 for different
pictures and different persons performing the measurements
(Freeman-Gallant et al., 2010). To measure coloration of the yel-
low bib (breast), we measured the reflectance of feathers using an
Ocean Optics 2000 UV-VIS spectrophotometer (for details, see
Freeman-Gallant et al., 2010). In this study, we only had feathers
available from males in FL, NY and WI, and we focus on bright-
ness in the ultraviolet (320 to 400 nm) and yellow (550 to 625 nm)
portions of the spectrum, which was estimated by average reflec-
tance. To examine morphological differences between the com-
mon yellowthroat populations, we used mask and bib size, wing
length and body mass as predictors in a principal component anal-
ysis (PCA) in JMP v.16 (SAS Institute, 2020). For the analysis of the
FL, NY and WI populations, we also added UV and yellow bright-

ness as predictors in the analysis.

2.3 | DNA extraction and sequencing

DNA was extracted using the Qiagen DNeasy Blood and Tissue kit
(cat no.: 69504; Qiagen, Valencia CA).

We constructed genomic DNA pools for pooled sequencing
(‘pool-seq’; Schlotterer et al., 2014) of our four main common yel-
lowthroat populations (i.e., AZ, FL, NY and WI) and the grey-crowned
yellowthroat (Table S1). The concentration of extracted DNA was
measured using NanoDrop and Qubit fluorometers, and then, the
individual DNA samples were pooled (N=36 to 40 individuals) with
equal starting amounts of total DNA per individual in the pool. The
individuals in these genomic pools were a random selection of in-

dividuals; however, for some analyses, we also used pools of males
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from NY and WI that we previously analysed in terms of ornament
size (Sly et al., 2022). These NY and WI pools consisted of individ-
uals with relatively large (top 25% of the size distribution) or small
(bottom 25%) mask or bib ornaments. Comparisons of these pools
allowed us to isolate genes related to ornament size and not geo-
graphic differences. All pools contained only males, except the grey-
crowned yellowthroat pool which contained 23 males, 12 females
and 1 unknown sex, because males and females are similar in plum-
age. The pooled samples were checked for quality and concentra-
tion and then sequenced on an lllumina HiSeq by the University of
Wisconsin Madison Biotechnology Center or Novogene Corporation
(Sacramento, CA). For the individual whole-genome samples, we
used blood or feather tips to make whole-genome sequencing li-
braries (Nextera Library Preparation protocol; lllumina Corporation),
which were sequenced by Novogene Corporation to an average of

2.9x coverage.

2.4 | Sequence filtering and alighment

For pool-seq samples, we used Trimmomatic (v. 0.39, Bolger
et al., 2014) to remove lllumina adapter sequences, trim leading and
trailing bases with quality scores below 3, and use a 4-base sliding
window to trim reads when the average quality dropped below a
score of 15. We dropped reads less than 36 bases in length and re-
tained paired reads. These steps resulted in the retention of an aver-
age 96% of read pairs per pool.

We aligned paired and trimmed reads to a reference ge-
nome of the common yellowthroat using bwa mem with default
settings (v 0.7.17; Li & Durbin, 2010). The reference genome
(GCA_009764595.1) was constructed by the G10K-Vertebrate
Genomes Project (PRINA589703) using a DNA sample collected
from a female at our WI study site (Sly et al., 2022). The genome
was assembled (VGP pipeline 1.5, Rhie et al., 2020) using a com-
bination of long and short reads and optical mapping techniques
(52x coverage using PacBio Sequel | CLR, lllumina NovaSeq, Arima
Genomics Hi-C and Bionano Genomics DLS technology) and cu-
rated with gE VAL (Howe et al., 2021), which uses the optimal map-
ping data to identify and correct local assembly errors. The common
yellowthroat reference genome was 1.078 Gb with 52x coverage,
a scaffold N50 of 72.5Mb and contig N50 of 3.25Mb on 32 auto-
somal chromosomes, W and Z sex chromosomes and 242 unplaced
scaffolds. The Z and W chromosome assemblies of common yel-
lowthroats were 88 and 86% identical to the respective assemblies
of the zebra finch (GCF_003957565.2), which was assembled with
a similar VGP pipeline (v. 1.7, see Figure S2). Synteny analysis of
the common yellowthroat and zebra finch genomes with fastANI
(v. 1.33, Jain et al., 2018) did not reveal any misassembly between
the sex chromosomes (Figure S2). After alignment of reads to the
reference genome, we dropped reads with a quality score below 20
and converted the SAM files to BAM format using samtools (v1.,
Danecek et al., 2011). These steps resulted in aligned pools with an
average genomic read depth of 40.6x.
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2.5 | Patterns of population divergence,
diversity and selection

We initially used F¢; to screen the genome for regions of elevated
differentiation that might be caused by mechanisms that reduce
gene flow such as inversions or different types of selection. Fyis a
relative measure of population differentiation, so it can be elevated
because of either large differences in diversity between populations
or lower variation within a population (Cruickshank & Hahn, 2014).
Thus, we also examined an absolute measure of divergence, the av-
erage number of pairwise differences between sequences from two
populations, 7g.een (N€i & Li, 1979; also known as dy, or ), and
the pairwise difference between sequences within the same popula-
tion (my;unin)- For is directly related to my,,., and mgeen (S€€ Figure 1
in Cruickshank & Hahn, 2014), and hence, these two measures of
divergence provide some insight into the source of elevated levels
of F¢r and the likely model of differentiation. For example, some re-
gions of elevated F¢; appear to be due to relatively low 7, in the
same genomic region. This pattern has been observed in compari-
sons of other pairs of warbler species or subspecies and has been
attributed to episodes of selection that reduce z,;,, ;. relatively more
than 7z ecn (S€€ Figure 6 in Irwin et al., 2018).

