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EVOLUTIONARY BIOLOGY

Convergent genomic signatures of local adaptation
across a continental-scale environmental gradient

Lucas R. Moreira'>3# and Brian Tilston Smith?

Convergent local adaptation offers a glimpse into the role of constraint and stochasticity in adaptive evolution,
in particular the extent to which similar genetic mechanisms drive adaptation to common selective forces. Here,
we investigated the genomics of local adaptation in two nonsister woodpeckers that are codistributed across an
entire continent and exhibit remarkably convergent patterns of geographic variation. We sequenced the
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genomes of 140 individuals of Downy (Dryobates pubescens) and Hairy (Dryobates villosus) woodpeckers and
used a suite of genomic approaches to identify loci under selection. We showed evidence that convergent
genes have been targeted by selection in response to shared environmental pressures, such as temperature
and precipitation. Among candidates, we found multiple genes putatively linked to key phenotypic adaptations
to climate, including differences in body size (e.g., IGFPB) and plumage (e.g., MREG). These results are consistent
with genetic constraints limiting the pathways of adaptation to broad climatic gradients, even after genetic

backgrounds diverge.

INTRODUCTION

Convergent local adaptation offers an opportunity to investigate the
predictability of adaptive evolution to spatially heterogeneous selec-
tive pressures (1, 2). When the same loci are independently used in
distinct episodes of adaptation, it is likely that particular constraints
exist on the number of evolutionary pathways available for adapta-
tion (3). For example, some genes may contribute more often to ad-
aptation owing to their larger phenotypic effects, lower functional
redundancy, higher mutation rates, or fewer epistatic and pleiotro-
pic interactions (3-5). Under such circumstances, closely related
taxa diverging along a similar environmental gradient, such as a lat-
itudinal cline, should exhibit some degree of genetic convergence, as
natural selection will operate on a similar genomic background (6).
On the other hand, local adaptation may evolve via different genetic
mechanisms when adaptive mutations are highly redundant and
genomic backgrounds differ greatly (7, 8). In this case, climatic ad-
aptation should be characterized by lineage-specific signatures of
selection (9).

While most studies on parallel adaptation have focused on single
environmental transitions [e.g., high versus low elevation; temper-
ature gradient; marine versus freshwater environments (10-12)],
little is known about the mechanisms underlying adaptation on a
continental scale, encompassing multiple contrasts. Moreover,
much of the knowledge of the repeatability of adaptive evolution
is based on comparisons of closely related lineages, whose shared
standing genetic variation leads to evolutionary nonindependence
(11, 13, 14). By comparing signatures of selection across multiple
environmental axes in more distantly related, nonsister species,
the effects of multiple selective pressures on genomic convergence
can be elucidated (15, 16).

To investigate the genomic architecture of convergent local ad-
aptation in independently evolving and widely distributed taxa, we
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studied the Downy Woodpecker (Dryobates pubescens) and Hairy
Woodpecker (Dryobates villosus), two sympatric and ecologically
similar species that co-occur across a complex environmental gra-
dient in North America. These two species (also referred to as
Downy and Hairy, for short) are year-round residents of a variety
of forested habitats, including coniferous, deciduous, and mixed
forests, being found from Alaska (AK) to Florida, although popula-
tions of Hairy Woodpecker are also found in Central America and
The Bahamas (17). Over the past million years, populations of both
woodpeckers have been strongly affected by the Pleistocene glacia-
tions, experiencing repeated cycles of bottleneck and population ex-
pansion as a result of the advance and retreat of the Pleistocene
glacier in North America (18). These changes in habitat availability
during the Pleistocene led to isolation in multiple glacial refugia
which, along with heterogeneous gene flow across the landscape,
caused population differentiation. Despite this dynamic demo-
graphic history, Downy and Hairy Woodpeckers were able to main-
tain very large effective population sizes, which might have
prevented erosion of adaptive variation by genetic drift and there-
fore facilitated the action of natural selection (18). Moreover, al-
though they belong to different clades, separating more than eight
million years ago (19, 20), Downy and Hairy Woodpeckers resemble
each other more closely than other species of their clades (21). This
plumage convergence is hypothesized to result from interspecies
social dominance mimicry, where a smaller animal mimics a
larger one to scare off competitors and gain access to resources
(22). This phenomenon is commonly seen in woodpeckers
[family Picidae; (23-25)]. Both species also exhibit extensive geo-
graphic variation in plumage and body size throughout their
ranges (17, 26). In general, their convergent geographic variation
complies with major ecogeographical rules—individuals of both
species are darker in the humid west and larger in higher latitudes
and elevations, a pattern often observed in North American birds
(27, 28). Considering that Downy and Hairy Woodpeckers have
an overlapping distribution, similar ecologies, evolved in a shared
landscape for a similar period of time, and exhibit convergent

10f 17

€207 ‘Sz 1sn3ny uo S10°00udI0s MMM//:sdNY WoLy PaprO[UMO



SCIENCE ADVANCES | RESEARCH ARTICLE

phenotypes, they provide natural evolutionary replicates to study
convergent patterns of natural selection.

As Downy and Hairy Woodpeckers independently colonized
previously glaciated habitats in North America, founder popula-
tions adapted to a number of environmental stressors, such as ex-
ceptionally low temperatures, seasonal food scarcity, different diets,
and new pathogens and competitors. Genetic variants that allowed
individuals to overcome these challenges likely increased in fre-
quency, leaving clear signatures in the genome [i.e., selective
sweeps (29)]. Prolonged periods of winter, in particular, present a
major physiological challenge to small birds, as they must maintain
high metabolic rates of energy consumption in the face of severe
cold, reduced access to food, and less daylight (30, 3I). Traits that
confer greater cold resistance (e.g., behavioral and physiological ad-
justments) are therefore likely to be targeted by natural selection
(32). Downy Woodpecker basal and peak metabolic rates are signif-
icantly higher during the winter than during the summer, which
indicates that individuals are capable of elevating their metabolic
rates to compensate for heat loss (31, 33). Body size also plays a
key adaptive role—heat loss is more pronounced in smaller birds
relative to larger ones due to their increased surface-to-volume
ratios. Consequently, optimal body mass seems to vary according
to climate (28). Downy and Hairy Woodpeckers fit this expectation,
showing variation that follows Bergmann's ecogeographic rule,
which states that individuals in cooler climates are generally
larger than conspecifics living in warmer ones (28, 34, 35).

