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Abstract

Feathers, the primary skin appendage covering the avian body, undergo dynamic
phenotypic changes throughout a bird’s life. Males and females of the same species
can exhibit sexually dichromatic plumage colors which play a critical role in mating
choice, survival, and ecological interactions. In this study, we investigate the molecu-
lar mechanisms underlying the changes of color that occur during the transition from
juvenile to adult feathers, known as the secondary transition. We focus on sexual
dichromatism of craniofacial plumage and use the male cheek domain of the zebra
finch (Taeniopygia guttata) as the major model. The transcriptome of the cheek and
scalp (crown) domains in males and females of wild-type and genetic color variants
were compared. We found that (1) Craniofacial color patterning operates through
two regulatory layers. The first layer involves transcription factor (TF) genes that
define the cheek domain such as PITX1, PAX1, PAX6. The second layer comprises
pigment-related genes responsible for specific colors, including male-biased TFs
(SOX10 and DMRT1) and transporters associated with red pigment synthesis. (2)
Surprisingly, ASIP, which controls pheomelanin production in other species, was
expressed in both male (red) and female (gray) cheeks. Instead, PAX7 in cheek
dermal fibroblasts may serve as an upstream regulator, potentially triggering the
male-biased color pattern through PAX6 and SOX10. PAX6 and SOX10 in mela-
nocytes potentially enhance the expression of GPR143, SLC45A2, and TMEM163,
driving increased pheomelanin production in males. (3) Sexual dichromatism is asso-
ciated with sex-linked genes on the Z chromosome, notably SLC45A2. In addition,
motif analysis comparing the binding strength between regional transcription factors
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and melanogenesis genes suggests that craniofacial pigmentation may have evolved
convergently in passerine birds. These findings provide novel insights into the molec-
ular control of color patterning and lay the groundwork for further studies on avian
sexual dichromatism and secondary feather transition.

Author summary

Passerine birds display complex, region-specific color patterns, often differing by
sex and species. We wonder how these complex color patterns are established.
We use the zebra finch as a model because of its region-specific sexual
dichromatism. Zebra finch cheeks are red in males and gray in females and
some genetic variants have different cheek colors. We then compare the cheek
genes to those found in the scalp (or crown) that do not show sexual
dichromatism. Through transcriptomic analyses, we identified transcription
factors (TF genes) enriched in the cheek versus scalp domains, providing
insights into the molecular drivers of localized pigmentation. Notably, we found
several Z chromosome genes associated with the male red cheek color,
providing evidence of sexual dimorphism under cell-autonomous genetic control.
Agouti-signaling protein (ASIP) expression in both male red and female gray
cheek feathers imply ASIP has a broader role in feather development beyond
pheomelanin production. While craniofacial domains are conserved in the
passerine (primary transition), comparative TF motif analysis across passerine
species reveals that color diversification has evolved convergently (secondary
transition).

Introduction

Patterns are essential to many fundamental biological functions [1]. Among them, plum-
age color patterns play a critical role in avian social interactions including mate choice
[2]. Feather color patterns change throughout a bird’s life, enabled by the evolution of
stem cell-based follicles, which allow for cyclic molting and feather renewal [3]. Feather
molting refers to the periodic process of shedding and regenerating feathers in a single
follicle. Beyond the feather molting, broader phenotypic changes in plumage occur
throughout a bird’s life—a process known as feather transition. This process provides
adaptive advantages, enabling birds to reset feather phenotypes in response to chang-
ing environments at different life stages [4]. In a bird’s life, two stages of feather transi-
tions are typically observed. The primary transition, from natal down to juvenile feathers
(Fig 1A, 1D and 1E), establishes the basic contour feather structures and is regulated
by conserved molecular mechanisms across bird species, ranging from the chicken
(Gallus gallus), a precocial Galliform bird, to the zebra finch (Taeniopygia guttata), an
altricial Passeriform bird [5]. However, adult birds exhibit remarkable diversity in feather
forms, colors, and rigidity, largely shaped by phenotypic changes that occur after juve-
nile, a process referred to as the secondary feather transition (Fig 1A) [5].
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Fig 1. Temporal development of sex dichromatic feathers in craniofacial domains of zebra finch. (A) Scheme of the two stages of feather tran-
sitions from natal downs to adult feathers. The primary feather transition pertains solely to immature plumage exhibiting a gradient of gray [5]. Regional
domains are established during embryonic development and maintained through juvenile stages. The secondary feather transition leads to the emer-
gence of sex dichromatic plumage through a shift in the pigmentation pathway during the replacement of juvenile male or female feathers with mature
feathers. (B) The predicted and hypothetical concentrations of pheomelanin and eumelanin in seven colors of zebra finch plumage. The red cheek
feathers and brown flanking feathers of males are predicted to be primarily composed of pheomelanin pigments (over 90%) [31], although eumelanin
pigments are also present. This suggests that the production of pheomelanin and eumelanin is not entirely exclusive within a single feather. In other
words, a higher proportion of pheomelanin results in redder feathers, while a higher proportion of eumelanin results in darker, blacker feathers. (C) Two
types of plumage variants arise from mutations. Chestnut Flank White (CFW), characterized by lighter red cheek coloring, is predicted by breeders to
result from mutations on the sex chromosomes. Black Cheek (BC), characterized by black cheek coloring, is predicted to result from autosomal muta-
tions. (D—F) Secondary feather transition, marking the transition from juvenile to adult feather forms. (D) 11-day-post-hatching (D11) juveniles with clear
feather tracts and naked skin. (E) Craniofacial skin of 14-day-post-hatching (D14) juveniles is completely covered by feathers. (F) Craniofacial plumage
of mature wild-type adult finches. Male with bright red cheek patch is shown in the left panel, while female with cryptic gray cheek patch is shown in the
right panel. (D'—F’) Feather tract domain boundaries seen in (D-F) are delineated, and the specific name of each domain is listed. The crown domain is
referred to as scalp and the ear patch domain termed as cheek in this study.

https://doi.org/10.1371/journal.pgen.1011693.9001
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Male and female avian species often experience different selection pressures that give rise to sexually dimorphic traits
(size, mass, shape, colors, song, and behavior) [6,7]. Plumage sexual dichromatism emerge during the secondary feather
transition and is driven by hormonal regulation, cell-autonomous genetic influence (e.g., sex chromosomes), or a com-
bination of both [8—12]. In a previous study using black-feathered Taiwan country chickens, we showed that hormones
might contribute to regional specificity and pigmentation patterns. First, sex-dimorphic saddle feathers were perturbed by
hormone treatments [13]. Second, male saddle feathers were switched to female color patterns after estradiol injection
[13]. However, in zebra finches, early castration of males does not prevent the development of normal male plumages
[14], even though juvenile testosterone levels are significantly lower and plumage maturation is delayed [15,16]. Another
study focusing on zebra finch gynandromorphs shows that their plumage color pattern aligns more with the genetic sex
(sex chromosome) despite of the gonad sex [17]. These results suggest that plumage sexual dimorphism can be affected
by sex chromosome-dependent cell-autonomous mechanism or by gonad-dependent sex hormone mechanism.

While the mechanisms underlying spatial color domains across the body remain largely unknown, previous studies
have explored color patterning from organismal and evolutionary perspectives [18,19]. More recently, efforts have linked
color patterns to developmental processes. For example, the longitudinal color stripes of juvenile galliform birds are
based on somite pre-patterning [20], and melanocytes provide instructive patterning signals [21]. In finches, a compre-
hensive study of complex plumage patterns on the trunk revealed conserved body color domains linked to embryonic
skin regions, demonstrating that the embryonic prepattern is largely conserved among birds despite significant adult
color variation [22].

Plumage diversity and the recognition of color signals are critical factors in speciation [23]. Conspicuous craniofa-
cial plumage colors used in visual communication have been observed in species like Passerina manakins and various
rainforest birds [24,25]. A broader analysis of 500 Australian bird species showed that sexual dichromatism is primarily
concentrated in the head domain [26]. Thus, the domesticated passerine zebra finch (7. guttata) is an excellent model for
studying these molecular mechanisms due to its distinct sexually dimorphic cheek patches. Zebra finch behavioral studies
showed that the brightness of male beak color significantly influences female mate choice [27-29]. However, the cellular
and developmental mechanisms that control craniofacial plumage color patterning remain unexplored.