We used PoPoolation2 (v 1.201, Kofler et al., 2011a) to com-
pute F¢; between each pair of population pools. These pairs of
files were constructed by converting BAM files for each population
pool into mpileup files using samtools, and then combining pairs
of mpileup files into sync files using the mpileup2sync java script
from Popoolation2. We computed F¢; values for non-overlapping
20 kilobase windows between pools using the PoPoolation2 scripts
fisher-test.pl and fst-sliding.pl. These scripts were run using a min-
imum allele count of 4, a minimum read depth of 10, a maximum
read depth of 3X the genomic mean depth (averaged between the
two pools being compared), and a minimum covered fraction of the
window of 0.1. Dy, was calculated from the same sync files using a
script (sync2dxy.pl) at https://github.com/owensgl/pop_gen, which
implements the formula: (p1xq2)+(p2xql), where pl and g1l are
the frequencies of the two alleles in one population and p2 and g2
are the frequencies of the same alleles in the second population. We
calculated nucleotide diversity (pi or my,.,;,) for each pool individ-
ually from mpileup files (created with non-overlapping 20-kb win-
dows using the variance-sliding.pl script from PoPoolation v.1.2.2,
Kofler et al., 2011b) with a minimum allele count of 2 and the same
depth parameters as for Fg;. We also used the variance-sliding.pl
script and the same parameters to estimate Tajima's D, which pro-
vides information on whether selection or reduced gene flow may be
producing regions of increased Fg; divergence. A negative Tajima's
D value indicates an excess of rare alleles, which may be due to a
recent selective sweep or a population expansion, while a positive D
value indicates a scarcity of rare alleles which may be due to balanc-
ing selection or a bottleneck.

To help distinguish positive selection from genome-wide selec-
tion and to estimate the intensity of selection at individual loci, we
used SelEstim (v.1.1.7, Vitalis et al., 2014), which accepts pool-seq
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data and is based on a hierarchical Bayesian model in which all loci
are assumed to be responding to selection to some extent. The
model is based on a diffusion approximation of the distribution of
allele frequencies in a Wright-Fisher island model. SelEstim uses a
Markov chain Monte Carlo (MCMC) algorithm to sample from the
posterior distribution of model parameters. Loci under selection
are identified using the 1% threshold level of Kullback-Leibler di-
vergence (KLD), which compares the selection estimate at a locus
with a ‘centring distribution’ of genome-wide selection estimates.
For our comparison of populations, we used 25 pilot runs of 500
iterations each to adjust the distributions for each model parame-
ter and, after a 100,000 burn-in period, 10,000 MCMC samples of
500,000 length were performed with a thinning interval of 50, yield-
ing 10,000 observations.

We also examined linkage disequilibrium (LD) between and
within some populations to help identify potential inversions. If all or
most individuals in a population share the same inversion type, then
there should be reduced recombination (and higher LD) between
inversion types in different populations, but typical rates of recom-
bination (and LD) within populations with the same inversion type
(see also McCallum et al., 2024). For this analysis, we calculated LD
using PLINK (v 1.9; Purcell et al., 2007) and SNP data obtained from
double-digest restriction site-associated DNA (ddRAD) sequences
of individuals in our previous study of the New York (n=36) and
Wisconsin (n=46) populations (Table S1; Whittingham et al., 2018).
We used ddRAD data and PLINK in this analysis, rather than pool-
seq data, because LD cannot usually be calculated beyond the length
of a read pair with pool-seq data. However for visualizing LD on the
Z chromosome, we also included estimates of LD for pool-seq data
based on LDx (Feder et al., 2012). LDx uses a maximum-likelihood ap-
proach to estimate LD between pairs of single-nucleotide polymor-
phisms (SNP) within and among single sequencing reads. SNPs were
read from variant call format (VCF) files that were constructed from
the BAM files above with bcftools (v 1.10, Danecek et al., 2011). We
computed non-overlapping 20-kb windows of linkage disequilibrium
across the chromosome by taking the mean r? values between SNPs
that were 25-75bp apart (low coverage pools) or SNPs 100-200bp
apart (high coverage pools) within each window (filtering for a mini-
mum read depth of 10 and a maximum read depth of 3x the genomic
mean depth for a given pool).

We initially analysed population divergence by plotting F¢; in
Manhattan plots using the ggman package in R. We identified out-
lier regions for each population comparison as those in the top 1% of
autosomal F¢; windows (20kb). We also produced heatmaps of Fq;
in the R package poolFstat (Gautier et al., 2022). For the pool-seq
samples, we conducted PCA with poolFstat, which we also used to
extract allele frequencies (from the poolFstat data object). These al-
lele frequencies were input to pcaAdapt (v 3.0.2, Luu et al., 2017) to
conduct a component-wise PCA, which calculates correlations (load-
ings) between each SNP and individual PCA axes (see Section 2.7
below). We also used poolFstat to export an input file for BayPass (v
2.3, Gautier, 2015), which we used to construct separate hierarchi-
cal clustering trees for the autosomes and Z chromosome. BayPass
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uses a Bayesian hierarchical model to estimate a scaled covariance
matrix of population allele frequencies, which accounts for the neu-
tral correlation of allele frequencies across populations. The BayPass
analysis was conducted using default parameters on files thinned to
1 SNP per 1000 using vcftools to account for linkage disequilibrium.
The covariance matrix output from BayPass was then imported into
R and converted into a correlation matrix for plotting the trees using

utilities included in the BayPass software.

2.6 | Detectinginversions and their
geographic extent

The initial analysis of F¢; using the pooled samples revealed a large
outlier region on the Z chromosome, which may be due to an in-
version. Inversions are commonly found on the Z chromosome in
birds (Hooper & Price, 2017; Yazdi & Ellegren, 2018). Using the
pooled samples, we identified breakpoints for putative inversions
with LUMPY (Layer et al., 2014), which achieves high precision iden-
tifying inversions by using several different signals from sequence
alignments (read depth and the distribution of read pairs; Mahmoud
etal., 2019).

Next, to determine the geographic extent of the putative inver-
sion on the Z chromosome (see Section 3), we examined F; and ad-
mixture with whole-genome samples from individuals in the eastern
part of the range (see above and Table S1). If the putative inversion is
primarily related to differences between populations east and west
of the Appalachian Mountains, then we would expect to see larger
F¢r values in comparisons of birds east and west of the Appalachian
Mountains on the Z chromosome than on the autosomes. Similarly,
we should see stronger population structure on the Z chromosome
than the autosomes when comparing samples from east and west of
the Appalachian Mountains. To study population structure in these
samples, we used the program admixture (Alexander et al., 2009),
which uses a maximum-likelihood approach to estimate popula-
tion ancestry. The whole-genome sequences were processed simi-
larly to the pool-seq sequences, although trimming was performed
with TrimGalore (Krueger, 2020), and we made VCF files using the
GATK variant discovery pipeline (van der Auwera & O'Connor, 2020)
(https://gatk.broadinstitute.org/hc/en-us/articles/3600358904
11?id=3893). Using vcftools (Danecek et al., 2011), we further
filtered the VCF files for minor allelic frequency (maf=0.05 and
max-maf=0.95) and quality (g=30) and only included biallelic SNPs
found in at least 75% of individuals. For the admixture analysis, the
VCEF file was also thinned with vcftools to one SNP per 1000 base
pairs to remove linked loci.