Considering the variety of biotic and abiotic factors that impose
spatially varying selective pressures on populations of the Downy
and Hairy Woodpeckers, we used a suite of genomic approaches
to test for signatures of local adaptation. We resequenced the
whole genome of individuals of Downy and Hairy Woodpeckers
to characterize the genetic basis of local adaptation and test
whether the same genes/loci have been targeted by natural selection
in response to a shared environment. We hypothesized that if con-
straints exist in the number of available pathways for adaptation,
then we should observe more shared signatures of selection than
expected by chance (i.e., genomic convergence). Alternatively, if
multiple evolutionary solutions exist for local adaptation and out-
comes of natural selection are completely contingent on past sto-
chastic events, then we expect signatures of selection to be largely
species-specific. This study explores the implications of outlier
loci and genotype-environment associations (GEAs) in relation to
adaptation to climate extremes, as well as variation in body size and
plumage color, as these factors reflect the multidimensionality of
adaptation at a continental scale. We demonstrate that genomic
convergence is an important phenomenon driving adaptive evolu-
tion across broad environmental scales, and we present exciting new
candidate genes putatively implicated in key phenotypic differences
in local adaptation.

RESULTS AND DISCUSSION

We performed whole-genome resequencing in 140 individuals of
Downy and Hairy Woodpeckers (70 samples per species) from
seven geographic locations representing major bioclimatic
domains in temperate North America (n = 10 individuals per pop-
ulation; Fig. 1 and table S1) to identify loci contributing to local ad-
aptation. Sampled locations covered most of the climatic variation
observed across the species range, characterized by multiple clines
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in temperature and precipitation (Fig. 1). The sequencing coverage
varied from 1.4 to 12.5x (mean = 5.1x) in Downy Woodpecker and
from 1.1 to 11.7x (mean = 4.5x) in Hairy Woodpecker. Our final
dataset contained a total of 7,160,291 and 7,059,731 biallelic
single-nucleotide polymorphisms (SNPs) in Downy and Hairy
Woodpeckers, respectively.

GEA analysis uncovers shared patterns of selection in
Downy and Hairy Woodpeckers

We sought to find regions of the genome that were strongly associ-
ated with environmental variables representing the complex climat-
ic gradient of North America. To do so, we first performed a
principal components analysis (PCA) on the 19 bioclimatic vari-
ables from the WorldClim database (36), separating variables
related to temperature (BIO1 to BIO11) from the ones related to
precipitation (BIO12 to BIO19). The first three principal compo-
nents (PCI1 to PC3) of each of these sets, explaining 94 to 98% of
the total environmental variation (table S2), were retained for our
GEA analysis. We then used the latent model in ANGSD-asso [as-
sociation algorithm from the Analysis of Next Generation Sequenc-
ing Data software (37)] to test for an association between genotypes
in each SNP and PC1 to PC3 of temperature and precipitation.
Because the signal of selection is expected to extend to linked
sites, we estimated median values of the likelihood ratio test
(LRT) for windows of 50 SNPs (in increments of 10 SNPs) across
the genome and applied a permutation test to find the significance
threshold for each window. This conservative strategy ensured that
the number of candidate loci was not inflated by linkage disequili-
brium (LD), variable gene size, or spurious associations. Our results
revealed multiple SNP windows correlated with environmental var-
iables in both species (Fig. 2, figs. S1 to 54, and tables S2 and S7). In
Downy and Hairy Woodpeckers, a total of 312 (0.04%) and 1924
(0.27%) SNP windows were associated with temperature variables,
respectively, whereas 217 (0.03%) and 1417 (0.2%) SNP windows
were correlated with precipitation variables. For temperature,
most candidate SNP windows were associated with PC1 (271 in
Downy), loading most heavily on cold extremes (BIO6 and
BIO11), and PC2 (1445 in Hairy), loading most heavily on hot ex-
tremes (BIO5, BIOS, and BIO10). For precipitation, a large propor-
tion of SNP windows (140 in Downy and 300 in Hairy) were
associated with PC1, which loaded most strongly on annual precip-
itation (BIO12). In Hairy, most SNP windows (726) were correlated
with PC3 of precipitation, loading most heavily on precipitation in
the warmest quarter (BIO18).

We identified a total of 37 and 328 genes overlapping (or in close
proximity to) candidate SNP windows for temperature in Downy
and Hairy Woodpeckers, respectively. These genes represented an
array of biological processes but were enriched for functions
related to regulation of insulin-like growth factor (IGF) receptor sig-
naling pathway [Gene Ontology (GO):0043567; P = 0.017 in
Downy], synaptic membrane adhesion (GO:0099560; P = 0.035 in
Downy), and viral entry into host cell (GO:0046718; P < 0.001 in
Hairy; tables S3 and S4). Similarly, we identified a total of 24 and
270 candidate genes associated with precipitation in Downy and
Hairy Woodpeckers, respectively. These genes were related to post-
embryonic organ morphogenesis (GO:0048563; P = 0.047 in
Downy), response to caloric restriction (GO:0061771; P = 0.047
in Downy), regulation of testosterone secretion (GO:2000843; P =
0.047 in Downy), regulation of lipid transport (GO:0032369; P =
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Fig. 1. Environmental variation across the ranges of Downy and Hairy Woodpeckers. (A) Map depicting the sympatric range of Downy and Hairy Woodpeckers, the
location of the study samples (dots), and their respective populations of origin (large circles). Each population has a sample size of n = 10. Colors on the map are based on
the principal components analysis (PCA) of the bioclimatic data shown in (B). We converted scores of the first three principal components (PCs) into values of RGB (PC1:
red; PC2: green; PC3: blue) to represent variation in climate. Thus, similar colors represent similar climates. (B) PCA of the 19 bioclimatic variables from the WorldClim
database (36). Background points (gray) represent 1000 randomly sampled points across the sympatric range of both focal species. Points from each population are
represented by different colors. (C) Biplot of the PCA of bioclimatic data indicating the correlations among variables and the direction and magnitude of their contribution
to the first two PCs of the PCA. AK, Alaska; MW, Midwest; NE, Northeast; NR, Northern Rockies; NW, Pacific Northwest; SE, Southeast; SR: Southern Rockies.

0.047 in Downy), polysaccharide digestion (GO:0044245; P = 0.047
in Downy), etc. (table S3). This diversity of gene functions suggests
that, at a broad environmental scale, local adaptation involves a
multitude of phenotypic, behavioral, and physiological traits,
most of which have a complex genetic underpinning (38, 39).

Candidate loci show signatures of selective sweep and
population structure deviation

We used additional approaches to detect variants under selection to
refine and validate our list of candidate loci. Because variants under
selection tend to deviate from the general patterns of population
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structure under neutral evolution, we used the PCAdapt algorithm
(40) to identify population structure outliers. We found 1376 outlier
SNP windows in Downy and 3326 outlier SNP windows in Hairy
Woodpecker deviating from the global population structure (top
1% percentile; Fig. 3, A and B). Twelve to 13% of these SNP
windows overlapped with our candidate set from ANGSD-asso
(Fig. 3, Cand D).