In this study, we focus on identifying the molecular factors involved in the sexually dichromatic cheek domain plum-
age of the zebra finch (T. guttata), which emerge through the secondary feather transition. Feather color is determined
by pigments and the nanostructure within feather barbs or barbules [30]. Sexual dichromatism in many finches has
been suggested to arise through a common mechanism involving the degradation of integumentary carotenoid pig-
ments [9]. However, the zebra finch plumage colors are melanin-based rather than carotenoid-based pigments, which
constitute less than 0.005% of carotenoid-based pigments [31,32]. The chemical pigments in the male red cheek
and brown flanking feathers are primarily attributed to pheomelanin (Fig 1B), which is synthesized by melanocytes
[31]. To characterize the phenotypes underlying sex-biased zebra finch melanogenesis, we collected the cheeks of
dominant wild-type males and females (with red and gray cheeks, respectively), a recessive autosomal mutant (with
black cheeks in both sexes), and a sex-linked mutant (with light red cheeks in males) (Fig 1A and 1C). We propose
that hypothesized proportions of pheomelanin and eumelanin pigments in seven plumage colors (white, light gray,
dark gray, black, brown, red, and light red) observed in wild-type and mutant zebra finches (Fig 1B). To uncover the
underlying molecular mechanisms controlling sex biased pigmentation, we examined developmental spatial domains
of dichromatic cheeks versus non-dichromatic scalps from juveniles to adults, conducted transcriptome analyses
of these domains in wild types and mutants, and investigated sex chromosome-linked gene expression. Finally, we
examined the links between the transcriptional signals and pigmentation genes and conducted a cross-species motif
analysis to decipher evolutionary patterns in passerines. These findings uncover unexpected results and offer new
insights into the study of sexual dichromatism, craniofacial regional specification, color regulation and secondary
feather transition in a bird’s life.
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Results
Development of sexual dichromatism in craniofacial plumage of zebra finches across life stages

Birds are the most diverse group of terrestrial vertebrates, a distinction largely attributed to the remarkable variation in
feather forms, colors, and rigidity. Upon reaching sexual maturity, male zebra finches (T. guttata) undergo physiological
changes, typically driven by hormonal effects, which transform skin appendages such as the feathers covering the ear
holes (cheek patches) and skin covering beak into red color. This feather change is referred to as the secondary transition
(Fig 1A, 1E and 1F, left panel). In contrast, female zebra finches retain cryptic color patterns of white, gray, and black,
which are similar to their juvenile plumage (Fig 1E and 1F, right panel).

Focusing on the zebra finch head domains, feather tract growth was documented through lateral views of juveniles
from 1-day to 14-days old (D1 to D14 in Figs S1A, 1D and 1E). Most feather tracts in the lateral view of juveniles become
distinctly visible by 11 days (Fig 1D). Each individual feather follicle at D11 was represented as a dot, with the auricular
tracts specifically highlighted in red (Fig 1D’). To illustrate the potential boundaries of these feather tracts, each domain
was delineated with a line (Fig 1D’and 1E’). The cheek domain size in zebra finches is considerably larger than in basal
avian species such as chickens and pigeons (Figs 1F’, S2A and S2B). Additionally, the zebra finch cheek domain expands
anteriorly, resulting in a smaller malar domain compared to that of chickens and pigeons (Figs 1F’, S2A and S2B). The
feathers covering the finch cheek domain are mainly composed of opercular feathers originating from the anterior auricu-
lar tracts (red spots in Fig 1D’), rather than auricular feathers from the posterior auricular tracts (S2A’ Fig). The opercular
feathers collected from the cheek domain (also called cheek feathers in this study) are smaller in size and possess a
sharper shape compared to other craniofacial feathers, such as the scalp (crown) feathers located at the top of the head
(S1B and S1C Fig). During the secondary feather transition, craniofacial skin domains are established, equivalent to the
primary feather transition process [5].

Based on our morphological observation, establishing sexual dichromatism in the zebra finch craniofacial plumage may
involve two processes. 1) Pattern establishment: During the primary feather transition, the auricular tracts cannot be iden-
tified on the skin until at 4 days post-hatching (D4), with the anterior auricular tracts first observed at 7 days post-hatching
(D7) (S1A Fig). The ear holes serve as initial signaling centers for auricular tracts, giving rise to the finch cheek domain.
This regional cheek domain identity is established during embryogenesis and maintained in juveniles as their immature
plumage develops during the primary feather transition (Fig 1A) [5]. 2) Sexual dimorphism is under cell-autonomous
genetic regulation: In wild-type zebra finches, sexually dimorphic plumage color patterns emerge during the secondary
feather transition (Fig 1A and 1F). The sex-linked mutation, Chestnut Flank White, shown in Figs 1C and S1D, serves as
an example suggesting that male cheek color may be governed by sex-linked genes. Additionally, the shift in the pigmen-
tation synthesis pathway represents a downstream target of the regulatory hierarchy of sex-linked genes.

Analysis of cheek and scalp (crown) transcriptomes in zebra finch variants

To identify the genes responsible for changes in cheek color, we searched for differentially expressed genes (DEGS) in the
cheeks of male and female wildtype zebra finches and their species variants, such as Chestnut Flank White (CFW) with
light red cheeks and Black cheek (BC) displaying black cheeks. As a control, we also performed transcriptome analy-

sis on scalp feathers which use muted colors with less variation between individuals (Fig 2A). In total, eight comparison
groups were examined, encompassing domain, color and sex differences (Fig 2A). Volcano plots and DEGs from each
comparison are presented in S3 Fig and S1 File. The integration of these comparisons generated a total 2,462 unique
color-associated DEGs. The number of DEGs for male cheek red (MCR) versus male cheek white (MCW) and male cheek
black (MCB) are 814 and 819, respectively (Fig 2A). Interestingly, both are significantly higher than the number of DEGs
for MCR versus female cheek gray (FCG), which is 223 (Fig 2A). We conducted gene set enrichment analysis on each
DEG set and identified that extracellular matrix structural constituent and cell adhesion molecule binding were strongly
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Fig 2. Transcriptome analyses reveal differentially expressed melanogenesis genes. (A) The comparisons between different domains (scalp and
cheek), cheek feather colors, sexes, and between male cheek red (MCR) feathers and others are exhibited, respectively. The number of differentially
expressed genes (DEGs), exhibiting statistically significant changes (padj<0.05, log2 Fold Change>1 or < -1), in each panel is indicated. The signif-
icant DEGs for each comparison are listed in S1 File. (B) Hierarchical clustering and heatmap representation of DEGs derived from a melanogenesis
gene list (S2 File). DEGs in each cluster are listed in S3 File. Abbreviations of sample name and axes are highlighted in red boxes.

https://doi.org/10.1371/journal.pgen.1011693.9002

enriched in the first two comparisons, suggesting that the formation of light red (MCW) and black (MCB) cheeks is not only
restricted to pigmentation pathways but also involve genes related to tissue microstructures (S1 File).

To evaluate the roles of known color genes in finch cheeks, we first intersected the color-associated DEGs with a
compiled list of genes associated with the melanogenesis pathway (496 genes) and the carotenoid pathway (17 genes),
as reported from previous studies (S2 File). We then conducted hierarchical clustering to group the color genes based
on their expression profiles across samples, focusing on genes upregulated in red cheeks (clusters 1 and 7, Fig 2B and
S3 File). Most of these genes belong to the melanogenesis pathway rather than the carotenoid pathway, consistent with
previous findings [32]. Notably, while pheomelanin synthesis genes were up-regulated in male cheek feathers (clusters 1
and 7), eumelanin synthesis-related genes (cluster 9) were down-regulated in female cheek feathers (Fig 2B). Interest-
ingly, ASIP is enriched in all cheek feather colors—ranging from red, light red, gray, and even black—in contrast to scalp
feathers (cluster 5, Fig 2B).
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Identifying potential transcriptional regulators for the cheek domain

To identify the regulators responsible for the cheek and scalp domains, we first compared male and female wildtype
scalps with male and female wildtype cheeks and obtained 68 DEGs (Figs 2A and 3A, group CvsS and S1 File). We next
compared our dataset with the number of reported transcription factors (TFs) in a published database (833; https://ngdc.
cncb.ac.cn/databasecommons/database/id/8), and identified 12 TF genes that overlap between these two datasets (Fig
3A). To minimize the influence of color and sex, we examined the overlap between the 12 TFs and the DEGs from the
MCR versus FCG comparison (223) and observed no overlaps (Fig 3A). A refined volcano plot was generated to con-
trast the cheek versus scalp domains, highlighting five TF genes in the cheek and seven TF genes in the scalp (Fig 3B).
In the scalp domain, a chromatin organizer SATB1 and several HOX genes exhibit greater enrichment compared to the
cheek domain (Figs 3C and S4A). The major up-regulated TF genes in the cheek domain are PITX1, PAX6 and PAX1 (Fig
3B and 3C and S1 File), as confirmed through quantitative PCR (S4B Fig). Though SHOX and SHOX2 showed higher
expression levels in cheeks than in scalps, they were deprioritized for further analysis due to their low overall expression
levels (Transcripts Per Kilobase Million [TPM] value <1; S4 File).

