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Abstract

Island organisms often evolve phenotypes divergent from their mainland counterparts, providing a useful system for
studying adaptation under differential selection. In the white-winged fairywren (Malurus leucopterus), subspecies on
two islands have a black nuptial plumage whereas the subspecies on the Australian mainland has a blue nuptial
plumage. The black subspecies have a feather nanostructure that could in principle produce a blue structural color,
suggesting a blue ancestor. An earlier study proposed independent evolution of melanism on the islands based on the
history of subspecies divergence. However, the genetic basis of melanism and the origin of color differentiation in this
group are still unknown. Here, we used whole-genome resequencing to investigate the genetic basis of melanism by
comparing the blue and black M. leucopterus subspecies to identify highly divergent genomic regions. We identified a
well-known pigmentation gene ASIP and four candidate genes that may contribute to feather nanostructure devel-
opment. Contrary to the prediction of convergent evolution of island melanism, we detected signatures of a selective
sweep in genomic regions containing ASIP and SCUBE2 not in the black subspecies but in the blue subspecies, which
possesses many derived SNPs in these regions, suggesting that the mainland subspecies has re-evolved a blue plumage
from a black ancestor. This proposed re-evolution was likely driven by a preexisting female preference. Our findings
provide new insight into the evolution of plumage coloration in island versus continental populations, and, important-
ly, we identify candidate genes that likely play roles in the development and evolution of feather structural coloration.

Key words: white-winged fairywren, male ornamentation, color genetics, feather coloration, structural color, avian
plumage color.

Introduction

Studies of the genetic basis underlying phenotypic vari-
ation are crucial to understanding processes leading to
evolutionary adaptation. The “island syndrome”, which de-
scribes the divergence of organisms on islands from their
continental counterparts (Baeckens and Van Damme
2020), has provided model systems ideal for studying adap-
tive phenotypes under differential selective pressures
(Lamichhaney et al. 2016; Cerca et al. 2023). For example,
insular populations of birds frequently have evolved plum-
age coloration differing from related continental popula-
tions (Uy et al. 2016 Romano et al. 2021). One
well-known example is that of island melanisms, where po-
pulations of birds (Driskell et al. 2002; Uy et al. 2016, 2019;
Campagna et al. 2022) and other taxa (Ritchie 1978;
Castilla 1994; Buades et al. 2013) on islands evolve melanic
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coloration that is speculated to confer an advantage
(Bonser 1995; Rathburn and Montgomerie 2003; Goldstein
et al. 2004; Margalida et al. 2008; Roulin 2014; Surmacki
et al. 2021). The repeated evolution of melanic coloration
in island populations provides an opportunity to under-
stand the genetic basis of adaptive evolutionary convergence,
yet knowledge of the underlying molecular mechanisms
of this convergence remains limited to a few case studies
(Uy et al. 2016, 2019; Campagna et al. 2022).

An intriguing case of island melanism occurs in the
white-winged fairywren (Malurus leucopterus), which has
intraspecific variation in plumage structural color rather
than pigment-based coloration (Driskell et al. 2002;
Doucet et al. 2004). The color polymorphism in this species
could originate due to loss or gain of structural coloration
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(Schodde 1982; Ford 1987; Driskell et al. 2002). Although
we have made good progress in identifying genes responsible
for pigment-based plumage coloration in birds in recent years,
such as pigmentation due to melanins (Mundy 2005), carote-
noids (Toomey et al. 2022), and psittacofulvins (Cooke et al.
2017), the genetic basis of feather structural colors is still
largely unknown (Price-Waldman and Stoddard 2021).
Structural colors are produced by coherent scattering or
interference of light by nanostructures with periodic vari-
ation in refractive index (Prum and Torres 2003). Many birds
have iridescent (changing in hue depends on the viewing or
illumination angle) or noniridescent structurally based
plumage colors (Eliason et al. 2015, 2023; Shawkey and
D’Alba 2017; Nordén et al. 2019, 2021; Eliason and Clarke
2020; Saranathan and Finet 2021). Noniridescent structural
plumage colors are produced by coherent light scatter-
ing due to quasi-ordered PB-keratin nanostructures and
air in the medullary spongy layer of feather barbs (Prum
et al. 2009), which generates blue, violet, and ultraviolet
feather colors. The presence of melanosomes (melanin-
containing organelles) beneath the spongy layer is also es-
sential for the production of structural color as it absorbs
incoherently scattered light (Saranathan and Finet 2021).
Malurus fairywrens (Maluridae) are passerines displaying
considerable variation in ornamental structural colors of
males, from blue, indigo, violet, to almost pure UV hues
(Fan et al. 2019). Most species exhibit a high degree of sexual
dichromatism, and breeding males have striking ornamen-
tation, whereas females of most populations are cryptically
brown (Enbody et al. 2022). Structural color variation in
fairywrens is associated with the thickness of the keratin
cortex on top of the spongy layer, the size and density of
the spongy layer, the relative amount of melanosomes
underneath the spongy layer, and their interactions (Fan
et al. 2019). This variation in different microstructural com-
ponents contributing to the diversity of structural colors in
fairywren nuptial plumages makes them an ideal model sys-
tem to study mechanisms of structural color evolution.
The white-winged fairywren (M. leucopterus) is particu-
larly well suited to studying the genetic basis of structural
coloration because males in this species have either blue
or black nuptial plumage. Malurus leucopterus is distributed
across most of Australia, with males of the mainland subspe-
cies (Malurus leucopterus leuconotus) having a bright cobalt
blue nuptial plumage with white wings, whereas the two is-
land subspecies in Western Australia (M. . leucopterus on
Dirk Hartog Island [DHI] and M. I. edouardi on Barrow
Island [BI]) exhibit a black male nuptial plumage with white
wings (Driskell et al. 2002; Doucet et al. 2004) (Fig. 1). DHI
and BI are far (~600 km) from each other and separated
from continental Australia by ~2 and ~56 km, respectively.
The feather barbs of blue males on the mainland are com-
posed of a spongy layer with a keratin matrix and air space,
with melanin granules beneath the spongy layer around the
central vacuole, a feather nanostructure typically producing
blue colors (Fig. 2; Doucet et al. 2004; Driskell et al. 2010).
Surprisingly, feather barbs of black males on both DHI and
Bl also have a spongy layer that could in principle produce
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a blue color similar to that on the mainland (Doucet et al.
2004; Driskell et al. 2010), but the feather barbs of these males
have several features that render them black instead of blue in
coloration: they have a thicker cortex with more melanin; a
spongy layer with more and larger holes; and melanin gran-
ules that are distributed both within and beneath the spongy
layer (Fig. 2; Doucet et al. 2004; Driskell et al. 2010). Because
black feather barbs in other species do not normally possess
a spongy layer, the presence of a spongy layer that could pro-
duce blue color in black feathers might suggest that the black
M. leucopterus island populations evolved from blue ancestors
(Doucet et al. 2004; Driskell et al. 2010). The low divergence
between M. leucopterus populations (Fsy=0.04 to 0.18)
(Walsh et al. 2021) indicates that the switch of male nuptial
plumage color occurred quickly and in the recent past
(<2.5M generations) (Walsh et al. 2021), suggesting a simple
genetic change (Driskell et al. 2002).