Next, we searched for signatures of recent or ongoing hard
sweeps using H-scan (41), a method that computes the average
length of homozygosity tracts (H ) around each SNP. For this anal-
ysis, we considered outliers, any variant window in the top 1%
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Fig. 2. GEA analysis and genomic convergence in Downy and Hairy Woodpeckers. Manhattan plots showing candidate genes associated with the first PC (PC1) of (A)
temperature and (B) precipitation in Downy Woodpecker and (C) temperature and (D) precipitation in Hairy Woodpecker. Each dot represents the median LRT statistic
estimated for a given 50-SNP sliding window along the genome. Colors differentiate consecutive pseudochromosomes. Venn diagram describing the total number of
candidate genes from the ANGSD-asso latent model associated with (E) temperature and (F) precipitation shared by Downy (left) and Hairy (right) Woodpeckers. Density
plot shows the cumulative hypergeometric distributions of the probability of observing a given number of overlapping candidate genes. The red dashed line indicates the

empirical observation.

largest values of median H. This analysis resulted in a list of 8238
(Downy) and 10,085 (Hairy) SNP windows (figs. S5 and S6). Many
of the candidate SNP windows from H-scan overlapped with can-
didates from ANGSD-asso (281 to 594) and PCAdapt (626 to 1648).
A highly significant fraction of these SNP windows were shared
between all three methods in Downy Woodpecker (188 SNP
windows; P < 0.001; Fig. 3C) and Hairy Woodpecker (203 SNP
windows; P < 0.001; Fig. 3D). In Downy Woodpecker, SNP
windows identified by all three methods harbored genes of the
IGF signaling pathway (IGFBP3 and IGFBPI) and genes associated
with neurodevelopment (ADCY1, PCDHI, and PCDHY). In Hairy
Woodpecker, we identified transcription factors related to anatom-
ical development (BARX1) and stress-responsive chromatin regula-
tion (ATF?), as well as genes related to spermatogenesis (CCDC65)
and melanin biosynthesis (DCT).

Convergent genes have been used for adaptation in Downy
and Hairy Woodpeckers

We observed an overrepresentation of candidate genes under selec-
tion shared by both species. To assess the degree of genomic

Moreira and Smith, Sci. Adv. 9, eadd0560 (2023) 19 May 2023

convergence in local adaptation to climate, we examined the
overlap between candidate genes associated with climatic variables
in both species. A total of nine (GSTK1, TNS3, IGFBP1, IGFBP3,
ARAP2, IGHV1, PCDHY, and two uncharacterized) and seven
(IL17REL, PIM3, INS3, IGFBP3, ARAP2, and two uncharacterized)
shared orthologous genes were found to be associated with temper-
ature (Fig. 2E) and precipitation (Fig. 2F), respectively. While this
overlap is small, it is extremely unlikely to occur by chance, as in-
dicated by a hypergeometric test (temperature: P < 0.001; precipita-
tion: P < 0.001; Fig. 2, E and F, and fig. S7). These results suggest
that, at the gene level, climatic adaptation was more repeatable than
expected given the highly polygenic nature of adaptive phenotypes
and the broad environmental scale we investigated (16).

Ancient introgression is unlikely to drive genetic
convergence

We found limited evidence that candidate genes under selection
shared by the Downy and Hairy Woodpeckers originated from
adaptive introgression. While we do not have access to a more ex-
tensive taxon sampling, which would allow us to formally evaluate
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Fig. 3. Population-structure outliers and method intersection. Manhattan plots showing outliers windows of population structure according to PCAdapt in Downy (A)
and Hairy (B) Woodpeckers. Each dot represents the median —log,o(P) estimated for a given 50-SNP sliding window along the genome. Gray colors differentiate con-
secutive pseudochromosomes. Green dots indicate candidate loci. Venn diagrams describing the intersection of candidate windows between ANGSD-asso, PCAdapt, and

H-scan in Downy (C) and Hairy (D) Woodpeckers.

introgression, we have developed an approach to testing whether
certain regions of the genome are more similar between species
than within species, which could be an indication of introgression.
To do so, we estimated tree topologies along the genomes of the
Downy and Hairy Woodpeckers and identified genomic windows
in which species monophyly was not supported (e.g., samples
cluster by geography, rather than species). We identified 333
genomic windows showing nonmonophyly, which could have
arisen through ancient introgression, incomplete lineage sorting,
or stochasticity. However, none of these windows overlapped with
candidate genes under selection in our focal species, suggesting that
ancient introgression is not likely to have contributed to the ob-
served convergence in local adaptation. Instead, our results
suggest that the shared candidate genes are likely to have evolved
independently in response to similar selective pressures in the
two species.

Moreira and Smith, Sci. Adv. 9, eadd0560 (2023) 19 May 2023

Signatures of elevated genetic differentiation are
associated with environmental dissimilarity

By scanning the genome of Downy and Hairy Woodpeckers, we
characterized regions of elevated population differentiation (Fsr)
when compared to the genomic background. We estimated Fst
across 50-kb sliding windows in 10-kb increments using the geno-
type likelihood approach in ANGSD (42). Any genomic window
with an Fgr value 5 SDs above the genome-wide mean was consid-
ered an outlier. Given that population expansion is expected to
produce exceedingly long tails in the distribution of Fsr, thus con-
founding Fsr-outlier analyses, we chose a conservative cutoff value,
corresponding to the top 107°% of a normal distribution. Simula-
tions have shown that this conservative cutoff performs well in other
systems with nonequilibrial demographies (12). Fsr-outlier analyses
across all 21 pairwise population comparisons revealed a number of
outlier windows harboring candidate loci putatively under natural
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Fig. 4. Correlates of the number of Fsr-outlier windows in Downy and Hairy Woodpeckers. Heatmaps of Fsr-outlier windows and correlates across population
comparisons in Downy (left) and Hairy (right) Woodpeckers. Shown are heatmaps of the number of genomic windows detected in the Fsr-outlier analysis for each pop-
ulation comparison (A and B), the genome-wide Fst across all population comparisons (C and D), and the average environmental dissimilarity among populations (E and
F) calculated as the Euclidean distance between PCs of the 19 bioclimatic variables from the WorldClim database (36). AK, Alaska; MW, Midwest; NE, Northeast; SE, South-

east; NW, Pacific Northwest; NR, Northern Rockies; SR, Southern Rockies.
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selection (Fig. 4 and figs. S8 to S11). We asked whether the number
of outlier windows detected in each population comparison was a
function of the genome-wide Fsy or the average environmental dis-
similarity between populations. Mantel tests revealed a correlation
between the number of outlier windows and the average environ-
mental dissimilarity (Downy: Spearman's r = 0.5; P = 0.01; Hairy:
Spearman’s r = 0.42; P = 0.04; Fig. 4) but not the genome-wide Fgy
(Downy: Spearman's r = —0.27; P = 0.83; Hairy: Spearman's r =
—0.15; P = 0.73; Fig. 4). The absence of a correlation between the
number of outlier windows and global Fsr suggests that the detected
candidates are likely associated with local adaptation across the
broad continental-scale gradient in North America and not an ar-
tifact of higher genome-wide population differentiation.