We next examined the distribution of candidate transcription factors within cheek feathers using immunohistochemistry or
RNAscope ISH. A schematic diagram of a longitudinal section is presented as a guide showing the positions of different cell
types within the feather follicle (Fig 3D). We characterized cell morphology and the location of melanocytes within longitu-
dinal sections using immunohistochemistry for several markers: keratins (K17 antibody), the enzyme for melanin synthesis
(TRP1 antibody, also called TYRP1), and the marker for melanocytes (MITF antibody) (Figs 3D’, S5A and S5B). Notably, the
melanocytes are the largest and most irregular cells, located near the basal layer of the epidermis (Figs 3D’ and S5B).

Among the TFs for scalp domain, SATB1 is the only one antibody produced from human antigens, and able to
cross-react with zebra finch proteins (S4C Fig). In contrast, there are no available HOX antibodies produced from mouse
or human antigens capable of specifically detecting HOX proteins in zebra finches. SATB1 proteins have been shown to
play a role in higher-order chromatin remodeling [33]. They are prominently expressed in the nuclei of keratinocytes in
longitudinal sections of scalp feathers compared to cheek feathers in both males and females (S4C Fig), suggesting they
may play a role in regulating downstream gene expression.

In the cheek domain, pheomelanin pigments (red) in the male cheek are more difficult to observe than eumelanin
pigments (black) in the female cheek (Figs 3E, S5A and S5B). Since we found elevated PAX6 expression levels in male
cheeks (Fig 3B and 3C), we immunostained with anit-PAX6 antibodies and found it was located in cells with a larger and
more irregular size located near the basal epidermal layer which is consistent with their being melanocytes (Figs 3D’ and
S5B). Despite PAX6 protein being highly enriched in the feather sheaths of both sexes, PAX6 proteins are distributed
within male cheek feather melanocytes (marked by dashed lines in the magnified panels) (Fig 3E). Similarly, PAX7 mRNA
shows male-biased enrichment in the dermal papilla of cheek feathers (Fig 3F). On the other hand, PITX7 mRNA was ran-
domly distributed in the cheek feather sections of both sexes, as shown by RNAscope ISH, but no signal was observed
in the scalp feather sections (S4D Fig). We reasoned that PITX1 might be involved in initiating domain determination.
Whole-mount in situ hybridization was used to detect the expression of PITX1T mRNA in early finch embryos. While no
specific signals for PITX1 mRNA were observed at embryonic day 7 (E7), PITX1 was detected in the developing feather
buds surrounding the ear hole and eyebrows at E8 (S4E Fig). Collectively, we identified three TF genes, PAX1, PAX6, and
PITX1, enriched in the cheek domain of both sexes. However, within the feather sections, PAX7 transcripts were detected
exclusively in the dermal papilla and PAX6 proteins exclusively in the melanocytes of male red feathers.

Re-evaluating the roles of ASIP and pigment-producing melanocytes in pheomelanin pigmentation

Conventionally, the interaction of ASIP (Agouti-signaling protein) with MC1R (Melanocortin 1 receptor) is known to reduce
MC1R activity, thereby influencing melanocytes to produce pheomelanin instead of eumelanin. However, we unexpectedly

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011693 May 12, 2025 7126



https://ngdc.cncb.ac.cn/databasecommons/database/id/8
https://ngdc.cncb.ac.cn/databasecommons/database/id/8

PLO§. Genetics

A B cheeks vs. scalps
TFs CvsS 25
HOXA2, HOXAS, PITXt : 2?52521”
HOXAG6, HOXA7 204 none
.
HOXB2, HOXDA4, _
PAX1, PAX6, g
PITX1, SATB1, 215
SHOX, SHOX2 e SATB1
{2 .
3 . -
SLC17A5, TMEM163, ) ' 107 PAX6 HOXA2 o .
count LOC116808714, % 8 HOXA?
-~ 800 LOC116808697 5 . srox® SHoxe < HOPL Hoxae
600 C PAX] g °Hoxas HOXBZ
o5 CREB3, CSDC2, DMRT1, MIER3, . Ry & S T e
RFX3, SMAD2, SMADA4, 0-
200 10 5 0 5 10
0 MCRvsFCG log2FoldChange
C (padj= 1.24E-12) (padj= 3.90E-09) (padj= 2.69E-22) (padj= 8.21E-09) (padj= 6.77E-03)
* * * *
—_|* — 4
40 @ 20 o) 40 = °
4
)
30 S} 15 - %0 3 ® e °
z |z g ce = Xle ©
= E X 201 <
2045 o) g 2] o .
[%] 104 I 5] °
o 8 @ 18) 10 1 o
®s ] i |e © 8 e : @ o o8
QO£ O LN OO o
S&LEE S S&HLELS YeEe FeEreye
D IHC of PAX6
—barb branchers
=—melanocytes (M)
basal layer (BL)
follicle sheath (FS)
collar )
dermal papilla (DP)
—dermis

D’ IHC of K17 and TRP1

PAX6

J'scalp

d cheek

P1

mmm DAPI PAX1
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intersection of all three datasets. (B) A volcano plot depicting the 12 differentially expressed regional TF genes upregulated in the cheek (red) and scalp
domain (blue). (C) Representative genes SATB1 and HOXA2 exhibit high TPM levels in scalps, whereas representative genes PAX1, PAX6 and PITX1
display high TPM levels in cheeks. Asterisks mark the statistically significant difference between groups (padj<0.05, log2 Fold Change>1 or <-1). (D)
lllustration of cheek patches in zebra finch and the longitudinal section of a single growing feather. For this study, the growing feather of the anterior ear
cover, also known as the operculate feather from the auricular tract [34] were used for analysis. For the longitudinal section, the dermis (tan) and epider-
mis layers (gray and white) are shown. The feather follicle is wrapped with various epidermis layers including the follicle sheath (FS), intermediate layer,
and basal layer (BL). The pulp contains a central axial artery and numerous proliferating mesenchymal cells. The melanocytes are distributed along the
basal layer (black). At the base of the feather follicle lies the dermal papilla (yellow). (D’). Immunohistochemistry using K17 and TRP1 antibodies. The
left upper panel shows an image merged from four channels, including bright field to display the eumelanin pigments (black), DAPI staining to show the
nuclei (blue), keratin staining to reveal cell morphology (green), and TRP1 staining to indicate the enzyme involved in melanin synthesis within melano-
cytes (M) near the basal layer (magenta). In the bottom panels, the larger and more irregular size of melanocytes near the basal layer is magnified and
highlighted with dashed lines. The nuclei (n) of the melanocytes are also indicated. (E) Immunohistochemistry using PAX6 antibody. The left panels show
the bright field, while the middle panels display merged images of nuclear staining with DAPI (blue) and the PAX6 antibody (green). The right panels
provide magnified views from the middle channels, focusing on the intermediate layer containing melanocytes. PAX6 proteins are strongly expressed

in the feather sheath (FS) of all feather follicles (arrows). However, only melanocytes (M) within male cheek feathers display PAX6 protein expression
(arrowheads), in contrast to melanocytes within female cheek feathers (hollow arrowheads). (F) RNAscope analysis utilizing PAX1 probes. Expression of
PAX1 mRNA is primarily enriched in the dermal region (DP, dermal papilla, dashed lines) of male cheek feathers.