2.7 | Therole of the Z chromosome and inversions
in plumage differences

To examine the role of the Z and its putative inversion in plumage
evolution, we tested which chromosomes (Z or autosomes) were
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more closely related to morphological differences between and
within populations. Here, we conducted two sets of analyses. The
first analysis used the pooled samples and component-wise PCA
with pcaAdapt (v 3.0.2, Luu et al., 2017), which calculates correla-
tions (loadings) between each SNP and individual PCA axes (i.e.,
morphology). In this case, the axes were based on populations that
differ in size and colour (Figure 1). We then compared these correla-
tions on the Z chromosome and autosomes using Wilcoxon tests in
JMP v. 16 (SAS Institute, 2020) to determine whether genomic dif-
ferences between populations (along a PCA axis) were more closely
associated with the Z chromosome or autosomes.

Our second analysis was a GWAS that used data from individual
birds and compared the number of significant associations between
morphology and SNPs on each type of chromosome (Z or auto-
somes) using a linear mixed model (Imm) in GEMMA v0.98.5 (Zhou
& Stephens, 2014). These SNP data were obtained from the ddRAD
sequences of individuals in our previous study of the New York
(n=36) and Wisconsin (n=46) populations (Table S1; Whittingham
et al.,, 2018). We used these samples so we could obtain morpholog-
ical measurements of individuals, including both ornament size and
colour, which were unavailable for the other samples (pool-seq and
whole genome). We also focused on the NY and WI samples because
they are the same subspecies (G.t. trichas), and thus, geographic vari-
ation is reduced compared with analyses between subspecies. The
ddRAD sequences were obtained following the protocol of Peterson
et al. (2012) and additional details of library preparation and se-
quencing are in Whittingham et al. (2018). In this study, we mapped
those sequences to the common yellowthroat reference genome (as
above) and used the STACKS pipeline (Catchen et al., 2013) to pro-
duce VCF files. These files were filtered for biallelic alleles that were
found in 90% of individuals and had a minor allele frequency >5%.
VCF files were imported into PLINK (Purcell et al., 2007) and con-
verted to bed format for analysis of the association between male
morphology and each SNP in linear mixed models in GEMMA (Zhou
& Stephens, 2014).

If SNPs on the Z chromosome (or its inversion) were more
closely related to morphological differences between popula-
tions than SNPs on the autosomes, then we expected to find more
variation in morphology (PC1) explained by genomic differences
(using GEMMA) on the Z chromosome (or the inversion) than on
the autosomes. The percentage of variation in PC1 explained by
each SNP was calculated as 2f (1-f) £%, where f is the minor allele
frequency and g is the slope estimate from GEMMA for a particu-
lar SNP (Sham & Purcell, 2014). These estimates were summed for
each chromosome and compared between autosomes and the Z
chromosome. Here, we used the first principal component scores
of the morphology of individual males in NY and W1 as a composite
measure of morphology. The PCA contained mask and bib size,
wing and tarsus length, body mass and brightness in the ultravio-
let (UV) and yellow portion of the spectrum (see Freeman-Gallant
et al., 2010 for details of colour measurements). The first PC axis
explained 42% of the variation in male morphology (for NY and WI
samples together). We used these PC1 scores as the response in a
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Imm in GEMMA that tested the association between morphology
(PC1) and each ddRAD based SNP on the autosomes, the Z inver-

sion or the rest of the Z chromosome.

2.8 | Gene annotation

Using the pool-seq data, we identified outlier genes in the top 1%
of Fq; values (in 20kb windows) between populations. Our final
list of candidate genes also included all annotated genes within
25kb upstream or downstream of the window. Gene predictions
were made from our annotated reference genome of the common
yellowthroat (Sly et al., 2022). We tested each candidate gene set
for enrichment in Gene Ontology (GO) Biological Process terms
using g:Profiler (Raudvere et al., 2019). In addition, we compared
divergent genes to lists of candidate genes previously associated
with melanin or carotenoid pigmentation in the literature (e.g. Sly
et al., 2022), and to lists of candidate genes we previously found
associated with ornament size within Wisconsin and New York

populations (Sly et al., 2022).

3 | RESULTS

3.1 | Morphological differences between
populations

Populations of common yellowthroats vary in size and colour
(Figure 1). Discriminant function analysis was able to distinguish
between the FL, NY and WI populations using primarily mask,
bib and wing size and UV and yellow brightness (5.8% of sam-
ples misclassified; Wilk's Lambda=0.09, F=30.8, df=14, 188,
p<.001; Figure 1). Mask size is largest in Florida, followed by WI
and NY (all significantly different in Tukey's tests alpha=0.05;
Figure S3). Bib and wing size are similar in FL and WI and smaller
in NY (Figure 1, Figure S3). In contrast, common yellowthroats in
Arizona (G.t.chryseola) and grey-crowned yellowthroats in Belize
have extensive yellow covering much of the breast and belly. In
grey-crowned yellowthroats the mask is also much smaller and the

sexes look similar (Figure 1).

3.2 | Increasing genomic divergence between
populations, subspecies and species of yellowthroats

Genomic divergence among yellowthroat populations forms a gradi-
ent at both the autosomes and the Z chromosome, with F¢; increas-
ing in comparisons of pool-seq samples between populations of the
same subspecies (Wl vs. NY, F.;=0.06) to between subspecies (WI
and NY vs. FL or AZ; mean F;=0.16) and between species (AZ/FL/
NY/WI vs. GC; mean F,;=0.57; Figure 2a). A hierarchical clustering
tree from BayPass indicated relationships congruent with current
taxonomic relationships when using the autosome SNPs (Figure 2b).
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For example, NY and WI (the same subspecies) clustered together,
followed by decreasing similarity with different subspecies (FL, AZ)
and the grey-crowned yellowthroat. In contrast, when analysing
SNPs on the Z chromosome, NY and FL clustered together and then
WI, AZ and grey-crowned yellowthroat followed in decreasing simi-
larity. Thus, WI was more similar to FL (a different subspecies) than
to NY (same subspecies) on the Z chromosome, but more similar to

NY than FL on the autosomes.