Malurus leucopterus subspecies on DHI and mainland
have been suggested based on reduced representation se-
quencing data to be more closely related to each other
than either is to the subspecies on Bl (Walsh et al. 2021).
The emergence of color polymorphism in M. leucopterus
therefore occurred either due to convergent melanism
on the two islands or because the mainland subspecies re-
evolved blue plumage from a black ancestor that in turn
was originally blue (Fig. 2) (Schodde 1982; Ford 1987;
Driskell et al. 2002). The two sister species in the bi-colored
wren clade, Malurus melanocephalus and Malurus albosca-
pulatus, found on mainland Australia and New Guinea, re-
spectively, also have black male nuptial plumage, which
could imply a black ancestor to the bi-colored wren clade,
but feather microstructure suggests this plumage pattern
arose independent of the switch to a melanic form in
M. leucopterus (Driskell et al. 2010). Based on the inde-
pendent colonization events of DHI and BI, and the pres-
ence of spongy layer in black subspecies suggesting a
blue ancestor, Walsh et al. (2021) concluded that there
was independent evolution of melanic plumage in island
M. leucopterus subspecies. However, the genetic basis of
melanism, both for M. leucopterus and for other species
in the bi-colored clade, is still an unknown. Accordingly,
the alternative hypothesis is still plausible, such that melan-
ism on the islands could occur with or without convergence,
even if colonization occurred independently (Fig. 2), and un-
derstanding the genetic basis of black plumage in this clade
will help clarify mechanisms of plumage color evolution gen-
erally (Robert et al. 2021). For convergent evolution of island
melanism, the presence of signatures of selective sweep in
genomic regions associated with relevant genes in both black
subspecies would indicate independent evolution of melan-
ism (Campagna et al. 2022). Conversely, the presence of sig-
natures of selective sweep and derived SNPs in regions of
relevant genes in the blue subspecies would suggest the evo-
lution of blue plumage on the mainland.

Here we used whole-genome sequencing to study the
genetic basis of melanism in M. leucopterus. We compared
the blue and black M. leucopterus subspecies to identify
highly divergent genomic regions between subspecies
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Fig. 1. Geographical distribution and sampling sites of M. leucopterus. Malurus leucopterus males from Bl (M. I. edouardi, denoted by black circles
on the map) and DHI (M. I. leucopterus, denoted by black triangles) have black nuptial plumage. Malurus leucopterus males distributed across the
Australian continent (M. I. leuconotus, denoted by blue triangles) are with blue plumage. Light blue color indicates the range of M. leucopterus.
Refer to supplementary table S1, Supplementary Material online for detailed information of sampled individuals. The map was generated using
QGiIS 3.24. lllustrations of birds were reproduced with the permission of Lynx Edicions.

and candidate genes associated with plumage color
differentiation. We further looked for signatures of selective
sweeps at these loci and also examined genotypes in M. leu-
copterus subspecies and other Malurus species to test hy-
potheses of plumage color evolution in M. leucopterus.

Results

Phylogeny of the Bi-colored Clade and M. Leucopterus
Subspecies

Phylogenomic analysis identified a monophyletic clade of M.
leucopterus (Fig. 3 and supplementary fig. S1, Supplementary
Material online), sister to the clade formed by two other
bi-colored wrens, M. melanocephalus and M. alboscapula-
tus. Within M. leucopterus, the two black-plumaged
insular populations did not form a monophyletic clade
(Fig. 3). The maximum-likelihood (ML) tree based on
168,378 concatenated loci (supplementary fig. S1A,
Supplementary Material online) shows that M. I. edouardi
from Bl formed a monophyletic clade that was sister to the
intermixed cluster of individuals from the mainland
(M. I. leuconotus) and DHI (M. I. leucopterus). The coalescent-
based SNAPP (Fig. 3) and SVDquest (supplementary fig. S1B,
Supplementary Material online) trees instead show that
M. I. edouardi with black plumage was more closely related
to blue-plumaged M. I. leuconotus than to black-plumaged
M. I leucopterus. Coalescent-based methods outperform

concatenation in species-level inference, especially when
gene flow is present (Long and Kubatko 2018), and should
be more accurate given the gene flow between mainland
and island populations (Walsh et al. 2021). Nevertheless,
both trees indicate that the two insular populations were di-
vergent from each other (Fig. 3, supplementary figs. S1and S2,
Supplementary Material online), and one of the black-
plumaged insular populations was more closely related to
the blue-plumaged mainland population than to another
black-plumaged population, suggesting at least two color
change events predicted by both hypotheses (Fig. 2). The
reconstruction of ancestral plumage color suggested that
the common ancestor of M. I. leuconotus and M. I. edouardi
could have had either blue or black plumage, and the
common ancestor of all subspecies could have also had
either blue or black plumage (supplementary results;
supplementary fig. S3, Supplementary Material online), a re-
sult that is consistent with the predictions of the two
hypotheses.