Fsy-outlier analysis reveals selection on multiple genes
related to the immune system and nutrition

Across all pairwise population comparisons, we found 90 to 503
(Downy Woodpecker) and 86 to 533 (Hairy Woodpecker) outlier
windows showing elevated differentiation (Fig. 4, A and B). A
total of 87.2 and 79% of SNP windows associated with environmen-
tal variables in Downy and Hairy, respectively, overlapped with
these Fsr-outlier windows by at least 500 base pairs (bp). Most of
these 50-kb regions harbored annotated genes—across all popula-
tion comparisons, we found 572 and 610 candidate genes within
regions of elevated Fs in Downy and Hairy Woodpeckers, respec-
tively. These candidate genes encompassed a broad range of molec-
ular functions and biological processes (tables S5 and S6), including
response to nutrients (e.g., OTC, PHEX, and HMGCL), embryonic
development (e.g., LRP6, ALS2, MEOX1, and OVOL2), organism
growth and maturation (e.g., EZH2, IGFBP3, and IGFR1), heat re-
sponse (e.g., HSP90AAI), and melanogenesis (e.g., RAB3S,
SHROOM?2, ADAMTS20, and NFI). These candidate genes
support our findings from the GEA analysis, revealing that local ad-
aptation is likely a complex trait that involves multiple molecular
pathways.

Next, we compared candidate outlier windows in Downy and
Hairy Woodpeckers and identified 217 (12.6 and 11.5%) outlier
windows (with 139 annotated genes) shared between population
comparisons of Downy (total unique outlier windows = 2150)
and Hairy Woodpeckers (total unique outlier windows = 2355).
Convergent candidate genes showed an overrepresentation of bio-
logical processes associated with immune response against patho-
gens (e.g., CD36, TLR1B, and MFHASI; Table 1). Enriched GOs
included “innate immune response in mucosa” (GO:0002227; P <
0.001), “antibacterial humoral response” (GO:0019731; P = 0.019),
"defense response to Gram-positive bacterium” (GO:0050830; P =
0.021), “antimicrobial humoral immune response mediated by an-
timicrobial peptide” (GO:0061844; P = 0.022), and "immune system
development” (GO:0002520; P = 0.039). Birds are thought to adjust
their immune activity in response to local environment and patho-
gen pressure (43, 44). Geographic differences in pathogen load, eco-
physiology, and life history traits could explain the signatures of
covergent selection for local adaptation observed in immune
genes of Downy and Hairy Woodpeckers.

In addition to GO terms directly related to the immune system,
we also found an overrepresentation of genes associated with
nucleic acid replication, transcription, and repair in both species
(Table 1). Convergent candidates were enriched for genes related
to "RNA-dependent DNA biosynthetic process” (GO:0006278; P

Moreira and Smith, Sci. Adv. 9, eadd0560 (2023) 19 May 2023

< 0.001), "DNA-templated transcription” (GO:0006352; P <
0.001), “nucleosome assembly” (GO:0006334, P < 0.001), “DNA in-
tegration” (GO:0015074, P = 0.006), and "RNA phosphodiester
bond hydrolysis, endonucleolytic” (GO:0090502, P = 0.03). Path-
ways related to DNA replication and repair are significantly en-
riched for positively selected genes in birds (45) and might be
indirectly related to immune response against viruses, which are
known to subvert the DNA/RNA replication and repair machinery
to promote their own replication (45). These genetic mechanisms
could also have evolved in response to transposable elements
(TEs), repetitive DNA sequences that have the ability to move
across the genome (46). Woodpeckers, in particular, show a large
expansion in the number of TEs, especially chicken repeat 1 retro-
transposon (CR1), compared to other bird lineages, which are
known for the paucity of TEs (47). TEs can cause deleterious
effects on their “hosts” due to the disruption of gene expression
by random insertions, synthesis of deleterious RNAs or proteins,
or chromosomal rearrangements caused by ectopic recombination
between nonallelic copies (46). Thus, selection is expected to
operate by removing TEs from the genome, leading to a host-para-
site evolutionary arms race. Consistent with this hypothesis, a study
found evidence of purifying selection against polymorphic TEs in
Downy Woodpecker and two other closely related species (47).
However, TEs can also be co-opted for adaptive purposes, such as
supplying regulatory elements (e.g., promoter and cis-regulatory el-
ements) and modulating gene expression, a process known as “TE
gene domestication” (46). In Drosophila, for example, TEs play a key
role in adaptation to temperate climates (48). Candidate genes in-
volved in retrotranscription and DNA integration suggest that TEs
could have an adaptive value in Downy and Hairy Woodpeckers
and might be under disruptive selection across their broad environ-
mental distribution.

An array of processes underlie adaptation at the range
peripheries

To more narrowly explore the genomic architecture of local adap-
tation, we focused on a key population comparison that provided an
opportunity to understand adaptation at the range peripheries. We
investigated signatures of selection in the comparison between AK
and the Southeast (SE), the two latitudinal extremes of the sympa-
tric distribution of the focal species, occupying opposite ends of the
environmental space (Fig. 1B). This comparison revealed many
candidate genes with elevated genetic differentiation compared to
the genomic background (Fig. 5 and Table 2). Candidates included
several genes related to immune response, such as G-protein
coupled receptor 1 (GPRI) and C-C motif chemokine 20
(CCL20), both involved in the inflammation-associated chemotaxis
response of several immune cells (49, 50). The analysis also identi-
fied genes related to amino acid and lipid metabolism (e.g., GADLI
and DEGS2), and both the pancreatic and hepatic a-amylase genes
(AMY), enzymes that play a key role breaking down long-chain
polysaccharides. Studies show that passerine birds fed with a
starch-rich diet exhibit higher pancreatic amylase activities (51),
and birds with a diet richer in seeds show higher values of dN/dS
(w) in amylase genes, suggesting positive selection for enzymatic ef-
ficiency (52). Populations of the House Sparrow (Passer domesticus)
adapted to the urban environment also exhibit signatures of selec-
tion in the amylase alpha 2 [AMY2A; (53)]. Thus, differences in
consumption of polysaccharides between populations of Downy
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Table 1. Enriched GOs for convergent Fsr-outlier genes across all pairwise population comparisons. Significance was determined through a Fisher’s exact
test and false discovery rate correction. MAPK, mitogen-activated protein kinase; NADPH, reduced form of nicotinamide adenine dinucleotide phosphate.

GO ID GO description Candidate Genome Odds Corrected
count count ratio P value
G0:0002227  Innate immune response in mucosa 45 800 8.14 1.82 x 107"°

Antimicrobial humoral immune response mediated by

antimicrobial peptide
.(.3 00070 980 ...... 3 |p hen y| Catabo“c pro Cess ...................................................
Gooo7o 9 95 ,,,,,, N ADPH . ox|dat|on .......................................................................
6000725 92 ..... oxyg en mewbonc . pro C ess .........................................................
GO:0090502  RNA phosphodiester bond hydrolysis, endonucleolytic
Goooggg 69 ..... Ce” u |arox|dant demxmca non ....................................................
(301990418 ...... R esponse to |G|: 5t|mu|u5 ....................................................

