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Abstract

Variation in regional identity, patterning, and structure of epidermal appendages contributes to skin
diversity among many vertebrate groups, and is perhaps most striking in birds. In pioneering work
on epidermal appendage patterning, John Saunders and his contemporaries took advantage of
epidermal appendage diversity within and among domestic chicken breeds to establish the
importance of mesoderm-ectoderm signaling in determining skin patterning. Diversity in chickens
and other domestic birds, including pigeons, is driving a new wave of research to dissect the
molecular genetic basis of epidermal appendage patterning. Domestic birds are not only
outstanding models for embryonic manipulations, as Saunders recognized, but they are also ideal
genetic models for discovering the specific genes that control normal development and the
mutations that contribute to skin diversity. Here, we review recent genetic and genomic approaches
to uncover the basis of epidermal macropatterning, micropatterning, and structural variation. We
also present new results that confirm expression changes in two limb identity genes in feather-
footed pigeons, a case of variation in appendage structure and identity.

Introduction

Vertebrates exhibit striking anatomical and functional variation in epidermal appendages,
including teeth, mammary glands, and structures that cover or are embedded in the skin. The
skin is an organism’s major interface with its environment and thus plays key roles in
thermoregulation, protection against mechanical and pathogenic assault, osmoregulation,
locomotion, camouflage, and communication within and among species. The epidermal
appendages that adorn vertebrate skin are particularly important in these roles, and their
enormous diversity reflects the breadth of functional and physiological demands in different
lineages. Despite largely originating from the same embryonic tissues, the scales of fish and
lepidosaurs, the glandular skin of amphibians, the hair of mammals, and the feathers of birds
have vastly different mechanical and biological properties.

The cellular and tissue interactions that determine skin morphogenesis can be summarized
as a three-stage process (Olivera-Martinez et al., 2004). First, a macropatterning stage
determines the prospective epidermal appendage fields. Next, micropattern is established as
epidermal appendage location and spacing within these fields is specified. Finally, the
appendages themselves form and structural variation becomes apparent. Genetic,
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developmental, and evolutionary changes that affect these stages result in epidermal
appendage variation both among and within major vertebrate lineages. In mammals, for
example, hair is an insulative epidermal appendage that typically covers the skin, yet
epidermal appendages have been modified into sensory whiskers, horns (e.g., rhinoceros),
baleen, and other specialized structures in different species (Hieronymus et al., 2006).

Among vertebrates, epidermal appendages are perhaps most diverse in birds. Feathers serve
physiological (insulation), locomotory (flight), and communication roles (structural and
pigmentary variation), but these highly derived epidermal structures are not the only skin
coverings in avian species. Birds typically have scaled feet, and many have featherless
regions of skin, such as the heads and necks of turkey vultures and other carrion feeders.
Thus, birds vary in epidermal appendage macropattern, or regional patterning of the skin.
Micropattern, including organization of epidermal appendages within a scale or feather tract,
varies within and among species as well, as do the final appendage structures that emerge
from these tracts in an individual. For example, the large, pennaceous primary feathers on
the wings of birds differ from contour and downy feathers of the body. The scales on bird
feet are not uniform, either, as rhomboid scutellate scales armor the dorsal side of the foot
while round reticulate scales are on the plantar surface, and scale morphology also shows
positional differences within each of these broad categories (Lucas and Stettenheim, 1972;
Prin et al., 2004). In summary, epidermal appendage patterning can be characterized by at
least two levels of organization, plus structural variation among the appendages themselves.

Tissue recombination experiments and the importance of developmental timing

Foundational work by John Saunders, whose achievements we celebrate in this Special
Issue, and his contemporaries showed that interactions between the embryonic mesoderm
and ectoderm are critical for both macro- and micropatterning of the skin and its appendages
(Figure 1). Saunders relied heavily on the domestic chicken as a model for this work because
of the accessibility of embryos (availability as well as ease of surgical manipulations) and
the phenotypic diversity among breeds and within individuals. In his words, the chicken has
“a variety of regionally distinctive integumentary derivatives” such as feathers and scales of
different types (Saunders, 1958). For example, the pennaceous feathers of the White
Leghorn (tightly linked feather barbs) and Silkie (fluffy due to missing hooklets on barbules;
Feng et al., 2014) breeds are so different that he could use feather morphology as a marker
in his embryonic tissue transplant experiments (Cairns and Saunders, 1954). Saunders also
recognized the value of embryonic tissue transplants between fore- and hindlimb buds to
study the roles of the mesoderm and ectoderm in limb-specific epidermal appendage
patterning: whichever tissue(s) conferred forelimb epidermal identity should predictably
produce feathers when transplanted, and tissues bearing the hindlimb signal should produce
scales (Cairns and Saunders, 1954).