Genomic Regions of Divergence Reveal Possible
Targets of Selection for Male Plumage Color
Genome-wide divergence (mean autosomal Fgr) between
M. I. leuconotus (blue plumage) and M. I. leucopterus (black
plumage) was 0.119 (supplementary fig. S4, Supplementary
Material online), between M. I. leuconotus and M. I. edouardi
(black plumage) was 0.274, and between M. |. leucopterus
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Fig. 2. Hypotheses of plumage color evolution in the white-winged fairywren (M. leucopterus). Left side of the figure shows the two hypotheses:
hypothesis A (Ha)—independent evolution of black plumage on DHI and BI; hypothesis B (Hg)—evolution of blue plumage on the mainland
from birds with black plumage. Right side shows the corresponding positions of the plumage color change on the phylogenetic tree predicted by
the two hypotheses. In the M. leucopterus clade, the upper half of the branches leading to the subspecies indicates scenario under hypothesis A,
and the lower half of the branches represents hypothesis B. Hypothesized color changes are indicated by boxes (Ha: with diagonal lines and “A”
above, Hg: with vertical lines and “B” below, black: change from blue to black, blue: change from black to blue). The heart symbol denotes pro-
posed female color preference based on male petal carrying behavior. Female preference for blue color likely maintained in all M. leucopterus
subspecies, and female preference for red color might have evolved in the common ancestor of M. melanocephalus and M. alboscapulatus.
Diagrams of feather barb cross-section are illustrated based on Driskell et al. (2010). ¢, cortex; s, spongy layer, m, melanosome. Illustrations
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and M. I. edouardi was 0.369. In addition to comparison
between subspecies, combining the two subspecies with
black plumage (i.e. M. I. leucopterus and M. I. edouardi) in
the divergence analysis facilitated identification of diver-
gent genomic regions between blue and black birds, low-
ering the divergence (mean autosomal Fst) between
black insular and blue mainland subspecies to 0.081
(Fig. 4). Using windowed Fst estimates, we identified 42
highly divergent genomic regions (exceeding 99.9th per-
centile) relative to the background (Fig. 4; supplementary
table S2, Supplementary Material online), of which 20
were autosomal. These divergent genomic regions con-
tained 90 annotated genes (supplementary table S2,
Supplementary Material online) enriched for gene ontol-
ogy categories of osteoblast and muscle cell differenti-
ation and migration (supplementary fig. S5, Supplementary
Material online) and not showing any obvious link to plum-
age color development. Enrichment of these gene ontology
categories offers insights for future studies on the difference
in muscle and bone development between island and
mainland populations. However, five genes—ASIP, SCUBE2,
THBS2, THBS4, and NECTIN3—were plausibly associated
with plumage color differentiation (Fig. 5). ASIP has a
known regulatory role in vertebrate melanogenesis.

4

SCUBE2, THBS2, THBS4, and NECTIN3 all play roles in
keratinocyte development and cell-to-cell/matrix interac-
tions. When we separated the two black subspecies for the
Fst analysis, the comparison between M. |. leuconotus and
M. I. leucopterus shows that the same regions harboring
these five genes were all above the 99.9th percentile
(supplementary fig. S4B, Supplementary Material online),
whereas only the regions containing ASIP (scaffold 285)
and SCUBE2 (scaffold 132) out of the five regions passed
the cut-off in the comparison between M. | leuconotus
and M. I. edouardi (supplementary fig. S4C, Supplementary
Material online).

In the five highly divergent regions, SNPs strongly as-
sociated with plumage color were identified by genome-
wide association analysis (GWAS) in the loci and/or in
the regions flanking those loci (Fig. 5). The region with
the ASIP gene was lower in nucleotide diversity in the
blue birds on mainland (x < 0.007; Fig. 5) than black birds
on the two islands (both 7> 0.002), which was in turn
lower than the global 7 (autosomal; mainland population
=0.0034; DHI population =0.0022; Bl population =
0.0019). No introgression was identified from blue wrens
to the blue M. leucopterus in those regions based on the
low relative node depth (RND) values (Fig. 5). Signatures
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of selective sweep were detected in the ASIP and SCUBE2
regions in the blue birds, indicated by the significant nega-
tive Fay and Wu's H values (<99th percentile [Sterken et al.
2009], i.e. —2.59) and higher SweepFinder2 composite like-
lihood ratio (CLR) values in blue than in black birds (Fig. 5).
The signature of selective sweep was less apparent in the
SCUBE2 region (Fig. 5a) but particularly clear in the
ASIP region in blue birds (Fig. 5c). Strikingly, the phyl-
ogeny of these two genomic regions differed from the spe-
cies tree (Shimodaira-Hasegawa test, P < 0.001; Fig. 6a and
b, supplementary fig. S6, Supplementary Material online):
in these trees individuals clustered by plumage color.
This could be due to the selective sweep in the blue birds.
The genotype matrix of those two regions also show a pat-
tern of selective sweep in the blue birds (Fig. 6¢c and d),
which was not detected in the birds with black plumage.

When we extracted those loci that were highly asso-
ciated with plumage color differentiation between DHI
and mainland populations in the five highly divergent

genomic regions and compared the genotypes and allele
frequencies between Bl and DHI, the pattern for scaffold
285, 283, and 132 (one out of two SNPs) was similar be-
tween the two insular populations (Fig. 7). The geno-
types and allele frequencies of the mainland
population were different in these regions, especially
for the region in scaffold 285, which was consistent
with the selective sweep signature in the blue birds.
The comparison of genotypes among all sequenced bi-
colored wrens and outgroup individuals showed that
the selective sweep regions of the blue M. leucopterus
(i.e. scaffold 285 and 132) contain many derived SNPs
that are different from the other two bi-colored wrens
and outgroups (Fig. 7). Moreover, the SNPs in black
M. leucopterus were not found in the other two bi-
colored wrens that were also black in male nuptial
plumage color, suggesting that the evolution of black
plumage in M. leucopterus was independent from that
in M. melanocephalus and M. alboscapulatus.
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Discussion

Genetic Basis of Plumage Color Difference in

M. Leucopterus

We have identified highly divergent genomic regions be-
tween blue and black M. leucopterus subspecies containing
candidate genes associated with plumage color develop-
ment (Figs. 4 and 5). The candidate genes include an im-
portant pigmentation gene and genes that may play a
role in keratinocyte and feather nanostructure develop-
ment. Variation of structural color in fairywrens is related
to multiple independent features of the feather barb ra-
ther than a single factor (Fan et al. 2019). Both the density
and distribution of melanin and thickness and nanostruc-
ture of cortex and spongy layer contribute to chromatic
and achromatic variation in structural color (Fan et al.
2019). The gene encoding the ASIP (agouti signaling pro-
tein), which is an antagonistic ligand of MC1R, is in the
most divergent genomic region between blue and black
M. leucopterus and is the only well-studied pigmentation
gene identified in the divergent regions. ASIP is an import-
ant melanin production modifier that can switch the syn-
thesis of eumelanin to pheomelanin and regulate
melanocyte precursor behavior in hair follicles (Gantz
and Fong 2003).

In birds, ASIP was found to be upregulated in peripheral
pulp adjacent to apigmented feather barbs, and it sup-
presses melanocyte differentiation from progenitor cells
during feather growth (Lin et al. 2013). Differential mela-
nocytes are required to produce and transport
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melanosomes to keratinocytes in developing feathers
(Lin et al. 2013; D’Alba and Shawkey 2019; Saranathan
and Finet 2021); expression of ASIP would therefore inhibit
the formation and deposition of melanosomes. ASIP ex-
pression has been shown to affect body color and pattern
in birds and other vertebrates (Nadeau et al. 2008; Norris
and Whan 2008; Toews et al. 2016; Kratochwil 2019;
Robic et al. 2019; Wang et al. 2020; Semenov et al. 2021;
Goutte et al. 2022). Mutation of this gene has also been re-
ported to link to island melanism in Monarcha castanei-
ventris, which has an insular population possessing a
nonsynonymous substitution in the coding sequence
(CDS) of ASIP (Campagna et al. 2022). In contrast, no mu-
tations in the ASIP CDS were fixed in M. leucopterus sub-
species (supplementary results, Supplementary Material
online). The upstream region of ASIP is highly divergent
between blue and black subspecies and likely regulates
the expression of this gene. Mutations in the genomic re-
gion containing ASIP, EIF252, and RALY are also associated
with pigmentation change in other avian species (Nadeau
et al. 2008; Wang et al. 2020). We predict ASIP to be under-
expressed in developing feathers of black M. leucopterus
relative to the blue form, which leads to more differential
melanocytes in developing feathers and hence more mel-
anosomes in both the cortex and spongy layer of the fea-
ther barbs, resulting in the black color of the feather (Lin
et al. 2013).