Woodpecker in AK and the SE might impose substantial selective
pressures on enzymatic genes. In addition, several candidate genes
were associated with embryonic development, such as vitellogenin 3
(VTG3), a gene that expresses the precursor of the egg-yolk proteins,
an essential source of nutrients in the early stages of bird develop-
ment (54). Other genes were related to mitochondrial maintenance
and respiration (e.g., NDFS1, FASTKD5, and MRPL44). Downy
Woodpecker's ability to elevate its metabolic rate to compensate
for heat loss is expected to be accompanied by an elevated mito-
chondrial activity and could lead to different selective pressures
on mitochondrial efficiency (31, 33).

Moreira and Smith, Sci. Adv. 9, eadd0560 (2023) 19 May 2023

4 45 9.79 0.0222
....................... 3 21 . 166200232
.......................... 26494700283
.......................... 4 5087200297
.......................... 821838900300
.......................... 324142500303
....................... 2 7 TP 396100345

Convergent selection on the IGF signaling pathway is
putatively associated with body size

We found convergent signatures of selection at genes of the IGF sig-
naling pathway in comparisons involving small- versus large-
bodied populations of Downy and Hairy Woodpeckers. The
largest Fsr peak in the comparison between AK and the SE was
located in the pseudochromosome 2 between 50 and 55 Mb
(Fig. 5C). This peak contained several genes (some of which have
been discussed in the previous paragraphs), but the largest values
of Fgr were found in proximity to two IGF-binding proteins
(IGFBPs)—IGFBPI and IGFBP3 (Fig. 5C). IGFBPs are a highly
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Fig. 5. IGFBP genes show convergent signa-
tures of selection in Downy and Hairy Wood-
peckers. Manhattan plot comparing Alaska (AK)
and the Southeast (SE) population in (A) Downy
and (B) Hairy Woodpeckers. Each dot represents
the Fst value estimated for a given 50-kb sliding
window along the genome. Colors differentiate
consecutive pseudochromosomes. The red line
indicates the genome-wide mean Fs; (Downy Fst
= 0.12; Hairy Fst = 0.13), and the blue line indi-
cates the cutoff value of 5 SDs above the mean for
a window to be considered an outlier (Downy Fst
= 0.32; Hairy Fst = 0.34). Squares indicate the lo-
cation of key annotated genes found within
outlier windows. (C) Genomic signatures of se-
lective sweep in the comparison between AK and
the SE in a segment of pseudochromosome 2 of
Downy Woodpecker. Top: Fst between AK and the
SE across 10-kb windows in 2-kb increments. The
red line represents the local polynomial regres-
sion fit, and the blue rectangles indicate the lo-
cation of genes. Five key genes with elevated Fst
are indicated by different colors. Middle: Nucleo-
tide diversity in AK (black line) and the SE (blue
line). Bottom: Average length of pairwise homo-
zygosity tracts for each SNP (H) along this
segment of pseudochromosome 2 in the AK (red)
and Eastern (blue) population. E, East (NE + SE

+ MW).
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Table 2. Candidate genes within windows of elevated Fsy in the comparison between AK and the SE. D, Downy Woodpecker; H, Hairy Woodpecker; B, both.

Pseudochromosome Gene Protein General function Spp.*
2 AGR2/ Anterior gradient protein homologs 2 Production of mucus and regulation of intracellular calcium in D
AGR3 and 3 tracheal epithelial cells
2 GADL1 Acidic amino acid decarboxylase Decarboxylation of amino acids D
2 STT3A Dolichyl-diphosphooligosaccharide- Protein glycosylation D
in glycosyltransferase
2 IGFBP1/ Insulin-like growth factor binding Regulation of growth, cell proliferation, muscular development, B
IGFBP3 proteins 1 and 3 response to stress, and body size
2 RSPO2 R-spondin 2 Limb specification during embryonic development H
2 PSMA2 Proteasome subunit alpha type 2 Maintenance of protein homeostasis; immune system D
3 PPM1B Protein phosphatase 1B Regulation of immune response to infection and stress D
4 ATP8AT Phospholipid-transporting ATPase IA Aminophospholipid translocase at the plasma membrane; D
involved in brain connectivity
4 RELL1 RELT-like protein 1 Activation of the MAPK14/p38 cascade; response to stress D
PCDH1 Protocadherin 1 Cell-cell interactions and cell adhesion D
FASTKD FAST kinase domain-containing Processing of non-canonical mitochondrial mRNA precursors D
protein 2
5 DEGS2 Sphingolipid delta(4)-desaturase/C4- Sphingolipid biosynthesis H
monooxygenase
5 YY1 Transcriptional repressor protein YY1 Development and differentiation
5 SLC25A29 Mitochondrial basic amino acids Mitochondrial basic amino acids transporter
transporter
7 NDUFS1 NADH-ubiquinone oxidoreductase 75- Core subunit of the mitochondrial membrane respiratory chain D
kDa subunit NADH dehydrogenase
7 GPR1 G protein—coupled receptor GPR1 Receptor for the inflammation-associated leukocyte D
chemoattractant; regulation of inflammation; detection of glucose
7 EEF1B2 Elongation factor 1-beta Translation elongation D
7 VTG3 Vitellogenin 3 Precursor of the egg-yolk proteins D
7 MPP4 MAGUK p55 subfamily member 4 Retinal photoreceptors development D
7 ALS2CR4 Transmembrane protein 237 Ciliogenesis D
8 AMY1/ Alpha amylase Polysaccharide endohydrolysis (digestive enzyme) D
AMY2
9 MFF Mitochondrial fission factor Mitochondrial and peroxisomal fission H
9 MRPL44 39S ribosomal protein L44 Component of the 39S subunit of mitochondrial ribosome H
9 SLCT19A3 Thiamine transporter 2 Thiamine transporter H
9 ccL2o C-C motif chemokine 20 Chemotaxis of immune cells at skin and mucosal surfaces H
13 KCNMB1 Calcium-activated potassium channel Regulatory subunit of the calcium activated potassium KCNMA1 H
subunit beta-1 (maxiK) channel
13 LCP2 Lymphocyte cytosolic protein 2 T cell antigen receptor mediated signaling
15 MYOC Myocilin Regulation of cell adhesion, cell-matrix adhesion, cytoskeleton B
organization and cell migration; bone formation; muscle
hypertrophy; neurite outgrowth
15 PRRC2C BAT2 domain-containing protein 1 Formation of stress granules B
15 FMO4 Dimethylaniline monooxygenase Metabolism of xenobiotics B
*Species in which the candidate gene was detected.
Moreira and Smith, Sci. Adv. 9, eadd0560 (2023) 19 May 2023 10 of 17
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conserved family of proteins that bind to IGFs, especially IGF-1, to
assist their transport around the body and prolong their half-lives
(55). It is well known that IGF-1 plays a crucial role stimulating
growth, differentiation, and proliferation of cells, thereby mediating
the overall postnatal growth rate and body size of various vertebrates
(56, 57). IGF-1 has been linked to several metabolic and develop-
mental pathways, including muscle mass growth, remodeling of
skeletal tissue, neurogenesis of the nervous system, and nutrient
metabolism (58-60). In the chicken, higher expression and
plasma levels of IGF-1 were correlated with larger body weight
(56), and in ovo injections of IGF-1 resulted in increased body
sizes (61). Other studies found a positive association between
IGF-1 levels and body size both across and within passerine
species (62, 63) and revealed that levels of IGF-1 are associated
with life-history strategies (64) and expression of plumage
traits (65).