https://doi.org/10.1371/journal.pgen.1011693.9003

discovered that ASIP is enriched in all colors of finch cheek feathers, regardless of the black cheeks (Fig 4A). All the
validation results performed by gPCR and RNAscope ISH align with the transcriptome data, showing that ASIP mRNA

is enriched in both red and gray wildtype cheek feathers compared to the scalp feathers (Figs 4B and S5C). In the lon-
gitudinal sections of cheek feathers, ASIP mRNA was identified in the central pulp regions of both red (male) and gray
cheek feathers (female) (Fig 4B). Although ASIP mRNA seems to be distributed only in the upper part of the female cheek
feather pulp, this may be due to different growth phases of the compared samples. Notably, no AS/P mRNA localization
differences were detected between male and female scalp feathers (upper panel of Fig 4B). In previous studies, the
association between MC1R polymorphisms and plumage coloring is not supported in passerine birds like zebra finches,
flycatchers and leaf warblers [35]. In addition, SOX10 is recognized for its significant involvement in the establishment
and proper functioning of melanocytes, as well as in eumelanin and pheomelanin synthesis [36,37]. Thus, we confirmed
the expression levels of MCT1R, MITF and SOX10 through gPCR, revealing no significant differences of MC1R and MITF
across all wild-type feathers (S5C Fig). We also analyzed the numbers, distributions, and differentiation status of mela-
nocytes within feather follicles using MITF and SOX10 (melanocyte markers) and TRP1 antibodies (S5A, S5B and S5C
Fig). In the center of longitudinal sections, no significant differences were observed in melanocyte numbers or distributions
between male and female cheek feathers (S5A and S5B Fig). Although SOX10 was identified as being specifically ele-
vated in male red cheek feathers based on RNAseq and qPCR validation (S5C Fig), SOX10 proteins were detectable in
the nuclei of melanocytes in both red and gray cheek feathers (S5D Fig). In short, the detection of melanocytes, SOX10
proteins, and ASIP transcripts within the cheek feathers did not reveal any distinct patterns between males and females
that could explain the color variation.

Several genes located on sex chromosome Z are associated with the red colored male zebra finch cheek

The plumage phenotype in gynandromorph zebra finches consistently correlates with the genetic sex of the gonads, sug-
gesting that sexual differentiation of zebra finch plumage is primarily governed by cell-autonomous genetic control [17].

To further test this hypothesis, we examined the chromosomal distribution of the 223 cheek DEGs associated with color
difference (the MCR versus FCG comparison, Fig 2A) and the 15 scalp DEGs associated with sex difference (the MSG
versus FSG comparison, Figs 2A, 5A and S6A). A high proportion of DEGs from the cheek comparison was found on the
sex chromosomes (W and Z), but this difference was not observed in the scalp comparison (Figs 5A and S6A). We further
focused on 71 DEGs highly expressed in the male cheek that are located on the Z chromosome. Of these, 53 DEGs result
from the dosage effect (absolute log2 fold change around 1 to 1.5), while the remaining 18 DEGs exceed the dosage

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011693 May 12, 2025 9/26



https://doi.org/10.1371/journal.pgen.1011693.g003

PLOK. Genetics

A (padj= 4.24E-32) B
o 9 B RNAscope ISH of ASIP

= ®
o

8 o

O
(@)

T
N
(=)
=1 W]
T 1vr
dIsv

0 ® @

@QQ*®O$®Q‘2>QO®®%OQ%O
(padj= 1.10E-3)
*
(@]

d10N

d cheek

351 —

301 ®

TPM
41N

251

®
20 808
®

Q cheek

01X0Ss

mmm DAPI ASIP

SEELLEE
Fig 4. Expression of ASIP in cheek feather follicles of both male and female finches. (A) TPM values of representative genes involved in pigment
production. ASIP exhibits high TPM levels in all cheeks. The TPM value of MC1R is highest in MCB and lowest in FCG, resulting in a significant differ-
ence between FCG and MCB. No significant differential TPM levels (NS) are observed for MITF across domains and colors. SOX170 displays high TPM
levels in male red cheek feathers. An asterisk marks the statistically significant difference between groups (padj<0.05, log2 Fold Change>1 or < -1). (B)
RNAscope analysis utilizing ASIP probes. ASIP mRNA is enriched in the pulp region (indicated by arrowheads) in both male and female cheek feathers.

https://doi.org/10.1371/journal.pgen.1011693.9004

effect. SYT4, DMRT1, RAB3C, MLANA, SLC45A2, and SLC16A13 from the 18 DEGs exhibit over four-fold higher expres-
sion (absolute log2 fold change >2) in male cheek feathers compared female cheek feathers (Fig 5B).

The functions of SYT4 (Synaptotagmin 4) in melanocytes have been revealed in recent years [38]. In alpaca mela-
nocytes and melanoma cells, SYT4 overexpression regulates calcium influx through TRPM1 and promotes dendrite
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Fig 5. Sex-linked genes and sexual dichromatism in cheek feathers. (A) Ratios of sex chromosome DEGs are higher than those of autosomal
DEGs in the cheek (orange box, comparing MCR vs. FCG) but not in the scalp (gray box, comparing MSG vs. FSG). Each dot represents the ratio for
a chromosome. (B) DEGs on the Z chromosome with over four-fold higher expression in males are marked. A log2 fold change value above 0 indicates
genes with higher expression in males, while a value below 0 indicates the higher expression in females. The blue lines indicate the value above 2 or
below -2. The orange color indicates DEGs from the cheek comparison, while gray color indicates DEGs from the scalp comparison. (C) TPM levels of
the sex-linked gene SLC45A2 among the cheek colors of three variants (R: red, W: white, and B: black). An asterisk marks the statistically significant
difference between groups (padj<0.05, log2 Fold Change>1 or < -1). (D) Sex chromosomes for male and female and a hypothetical model of sex-
linked gene SLC45A2 on Z chromosomes within the three variants of cheek colors. The saturation of red cheek color in MCR is closely related to high
expression of SLC45A2 from two copies. In contrast, the significantly reduced expression of SLC45A2 in the light red cheek (MCW) from two copies,
which is lower than that from a single copy in female gray cheek (FCG), may be resulted from mutation or negative regulation on SLC45A2.

https://doi.org/10.1371/journal.pgen.1011693.9005

elongation [38,39]. TRPM1 forms ion channels on melanocytes and its cellular function in melanocytes is closely asso-
ciated with melanin production [40]. In zebra finches, TRPM1 is significantly enriched in male red cheeks (Figs 2B and
S6B), suggesting its role in promoting melanin synthesis for red cheek feathers. MLANA (Melan-A or MART1) plays a
critical role in melanosome biogenesis, particularly during the early stages [41]. It is crucial for controlling the expression,
stability, trafficking, and processing of the melanocyte protein PMEL [42]. Additionally, MLANA cooperates with GPR143

to ensure proper melanosome composition [43]. Although MLANA is identified as one of the Z-linked DEGs exceeding the
dosage effect threshold (Fig 5B), its expression level is specifically reduced in female gray cheeks but not in female scalps
(Figs 2B and S6C and S4 File).

Another Z-linked DEGs SLC45A2 is known to be expressed in melanocytes and functions as a transporter to regu-
late melanosome pH [44]. A genetic study in capuchinos seedeaters, a finch species with rapid male plumage radiation,
revealed diversification in the regulatory regions of SLC45A2, suggesting that its regulation correlates with sexual dichro-
matism [45]. Moreover, the typical light-red cheek mutant, Chestnut Flank White (CFW) (Figs 1C and S1D), has been
identified to be a Z-linked recessive mutant by the breeders. Our analysis shows that the expression level of SLC45A2
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in the light-red cheek mutant is reduced to a level similar to that in the gray cheek of wild-type female zebra finches (Fig
5C), suggesting the possibility that the Z-linked recessive mutant is related to the attenuation of SLC45A2 for the lighter
coloring (Fig 5D). Moreover, some missense SLC45A2 mutations at the Silver locus in chickens are dominant and lead
to pheomelanin dilution [46]. To summarize, sex-linked genes constituted a significant proportion (31.8%) of cheek DEGs
between sexes. Among these genes, SLC45A2 emerged as the most notable Z-linked gene with potential to promote
pheomelanin deposition.

The DEGs on the W chromosome were also examined for their functions as they could play a role as negative regula-
tors for red cheek coloring. Among the 43 DEGs on the W chromosome, 15 are uncharacterized genes (S1 File) Based on
our literature review, no direct link was identified between the 28 annotated DEGs and hormone or melanogenesis regula-
tion (S1 File). However, ATP5F 1A encodes a subunit of the mitochondrial ATP synthase complex, which is involved in the
production of adenosine 5'-triphosphate (ATP). ATP can stimulate melanogenesis, or melanin production, in melanocytes
[47]. In addition, ZFANDS5 was predicted to act upstream of or within several processes, including face development [48].
Therefore, although the DEGs on the Z chromosome are highly related to red cheek coloring, we do not rule out the possi-
bility that W-linked genes can also regulate melanogenesis.