Another candidate gene also in a divergent genomic re-
gion with a selective sweep signature and that may link to
structural plumage color development is SCUBE2 (signal
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Fig. 5. The genomic landscape of the five divergent regions between black and blue M. leucopterus. The five regions are: a) scaffold 132 containing
SCUBE2, b) scaffold 283 containing THBS2, c) scaffold 285 containing ASIP, d) scaffold 8 containing THBS4, and e) scaffold 18 containing NECTIN3.
Fs, SNP associations, genetic diversity (), RND, Fay and Wu's H, and CLR are shown in different panels for each region. Blue, and black solid and
dotted lines in the same panel of , Fay and Wu's H, and CLR represent mainland, DHI, and Bl populations, respectively. Annotated genes in those
regions are depicted using blocks and lines to represent exons and introns, respectively, in the top panel.

peptide, cubulin [CUB] domain, epidermal growth factor
[EGF]-like protein 2). This gene plays important roles in
Sonic Hedgehog (SHH)-related biology such as organ de-
velopment (Tsai et al. 2009), including feather develop-
ment (Cooper and Milinkovitch 2023). SHH induces
feather development and mediates programmed cell
death in the feather barb marginal plate epithelium
during keratinization of the barb plate epithelium
(Ting-Berreth and Chuong 1996; Jung et al. 1998), which
regulates barb and barbule formation (Chuong et al.
2000; Yu et al. 2002). SCUBE2 may play a role in develop-
ing feather barb nanostructure required for structural
color production, and accounting for the difference in
the nanostructure between blue and black subspecies
(e.g. a more degraded spongy layer in black feathers).
The peak of the genomic island of divergence is in the
upstream region of SCUBE2, suggesting mutations in a
cis-regulatory region may affect gene expression. Here, a
protein difference could also be linked to the differenti-
ation in phenotype, since a nearly fixed nonsynonymous
substitution between blue and black subspecies has also
been identified (supplementary results, Supplementary
Material online).

Other candidate genes in divergent genomic regions
that may link to feather development and plumage color
differences are NECTIN3, thrombospondin-2 (THBS2),
and thrombospondin-4 (THBS4). Nectin-3 is a cell-cell ad-
hesion molecule that plays an important role in the forma-
tion of cell-cell adhesion junctions in keratinocytes
(Tanaka et al. 2003) and is required for cell adhesion and
differentiation in hair follicles and for proper hair forma-
tion in mice (Yoshida et al. 2014). Thrombospondins are
extracellular glycoproteins participate in cell-cell and
cell-extracellular matrix interaction (Adams and Lawler
2004, 2011) and are important for skin keratinocyte devel-
opment (Adams and Lawler 2004, 2011; Maemets-Allas
et al. 2023). In particular, THBS4 orthologs are related to
skin pigmentation in pearl danio (Danio albolineatus)
and may play a general role in body color development
across vertebrates (Huang et al. 2021). These three genes
are divergent between DHI and mainland populations
but not between Bl and mainland populations
(supplementary fig. S4, Supplementary Material online),
a result that could be caused by the small sample size
from BI or independent evolution of these genes on the
two islands (e.g. the DHI population has a signature of
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Fig. 6. Phylogeny and individual genotypes of the two regions of divergence. Phylogenetic tree reconstructed using SNAPP based on SNPs from
the whole divergence peak region contains a) SCUBE2 or b) ASIP. ¢, d) Genotypes at SNPs between black and blue Malurus leucopterus popula-
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selective sweep in the NECTIN3 region; Fig. 5e). Including
more samples from Bl in future studies would reduce
the variance and may reveal a clearer pattern. With their
associations with keratinocyte development, these genes,
plus SCUBE2, may play a role in developing the feather na-
nostructure required for structural color, which is an im-
portant step in unravelling the molecular mechanism
and evolution of structural coloration in birds. Future stud-
ies may perform functional analysis to confirm the roles that
these candidate genes play in structural coloration.

8

Re-evolution of Blue Plumage in Mainland

M. Leucopterus

We identified genomic islands of divergence that show a
signature of selective sweep (Figs. 5 and 6). Surprisingly, se-
lective sweeps occurred in the genomic regions containing
ASIP and SCUBE2 in the blue mainland subspecies but not
the black subspecies on islands, in contrast to signatures of
selective sweep found in insular M. castaneiventris popula-
tions showing convergent evolution of island melanism
(Campagna et al. 2022). Individual genotypes and allele
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frequencies in these two sweep regions in the blue subspe-
cies are different from the two island subspecies (Fig. 7),
which are more similar to each other even though they
are more divergent genome-wide. Given the similarity of
the two black subspecies in these two regions, the ancestor
of M. leucopterus subspecies could have already become
melanic before they arrived DHI and B, i.e. black plumage
evolved from a blue ancestor was ancestral for all the

subspecies. The two island subspecies possess derived
SNPs in these two regions not found in M. melanocephalus
and M. alboscapulatus, which also have evolved black male
nuptial plumage. If these are, or are closely linked to, the
causal mutations render the plumage black in color in
the two M. leucopterus island subspecies, the switch to
melanism in the other two bi-colored wrens is an inde-
pendent event. This independent origin of melanism is
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supported by the different extents of feather nanostruc-
ture organization—M. melanocephalus has a high degree
of structural degradation (over evolutionary time) of the
spongy layer in the black feather barb, whereas black M.
leucopterus subspecies possess a spongy layer that is similar
in nanostructure to those of blue M. leucopterus and
Malurus splendens (Driskell et al. 2010), suggesting the
switch to melanic form happened later in M. leucopterus
than the other two melanic bi-colored species.