What developmental events determine patterning of avian skin? Saunders’s experiments led
to several key advances in the developmental biology of epidermal appendages. Before
revisiting his embryological work, it is useful to recall the context of his experiments. Prior
to Saunders’s work, Lillie and Wang (Lillie and Wang, 1941; Wang, 1943) showed that the
regional specification of feather morphology is a property of the epidermis. Epidermal tissue
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transplanted from the breast to saddle (dorsal body) region, for example, results in breast
feathers on the saddle. In contrast, transplants of dermal papillae — mesoderm-derived,
proliferative structures at the bases of the recessed feather follicles — from one body region
to another produced feathers that were appropriate to the host site, not the donor body
region. Together, these results showed that the adult epidermis has a distinct regional identity
that obtains little or no positional information from the underlying dermis. However, these
experiments did not reveal how the adult epidermis obtained this regionally specific
information in the first place.

To determine the tissue-level signals that determined epidermal patterning, Saunders and
Cairns (Cairns and Saunders, 1954; Saunders, 1947, 1948) performed a series of tissue
recombination experiments in chicken embryos. Grafts of thigh mesoderm to the wing
produced feathers in normally apterous (featherless) regions, and these ectopic feathers were
morphologically similar to feathers of the thigh tract. The ectoderm that covered the graft
came from the host region, demonstrating that the mesoderm provided instructive signals to
form thigh feathers (Cairns and Saunders, 1954). Embryonic feather buds of the chick arise
in a predictable sequence (Holmes, 1935), and these ectopic feathers erupted at the same
time as normal thigh feathers, but earlier than the surrounding wing feathers. Thus,
mesodermal signals impacted macropattern (feather tract location), micropattern (specific
aspects of tract formation such as placode spacing), structural variation within a tract, and
the developmental timing of feather eruption within a tract.

Embryological manipulations performed at different developmental time points yielded
different outcomes, suggesting a sequence of events that determined skin appendage
morphogenesis. Based on transplantation experiments of dermis and epidermis in embryonic
chicken wings, Saunders and Gasseling (1957) concluded that delimitation of a feather tract
location was the earliest event, followed by specification of feather identity (i.e., specific
morphology within a tract) and the time of emergence of individual feathers. Next, the
direction of outgrowth relative to the body axis was determined, and lastly, dorsoventral
polarity was specified. Spatial distribution, sequence of emergence, and anteroposterior
polarity of feathers could be modified by recombination and transplantation experiments,
and transplants of “uncommitted” tissues at earlier stages (e.g., stages 17-19) resulted in
fewer tract modifications than those done at later stages (e.g., stages 22—24). However,
dorsoventral polarity always remained fixed (Saunders and Gasseling, 1957).

Transplants of distal hindlimb mesoderm also yielded dramatic outcomes. For instance,
subapical mesoderm transplanted from leg to wing buds resulted in foot-like structures in the
wing, including scaled and clawed digits (Cairns and Saunders, 1954; Saunders et al., 1959),
further demonstrating that the identity of epidermal structures depends on mesoderm
signaling during early embryogenesis. Subsequent work showed that the leg epidermis
similarly relies on mesodermal induction and can potentially form either scales or feathers,
depending on signals received from the dermis (Amprino and Camosso, 1959; Rawles,
1963; Sengel, 1958). The timing of these interactions is also critical: early in development,
recombination of foot mesoderm with feather-forming ectoderm (or administration of
retinoic acid) yields feathers, but scales are induced if these experiments are done after
approximately day 12 of incubation (Dhouailly et al., 1980; Hughes et al., 2011; Rawles,
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1963; Sengel, 1990). This temporal sensitivity likely corresponds to the timing of scale
placode formation, whose fate becomes determined around day 12 (Dhouailly et al., 1980).
Interestingly, experimentally-induced feathers on the feet of chickens typically form on
scales rather than completely replacing them, suggesting that epidermal identity is not
completely transformed (Dhouailly et al., 1980).

The dermis generally exerts a dominant signal over the epidermis to determine skin
appendage identity, especially early in development (Sengel, 1990). Nevertheless, the
ectoderm is an “active partner” in the specification of local epidermal identity (Cairns and
Saunders, 1954), and dermal derivatives of the mesoderm (e.g., dermal papillae) cannot form
properly without it (Saunders and Weiss, 1950; Weiss and Matoltsy, 1957). In a striking
example of the primacy of ectodermal signaling, Zwilling (1955) showed that duck hindlimb
mesoderm transplanted into chick embryos could induce digit webbing, but chick mesoderm
could not inhibit webbing in ducks. These and other experiments confirm that epidermal
appendage identity depends on more than signaling from the mesoderm alone, and that a
timing-dependent conversation between the dermis and epidermis is critical for normal
development (Dhouailly, 1973, 1975; Prin and Dhouailly, 2004; Saunders, 1958; Sengel,
1957).