3.3 | Divergence on the Z chromosome

Closer inspection of each chromosome revealed that divergence
(Fs7) between populations was not uniform (Figures S4 and S5), as
it was higher on the Z chromosome (mean F;=0.29) than on the
autosomes (mean F¢;=0.01; p=.025, paired t=3.2, df=5 matched
pairs excluding GCYE; Figure 2c). The extent of divergence on the
Z chromosome varied between populations and regions of the Z
chromosome. Divergence (F¢ ;) between WI and the other pool-seq
populations of common yellowthroats (AZ, Fl, NY; Figure 3a) was
consistently high in a region spanning ~30.6Mb between 33.8-
64.4Mb on the Z chromosome (total length of Z=77Mb). In con-
trast, comparisons between NY and FL showed a smaller region of
divergence, and comparisons of NY with AZ showed a more uniform
distribution of elevated Fq; values (Figure 3a). Other comparisons,
such as between distant subspecies (FL-AZ) or between species (FL
or AZ to grey-crowned yellowthroats), showed widespread diver-
gence, but no specific regions of elevated divergence (Figure S5).

To compare the extent of divergence on the Z chromosome rel-
ative to the autosomes, we used the percentage of Fy; outliers (top
1%) between the NY and WI pool-seq populations in windows of
20kb. Overall, outlier F¢; values were not evenly distributed as there
was a much greater percentage (40%, 1482/3739) of outlier win-
dows on the Z chromosome than on the autosomes (1%, 472/47240;
Figure S4). The annotated genes in these outlier windows for the NY
and WI comparison are in Data Table S1 (n=763 autosomal genes)
and Data Table S2 (n=257 Z genes) on Dryad (Dunn et al., 2023;
https://doi.org/10.5061/dryad.gljwstgxd). We also examined the
distribution of fixed differences (F;;=1) between the NY and WI
populations and their proximity to genes. The majority of fixed
SNPs differing between NY and WI (56%, 5140/9137) were found
in the region of elevated F¢; on the Z (i.e. the putative inversion, see
below), but relatively few of these SNPs were found within genes
(12% in the putative Z inversion; 15% on the Z outside the inversion).
Fewer fixed SNPs were found on the autosomes (33%, 3055/9137;
mean per chromosome: 0.01%, range: 0-7%; Chromosomes 1-31)
and 21% of these were within genes. Two of the fixed SNPs between
NY and WI were near (<14 Kb) classic melanin-related genes: ty-
rosinase (TYR) on Chromosome 2 and Tyrosinase-related protein 1
(TYRP1) on the Z chromosome.

In contrast to the elevated Fq; in the middle of the Z chromo-
some (Figure 3a), 75 ¢,cen (OF dyy) did not differ significantly across
the autosomes or Z chromosome in any of the paired comparisons
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(@ (b) Z Autosomes FIGURE 2 Values of F¢; from pool-seq
Autosomes samples of common and grey-crowned
NY NY (GC) yellowthroats in all study areas. Panel
GCYE (a) shows a heatmap constructed with
Fst o wm pairwise F¢; values between populations
° AZ 0.8 >< from the Z chromosome (bottom half of
g - 0.6 matrix) and autosomes (top half) using
~ 3 FL 04 w FL poolFstat. Panel (b) shows a hierarchical
g Ny £ 02 clustering tree from BayPass which
_{;“J - a2 az shows the change in similarity between
wi NY and WI (the same subspecies) when
using SNPs on the Z chromosome (left
GCYE AZ FL NY Wi 6c 6c side) versus autosomes (right side). Panel
(c) shows the same Fg; values in Panel
(a) averaged for comparisons within and
(c) between subspecies and between species
. 7 . Autosomes (SE based on jackknife estimates using
0.8 - poolFstat were all <0.001 and too small
to plot). [Colour figure can be viewed at
wileyonlinelibrary.com]
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of common yellowthroat populations (Figure 3a,b, Figure S6). The
high F¢; values in the comparison of NY and WI populations were
primarily due to lower ... in Wl than NY in the elevated F¢; region
(Figure 3c); there was little difference in 7 e, (dyy) between the
elevated F¢; region and the rest of the Z chromosome (blue line in
Figure 3b, Figure S6). This pattern of lower .. in the elevated F;
region of the Z chromosome (the putative inversion, see below) was
also found in the other populations (Figure 3c, Figure S6).

Based on read position and depth, LUMPY identified three po-
tential inversions on the Z chromosome over 5Mb in length: one
30.6Mb long (starting at 33.8 Mb) in FL and NY, a second one in FL
18.8 Mb long (starting at 52.2 Mb) and a third 5.2 to 6 Mb long in all
the populations except AZ (starting at ~70 Mb; Figure 4a). The break-
points identified by LUMPY for the 30.6 Mb inversion (Figure 4a)
coincided with large changes in frequencies of the reference allele,
primarily in one direction in WI, which had the reference genome,
and the opposite direction in AZ, FL and GCYE; reference allele fre-
quencies were intermediate in frequency in NY (Figure 4b). The WI
population also showed lower levels of heterozygosity and higher
linkage disequilibrium and Tajima's D within the inversion starting at
33.5Mb (Figure 4c-f). Consistent with an inversion, there was also
a block of higher linkage disequilibrium in the region of the putative
inversion when comparing NY and WI populations with a heatmap
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(see blue triangle in middle panel of Figure 4d), but relatively low
levels when analysing individuals from a single population (NY or W1,
n=4284 SNPs found in all three comparisons; Figure 4d).