The degradation of feather nanostructure in these black
fairywrens is consistent with an initial hypermelanization,
followed by subsequent changes in spongy layer keratin or-
ganization and ramus shape for pigment presentation. The
common ancestor of all M. leucopterus subspecies was
suggested to have blue plumage and a functional spongy
layer and feather barb nanostructure as in other blue
wrens (Doucet et al. 2004; Driskell et al. 2010). The
hypermelanization proposed to occur in the common an-
cestor of all M. leucopterus subspecies could be due to mu-
tations in the ASIP region, which were likely inherited by all
subspecies. This explains the sharing of SNPs in that region
by the two island populations but no other species.
Hypermelanization would then have relaxed selection to
maintain the feather nanostructure needed for structural
color, hence genes contributing to the nanostructure
might accumulate mutations that affect the phenotype,
which was shown by the spongy layer degraded with
more holes (Driskell et al. 2010). If the melanic form was
at the same time favored by natural selection, feather na-
nostructure would be selected for features that consoli-
date the black color, such as the thicker cortex and rami
observed (Driskell et al. 2010). Alternatively, nanostructure
could be selected for other nonsignaling functions. These
changes could be due to mutations in SCUBE2 or other
candidate genes relevant to feather nanostructure devel-
opment, and could occur before or after the divergence
of the subspecies. However, in contrast to the other two
black bi-colored wren species, black M. leucopterus still
have a functional spongy layer that can produce a blue col-
or by coherent light scattering (Doucet et al. 2004), which
means only a reversal of hypermelanization was required
to switch the black plumage to blue again. The strong se-
lective sweep signature in the genomic region containing
ASIP supports this hypothesis of re-evolution of blue plum-
age on the mainland by mutations that reversed hyperme-
lanization, in contrast to the hypothesis of convergent
melanism on islands (Walsh et al. 2021). This sweep region
in the blue subspecies contains many derived SNPs asso-
ciated with the plumage color difference between blue
and black subspecies (Fig. 7). These derived SNPs are not
only different from the two island subspecies but also
from the other two bi-colored wrens and outgroups, in-
cluding one of the blue wrens, M. splendens. We, therefore,
propose that the mainland subspecies likely re-evolved the
mechanism to develop blue plumage again, from a black
M. leucopterus ancestor that itself evolved from a blue an-
cestor. Assuming SCUBE2 is linked to the development of
feather nanostructure, the selective sweep in the genomic
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region containing this gene in the blue subspecies likely
postdated the dehypermelanization, since selection could
only favor the development of optimal feather nanostruc-
ture for blue structural color (lgic et al. 2016) after the
density and distribution of melanosome were altered.
The mutations of the SCUBE2 region might facilitate the
development of feather nanostructure similar to its blue
ancestor or the sister blue wren species, e.g. a more struc-
tured and intact spongy layer (Driskell et al. 2010), in order
to increase light scattering and interference and produce a
brighter blue hue (Fan et al. 2019).

Therefore, instead of a case of convergent evolution of
melanism on island populations (Walsh et al. 2021), the
differentiation in plumage color between the island and
mainland populations could be a case of re-evolution of
blue plumage in the mainland population. The mutations
and selective sweep in these two genomic regions contain-
ing important candidate genes, especially the pigmenta-
tion gene ASIP, in M. | leuconotus was likely the
mechanism of re-evolution of blue plumage on the main-
land. Although hybridizations between fairywren species
have been reported (Haines 2014; Ross and Briggs 2022;
Welklin et al. 2022), including between M. I. leuconotus
and the Superb fairywren M. cyaneus (Welklin et al.
2022), re-evolution of blue plumage in mainland M. leucop-
terus was not a result of genetic introgression from blue
wrens (Fig. 5). The high diversity in feather plumage color
among Malurus species and body regions within a species
suggest that plumage color is a very labile trait during evo-
lution of these birds (Fan et al. 2019), and re-evolution of
blue plumage from a black one is feasible. A substantial dif-
ference in plumage color can be due to minor changes in
the size and structure of light-scattering elements or pig-
ment concentration or distribution (Prum and Torres
2003; Shawkey et al. 2005; Fan et al. 2019). Convergent
regulatory changes in melanin synthesis pathway have
also led to repeated evolution of structural coloration in
birds (Saranathan and Finet 2021). In Malurus, Fan et al.
(2019) showed that black feather barbs from species
with both black and blue plumage patches, such as
M. splendens and M. lamberti, contain a spongy layer
that could produce a blue color, but the degradation
and high density of melanosome in the spongy layer plus
the thicker and more melanized cortex make them appear
black. This suggests that evolutionary changes in modular
regulatory control of color for blue and black plumage
patches are common and relatively feasible in this clade,
which likely also applies to the switches between blue
and black whole body plumages in M. leucopterus. The
mainland population of M. leucopterus diverged from the
island populations in the late Pleistocene (Walsh et al.
2021), when the population size began to expand on the
mainland (supplementary results; supplementary fig. S7,
Supplementary Material online). This rapid population ex-
pansion might increase dispersal and gene flow on main-
land and facilitate the spread of mutations for a “novel”
phenotype, i.e. the blue plumage, especially if the trait
was under strong selection.
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Selective Pressure for Plumage Color Differentiation
Between Islands and Mainland

Malurus fairywrens are one of the birds with the highest
rates of extra-pair paternity (Karubian 2002; Colombelli-
Négrel et al. 2009; Cockburn et al. 2013), and their high sex-
ual dichromatism and very colorful male plumages indicate
that their plumage is under strong sexual selection (Lindsay
etal. 2011; Friedman and Remes 2015). Males with brighter
plumage are more attractive to females and have higher
within- and extra-pair paternity (Karubian 2002; Webster
et al. 2008). In M. leucopterus, female preference for bright
blue color is likely retained from their ancestor in all des-
cendant subspecies. Males of many fairywren species often
carry colorful petals in their bills during courtship toward
females (Karubian and Alvarado 2003; Montgomerie
2006). The black male M. leucopterus on the islands have
higher incidence of petal carrying than mainland males
and show a strong preference to carry blue petals
(Rathburn and Montgomerie 2003), suggesting female’s
preference for males carrying blue petals. Female’s prefer-
ence for bright blue color has likely been maintained
from an ancestor with a blue male nuptial plumage, even
though it became black (Fig. 2), and could be the selective
force driving the proposed re-evolution of blue male nup-
tial plumage in the mainland M. leucopterus population. If
males carrying the mutations for a bluer plumage have a
higher reproductive success, then the haplotype would
spread quickly in the population, leaving a signature of se-
lective sweep (Hejase et al. 2020) in M. I. leuconotus. We
therefore propose that the preexisting female preference
for blue color in M. leucopterus drove the re-evolution of
blue nuptial plumage.