Exploring potential links between the cheek-regional transcription factors and the pigmentation pathways

To elucidate potential connections between the cheek-regional TF genes and the pigmentation pathways involved in red
cheeks, we conducted: (1) a gene co-expression analysis by generating a hierarchical cluster heatmap using the total
DEGs (Fig 6A and S5 File) and (2) transcription factor binding analyses to predict their interactions with the color genes
(Fig 6B). In this gene co-expression analysis, we included all the DEGs instead of only the color genes, as was done

in Fig 2B, because we wanted to explore the regional transcription factors co-expressed with the color genes. The total
DEGs were derived by merging all DEGs from the comparisons shown in Fig 2A. In the hierarchical cluster heatmap, we
observed that three regional TF genes are clustered with eleven DEGs that are up-regulated in male red cheeks (clusters
2 and 6, Fig 6A). Among these eleven DEGs, SOX10 stands out as a critical TF involved in melanocyte development and
activation of melanogenesis pathways (blue arrowhead, Fig 6A). The other ten DEGs include two melanocyte receptors
(KIT and GRP143; open red triangles) and four transporters (SLC45A2, TRPM1, MFSD12, and TMEM163; closed red
triangles) (Fig 6A), which are prominently expressed in the male red cheeks (S6B and S6D Fig) and play a pivotal role in
facilitating pheomelanin synthesis.

In the second part of the analysis, we used the four TFs identified above (three regional and one male-red cheek
enriched) to explore their interactions with the aforementioned eleven melanogenesis genes involved in red cheek color-
ing through transcription factor binding strength analysis (Fig 6B). Previous studies have shown that TF binding strength
correlates with the number of binding site motifs for a particular TF found in bound regions [49]. Specifically, we calculated
the number of binding site motifs for the four TF genes within genomic sequences spanning 2kb upstream (including
the putative promoters) and 1kb downstream of the transcriptional start site of the ten co-expressed red cheek genes.
We identified multiple binding motifs of the male-cheek-melanocyte-enriched PAX6 on the promoters of various genes,
including the upstream regulators KIT and ASIP, as well as the downstream transporter SLC45A2, which facilitates phe-
omelanin synthesis (Fig 6B and 6C). SOX10 is likely to enhance the male-biased expression of TMEM163, encoded by
SLC30A11, which has recently been identified as a zinc efflux protein [50], in the process of pheomelanin synthesis
(Fig 6B). SOX10 may also collaborate with PAX6 to initiate the expression of GPR143 (Fig 6B and 6C). Additionally, PAX1
interacts with TYR, with the potential involvement of PAX6 (Fig 6B and 6C). Despite PITX1 being recognized as a regional
TF near the ear hole, we found no evidence of its interaction with the ten melanogenesis genes, suggesting that other
intermediate factors could be involved in the regulation.

Based on the predicted and validated data, we summarize the regulatory hierarchy that contributes to the sex dichro-
matism of the craniofacial pattern in zebra finches in Fig 6D and 6E. The establishment of craniofacial patterning in the
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Fig 6. Potential regulatory hierarchy of regional TF genes, melanogenesis and sex-linked genes. (A) Hierarchical clustering heatmap derived
from wild-type samples, indicating the co-expression between the three regional TF genes (gray arrows) and the eleven melanogenesis genes that are
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preferentially expressed in red cheek feathers within clusters 2 and 6. (B) Binding strength between four TFs (PITX1, PAX1, PAX6, and SOX10) and 10
melanogenesis genes. Binding strength was determined by counting TF binding to gene promoters and is illustrated using dot plots, where larger dots
indicate higher binding strength. (C) lllustration outlining the predicted regulation of TF genes on the promotors of genes related to pheomelanin synthe-
sis based on (B). (D) Schematic drawings of sex-dichromatic cheek feathers in male and female zebra finches, highlighting molecular candidates direct-
ing male-biased expression (red) in melanocytes of red cheek feathers. (E) A hypothetical regulatory hierarchy to connect cheek domain’s preferential TF
profile with pigmentation pathway responsible for the enriched pheomelanin red color. The patterning of cheek domain is predicted to be related to PITX1
due to the detection of its transcripts within embryonic feather buds and adult feather sections from cheek domain. PAX1 in cheek dermal fibroblasts may
serve as an upstream regulator, potentially triggering the male-biased color pattern through PAX6 and SOX10. PAX6 and SOX10 in melanocytes may
enhance the expression of GPR143, SLC45A2, and TMEM163, driving increased pheomelanin production in males.

https://doi.org/10.1371/journal.pgen.1011693.9006

cheek domain involves the embryonic expression of PITX7 in the cheek domain (S4E Fig). After that, two cheek-regional
TF genes, PAX1 and PAX6, may activate the differential expressions of the ligand of ASIP, the enzyme TYR, the receptors
KIT and GPR143, as well as the transporters SLC45A2, TMEM163, for pheomelanin synthesis (Figs 3 and 4). Notably,
PAX6 appears to play a dual role in cheek domain specification and red cheek coloring (Figs 3E and 6C), although ASIP
is up-regulated in both male and female cheek feathers (Fig 4).

Comparative analyses of regional TF genes and melanogenesis genes across Passerine bird genomes

The craniofacial plumage of passerine birds is characterized by the color pattern transition from juvenile to adulthood,
leading to sexual dichromatism (Fig 1A). It is common to observe an enlarged colorful cheek domain that covers the ear
holes in the passerines after sexual maturation (Fig 7). While these domains exhibit diverse shapes and colors across
species, we suggest that the ear holes function as signaling centers for the development of auricular tracks, contributing to
distinct finch cheek patterns. To explore the evolution of binding strength of the three predicted cheek regional TF genes
and melanogenesis genes, we selected 13 passerine species spanning seven families (Estrildidae, Passeridae, Fringilli-
dae, Motacillidae, Icteridae, Paramythiidae, and Ploceidae) based on the craniofacial plumage and the availability of their
high-quality genome assembilies, using the chicken as the outgroup for our analysis (Fig 7). We depicted the craniofacial
plumage of sex-dimorphic patterns from juveniles and adult males of these passerines (Fig 7).

To test whether the diversified cheek patterns resulted from convergent or parallel evolution, we examined the Pearson
correlation coefficients of the TF-melanogenesis gene binding strength during finch evolution. Interestingly, the correla-
tions are higher in closely related species, such as the society finch, L. striata domestica, than in passerine species
exhibiting brighter cheek colors, similar to those of zebra finches (indicated by asterisks, Fig 7). This analysis suggests
the possibility of convergent evolution of vivid cheek coloring, accompanied by distinct binding interactions between
conserved regional signals and diversified melanogenesis genes. Moreover, the high correlations of the TF-color gene
bindings between closely related species with opposite cheek brightness suggest that multiple pathways are involved in
cheek color regulations (Fig 7).

Discussion

In this study, we found that the red cheek patch in zebra finches is created through two layers of controls: first, the cheek
domain is established by region-specific TFs during the embryonic development; second, the coloring is implemented
during the secondary feather transition. Therefore, analyzing different developmental stages—embryonic, juvenile and
mature stages—is crucial. Regarding the establishment of facial pigmentation domains, TFs such as PITX1 and PAX1
are expressed in the cheek domain, while HOX are expressed in the zebra finch scalp. Although no clear evidence

has been found demonstrating the role of HOX in the scalp, HOX genes remain important for regional specificity [51].
Although the timing of when craniofacial dermal cells obtain their regional specificity from the neural crest and/or pharyn-
geal arches remains unresolved, the two-step coloring mechanism was also observed in the color pattern diversity in the
trunk in estrildid finches, originating from somite, somatopleura and trunk neural crest cells in the previous findings [20].
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Fig 7. Binding strength between regional TFs and melanogenesis genes across passerines. Comparison of binding strength between the 3
regional TF genes (Y axis) and the 10 melanogenesis genes (X axis) across passerines, based on our working hypothesis (Fig 6B). The phylogenetic
tree of the representative passerines is rooted by chickens. Schematic drawings depict craniofacial plumage of mature males and juvenile birds. The
label “annotated” denotes the presence of melanogenesis genes in the genome annotation, while “count” signifies the counts of the transcription factor
binding motifs in melanogenesis gene promoters. In each species, lower dot transparency, as seen in the society finch Lonchura striata domestica and
Eurasian tree sparrow Passer montanus, indicates a higher Pearson correlation coefficient (PCC) in the overall TF-melanogenesis gene binding profile
compared to that in the zebra finch Taeniopygia guttata. The higher Pearson correlation coefficient implies greater gene regulatory similarity between
species. Red asterisks indicate bird species with distinct cheek domains exhibiting bright colors ranging from orange to brown, potentially influenced by
pheomelanin pigments, similar to the cheek domain in zebra finches. The results suggest convergent evolution of cheek patterning.

https://doi.org/10.1371/journal.pgen.1011693.9007
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Region-specific TF genes may interact with different color-implementation genes, opening doors for divergent colors in the
same domain. With this principle established in two independent studies, it will be exciting to further explore the mecha-
nisms in the future.