Molecular approaches to skin development and diversity: developmental genetics and

genomics

The classic embryology studies of the mid-20t" century inspired decades of further research
on mesoderm-ectoderm interactions to understand the evolution and development of
epidermal appendages. Much of this work focused on the chick as a model system due to the
remarkable regional variation in epidermal patterning within a single organism (Prin and
Dhouailly, 2004; Rawles, 1963; Saunders, 1958). Classical embryological approaches were
augmented by molecular developmental studies, including the discovery of specific genes
involved in epidermal appendage development and disruption, most of which focus on
particular genes or pathways of a prioriinterest and characterize their roles in development.
Many excellent reviews summarize recent progress in this field, including a landmark
volume edited by Chuong (1998). Other recent work and reviews tackle the molecular
developmental basis of macropatterning of appendage distribution in different body regions
(Chang et al., 2015; Lin et al., 2006), micropatterning determinants of epidermal placode
spacing (Houghton et al., 2005; Hughes et al., 2011; Lin et al., 2009), and the evolution and
development of structural variation among epidermal appendages within and among species
(Chen et al., 2015; Dhouailly, 2009; Musser et al., 2015; Prin and Dhouailly, 2004; Prin et
al., 2004; Sawyer et al., 2005).

A complementary and fruitful approach to understanding epidermal appendage development
and variation is to use genomic mapping, which seeks to identify DNA sequence variants
that are associated with different phenotypes. These approaches were once the purview of
canonical model organisms in genetics and genomics, especially mice and humans, but
recent precipitous drops in sequencing costs make association mapping possible in a variety
of organisms. Following the lead of Saunders and others, some of these recent genomic
studies have focused on the vast epidermal diversity within and among domestic avian
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species. Species such as chickens and pigeons were domesticated thousands of years ago
and hundreds of breeds have been subjected to intense artificial selection to generate
dramatic diversity in epidermal macropatterning, micropatterning, and appendage structure
(Bartels, 2003; Domyan and Shapiro, 2016; Price, 2002). Despite the dramatic phenotypic
differences that often characterize different breeds — including differences that resemble the
magnitude of variation often observed among species or even genera — these strains are
typically interfertile and genomically similar, thereby enabling traditional breeding
experiments and whole-genome resequencing approaches to map the genes that underlie
morphological diversity (Domyan and Shapiro, 2016). Due to genetic barriers to
hybridization and genomic dissimilarity among species, similar approaches are usually not
feasible for interspecific comparisons. Thus, domestic avian species have served for decades
as critical models for understanding cell, tissue, and gene expression components of
epidermal variation, and they can now also be used to explore the genomic basis of this
diversity.

Genomic studies of epidermal appendage development and variation are potentially
transformative for this field. Genomic mapping can home in on loci that are under selection
for particular traits rather than examining a priori candidates. Once a causal genomic region
is identified, small numbers of candidate genes and variant alleles can then be tested for their
roles in development. Hence, these forward genetic approaches can potentially discover loci
that control epidermal appendage variation among populations and species, and can
nominate genes for further study that reverse genetic approaches might miss. Here, we
review recent progress to uncover the genomic basis of epidermal appendage patterning and
structure. We also report new gene expression data on two key determinants of limb identity,
and thus epidermal identity, in domestic pigeons (Domyan et al., 2016).

Variation in epidermal macropatterning

Scaleless

A diverse collection of epidermal macropatterning phenotypes has resulted from intense
artificial selection in domestic avian species, especially in chickens and pigeons. Perhaps
one of the most dramatic examples of variation in macropatterning is the scaleless (sc locus)
trait in chicken, a recessive mutation that causes a nearly complete lack of feathers and
scales on the body due to a failure of placode formation during embryogenesis. For more
than 50 years, researchers have utilized sc/sc mutant chickens as a model to study tissue
interactions during skin development; dermal-epidermal recombination experiments using
wild type and sc/sctissue led to the discovery that the scaleless phenotype results from an
inability of the epidermis to sustain a response to dermal patterning signals (Abbott and
Asmundson, 1957; Brotman, 1977; Dhouailly and Sawyer, 1984; Houghton et al., 2007;
Sengel and Abbott, 1963). Despite a strong mechanistic understanding of the developmental
events that are altered during epidermal morphogenesis in sc/sc chickens, the molecular
identity of scwas identified only recently. Using a genome-wide association mapping
strategy, Wells et al. (2012) identified a single 1.25-Mb genomic region that was highly
differentiated between sc/sc and sc/+ chickens. Subsequent targeted sequencing in this
region demonstrated that a single nonsense mutation in FGF20resided on all s¢
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chromosomes, but was absent from 264 chromosomes from wild type chickens representing
diverse breeds (Wells et al., 2012). The FGFZ20 mutation is predicted to result in a truncated
protein that lacks the highly conserved C-terminal region.