In contrast to the mainland subspecies, black plumage
on the two islands is maintained, even though there is
gene flow between mainland and island subspecies
(Walsh et al. 2021). The maintenance of black plumage
on islands could be due to weaker sexual selection on is-
lands and/or natural selection. Both sexual dichromatism
and dimorphism of body size in this species are reduced
on islands (Endler 1990; Rathburn and Montgomerie
2003). Small population size, low genetic diversity, and lim-
ited choice of mates are believed to reduce sexual selection
in isolated island populations compared to mainland coun-
terparts (Frankham 1997; Omland 1997; Griffith 2000;
Rathburn and Montgomerie 2003). The effective popula-
tion size on the islands was estimated to be much smaller
than that on the mainland (Walsh et al. 2021). In this study,
the autosomal 7 were 0.0030 and 0.0019 for the DHI and BI
subspecies, respectively, which were lower than the 0.0034
of the mainland subspecies. In addition to the difference in
sexual dichromatism, mainland birds have bigger clutches,
shorter incubation periods, and higher realized reproduct-
ive success (Rathburn and Montgomerie 2003). Island birds
also have fewer helpers and are largely socially monogam-
ous, and, importantly, appear to have lower levels of extra-
pair paternity (Rathburn and Montgomerie 2003). These
differences in reproductive behavior and social structure

could further result in reduced strength of sexual selection
onislands compared to mainland. In parallel, black plumage
may confer an advantage under natural selection through
providing solar radiation protection (Roulin 2014), bacter-
ial degradation resistance (Goldstein et al. 2004), abrasion
resistance (Bonser 1995), thermoregulation (Margalida
et al. 2008), and crypsis against predation and brood
parasitism (Rathburn and Montgomerie 2003; Surmacki
et al. 2021). However, since black plumage might have
evolved on the mainland but not small islands, similar to
what likely took place in the other two bi-colored
wrens, natural selection specific to insular environments
alone cannot explain the evolution of black plumage.
Alternatively, indirect selection through pleiotropic effects
was proposed to be the evolutionary driver of melanism
(Walsh et al. 2021). It is worth noting that the estimated
size of the ancestral M. leucopterus population before split-
ting into three subspecies is much smaller than the current
mainland population and comparable to the current DHI
population (Walsh et al. 2021), suggesting that the strength
of sexual selection could be lower in the ancestral popula-
tion than the later expanded mainland population and
might have led to a reduced sexual dichromatism in the an-
cestral form.

Conclusions

Feather barb nanostructure and melanosome features are
crucial component in avian structural coloration. Their na-
ture of being independent and evolutionary labile are likely
to facilitate the evolution of a high diversity of plumage
structural color, both within and between species (Maia
et al. 2013; Fan et al. 2019). Feather structural colors
have independently evolved many times in more than 45
avian families (Saranathan and Finet 2021). The conver-
gent evolution of similar feather barb nanostructure and
melanosome distribution in many avian lineages shows
that the genetic basis to develop the medullary spongy
layer and change melanosome density and distribution
in keratinocytes is simple, and feather structural color
can evolve relatively easily (Saranathan and Finet 2021).
The transition to blue structural color, from the black
plumage M. leucopterus that already possess a partly de-
graded spongy layer interrupted by melanin granules, ap-
pears to be an example of this evolutionary lability. We
show that a selective sweep in the genomic region contain-
ing the pigmentation gene ASIP was likely the cause of a
change in the melanism state of the feather barb leading
to the proposed re-evolution of the blue plumage color.
Any changes in the molecular mechanisms that affect mel-
anin synthesis and deposition would influence the poten-
tial to develop plumage structural color. In M. . leuconotus,
genetic changes related to feather nanostructure develop-
ment likely happened following the mutations in the ASIP
region to consolidate the blue structural color. The parallel
evolution of noniridescent structural color in many avian
lineages (Saranathan and Finet 2021) could follow the
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same order of evolutionary changes. Future studies of the
genetic basis in different species and how much it is shared
among birds with similar feather structural color will increase
our understanding of the evolution of avian phenotypic di-
versity and its interaction with sexual and natural selection.

Materials and Methods

Sample Collection and DNA Extraction

Samples from three subspecies of M. leucopterus were
collected, including M. [ leuconotus on mainland
Australia (n =11), M. I. leucopterus on DHI (n=8), and
M. |. edouardi on Bl (n=3) (Fig. 1; supplementary table
S1, Supplementary Material online). In total, 22 M. leucop-
terus males were included in this study, with 11 mainland
individuals displayed a blue plumage and 11 insular indivi-
duals on island with black plumage. The two sister species
M. melanocephalus (n=11) and M. alboscapulatus
(n=11) were also sampled (supplementary table S1,
Supplementary Material online). One individual of
M. splendens, a member of blue wrens that are sister to
the bi-colored wrens, were included. Malurus lamberti
and Stipiturus malachurus were also included as outgroups
(supplementary table S1, Supplementary Material online).
Samples were collected from the field or requested
from museum collections (supplementary table S1,
Supplementary Material online). We isolated genomic
DNA using DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol. We con-
firmed the sex of all individuals to be male using published
primers targeting CHD1 genes (2550F and 2718R)
(Fridolfsson and Ellegren 1999) for PCR and measured
DNA concentration with a Qubit dsDNA HS Assay Kit
(Invitrogen, Carlsbad, USA). Sample collection of
M. leucopterus were approved by the Cornell University
Institutional Animal Care and Use Committee (IACUC
2009 to 0105) and the James Cook University Animal
Ethics Committee (A2100), and was performed with au-
thorization of the Australian Bird and Bat Banding
Scheme (#1965) and the Western Australia Department
of Parks and Wildlife (BB003372). Sample collection of
M. alboscapulatus was conducted under the approval of
IACUC #0395 and ASAF #04573 and the Australian Bird
and Bat Banding Scheme, and with annual permits from
the Papua New Guinea Department of Environment and
Conservation, permissions from the provincial govern-
ments of Milne Bay, Western, and Madang Provinces.