Analysis of the Z chromosome with SelEstim indicated that the
putative inversions were also associated with high levels of posi-
tive selection (relative to genome-wide selection). In a comparison
of all five pool-seq samples (AZ, FL, NY, WI and grey-crowned yel-
lowthroats), selection averaged higher in the inversion (mean+SE
KLD=0.286 +0.003, n=9172) than outside the inversion (mean+SE
KLD=0.215+0.002, n=12,072, t=16.7, df=14,573, p<.001) and
there were more significant coefficients of positive selection (top 1%
of KLD values)inthe putative inversion (5.3%,487/9172) than outside
it (0.8%, 90/12,072, Fisher's exact test p<.001; Figure S7). A similar
pattern occurred in the comparison of NY and WI pools (Figure S7a).
In this case, selection was lower overall, but it still averaged higher
in the inversion (mean+SE KLD=1.19e-3+1.27e-5, n=4581) than
outside the inversion (mean+SE KLD=1.08e-3+0.002, n=9532;
t=7.13, df=8365, p<.001), and there were also more outliers (top
1% of KLD values) inside the putative inversion (1.4% 63/4581) than
outside it (0.8%, 75/9532, Fisher's exact test p=.0013; Figure S7b).
This pattern of stronger selection inside the inversion changed,
however, when we examined selection within single populations

(Figure S7c, see Section 3.6 below).
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FIGURE 3 Manhattan plots of F; (over
20kb windows) on the Z chromosome
between pooled samples from common

—
)
~

yellowthroats. Comparisons between
WI and other areas (a) showed a 31.2Mb
region of high F. between 33.5-64.7Mb

on the Z chromosome (total length of
Z=77Mb). In contrast, comparisons
between NY and FL showed a smaller
region of divergence, and comparisons
of NY with AZ showed a more uniform
distribution of elevated F¢; values.

I:ST or nBetween (dXY)

Additional comparisons of the entire
genome are in Figures S4 and S5. Panel
(b) shows between-population nucleotide

divergence (g, een OF dyy) is relatively
similar across the Z chromosome, while
within-population nucleotide divergence (b)

(mpyienin) 1S lower within the inversion

for both NY and WI, but lowest for WI
inside the putative inversion. Panel (c)
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populations. Letters next to box plots
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significantly different from a Tukey's
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3.4 | Zinversion is found in other populations
west of the Appalachians

To determine the geographic extent of the putative inversion, we ex-
amined DNA samples from individual birds throughout the eastern
seaboard (Figure 5, Table S1). Here, we started our analysis with the
entire Z chromosome because there was some variation in the loca-
tion of inversions and their size across populations (see Figure 4a).
As noted in the Methods (Section 2.1), we hypothesized that the
putative inversion(s) are primarily related to differences between
populations east and west of the Appalachian Mountains. In this
case, we predicted large Fq; values between the Z chromosome of
birds west of the Appalachians and those in the east, but not be-
tween the western populations. Indeed, this is the pattern we ob-
served (Figure 5a). There was much higher F¢; on the Z chromosome
than the autosomes when we compared birds from west of the main
Appalachian Mountain chain (KS, KY, MI, NY, ON and QC) to those
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east of the chain (NB, PA; ‘East vs. West’ in Figure 5a,b). Manhattan
plots between these east and west populations suggested a putative
inversion around 33-63Mb on the Z chromosome (Figure S8) similar
to the pool-seq samples (Figure 3). Admixture analysis also revealed
evidence for more population structure on the Z chromosome than
on the autosomes (Figure 5b), particularly between the populations
east and west of the Appalachian Mountains. For the autosomes, the
admixture cross-validation (CV) error was lowest for one population
(CV=0.728,0.792 and 0.857 for 1, 2 and 3 populations, respectively),
whereas for the Z chromosome, the CV error was lowest for two
populations (CV=0.760, 0.710 and 0.770 for 1, 2 and 3 populations,
respectively). Furthermore, when assuming that there are two (K=2)
or three (K= 3) different populations in the east, there are fewer indi-
viduals showing mixed ancestry assignments for the Z chromosome
than the autosomes (Figure 5b). Intermediate populations (i.e. NY,
ON, QC) that are west of the main Appalachian Mountain chain, but
typically considered part of the eastern migratory flyway showed
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FIGURE 4 Putative inversions

(a) 30 4

— | AZ identified by LUMPY that were at least
§ 3%; 6 Mb 5Mb long on the Z chromosome of pooled
= ] FL 30.6 Mb m samples from each study area (a). Panel
,g 94 : N— (a) shows the location of a large inversion
5 i GCYE 6 Mb 30.6Mb long (starting at 33.8 Mb) in
g o] — FL and NY, a second one in FL 18.8Mb
o 07 long (starting at 52.1 Mb) and a third
f_-) NY 30.6 Mb 5.2 Mb 5.2 to 6Mb long in all the populations
ED except AZ (starting at ~70Mb). The
a peaks in the graph indicate the length

of the inversion, and the red horizontal

bars indicate the length along the x-axis.
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The breakpoints identified in panel (a)
coincided with changes in frequency of
the reference allele (b) heterozygosity
(c), linkage disequilibrium (d, e) and
Tajima's D (f). Panel (d) shows heatmaps
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(expected)

panel) and within the NY (left panel)
and WI (right panel) populations on the
Z chromosome analysed using PLINK
with ddRAD data (n=4284 SNPs found
in all three comparisons). Note the high
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more mixed ancestry, which may indicate more gene flow in this re-

gion (see Figure S1 for a map of likely migration routes).

3.5 | Differences in morphology between
populations were most strongly related to the Z
inversion

To test whether differences in plumage and ornament size were
related more strongly to putative inversions on the Z chromosome
than the autosomes, we estimated correlations between SNPs and
principal components related to population and ornament size dif-
ferences in pcAdapt. Here, we focused on the largest putative in-
version on the Z chromosome (at 33.8 to 64.4Mb, Figure 4a) and
compared it to the rest of the Z and the autosomes. If SNPs on the
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Z inversion were more closely related to plumage differences than
SNPs on the autosomes, then we expected to see stronger correla-
tions on the Z inversion than autosomes.

We began with a PCA of different subspecies of common vyel-
lowthroats using the pooled samples from AZ, FL, NY and WI
(Figure 6a). Using 5.23M autosomal SNPS, the PCA showed sepa-
ration of the AZ (large bib) population from the eastern populations
along PC1, and separation of the eastern populations along PC2. The
Z chromosome PCA followed a similar pattern. The correlations be-
tween genomic variation and these PC axes (from PCAdapt) were
stronger for the Z inversion than the rest of the Z chromosome
or autosomes for both PC 1 and 2 (all significantly different with
Tukey's tests; Figure 6b).