Non-canonical ASIP-MC1R signaling and its implications for pigment regulation in zebra finch cheek variants

ASIP is expressed in the cheeks but does not lead to pheomelanin production in female gray cheeks, while increased
eumelanin production is observed in black cheeks. This phenomenon is challenging to reconcile with the commonly
described role of MC1R—ASIP interaction in mammals, where it regulates pheomelanin synthesis [52]. Thus, we suggest
that some birds may utilize alternative mechanisms to regulate the switch of eumelanin and pheomelanin synthesis. Addi-
tional modifiers of the pigment-type switching pathway potentially may be involved. Previous studies have identified that
ASIP-MC1R signaling includes a cAMP-independent pathway through ATRN (Attractin), a receptor located on melano-
cytes that acts as an ASIP accessory protein [53]. ATRN binds to the N-terminal of ASIP, increasing its affinity for MC1R
[53]. In contrast, its paralog ATRNL1 (Attractin Like 1), interacts with the C terminus of MC4R [54].

Notably, although no differential expression of ATRN across zebra finch cheek color variants and sexes is observed,
higher expression levels of ATRNL1 are detected in male red cheeks (S6E Fig and S1 and S4 Files). Therefore, it is
possible that a non-canonical mechanism of ASIP-MC1R signaling, mediated by ATRNL1 proteins contributes to the male
red cheeks in the zebra finches. Pheomelanin production in female gray cheek could be reduced due to inefficient ASIP-
MC1R binding, resulting from low ATRNL1 levels, while eumelanin production would not be inhibited in black cheeks. How
ATRNL1 contributes to the sexual dichromatism and cheek color variations in zebra finches deserves further investigation,
particularly in the black cheek variant, which lacks a sex difference. In the case of black cheeks, the excess eumelanin
might also result from constitutive activation mutations or recessive black mutations of MC1R, similar to those observed in
turkeys [55].

Sexual dichromatism of zebra finch can be contributed by genes located on the sex chromosomes

In avian species, positive selection underlying accelerated Z chromosome evolution has implicated the relaxed purifying
selection or adaptive evolution in male gonad genes as contributing factors to sexual dichromatism [56,57]. Moreover,
specific Z chromosome loci have been linked to speciation within the Passerina genus [58]. In zebra finches and chickens,
10-60% of male-biased Z-linked genes exhibit dosage effects in various tissues [59], despite the absence of a clear-cut
dosage compensation mechanism in birds [60]. Z-linked genes have even been proposed to play a role in regulating sex-
ually dimorphic zebra finch brain development and sexually dichromatic mallard craniofacial plumage [61,62].

In this study, we identified 18 Z-linked genes with strongly male-biased expression (absolute log2 fold change>2) in
red cheek feathers, which are influenced not only by dosage effects but also potentially by epigenetic regulation under
hormonal effect. Further studies could explore the interplay between hormonal regulation and intrinsic cell-autonomous
mechanisms linked to sex chromosome composition, such as epigenomic profiling of hormone-responsive elements using
ChIP-seq for hormone receptors and examining the signals on the sex chromosomes. Among the 18 genes, DMRT1 is
well known for its role in sexually dimorphic patterns in animals [63]. However, its function in birds has so far only been
identified in sex determination [64]. In Drosophila, male-specific pigmentation is a recent evolutionary innovation, con-
trolled by homologs of DMRT1 and HOX genes, dsx (double-sex) and Abd-B (Abdominal-B) [65]. Future work in zebra
finches could focus on the cis-regulatory changes of DMRT1 and its downstream targets.

The convergent evolution of facial patterns in finches

Avian “faces” exhibit remarkably diverse color patterns, implying a cognitive function among species. Many of these colors
are “painted” onto relatively conserved spatial domains, such as the crown (scalp), eyeline, cheek, and auricular regions,
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similar to those found in estrildid finches [11]. We hypothesize that this occurs by linking region-specific TF with different
coloring mechanisms for optimal adaptation. In the exemplary comparative motif analyses (Fig 7), we found that diverse
passerine facial colors are produced by conserved craniofacial skin domains (set up during the primary feather transition)
and convergently evolved coloring mechanisms (set up during the secondary feather transition). Interestingly, although
we focus on avian melanogenesis-related facial color evolution, our findings are similar to those for avian carotenoid-color
evolution. Carotenoids, a trait that also evolved independently across birds, likely became prominent in bird coloration

as avian lineages diversified alongside angiosperms during the Mesozoic time. Plants produce carotenoids in fruits and
seeds to attract dispersers, and birds that exploited these resources gained access to these pigments. Over time, deposi-
tion of carotenoids in integumentary tissues may have shifted from a metabolic byproduct to a selected trait for signaling
[66]. While melanogenesis-based coloration in birds is more likely to be a product of sexual selection, different selection
pressures in various finch species may occasionally produce similar phenotypes.

In addition to colors, several important traits such as flight ability and super-black plumage, have convergently evolved
multiple times [67—-69]. Passerines are the most abundant bird lineage and underwent super-radiation to adapt to various
eco-spaces [70,71]. While the conserved regional domains suggest that craniofacial regional specification evolves rela-
tively slowly, color diversity in craniofacial feathers may evolve independently and rapidly through sexual selection [72].

Future directions

In summary, craniofacial color patterns in birds are complex and play an important role in mating choices (Fig 7). While we
cannot capture all the specific details across the many bird species, we can identify fundamental principles that guide the
organization of these color patterns. From our analyses, two new insights emerge, which will help shape future research
in this area. First, the red cheek color in male finches is known to be derived from pheomelanin, and we expected to find
sex hormone-dependent expression of ASIP specifically in the male cheek [73,74]. However, our data suggest the alter-
native mechanisms for the red cheek patterning. Convergent selection stabilizes advantageous color traits derived from
different biological pathways. The function of these pathways will be investigated in future studies, likely through genetic
approaches.

Second, while the color patterns on birds’ faces may appear highly diverse, there is an underlying uniformity based
on craniofacial integumentary domains. These topographic domains have been described anatomically (S2 Fig) [34]. In
passerine birds, this basic structural design remains consistent; however, the topology (size and shape of each domain)
varies among species and is ‘painted’ with different colors (e.g., cheek, eyeline, and scalp domains in Fig 7), resulting in
the complex color patterns observed in nature. Future epigenomic studies will help clarify these mechanisms. Together,
the findings from this study provide new insights, advancing our understanding of the multi-faceted processes involved in
avian facial colors.

Materials and methods
Ethics statement

All the animals T. guttata used in this study were processed following the approved protocols of the Institutional Animal
Care and Use Committees (IACUC 109-167) of the University of National Chung University (NCHU; Taichung, Taiwan).

Animals

Nineteen zebra finches, which reach sexual maturity at the age of approximately 13 weeks and exhibit fully saturated red
legs and beaks, were purchased from the local bird farm in Tainan, Taiwan. These included: (1) sixteen dominant wild-
type phenotypes, referred as Normal Gray (NG), characterized by males with red cheek and females with gray cheeks;
(2) two recessive mutant phenotypes, known as Black Cheek (BC), featuring black cheeks; and (3) two sex-linked
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mutant phenotypes, called Chestnut Flank White (CFW), characterized by light red cheeks (Figs 1 and S1). Among them,
three pairs of wild-type finches were maintained to obtain fertilized eggs. The eggs were maintained at 38°C for hatch-
ing. Around 9 embryos at day 6—8 were staged [75] and collected to observe head feather bud growth and to perform
whole-mount in situ hybridization. The juveniles were incubated at room temperature to monitor feather tract growth from
post-hatching days 1-14.