Data Generation and Processing

Reference Genome Sequencing and Assembly

The genome of one individual of each species was
sequenced and assembled. We performed whole-genome
library preparation, sequencing, and assembly following
Sin et al. (2020), Huynh et al. (2023), and Grayson et al.
(2017). In brief, a DNA fragment library of 220 bp insert
size was prepared for M. . leuconotus (from Queensland,
Australia; supplementary table S1, Supplementary Material
online), M. splendens, M. lamberti, and S. malachurus
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using the PrepX ILM 32i DNA Library Kit (Takara), and
mate-pair libraries of 3 kb insert size were prepared for
M. leucopterus and M. splendens using the Nextera Mate
Pair Sample Preparation Kit (cat. No. FC-132-1001, lllumina).
Mate-pair library of 6 kb insert size were also prepared for M.
leucopterus. We performed DNA shearing for the fragment
and mate-pair library preparations using Covaris 5220. We
used the 0.75% agarose cassette in the Pippin Prep (Sage
Science) for size selection of the mate-pair library (target
size 3 or 6 kb, “Tight” mode). We then assessed fragment
and mate-pair library qualities using the High Sensitivity
D1000 ScreenTape for the Tapestation (Agilent) and High
Sensitivity DNA Kit for the Bioanalyzer (Agilent), respective-
ly, and quantified the libraries with qPCR (KAPA library
quantification kit) prior to sequencing. We sequenced the li-
braries on an Illumina HiSeq 2500 instrument (High Output
250 kit, PE 125 bp reads) at the Bauer Core facility at Harvard
University to ~65X coverage. We assessed the quality of the
sequencing data using FastQC and removed adapters using
Trimmomatic (Bolger et al. 2014). We performed de novo gen-
ome assembly using AllPaths-LG v52488 (Gnerre et al. 2011)
for M. leucopterus and M. splendens. We estimated the com-
pleteness of the assembled genomes with BUSCO v2.0
(Sim&o et al. 2015) (supplementary table S3, Supplementary
Material online). The de novo genomes of M. alboscapulatus
(GCA_025434525.1) (Enbody et al. 2022) and M. melanoce-
phalus (GCA_030028575.1) (Khalil et al. 2023) included in
the analysis of this study were sequenced and assembled using
the same strategies.

Genome Annotation

We annotated the M. leucopterus genome following Sin
et al. (2022). We used MAKER v2.31.8 (Holt and Yandell
2011), combining ab initio gene prediction with protein-
based evidence from 16 other vertebrates (10 birds, 3 rep-
tiles, 2 mammals, and 1 fish species) and gene predictions
from Gallus gallus. The genome annotation using MAKER
identified a total of 17,443 gene models. We functionally
annotated the genome to identify putative gene function and
protein domains using NCBI BLAST+ and the UniProt/
Swiss-Prot set of proteins. We used BLASTP on the list of pro-
teins identified by MAKER with an e-value of 1e—6.

Pseudochromosome Reconstruction

We used Satsuma (Grabherr et al. 2010) and MUMmer
(Kurtz et al. 2004) to align all assembled scaffolds in the
M. leucopterus genome against the zebra finch (Taeniopygia
guttata) genome (bTaeGut1_v1; GCF_003957565.1). A total
of 312 sex-linked scaffolds—accounting for ~9.08% of
M. leucopterus draft genome—aligned to the Z chromosome.
The aligned scaffolds of the M. leucopterus draft genome
were reordered to form pseudochromosomes.

Whole-genome Resequencing Library Preparation

To determine the genomic region(s) associated with male
ornamentation polymorphism, we performed whole-
genome resequencing at ~4X depth-of-coverage for the
22 M. leucopterus. We also re-sequenced 11 samples of each
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of the two sister species, M. melanocephalus and M. albosca-
pulatus. DNA fragment libraries of 220 bp insert size were pre-
pared using the protocol mentioned in the whole-genome
library preparation section. All libraries were multiplexed in
equimolar ratio and sequenced using an lllumina HiSeq instru-
ment (High Output 250 kit, PE 125 bp reads). Preliminary
quality assessment was performed using FastQC (www.
bioinformatics.babraham.ac.uk/projects/fastqc).

Data Analysis

Whole-genome Resequencing Data Preprocessing

We followed GATK best practices (Van der Auwera et al.
2013) using Picard Tools v. 2.20.6 (broadinstitute.githu-
b.io/picard/) and Genome Analysis Toolkit (GATK) 3.8
(McKenna et al. 2010) to preprocess the data. We removed
adapters of the resequencing data using NGmerge v0.3
(Gaspar 2018) and Picard Tools. We used BWA-MEM
(0.7.13; Li and Durbin 2009) to map reads to the M. leucop-
terus genome assembly. The BAM files were merged, dupli-
cates marked, sorted, and validated using Picard Tools. The
reads were realigned around indels using GATK and under-
went an initial variant calling using GATK HaplotypeCaller.
We then applied a base quality score recalibration (BQSR)
on SNPs and indels. The recalibrated BAM files were then
passed to ANGSD v0.921 (Korneliussen et al. 2014) to esti-
mate genotype likelihood for final SNP calling, by first cal-
culating the site allele frequency for each species/
subspecies with the following settings: -skipTriAllelic 1
-remove_bads 1 -trim 0 -minMapQ 20 -minQ 20
-uniqueOnly 1 -bag 1 -C 50 -only_proper_pairs 0
-doCounts 1 -GL 1 -doMaf 1 -doPost 1 -doMajorMinor 1
-dobcf 1 —ignore-RG 0 -dogeno 1 -doSaf 1, and the output
was converted to VCF format using a custom R script
(github.com/rcristofari/RAD-Scripts/blob/master/
angsd2vcf.R). The VCF files from ANGSD were used for
summary statistic calculations unless otherwise specified.

Inference of Demographic History

To investigate the historical change in effective population
size (N,) in M. leucopterus we used the Pairwise Sequential
Markovian Coalescent (PSMC) model (Li and Durbin
2011) based on the diploid whole-genome sequence to re-
construct the population history. We filtered the raw se-
quencing data of the M. I. leuconotus individual that we
used for whole-genome assembly using fastp (Chen et al.
2018) and removed sex-linked scaffolds. The settings for
the PSMC atomic time intervals were “4 +25*2 + 4 + 6”.
We performed 100 bootstraps to compute the variance
in estimate of N.. We used the estimated mutation rate
of 33x 107> substitutions per site per million years
(Passeriformes; Zhang et al. 2014). The estimated gener-
ation time is 2 yr (Rowley and Russell 1995; Garnett 2021).

Phylogenomic Analysis and PCA

This VCF file was first formatted using a script
vcf2phylip.py (https://github.com/edgardomortiz/vcf2phylip)
for phylogenetic reconstruction using IQTREE 2.2.0 (Minh
et al. 2020). Bi-allelic SNPs thinned by intervals of 5 kb,

resulting in 168,378 polymorphic sites, were concatenated
and used for ML tree reconstruction with 1,000 bootstraps.
The best substitution model was selected using
ModelFinder (Kalyaanamoorthy et al. 2017). We also em-
ployed + ASC model to correct ascertainment bias as SNP
data did not contain invariant sites, and we appended
-bnni to the regular UFBoot command to reduce the risk
of overestimating branch support (Hoang et al. 2018).
Coalescent-based methods were shown to outperform con-
catenation in inferring species-level phylogeny, even when
gene flow is present (Long and Kubatko 2018). Phylogeny
was therefore also inferred using the coalescent-based
SNAPP package (Bryant et al. 2012) in BEAST2 (Bouckaert
et al. 2019) and SVDquest (Vachaspati and Warnow
2018) based on 6,790 genome-wide SNPs, with one SNP
sampled from each 200 kb window. For SNAPP, 2 millions
Monte Carlo Markov Chain (MCMC) generations were
run with trees sampled every 1,000 generations. The result-
ing tree was visualized using DensiTree (Bouckaert 2010).
For SVDquest, 1,000 replicates were conducted. We also
used ngsTools (Fumagalli et al. 2014) to generate a covari-
ance matrix based on genotype-likelihoods for PCA.