A similar pattern of divergence was also evident in a comparison

of different species and sexes (i.e. when we added grey-crowned
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FIGURE 5 Genomic divergence (F¢;)
was greater on the Z chromosome than
the autosomes between populations

of common yellowthroats (a). Data are
from 100 individuals sequenced at low
coverage across their genomes as part of
the Bird Genoscape Project (www.birdg
enoscape.org). Panel (b) shows a map of
the sample locations. For the analysis in
panel (a), locations were coded as west
(Kansas, KS; Kentucky, KY; Michigan, Ml;
New York, NY; Ontario, ON; Quebec, QC)
and east of the Appalachian Mountains
(New Brunswick, NB; Pennsylvania,

PA), or southeast (Alabama, AL; North
Carolina, NC; Florida, FL). Panel (c) shows
ADMIXTURE plots (K=2 top, K=3
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yellowthroat and female common yellowthroats from WI to the
analysis; Figure 6c). In this PCA, AZ was separate from the eastern
populations again, but on PC2. The addition of grey-crowned yel-
lowthroats (GCYE) had the greatest effect, because it was an outlier
on PC1. FL, NY and WI (including females) pools all clustered closer
together (on both PC1 and 2). Again, the PC differences were stron-
ger based on SNPs in the Z inversion than the rest of the Z chromo-
some or the autosomes (Figure 6d).

Lastly, we performed a GWAS (with GEMMA) examining correla-
tions between morphology (PC1) and SNPs using only the NY and
WI populations to reduce the influence of geographic variation, since
these are populations of the same subspecies. These data came from
ddRAD sequences of individual males for which we also had morpho-
logical data at the individual level, in contrast to the pool-seq results.
As above, we found that most of the strong associations between
morphology and SNPs were found on the Z inversion and not on the
autosomes or the rest of the Z chromosome (Figure 6e). Only two
SNPS were significant at a threshold of -log10(p)> 7, and they were
both on the inversion. There were also relatively more outlier (top
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1%) SNPs on the Z inversion (22% were outliers, 15/68 SNPs total),
than on the Z chromosome outside the inversion (1.9%, 4/210 total)
or on the autosomes (0.6%, 24/3847; Figure 6e). Overall, 7.4% of the

variance in morphology was explained by SNPs on the Z inversion,

PA QC NB NC AL FL

5.8% was explained by SNPs on the rest of the Z chromosome, and
each autosome explained an average of 1.8% (95 Cl: 1.27%-2.33%,
n=31 main chromosomes) of the variation in morphology (61% over-
all for the autosomes).

3.6 | Differences in morphology within populations
were associated with widespread genes

In contrast to the GWAS results with both NY and WI together
(Figure 6e), when we conducted the GWAS on each population sep-
arately, the top 1% of correlations were spread throughout the ge-
nome and not clustered in the Z inversion (NY is shown in Figure 6f).
For example, in the NY population, 0.5% of the variance in morphol-
ogy was explained by SNPs on the inversion, 2.6% was explained by
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FIGURE 6 Principal component analysis (PCA) of single-nucleotide polymorphisms (SNPs) from pooled DNA samples in four populations
of common yellowthroats analysed with pcadapt. Autosomes (red circles; N=5.22M SNPs) and the Z chromosome (blue; N=220,925

SNPs) are shown together for illustrative purposes, but they were analysed in separate PCAs, so they are not directly comparable. Variance
explained (%) for each PC axis is indicated in parentheses for autosomes and Z, respectively. Panel (a) compares populations of three
subspecies (G.t. trichas from NY and WI; G.t.ignota, from FL and G.t.chryseola from AZ). Panels on the right (b, d) indicate that there are
stronger correlations (PCA loadings) between PC scores (representing population or morphological differences) and individual SNPs for

the inversion on the Z chromosome than the rest of the Z or the autosomes. Shown are the median and interquartile range of correlations
(loadings) between PC scores (for PC axes 1 & 2 separately) and individual SNPs. PC loadings in panels (b) and (d) between the Z inversion,
the rest of the Z and the autosomes were all significantly different with Tukey's tests (p <.001). Panels (c) and (d) show the PCA for the

same four populations (AZ, FL, NY and WI), as well as the grey-crowned yellowthroat (GCYE) and females from WI, illustrating differences
between species and sexes. In these panels blue lines simply connect the same pools for the Z and autosomes for illustrative purposes, but
autosomes (red circles) should be interpreted separately from the Z (blue circles). The bottom two panels (e, f) show Manhattan plots for the
significance (-log10[p]) of correlations between morphology (PC1) and SNPs across the genome (chromosomes 1-31 and the Z chromosome;
Zo indicates the Z outside the inversion and Zinv indicates the Z inside the inversion). Red dots are the top 1% of p-values. Top panel (e)
shows the results from an analysis that combined data from NY and WI, while the bottom panel (f) shows the same analyses with just the NY
data. All analyses were from a linear mixed model in GEMMA using ddRAD data from 36 males in NY and 46 males in WI. [Colour figure can
be viewed at wileyonlinelibrary.com]

SNPs on the rest of the Z chromosome and each autosome explained this analysis, we used the same PC1 morphology scores for NY in-
an average of 1.4% (95 Cl: 1.03%-1.84%, n=31 main chromosomes) dividuals as used in the analysis of both NY and WI to eliminate any
of the variation in morphology (43% overall for the autosomes). In variation due to different morphological scores (Figure 6e); however,
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we also found that the top correlations were spread throughout the
genome when PC1 was calculated separately for NY (or WI). Also
note that there was no influence of geographic variation in this anal-
ysis because each population was analysed separately, and hence,
the region with the inversion did not produce any large differences
in allele frequencies as found in the between-population analysis.

A similar change in results occurred when we switched from
between to within-population comparisons of selection (using
SelEstim; Figure S7). In our previous comparison of selection be-
tween different populations and subspecies, selection was pri-
marily concentrated on the Z inversion (Figure S7a,b). However, in
a comparison of NY individuals with relatively large and small bibs
(top and bottom 25th percentiles of size), selection (mean+SE KLD
values) did not differ between inside (6.73e-3 +2.61e-5) and outside
(6.68e-3+1.80e-5) the inversion (t=1.77, df=17,285, p=.07) and
the proportion of outliers (top 1%) also did not differ between inside
the putative inversion (1.03%, 91/8805) and outside of it (0.98%,
178/18,074, Fisher's exact test p=.70; Figure S7c). This pattern ex-
tended to other within-population comparisons of ornament size
(large and small groups) using the pool-seq data (Figure S9). Thus,
the inversion was mainly associated with size and colour differences
(PC1) between populations (Figure ée), but within populations, the
same size differences (PC1; Figure 6f), as well as size differences in
the sexually selected ornaments (Figure S7c), were associated with

polymorphisms spread across the genome.