Biological specimen collection

To gather transcriptome profiles from different cheek colors, we plucked feathers from the anterior cheek domain and the
center of the scalp domain on top of the head from thirteen finches (six NG males, three NG females, two CFW males,
and two BC males). The morphology and the size of feathers from the cheek domain differ from the scalp domains

(S1B Fig). Cheek feathers range in length from 4 to 8 mm, while scalp feathers are approximately 9 mm long. Additionally,
red feathers from the anterior cheek domain are shorter and predominantly red, measuring approximately 4 mm in length,
or display red coloring on two-thirds of the feather when the length is around 6 mm. In contrast, feathers from the posterior
cheek domain exhibit red coloring on only one-half of the feather, with lengths ranging from 6 to 8mm. Based on these
differences, we specifically chose to collect regenerated feathers from the anterior cheek domain for this study. Growing
feathers from these domains were collected at an early stage, specifically within the one half of their growth, 7—26 days
after plucking to account for the individual varying variation in growth rates. The collected growing feathers measured less
than to 3mm for cheek domain and 4.5 mm for scalp domain (S1C and S1D Fig).

Paraffin section and immunofluorescent staining

Regenerating pigmented feather follicles were collected from two to three individuals for each color and fixed in 4% PFA
at 4°C overnight, then serially dehydrated in alcohol, cleared in xylene and embedded in paraffin. Longitudinal sections
were cut at a thickness of 7 um for further immunofluorescent analysis. Antigen retrieval was performed at 98°C for 20
minutes. Primary antibodies used in this study include rabbit anti-K17 antibody (1:50, ab537097, Abcam), rabbit mono-
clonal anti-SATB1 (1:100, ab109122, Abcam), mouse anti-MiTF (C5) (1:100, ab12039, Abcam), rabbit anti-TRP1 (1:200,
ab83774, Abcam), rabbit anti-SOX8 (1:200, ab27655, Abcam; cross reactivity against SOX10) [76], and mouse anti-PAX6
(1:50, Santa Cruz, sc-81649), which were incubated at 4°C overnight. The secondary antibodies, Alexa Fluor 488 goat
anti-mouse IgG (H+L) (1:200, Cat #A-11001, Invitrogen), Alexa Fluor 647 anti-rabbit IgG (H+L) (1:200, Cat #A32733,
Invitrogen), were used and incubated for 2 hours at room temperature. The antifade mounting medium (Fluoroshield with
DAPI, Cat #F6057, Sigma-Aldrich) was added and fluorescent images were captured by a confocal microscope (Leica
STELLARIS 8, Core Facility of Taipei Medical University).

RNA sequencing

Ten to twelves growing feathers were used for RNA extraction for each sample. Each group had two to three replicates.
Total RNAs were extracted followed by the standard Trizol extraction protocol and elute in 50 yl RNase-free water (Cat
#15596026, Invitrogen). RNA purities and concentration ranging from 217 to 667 ng/ ul were accessed by the A260/
A280 ratio determined by NanoDrop 2000 (Thermo Fisher Scientific) and RNA integrity was calculated by comparing
28S and 18S intensity through capillary electrophoresis (Agilent BioAnalyzer and Agilent TapeStation). RNA-seq libraries
were prepared using TruSeq RNA Prep Kit v2 (Cat #RS-122-2001/-2002, lllumina). 1 ug of total RNA was used to pre-
pare one cDNA library and oligo-dT affinity beads in the kit were used to purify mMRNA and other RNAs containing poly-A
sequences. After library amplification, clean-up was performed for size selection and removal of adapter-dimers by 0.8X
AMPure XP bead (Cat #A63880, Beckman) according to the previous study [77]. Sequencing was performed by the USC
Molecular Genomic Core (MGC) on the NextSeq500 platform using the single-end 75-bp protocol (lllumina).
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RNA-Seq data analysis

Low-quality reads were removed using Trimomatic [78] according to the following procedure: 1) Remove adaptors; 2)
remove leading low-quality bases below Q score 18; 3) remove trailing low quality bases below Q score 18; 4) remove
average Q score below 15 in 4 bp sliding window, and 5) drop trimmed reads below 36 bases long. The zebra finch
genome assembly (bTaeGut1.4.pri) and its annotation were downloaded from NCBI Reference Sequence (RefSeq) data-
base [79]. The processed sequencing reads were mapped to the genome using HISAT2 with default parameters, resulting
in an average of 39.3M reads per sample with a standard deviation of 5.3M reads (S4 File) [80]. The read counts and the
Transcripts Per Kilobase Million (TPM) values for each gene were obtained from the mapping files using StringTie with -e
and -B parameters [81,82]. Only protein-coding genes were retained for the follow-up analyses. Upper quartile normaliza-
tion was applied to the TPM table (S4 File). To exclude lowly expressed genes, genes with the mean TPM value greater
than 1 across libraries were defined as the expressed genes.

Identification of differentially expressed genes (DEGs) and construction of the heatmaps

Read counts of the genes across the libraries were normalized using the median of ratios method, and the DEGs were
calculated using DESeq2 [83]. The raw read counts of the genes were performed regularized log transformation by
DESeq2 [83] and the transformed values (rld) were used in generating hierarchically clusters and heatmaps by the R
package ‘pheatmap’ [84]. Ward.D2 was used as the agglomeration method.

Reverse transcription and quantitative PCR (qPCR)

gPCR was performed using two biological replicates and two technique replicates. For reverse transcription (RT), Oligo

(dT)20 (Cat #18418020, Thermo Fisher), dNTP Mix (Cat #R0192, Thermo Fisher), and ThermoScript Reverse Tran-

scriptase (Cat #12236-014, Invitrogen) were used. Each RT reaction (20ul) utilized a fixed amount of total RNA (1ug).

Each cDNA sample was diluted to 1/4X, and 1yl of the 1/4X diluted cDNA was used for gqPCR reaction (20ul). g°PCR was
conducted using Maxima SYBR Green/ROX gPCR Master Mix (2x) (Cat #K0222, Thermo Fisher). qPCR primers for PAX1

are 5-GGCGACATCAAATACCCCCAG-3 and 5-TTTCTGTCCACCCCTTCACCG-3’ (reverse); for PAX6 are 5-AGAGG
GGGTCTGTACCAACG-3’ and 5-CCCGTTCAGCATCCTTAGCTT-3’ (reverse); for PITX1 are 5-ACCCGGCGAA
GAAGAAGAAG-3’ and 5-ACAGGTCCATCTGCTGGTTC-3’ (reverse); for ASIP are 5-AAAATCCCAGAAAGTCAGCAG-3’

and 5-TGTGGCTTGCAGGTTTTGAAG-3’ (reverse); for MC1R are 5- CTCATCGTCACCTGTCCCAC-3’ and
5-ATGAGGGGGTCAATCACCGA-3’ (reverse); for MITF are 5-TGCTCAGAATACAGGAACTCGAGA-3 and 5-
TAGGTGCCAGCTGGCTCAGT-3 (reverse); for SOX10 are 5'- CGGAACACTCCTCAGGTCAGA-3 and 5-TTGGA
CATCACCTCATGGCT-3’ (reverse); for SLC45A2 are 5-GAGTCATGTCCAGCACGCTA-3’ and

5- CCTGCTTGTTTCCCCTTCAATAC-3 (reverse); for reference gene GAPDH are 5-TTGTCAGCAATGCTTCCTGCA-3’ and
5- GCAGCACCTCTGCCATC-3 (reverse). Every primer pair was serial diluted to 1X, 5X, 25X, and 125X, and examined in g°PCR
to obtain its regression equation, gPCR primer efficiency, and amplification factor (E). The primer efficiency is located between
93.6 to 108.9%. The melting curve analysis was checked for each primer pair to confirm the presence of a single major peak at
melting temperature (Tm) and the absence of additional peaks below Tm, indicating no primer dimers in the reaction. The relative
gene expression ratio was calculated according to the Pfaffl formula. The Pfaffl formula is: Gene expression ratio = [(E of gene of
interest)*ACt of gene of interest]/[E of reference gene)*ACt of reference gene]. E is amplification factor, calculated as E=10"(-1/
slope of primer regression equation).

Whole-mount in situ hybridization (WISH) on zebra finch embryos

Zebra finch embryos were collected and fixed in 4% paraformaldehyde at 4°C overnight. For whole-mount ISH,
embryos were dehydrated through a methanol series and followed the procedures described by [85]. For WISH probes
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gene-specific fragments were amplified from total RNA extracted from entire E6 zebra finch embryos and subsequently
cloned into pDrive cloning vector system (Cat #231124, Qiagen). The following prime pair was used to clone zebra finch
PITX1 (nucleotides 501-1256; XM_004175411.4): forward: CCAGAGACCCGATCGACAAC; reverse: ACTGCTGTAGC-
CGAAACTGG. Digoxigenin-labeled RNA probes were made by in vitro transcription according to the instructions from the
manufacturer (Cat #11175025910, Roche).