Ancestral Plumage Color Reconstruction

We inferred the ancestral state of plumage color (i.e. black
or blue) using PastML v1.9.42 (Ishikawa et al. 2019), with
the SVDquest tree (supplementary fig. S1B, Supplementary
Material online) as the input tree topology. We used the
ML algorithm with the probabilistic model of marginal
posterior probabilities approximation (MPPA) and the
F81 model.

Ancestral State Inference

The ancestral genome of M. leucopterus, M. melanocepha-
lus, and M. alboscapulatus was reconstructed using the
software est-sfs v2.0395 (Keightley and Jackson 2018)
based on resequencing data, by setting these species in
the bi-colored clade as ingroups and M. splendens, M. lam-
berti, and S. malachurus as outgroups, ordered from the
most to the least closely related based on our inferred spe-
cies trees. The software was designed to infer the unfolded
site frequency spectrum (SFS) but it also output the allelic
state probabilities of each site, which we further used to
reconstruct the ancestral genome sequence. The inferred
ancestral genome was then used in downstream genomic
analyses of the re-sequenced samples to polarize alleles.

Summary Statistic Calculations and Characterization of
Regions of Divergence

We used the output from ANGSD and generated the site
allele frequencies (SAF) (with -doSaf), which was then used
to compute the unfolded SFS and to estimate various sta-
tistics. Alleles were polarized using the ancestral genome.
We then obtained joint frequency spectrums for each
between-subspecies comparison using realSFS, and then
estimated Fst. We calculated Fst for the blue and black
M. leucopterus comparison. We calculated Fst in overlap-
ping sliding windows of 50 kb with 10 kb steps. Windows
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with Fst above the 99.9th percentile of autosomal values
were considered regions of divergence and further exam-
ined for gene content.

Genetic diversity (7) and Fay and Wu's H (Fay and Wu
2000) were also calculated for sliding windows across the
genome using ANGSD. A significant negative value of
Fay and Wu's H (<99th percentile) (Sterken et al. 2009) in-
dicates an excess of high-frequency derived SNPs due to se-
lective sweep. We used SweepFinder2 (DeGiorgio et al.
2016) to detect signature of selective sweep in the regions
of divergence within M. leucopterus subspecies with blue
or black plumage. Stipiturus malachurus was used as the
outgroup for this analysis, and the allele frequency within
target group was calculated using VCFtools (Danecek et al.
2011) including both variant and invariant sites but separ-
ately for autosomal or Z-linked scaffolds. We estimated the
CLR statistics every 1,000 bp. Elevated CLR values esti-
mated by SweepFinder2 indicates a signature of selection
sweep. We also conducted GWAS based on allelic counts
of each locus in Plink v1.90b6.26 (Purcell et al. 2007) to
identify the SNPs associated with the plumage color differ-
entiation between black and blue M. leucopterus. Loci with
a minor allele frequency lower than 0.05 and violated
Hardy—Weinberg equilibrium (P < 1e—6) were excluded
for this analysis. To test if the candidate genomic regions
underlying plumage color difference between blue and
black M. leucopterus were introgressed from blue fairywren
species that are sister to the bi-colored wrens, we calcu-
lated the RND (Feder et al. 2005) between blue and black
M. leucopterus, using M. alboscapulatus as the outgroup.
The RND was calculated as absolute nucleotide divergence
(DXY)(between black and blue M. Ieucopterus)/([DXY(between black

M. leucopterus and M. alboscapulatus) + DXY(between blue M. leucopterus
and M. alboscapulatus)]/z)' DXY was calculated using  pixy

(Korunes and Samuk 2021) with VCF files generated by
GATK’s GenotypeGVCFs, including variant and invariant
sites. RND values are expected to lie between 0 and 1 for
nonintrogressed genomic regions, while for introgressed re-
gions RND values should be well above 1 (Lopes et al. 2016).

In the genomic regions of divergence, we examined all
the annotated genes and identified those that are poten-
tially relevant to plumage color development, such as
genes related to pigment development or feather/kerati-
nocyte development. For each highly divergent region
with relevant candidate genes and a signature of selective
sweep, we reconstructed the gene tree based on concate-
nated SNPs (2,355 and 666 SNPs for the ASIP and SCUBE2
regions, respectively) using IQTREE 2.2.0 (Minh et al. 2020),
with 1,000 bootstraps. The best substitution model was se-
lected using ModelFinder (Kalyaanamoorthy et al. 2017).
We also inferred the phylogeny using SNAPP (Bryant
et al. 2012). Two millions Monte Carlo Markov Chain
(MCMC) generations were run with trees sampled every
1,000 generations. Topology discordance between the spe-
cies tree and trees of the regions with a selective sweep sig-
nature was tested using the Shimodaira—Hasegawa test
(SH test) (Shimodaira and Hasegawa 1999) with 1,000
bootstrap replicates. We also visualized the genotypes
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using RectChr (github.com/BGl-shenzhen/RectChr). To
perform gene enrichment analysis, we first extracted pro-
tein sequences from the genome annotation file and func-
tionally annotated the sequences using eggNOG-mapper
v2 (Cantalapiedra et al. 2021). The genes in the top
99.9th percentile Fst peaks in the black and blue subspe-
cies comparison were used to search for enriched path-
ways using clusterProfiler 4.0 (Wu et al. 2021).

To study the evolution of plumage color across Malurus,
we investigated the SNP loci that had strong association
with the plumage color difference between black and
blue M. leucopterus in all studied species, including other
bi-colored wrens and outgroup species. We first performed
association analysis (Purcell et al. 2007) between the blue
M. I. leuconotus and black M. I. leucopterus from DHI, ex-
cluding those black individuals from the BI, and extracted
those SNPs with strong association (i.e. —log[P] > 6) with
the color polymorphism. We then used RectChr to plot
the genotype of these SNP loci in all individuals and spe-
cies, including M. . edouardi from Bl. We also visualized
the allele frequencies of these loci in all M. leucopterus sub-
species and other species.

We also examined the coding sequence (CDS) of the
candidate genes for fixed or nearly fixed nucleotide substi-
tutions. We used SnpEff (Cingolani et al. 2012) to annotate
the variants of the candidate genes and to differentiate
synonymous and nonsynonymous substitutions. Allele fre-
quency at each site was calculated using VCFtools
(Danecek et al. 2011).

Supplemental Material

Supplementary material is available at Molecular Biology
and Evolution online.
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