3.7 | Functional annotation of genes on the Z
chromosome and its inversion

We investigated the function of genes on the Z chromosome to
determine whether they might help to explain the differences in
morphology and mate choice between populations. Among the 711
annotated genes on the Z (i.e., including non-outliers), there were
seven melanin-related and seven carotenoid-related genes and, of
these, two (ALDH1A1 and PCSK5) melanin and four carotenoid
(ABCA1, LPL, RBP4 and SLC27A6) genes were on the large Z inver-
sion (from 33.8 to 64.4 Mb; Supporting data Table S1). Another mela-
nin gene (FBN2) was in the smaller (5.2-6 Mb) Z inversion starting
at 70Mb (Figure 4), and an important melanogenesis gene (TYPR1,
tyrosinase-related protein 1, at 30.31-30.32Mb) was about 3Mb
from the large Z inversion.

There were 257 genes within the Z inversion that were also in
outlier F¢; windows between populations (Supporting data Table S2).
Five genes related to vision were in these outlier windows, including
NTRK2, RORB, RPGRIP1L and TOPORS, which are involved in rod
cell development (g:profiler enriched gene ontology term; Adjusted
p=.005), and PDE6B, which is an important gene in the phototrans-
duction pathway (Lagman et al., 2016). The Z inversion also con-
tained two (non-melanogenesis) genes linked to mask size in Wl and
two linked to bib size in W1 in our previous analyses (Sly et al., 2022).
Of these, MOB Kinas Activator 3B (MOB3B) is notable as part of the
hippo signalling pathway, which regulates organ size and is involved
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in feather growth (Sello et al., 2019; Yang et al., 2018), providing a
potential link between the inversion and mask size differences be-
tween NY and WI.

4 | DISCUSSION

Anincreasing number of studies suggest that large structural variants
in the genome, such as inversions and duplications (e.g. copy number
variation), are important in producing population structure and local
adaptation to the environment (Wellenreuther & Bernatchez, 2018).
However, relatively few studies have linked large structural variants
to phenotypic traits that are known to play a role in sexual selec-
tion and may influence reproductive isolation. Here, we found that
a large portion (40%, 31/77 Mb) of the Z chromosome of the com-
mon yellowthroat contains putative inversion(s), and variants in that
region are associated with more of the male phenotypic differences
(in size and plumage) between populations than variants on the rest
of the Z chromosome or the autosomes. In the widespread eastern
subspecies, G.t.trichas, the Z inversions appear to differ primarily
east and west of the Appalachian Mountains, providing evidence of
cryptic population structure. Furthermore, in at least two of these
populations east (NY) and west (WI) of the Appalachians there are
also differences in female mating preferences for different male or-
naments (black facial mask or yellow breast; Dunn et al., 2008; Sly
et al., 2022). Thus, the structural variants on the Z chromosome
could contribute to reducing gene flow between the east and west
populations (in addition to migratory differences), which, in turn,
could help to maintain different patterns of sexual selection, even
within the same subspecies. It is also important to note that within
populations all or most individuals appeared to share the same inver-
sion type, and, in this case, morphological (ornament size) variation
was related to SNPs spread more broadly across the genome, as we
had reported previously in transcriptome and pool-seq analyses of
ornament size within the NY and WI populations (Sly et al., 2022).
Thus, selection on morphology (and sexually selected ornaments, in
particular) appears to vary with the genomic architecture (e.g. inver-
sions) of a population and the level of analysis (within or between
populations). This has important implications for interpreting studies
of the genomic basis of sexually selected ornaments because the
level of analysis may be related to different aspects of sexual selec-
tion. For example, between-population analyses may reveal genes
related to mate choice for locally adapted genes (e.g. avoidance of
outbreeding or hybridization); in common, yellowthroats this may in-
clude different ornament preferences (mask or bib) in different pop-
ulations. In contrast, within-population analyses may reveal genes
related to female choice of high-quality mates (e.g. the size of the bib
in NY or mask in WI).

Sexual selection has often been considered a driver of diversifi-
cation and speciation because female choice can lead to divergence
in the colour and size of male ornaments between different popula-
tions, and ultimately reproductive isolation. To date, genomic studies
have often focused on the regulation of pigmentation genes that can

ASURDIT SUOWWO)) dAnea1) 3[qearjdde ayy Aq pauIaA0S a1e Sa[dIIR YO 2SN JO S3[NI 10§ AIRIGIT SUI[UQ A3[IAY UO (SUONIPUOD-PUB-SULIS)/WOD" K3[1M" KIeIqIjaur[uo//:sdiy) SUONIpuO) pue suIa [, Y 3RS “[+707/01/62] U0 A1eiqr] auruQ AS[Ipy ‘KNIsIoATun) el opeIojo) £q S/ 103w/ [ | [ [°0]/10p/wod K3[im’ Areiqijaur[uoy/:sdny woiy papeojumod ‘[ ‘+20T ‘XP6TS9E |


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fmec.17525&mode=

DUNN ET AL.

14 of 18
\YVAI A4 MOLECULAR ECOLOGY

produce large, discrete differences in patches used in species recog-
nition, which could, in turn, lead to reproductive isolation. Several
genomic studies in birds (Campagna et al., 2022; Toews et al., 2016)
and fish (Hench et al., 2019) have found divergence between closely
related species can be limited to just a few pigmentation genes that
affect colour patterns, with little differentiation elsewhere in the ge-
nome. However, in other studie regions of differentiation between
species are scattered more widely across the genome (e.g. Feulner
etal., 2015; Meier et al., 2018). In common yellowthroats (this study)
and hybridizing orioles (Walsh et al., 2023), divergence in plumage
between populations and species, respectively, was primarily asso-
ciated with large (>30Mb) inversions on the Z chromosome. In the
orioles 90% of the SNPs related to plumage were on the Z inver-
sion, while in yellowthroats the percentage was much lower (22% for
PC1 differences between populations of the same subspecies; NY
vs. WI). This difference may reflect a presumably longer divergence
time between species (in orioles) than subspecies (yellowthroats).
Walsh et al. (2023) attributed the large differences between oriole
species (F;;=0.19) to a deep divergence time (350k years), which has
provided time for more polymorphisms to accumulate. In contrast,
common yellowthroats east and west of the Appalachian Mountains
are still considered the same subspecies and probably have consid-
erable gene flow between them (F¢; between NY and W1=0.073 and
0.005 for Z and autosomes, respectively), so the putative Z inversion
may be relatively recent and may not have allowed the build-up of
large F; differences as seen in orioles.