RNAscope fluorescent in situ hybridization

Fluorescent in situ hybridization was performed using RNAscope Multiplex Fluorescent Reagent Kit v2 according to the
manufacturer’s protocol (Cat #323100, ACDBio). Briefly, tissue sections were baked for 1h at 65°C, deparaffinized, and
treated with H,O, for 10 min at room temperature. Target retrieval was performed for 15min at 100°C, followed by prote-
ase treatment for 30 min at 40°C. Zebra finch specific RNAscope Probes for ASIP, PAX1 and PITX1 genes were synthe-
sized (Tgu-ASIP-C1, Cat #1151081-C1; Tgu-PITX1-C2, Cat #1151101-C2; Tgu-PAX1-C1, Cat #1204171-C1; ACD). Probe
C2 was diluted in probes C1 (1:50) and hybridized for 2h at 40°C to detect the expressions of on longitudinal sections

of zebra finch feather follicles. Probes were then followed by RNAscope amplification and using Optal dye 690 and 520
(1:750 dilution in TSA buffer) to show the fluorescent signals.

Evolutionary analysis of the transcription factor binding strength

To analyze the evolution of the binding affinities between the co-expressed melanogenesis genes and regional transcrip-
tion factors predicted in this study, we selected the genomes of several finch species with colored cheeks based on the
following assembly criteria: scaffold N50 greater than 500 kb and the number of scaffolds fewer than 30,000. Calcar-

ius ornatus (GCA_013397715.1), Emberiza fucata (GCA_013398835.1), Gallus gallus (GCF_016700215.2), Lonchura
striata (GCF_005870125.1), Molothrus ater (GCF_012460135.1), Motacilla alba (GCF_015832195.1), Oreocharis arfaki
(GCA_013398015.1), Passer montanus (GCF_014805655.1), Ploceus nigricollis (GCA_013399945.1), Prunella hima-
layana (GCA_013398875.1), Serinus canaria (GCF_022539315.1), Vidua chalybeata (GCA_013398495.1), and Vidua
macroura (GCF_024509145.1) were selected for the analysis. For each species, genomic sequences spanning 2kb
upstream to 1kb downstream of the transcriptional start site for each color gene were extracted as the putative promoter
sequences. All promoters of the three annotated ASIP gene isoforms were included based on this criterion. DNA-binding
motif analyses were performed on these promoter sequences using AnimalTFDB 3.0 [86]. We tested the binding strength
between the co-expressed melanogenesis genes and regional TFs based on two criteria: 1. The false discovery rates of
the binding scores between the promoters of the co-expressed melanogenesis genes and regional TFs were lower than
0.05 (padj<0.05). 2. A greater number of binding hits between the promoter and the TFs was defined as higher binding
strength. The avian phylogeny was obtained from NCBI, which is curated by taxonomists based on the current consensus
in scientific literature [87], and visualized using MEGA software [88].

Statistical analysis

In the DEG analysis, genes were defined as differentially expressed if their log2 Fold Change was greater than 1 or less
than -1, and the false discovery rate (padj, the Wald test) was less than 0.05 between comparisons (S1 File). To com-
pare the DEG numbers between autosomes and sex chromosomes, a permutation test for linear models was applied
using the R package ImPerm (Fig 5A) [89]. To confirm the samplings and DEG analysis, the g:GOSt program embedded
in g:Profiler, a public web server for characterizing and manipulating gene lists resulting from mining high-throughput
genomic data, was applied to each DEG set. The mouse database was used to increase the sensitivity of the analysis,
and the Benjamini-Hochberg FDR threshold was set to less than 0.01 (S1 File). To quantify the binding affinities between
the co-expressed melanogenesis genes and regional transcription factors, we calculated and plotted the PCC (Pearson
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correlation coefficient) values based on the hit number between the regional transcription factors and the promoters of the
melanogenesis genes across the finches.

Supporting information

S1 Fig. Temporal development of feathers in craniofacial domains and the collection of regenerated feathers
from wild-type and mutant zebra finches. (A) Depiction of the progression of feather growth on juvenile heads from
post-hatching day1-10 (D1 to D10). Arrowheads indicate the emerging feather follicles beneath or above the skin. (B)
A comparison of the distinct morphology and color between the cheek versus the scalp feathers (the top of head, also
referred to as the crown) [34]. Notably, the scalp feather exhibits longer barbs as compared to the cheek feather. (C, D)
The strategy for collecting regenerated feathers from the cheek domain (C) and the scalp domain (S) of zebra finches
includes three basic types of genetic traits: dominant, recessive, and sex-linked. The dominant wild-type phenotype is
called Normal Gray (NG), characterized by males with red cheek and females with gray cheeks. The recessive mutant
phenotype, featuring black cheeks, is called Black Cheek (BC), while the sex-linked mutant phenotype, characterized by
light red cheeks, is called Chestnut Flank White (CFW).

(PDF)

S2 Fig. Topography of feather tracts on head domains. (A) Single Comb White Leghorn chicken Gallus gallus. (A’)
Auricular tract of Single Comb White Leghorn chicken. (B) Common pigeon. These images are adapted from Figures 53,
55, and 59 in Chapter 3 of the book Avian Anatomy: Integument, 1972. U.S. Agricultural Research Service; U.S. Govt.
Print. Off. https://www.google.com.tw/books/edition/Avian_Anatomy_Integument/phJDrhR7RS8C?hl [34].

(PDF)

S3 Fig. Volcano plots illustrating different comparison groups in transcriptome. The comparisons between different
domains (scalp and cheek) are presented in (A, B), between cheek feather colors is displayed in (C-F), between sexes

is shown in (G), and between male cheek red (MCR) feathers and others is exhibited in (H). Genes exhibiting statistically
significant changes (padj<0.05, log2 Fold Change>1 or <-1) are marked as red (log2 Fold Change > 1) or blue dots (log2
Fold Change <-1), respectively. The number of differentially expressed genes (DEGs) in each panel is indicated in the
upper left or right corner. The significant DEGs for each comparison are listed in S1 File.

(PDF)

S4 Fig. Expression profiles of other scalp- or cheek enriched genes. (A) Expression of other representative HOX
genes exhibiting high TPM levels in scalps. (B) gPCR validation of genes with high TPM levels in cheeks as shown in

Fig 3C. (C) Immunohistochemistry using SATB1 antibody. SATB1 proteins are predominantly expressed in the nuclei of
keratinocyte (KT) within scalp feathers as opposed to cheek feathers. (D) RNAscope analysis utilizing PITX1 probes shows
that PITX1 mRNA is randomly distributed within cheek feathers, while no PITX7 mRNA is detected in scalp feathers. (E)
Whole-mount in situ hybridization employing PITX1 probes on finch embryonic day 7 and 8 (E7 and E8). Preferential
expression of PITX1 is observed within developing feather buds on the cheek (see magnified panels below) and eyebrow
regions from E8 (arrowheads), compared to scalp region (hollow arrowheads). Abbreviation: er, ear hole; ot, otic vesicle.
(PDF)

S5 Fig. Expression of melanogenesis genes in melanocytes of cheek feathers. (A) TRP1 proteins are detected in
the cytoplasm of certain melanocytes engaged in eumelanin synthesis. (B) Similar numbers and distributions of melano-
cyte nuclei, which were detected by MITF antibody, within male and female cheek feathers. (C) gqPCR validation of ASIP,
MC1R, MITF, and SOX10 genes. (D) SOX10 proteins are expressed in melanocytes and partial keratinocytes of both
male and female cheeks. Abbreviation: KT, keratinocytes; M, melanocytes.

(PDF)
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S6 Fig. Distribution of DEGs across chromosomes and representative DEGs highly expressed in male cheek red
feathers. (A) Distribution of DEGs from the cheek comparison (orange dots, MCR vs. FCG) and scalp comparison (gray
dots, MSG vs. FSG) across chromosomes. (B—E) TPM levels of genes encoding transporters (B), MLANA (C), receptors
(D), and ATRN and ATRNL1 (E).

(PDF)

S1 File. Statistics and gene enrichment analysis of the DEGs from different comparisons in Fig S3.
(XLSX)

S2 File. List of genes related to melanogenesis and carotenoid pathways in animals for Fig 2.
(XLSX)

S3 File. Gene list of each hierarchical clustering from all DEGs for Fig 2B.
(CSV)

S4 File. RNAseq summary, TPM table and Ensembil IDs.
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S5 File. Gene list of each hierarchical clustering from all DEGs in Fig 6A.
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