We found that across 12 population comparisons in Downy
Woodpecker and 11 in Hairy Woodpecker, the genomic region har-
boring the IGFBP1 and IGFBP3 genes shows exceedingly large
genetic differentiation when compared to the genomic background
(figs. S8 to S11). In both species, an Fsr peak was evident across all
comparisons between the SE and any other population. This
genomic region was also an outlier in the comparisons between
the Northeast (NE) and other western populations [e.g., Northern
Rockies (NR), Pacific Northwest (NW), and AK], and in Hairy
Woodpecker, in the comparisons between the Midwest (MW)
and other western populations. The region of pseudochromosome
2 containing IGFBPI and IGFBP3 was also characterized by low nu-
cleotide diversity and extended homozygosity, genomic signatures
of a selective sweep (Fig. 5C). In addition, these genes show a strong
association with climatic variables, especially temperature (Fig. 2).
Body sizes in both species are known to change clinally with latitude
—birds in higher latitudes and elevations (e.g., AK and NR) are
larger than their southern counterparts [e.g., SE; (17)]. This
pattern conforms to the Bergmann's rule, where individuals in
cooler climates tend to be larger than conspecifics in warmer
areas (66), and might indicate that Downy and Hairy Woodpeckers
have evolved larger bodies to conserve heat in areas where temper-
atures are lower (67, 68). Our results show that an elevated Fgr in the
genomic region harboring IGFBP1 and IGFBP3 was observed in all
comparisons between populations of small versus large birds. We
hypothesize that these candidate genes contribute to differences
in body size across populations and have been under convergent
natural selection in both species.

Hemoglobin genes show signatures of convergent
selection in high-elevation populations

High-elevation populations of Downy and Hairy Woodpeckers
show convergent signatures of selection in hemoglobin genes.
Across our set of candidate genes for convergent local adaptation,
we also found that genes associated with “oxygen transport”
(GO:0015671, P < 0.001) and “gas transport” (GO:0015669, P <
0.001) were overrepresented. Population comparisons between
highland [NR and Southern Rockies (SR)] and lowland (e.g., SE
and NW) show outlier values of Fgr in a region of pseudochromo-
some 1 between 20.75 and 20.80 Mb and a region of pseudochro-
mosome 14 between 5.80 and 5.82 Mb (figs. S8 to S11). Both regions
harbor a cluster of genes that encode for the - and a-type subunits
of hemoglobin, the protein responsible for carrying oxygen through

Moreira and Smith, Sci. Adv. 9, eadd0560 (2023) 19 May 2023

the bloodstream of most vertebrates (69). In woodpeckers, the B-
globin cluster in pseudochromosome 1 contains three genes ar-
ranged in tandem—Hbb-p, Hbb-B*, and Hbb-¢, and two pseudo-
genes—pseudO-be-ﬁH and an unactivated version of Hbb-¢ (70).
Although an adaptive increase in oxygen affinity in high-altitude
birds is often associated with (sometimes predictable) amino acid
changes in these hemoglobin proteins (71, 72), we did not find non-
synonymous mutations that could be linked to differences in allele
frequencies in high-elevation in these woodpeckers, as most candi-
date SNPs were located in pseudogenes. However, we cannot
discard the possibility that selection on regulatory and/or structural
variants could underlie differences between lowland and highland
populations.

Melanoregulin is a candidate for plumage variation in Hairy
Woodpecker

Another component of convergent adaptation in Downy and Hairy
Woodpeckers is their covariance in plumage color. In both species,
western birds tend to be darker than their eastern counterparts (17).
We found a very conspicuous Fgy peak in pseudochromosome 7
(between 20.2 and 20.5 Mb) in all comparisons between the
Pacific NW and any other population of the Hairy Woodpecker
(Fig. 6). This genomic region includes the gene melanoregulin
(MREG), a gene implicated in hair and skin pigmentation in
mammals (73, 74). In mice, melanoregulin mediates the transfer
of melanin from melanocytes (the cells that synthesize melanin)
to keratocytes (the main cells of skin and hair). Our results indicate
that MREG, a gene poorly explored in the avian literature, might be
a potential candidate for plumage color. In birds, the particular lo-
cation and timing of this transfer during feather development are
thought to produce unique pigmentation patterns (75). Individuals
of both Downy and Hairy Woodpeckers in the NW population are
much darker than individuals from other populations sampled in
this study. Our results revealed exceedingly large Fsy values near
the MREG gene and evidence of a selective sweep in this population,
characterized by exceedingly long tracts of homozygosity and
several fixed variants (Fig. 6, B and C) in the NW population of
Hairy Woodpecker. In addition, we found a strong association
between the MREG gene and precipitation (Fig. 2D). This candidate
region was absent in Downy Woodpecker (figs. S8 to S11), suggest-
ing that, although convergent, plumage variation in Downy and
Hairy might have different genetic origins. If plumage color is an
adaptive trait, then the finding of different genetic underpinnings
despite the overarching genetic convergence in local adaptation in-
dicates that phenotypic convergence can still be achieved through
species-specific molecular mechanisms.