Inversions are expected to be favoured by selection when they
contain alleles that promote local adaptation as well as reproductive
isolation (Felsenstein, 1981; Schaal et al., 2022). In this respect, it is
interesting that, in addition to the genes related to male phenotype,
we also found several genes in the inversion that are related to vi-
sion. This suggests that genes related to both male phenotype and
female mate preferences are on the same inversion. Female prefer-
ence differs between two of the common yellowthroat populations
(W1 and NY) east and west of the Appalachian Mountains. In W] fe-
males prefer males with larger masks and these males have greater
social and extra-pair mating success, but females prefer males with
larger bibs in NY and these males are also more successful in terms
of mating success (Dunn et al., 2008; Freeman-Gallant et al., 2010).
Within the Z inversion, we found five genes related to vision, in-
cluding one of the phosphodiesterase genes, PDGE6B, which plays a
critical role in the phototransduction cascade and is associated with
several retinal diseases in humans and reduced visual acuity in do-
mesticated chickens relative to their wild ancestor, the red jungle-
fowl (Lagman et al., 2016; Wang et al., 2016). These vision-related
genes could potentially be involved in differences in mate choice at
the population level; however, further study is needed of their spe-
cific role in vision in different populations.

Genes for both male plumage and vision were also found in inver-
sions in the orioles studied by Walsh et al. (2023) and crows in Europe
(Poelstra et al., 2014). The Z inversions in common yellowthroats
(33.8-64.4Mb) and orioles (1.7-45.4Mb, Walsh et al., 2023) over-
lap for 12Mb on the Z (including the five vision-related genes
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mentioned above), so some of the same vision and plumage related
genes may be involved in divergence of different species or subspe-
cies. In crows there were several genes related to melanogenesis
and one gene (RGS9) related to vision on an inversion on chromo-
some 18 (Poelstra et al., 2014). Several other studies of fish (Hench
et al.,, 2019) and insects (Merrill et al., 2019; Rossi et al., 2024) have
also found similar linkages between genes for male traits and female
preference, but they do not appear to be associated with inversions.
Thus, there appear to be several mechanisms for how trait and pref-
erence genes become associated.

As in previous studies, we found pigmentation genes were asso-
ciated with the top divergence peaks in all population comparisons
of yellowthroats, but they were not overrepresented in those peaks.
Melanogenesis, which controls the expression of black patches in
a variety of taxa, is regulated by several distinct signalling path-
ways (Ducrest et al., 2008; Serre et al., 2018). We found divergent
genes in these signalling pathways, including KIT, MC1R/Agouti and
WNT in various comparisons of subspecies. Thus, melanin patches
in yellowthroat plumage may be regulated by a diverse set of sig-
nalling genes, in contrast to some previous studies that have found
repeated evolution of the same gene (e.g. Agouti signalling protein
[ASIP]) regulating melanin differences among closely related popula-
tions or species (Baiz, Kramer, et al., 2020; Baiz, Wood, et al., 2020;
Price-Waldman & Stoddard, 2021). We also found a few examples
of carotenoid-related genes that were divergent across yellowthroat
populations and may be related to differences in the yellow on the
throat. For example, the scavenger receptor SCARF2 was divergent
between common and grey-crowned yellowthroats. The scavenger
receptor SCARF2 binds and transports lipoprotein complexes in-
volved in carotenoid transport, and this gene has been previously
linked to carotenoid pigmentation in birds (Brelsford et al., 2017).
In yellowthroats, the main carotenoid pigment is dietary lutein,
which is deposited into the plumage with little enzymatic modi-
fication (McGraw et al., 2003). Therefore, it is not surprising that
we did not find divergence in enzymes that metabolize carotenoids
such as CYP2J19 (Lopes et al., 2016) and BCO2 (Gazda et al., 2020)
which have been linked to carotenoid colour shifts in birds that have
different types of carotenoids in their plumage. Instead, we found
genes related to either carotenoid transport (SCARF2; Brelsford
et al., 2017) or to the absorption of dietary carotenoids (ISX in the
comparison of Wl and NY; Bohn et al., 2017).

5 | CONCLUSIONS

Our results provide evidence that a large inversion on the Z chromo-
some (40% of the Z chromosome) is related to differences between
populations in male size and colour, including their sexually selected
ornaments. These ornaments are also associated with differences
in female mate choice between closely related populations and,
hence, potentially to population divergence. The inversions on the
Z chromosome vary geographically, particularly east and west of the
Appalachian Mountains, which is within the range of one subspecies
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(G.t.trichas). This subspecies diverged within the last 1 Myears based
on mitochondrial sequences (Escalante et al., 2009) and possibly
more recently following range expansion after the last Pleistocene
glaciation (Boulet & Gibbs, 2006; Lovette, 2005). A more recent
divergence is consistent with theory that larger inversions should
form early in the speciation process, partly because they prevent re-
combination from breaking up adaptive allele combinations (Schaal
et al.,, 2022). In contrast to the between-population comparisons,
within-population comparisons revealed that variation in male size
and colour was associated with SNPs spread across the genome, as
we found previously (Sly et al., 2022). Within populations, all or most
of the individuals presumably shared the same inversion type, so it
was only when we performed between-population comparisons in
this study that the importance of the putative Z inversion became
apparent. Thus, ornament-related genes on the Z chromosome are
important in comparisons of different populations, but they are less
important for explaining variation within populations which may be
related to local selective forces, such as mate choice for high-quality
mates. This has important implications for interpreting studies of
the genomic basis of sexually selected ornaments because differ-
ent parts of the genome (e.g. inversions) may be related to different
aspects of sexual selection (e.g. avoidance of outbreeding or choice
of high-quality mates).
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