In conclusion, convergent local adaptation provides a unique
opportunity to understand how natural selection operates in inde-
pendent evolutionary lineages. In particular, genomic data allow for
the exploration of whether selective constraints limit the total
number of genetic avenues available for adaptation, leading to
genomic repeatability. We investigated convergent local adaptation
in Downy and Hairy Woodpeckers, two species codistributed across
a highly heterogeneous environmental gradient in North America.
Our results revealed that despite the large evolutionary distance
between the two species, natural selection targeted convergent
genetic mechanisms for local adaptation. Our genotype-environ-
ment analysis identified SNP windows exhibiting a strong associa-
tion with temperature and precipitation. This correlation suggests
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Fig. 6. A candidate gene for plumage variation in Hairy Woodpecker. (A) Manhattan plot showing Fsy values between Pacific Northwest (NW) and NR estimated for
50-kb sliding windows along the genome with 10-kb increments. Colors differentiate consecutive pseudochromosomes. The red line indicates the genome-wide mean
Fst (Fst = 0.05), and the blue line indicates the cutoff value of 5 SDs above the mean for a window to be considered outlier (Fst = 0.11). (B) Average length of pairwise
homozygosity tracts for each SNP (H) for the NW (dark individuals) and NR (white individuals) population in a segment of pseudochromosome 7 containing the gene
melanoregulin (MREG). (C) Genotypes for each SNP located in the segment containing the MREG gene separated by population. Blue, homozygous for the reference allele;
pink, heterozygous; red, homozygous for the alternative allele; brown, missing genotype. AK, Alaska; MW, Midwest; NE, Northeast; SE, Southeast; SR, Southern Rockies; NR,
Northern Rockies; NW, Northwest.
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that climatic variables impose strong selective pressures (either di-
rectly or indirectly) across both species’ ranges. We detected several
candidate genes exhibiting signatures of natural selection (e.g., ele-
vated population differentiation and extended homozygosity) in
Downy and Hairy Woodpeckers. These candidate genes were in-
volved in a broad array of biological processes, including embryonic
development, nutritional metabolism, mitochondrial respiration,
and oxygen transportation. Among the shared candidates, we
found an overrepresentation of genes related to DNA replication
and immune response, both of which are linked to defense mecha-
nisms against region-specific pathogens. Our genomic scan for se-
lection also identified potential candidates associated with key
phenotypic traits in both focal taxa. For example, signatures of se-
lective sweep around the melanoregulin gene (MREG) in a darker-
plumage population of Hairy Woodpecker suggest its role in
plumage variation. In addition, convergent signatures of selection
in genes belonging to the IGF signaling pathway were consistent
with differences in body size among population comparisons. To-
gether, these results provide compelling evidence that, across mul-
tiple axes of environmental variation, adaptation tends to be
reached through common genetic pathways more often than differ-
ent ones, even when species diverge for over eight million years.

MATERIALS AND METHODS

Sample acquisition and whole genome sequencing

Seventy samples of Downy (D. pubescens) and Hairy Woodpeckers
(D. villosus) each were collected in seven geographic locations (re-
ferred to as populations) consisting of major bioclimatic domains of
temperate North America (n = 10 per population; Fig. 1): New York
(NE), Louisiana (SE), Minnesota (MW), New Mexico and Colorado
(SR), Wyoming (NR), Washington (NW), and AK. Tissue samples
from museum-vouchered specimens were acquired by targeted field
expeditions conducted in Wyoming, Louisiana, and AK and sup-
plemented by loans from natural history museums (table S1). All
required U.S. Federal and State permits to collect specimens specif-
ically used in this study were obtained from the appropriate agen-
cies. Genomic DNA was extracted from tissue samples using the
MagAttract High Molecular Weight DNA Kit from Qiagen follow-
ing the manufacturer’s instructions (Qiagen, CA, USA). Extracted
DNA was submitted for whole-genome resequencing on a paired-
end Illumina HiSeq X Ten machine by RAPiD Genomics (Gaines-
ville, FL, USA).

Read alignment, variant calling, and filtering

We removed adapters, trimmed low-quality ends, and filtered raw
reads using Trimmomatic v0.36 (76), resulting in an average of
35,689,979 paired reads per sample. Read quality was verified
using FastQC v0.11.4. (77). Processed reads were then mapped
against the pseudochromosome reference genome of Downy
Woodpecker using the Burrows-Wheeler Aligner (BWA) v0.7.15
mem algorithm (78) following the procedures described in detail
in (18). We converted the resulting sequence alignment/map
(SAM) files to their binary format (BAM), added sequence group
information, sorted, marked for duplicates, and indexed using
Picard (http://broadinstitute.github.io/picard/). We then used In-
delRealigner, part of the Genome Analysis Toolkit [GATK v3.6
(79)], to correct read alignment errors near insertion and deletion
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(indels). The quality of mapping was assessed using QualiMap
v.2.2.1 (80).

We used ANGSD v0.917 (42) to detect polymorphic sites and
infer genotype likelihoods while integrating over the uncertainty as-
sociated with low-depth sequencing data. We estimated genotype
likelihoods from aligned BAM files using the GATK model [-GL
2; (81)], estimating allele frequencies directly from genotype likeli-
hoods assuming known major and minor alleles (-doMajorMinor 1
-doMaf 1). We retained only sites with <30% missing data (-minInd
50), a minimum frequency of the minor allele of 5% (-minMaf 0.05),
a minimum mapping quality of 30 (-minMapQ 30), a minimum
quality score of 20 (-minQ 20), and a P value threshold for the
allele-frequency LRT statistic of 1 x 10® (-SNP_pval 1e°). This re-
sulted in a final dataset of 7,160,291 and 7,059,731 SNPs in Downy
and Hairy Woodpeckers, respectively. Last, we used snpeff v4.1 (82)
to annotate the functional impact of each SNP, according to the
gene annotation of Downy Woodpecker [National Center for Bio-
technology Information (NCBI) RefSeq GCF_000699005.1].

GEA analysis

We performed a GEA analysis to search for SNPs whose genotypes
showed a direct association with the bioclimatic variables extracted
from the Worldclim database (36). To reduce the collinearity
among the 19 environmental variables, we performed a PCA
using the R function prcomp separating two sets of variables—
one set representing temperature (BIO1 to BIO11) and another
set representing precipitation (BIO12 to BIO19). All variables
were centered and scaled before the PCA. We retained the first
three PCs (PC1 to PC3; temperature = 95% variance explained; pre-
cipitation = 98% variance explained) to summarize the variation in
these two sets of variables. We then used the latent model in
ANGSD-asso to test for an association between genotypes in each
site and PC1 to PC3 of temperature and precipitation (37). This
method accounts for the genotype uncertainty by modeling the un-
observed genotype as a latent variable in a generalized linear model
framework. Before running the GEA analysis, we performed an im-
putation of missing data using genotype likelihoods from ANGSD
in Beagle v3 (83). Next, we ran GEA using the latent genotype model
(EM algorithm; -doAsso 4) with the genome-wide PC1 to PC3
scores from PCAngsd (84) as covariates to control for population
structure (-cov).

In GEA studies with dense SNP datasets that are not pruned for
LD, individual SNPs may produce noisy estimates of association,
potentially resulting in a large number of false positives (85).
However, SNPs in close proximity often exhibit correlated patterns
of association due to their nonindependent inheritance (genetic
linkage). To leverage this linkage information, recent approaches
have aggregated data across multiple adjacent sites through the
use of window-based analyses (85, 86). These approaches have the
advantage of increasing statistical power and improving the signal-
to-noise ratio (29). Thus, we obtained median LRT statistics (fol-
lowing a x> distribution with one degree of freedom) for sliding
windows of 50 SNPs, with a step size of 10 SNPs, using the R
package WindowScanR (87). To determine a threshold of signifi-
cance, we first produced a null distribution of LRT for each individ-
ual SNP by repeating the GEA analysis 200 times while randomly
permutating the environmental data in each run. We considered a
sliding SNP window significant when the median LRT-statistic
value was above the 99.99th percentile of the null distribution.
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To test for convergence in a set of genes, we calculated the prob-
ability of observing a given number of overlapping candidates under
a hypergeometric distribution, if genes were randomly drawn from
a total pool. Following (6), we used the phyper and dhyper functions
in R to calculate significance and plot the cumulative distributions,
respectively.

Signatures of selective sweep

We investigated signatures of selective sweep by calculating, for each
SNP in each genetic cluster (AK, East, Rocky Mountains, and Pacific
NW), the H statistic implemented in H-scan (41). This metric mea-
sures the average length of pairwise homozygosity tracts around a
given focal SNP and, in contrast to other methods that search for
genomic signatures of selective sweeps, it does not require phased
haplotypes. Recent or ongoing selective sweeps are expected to show
elevated LD around the target of selection, producing exceedingly
long tracts of homozygosity. If genes showing atypically high Fsr or
a strong association with environmental variables have undergone a
hard sweep, linked SNPs are expected to exhibit large values of the
H within specific populations. We ran H-scan using genotype calls
from GATK v3.8.0 (79). We first used the HaplotypeCaller algo-
rithm separately for each sample using the following options: --emi-
tRefConfidence GVCF -minPruning 1 -minDanglingBranchLength 1.
We then jointly called genotypes across all genomic variant call
format (gVCF) files using GenotypeGVCFs with default settings.
We followed the hard filtering recommendations from the Broad
Institute’s Best Practices (https://gatk.broadinstitute.org/) to
remove SNPs with annotations values above or below the following
thresholds: QualByDepth (QD) < 2.0, ReadPosRankSum < —80,
FisherStrand (FS) > 60.0, StrandOddsRatio (SOR) > 3.0, RMSMap-
pingQuality (MQ) < 40.0, and MQRankSumTest < —12.5. Last, we
used VCFtools v0.1.17 (88) to retain only biallelic SNPs meeting the
following criteria: (i) missing data < 25% across all samples, (ii) read
depth between 2x and 50x, and (iii) minor allele frequency (maf) >
0.05. We considered candidates of selective sweeps, all 50-SNP
sliding windows (with a window step of 10 SNPs) in the top 1%
quantile of H values.

Population structure outliers

To scan the genome for loci deviating from the neutral population
structure, we used the PCAdapt algorithm implemented in ANGSD
(40). PCAdapt computes Mahalanobis distances to measure the
extent to which every SNP in the dataset is related to the first K
PCs of the genetic variation. SNPs under selection are expected to
show strong deviation (i.e., large Mahalanobis distances) from the
general population structure. We considered outliers any sliding
window of 50 SNPs (with a window step of 10 SNPs) with excep-
tionally high Mahalanobis D? distances from the vector of z-scores,
as represented by the bottom 1% percentile of P values (estimated
separately for autosomal and sex chromosomes). Statistical signifi-
cance was obtained from a x* distribution with degrees of freedom
equal to the number of PCs. We lastly identified overlapping SNP
windows across methods and evaluated their statistical significance
using a simulation approach. Specifically, we generated a null dis-
tribution of the expected number of overlaps by randomly selecting
candidate windows from the genomic pool equal in number to the
empirical results of each method and repeating this process
1000 times.

Moreira and Smith, Sci. Adv. 9, eadd0560 (2023) 19 May 2023

Fst-outlier analysis

To detect signatures of selection associated with differences in allele
frequencies between populations, we estimated Fgr across 50-kb
sliding windows with a window step of 10 kb using ANGSD
v0.917 (42). ANGSD estimates Fsr using genotype likelihoods
instead of relying on genotype calls. For this analysis, we first esti-
mated allele frequencies directly from genotype likelihoods assum-
ing known major and minor alleles [-doSaf 1 -doMajorMinor 1
-doMaf 1; (89)] and using only variants meeting the following
quality filter criteria: -minMapQ 30, -minQ 20, -minMaf 0.05,
and -SNP_pval 0.01. A detailed explanation of these filters can be
found in (I18). The resulting site-allele-frequency likelihood files
were then used to generate a folded two-dimensional (2D) site fre-
quency spectrum (SFS) with the command realSFS -fold 1. Weighted
Fsrestimates were calculated using the realSFS fst command and the
2D SFS as a prior. We considered outliers to be any window with an
Fsr value of 5 SDs above the genome-wide mean. This analysis was
performed across all 21 pairwise population comparisons, and
results were plotted using the R package qqgman (90). To avoid
biases in the calculation of the genome-wide mean Fgr, we
removed the sex chromosomes that exhibited lower effective popu-
lation size (N,) and higher overall Fsy values when compared to au-
tosomal chromosomes.

GO enrichment

To better understand the functional implications of our candidate
genes, we conducted a GO term enrichment analysis. This allowed
us to identify any overrepresented biological functions or molecular
pathways in our set of candidate genes. We obtained gene informa-
tion for both Downy and Hairy Woodpeckers from the gene anno-
tation of the Downy Woodpecker [NCBI RefSeq GCF_000699005.1
(91)]. To ensure the accuracy and reliability of our results, we used
PANNZER2 (92) to extract GO terms directly from the full list of
15,137 annotated proteins in Downy Woodpecker based on homol-
ogy searches in the UniProt database (93). We then performed a
Fisher's exact test in R (R Core Team 2020) to compare the
number of candidate genes annotated with a certain GO term
versus the total number of genes with that specific GO term anno-
tation in the entire gene dataset. We considered a P value of signifi-
cance of 0.05 after a false discovery rate correction for
multiple testing.

Test for adaptive introgression

To test the hypothesis of adaptive introgression, we used a gene tree
estimation approach to identify genomic regions that may have un-
dergone introgression between Downy and Hairy Woodpeckers.
We selected one individual (with the highest coverage) from each
population (n = 7 per species) and phased and imputed their geno-
types using Beagle 4 (83). Next, we used Phyml (94) to estimate
neighbor-joining trees for windows of 100 SNPs across the
genome. We then used Twisst (95) to calculate topology weights
for each 100-SNP window and identify the topology with the
highest support. We evaluated three topologies (T) based on (18):
(T1) species are monophyletic, meaning that samples in a species
form a clade; (T2) samples from the East are more closely related,
regardless of species identity; and (T3) samples from the East in
Downy Woodpecker are more closely related to samples from the
West in Hairy Woodpecker and vice versa. We considered the
genomic regions with the highest support for topologies 2 and 3

14 of 17

€207 ‘Sz 1Sn3ny U0 SI0°90UI0S’ MMM //:SdNY WO} Popro[umo(]


https://gatk.broadinstitute.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

candidates of introgression. After identifying potential introgressed
regions, we investigated whether they overlapped with our set of
candidate genes under selection.
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