To understand the functional role of FGF20in skin development, Wells et al. (2012)
examined its expression during embryonic development. They found that FGF20 mRNA is
expressed in developing feather placodes and restricted to the epithelial component of the
skin, corroborating the results of tissue recombination experiments that demonstrated that
the sc/sc phenotype is caused by a defect in the epidermis (Brotman, 1977; Houghton et al.,
2007; Sengel and Abbott, 1963; Wells et al., 2012). Although FGF signaling is known to
play an important role in ectodermal appendage formation, the mechanism by which FGF20
influences epidermal macropatterning remains an open question.

The Naked neck (/NValocus) phenotype is another remarkable example of altered
macropattern that is found in domestic avian species such as chicken and pigeon, and is
mirrored in several wild bird species (Figure 2A-C) (Bartels, 2003; Mou et al., 2011). In
contrast to the complete loss of ectodermal appendages in sc/sc chickens, the Na phenotype
is characterized by loss of feathers specifically on the neck due to failed feather placode
development (Classen and Smyth, 1977; Mou et al., 2011). To identify the genetic basis of
Na in chickens, Mou and colleagues performed linkage analyses and recombination
mapping to refine a previously identified causative locus to a 770-kb genomic region on
chromosome 3 that contains five annotated genes (Mou et al., 2011; Pitel et al., 2000). No
coding changes were found; however, a large insertion that was likely transposed from
chromosome 1 was identified at the Nalocus (Mou et al., 2011).

Of the five candidate genes within the Aalocus, only BMP12was differentially expressed
between wild type and Na embryonic skin (Mou et al., 2011). Importantly, differential
BMP12 expression was not observed in internal organs from wild type and Aaembryos,
suggesting that the chromosome 1 insertion includes a c/s-regulatory mutation that
specifically increases skin expression of BMP12(Mou et al., 2011). During avian epidermal
development, other BMP molecules regulate feather bud formation (Chen et al., 2015; Harris
et al., 2002; Harris et al., 2004); genetic mapping and follow-up developmental work show
that BMP12 also functions as an inhibitor of feather tract formation (Mou et al., 2011).
Interestingly, the magnitude of this inhibitory effect is not uniform throughout the embryo:
wild type neck skin explants were more sensitive to BMP12levels compared to body skin
explants (Mou et al., 2011), suggesting that regional differences in BMPI12 sensitivity
confine the Na phenotype to the neck region in domestic chickens. This differential response
might be due to regional differences in retinoic acid levels (Mou et al., 2011). With a
molecular basis for the chicken naked neck phenotype in hand, it will be interesting to
determine if altered BAMP expression also causes naked neck-like phenotypes in wild avian
species.
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Variation in epidermal micropatterning

Head crests (pigeon)

Subsequent to the developmental determination of skin regions destined to become
feathered, scaled or bare skin, the periodic micropatterning of epidermal appendages is
established (Mou et al., 2011; Olivera-Martinez et al., 2004). Although the precise
mechanisms of epidermal micropatterning remain poorly understood, evidence from a
combination of embryological, molecular and computational modeling experiments
indicates a requirement for reaction-diffusion (e.g., interactions between spatially expressed
activating and inhibitory molecules) and planar cell polarity signaling (Chen et al., 2015;
Chen and Chuong, 2012; Mou et al., 2011). In our lab, a genomic approach to understanding
the basis of feathered head crests in domestic pigeons has provided new information about
the molecular mechanisms that underlie epidermal micropatterning.

Many wild and domestic bird species display head crests, an ornamental feature in which
feathers on the head and/or neck vary in length, structure or polarity of growth (Baptista et
al., 2009; Bartels, 2003; Price, 2002). In both domestic pigeons and ringneck doves, crest (cr
locus) is a recessive trait characterized by a regional reversal in growth polarity such that
feathers grow in a cranial rather than caudal direction on the back of the head and neck
(Figure 3A-B) (Levi, 1986; Shapiro et al., 2013; Vickrey et al., 2015). Examination of
feather placode polarity in crested and uncrested domestic pigeon embryos suggests that
disruption of epidermal polarity occurs early in development prior to feather outgrowth
(Shapiro et al., 2013). In addition to altered polarity within individual feather placodes,
feather placodes at the boundary of the crest-forming region are less organized (Figure 3C-
D, and see figure 3 in (Shapiro et al., 2013). In the neck skin of uncrested pigeons, feather
placodes are approximately equidistant from one another, as predicted by reaction-diffusion
patterning mechanisms (Chen et al., 2015; Mou et al., 2011). In contrast, in crested pigeons,
periodic patterning of feather placodes is often disrupted at the boundary that separates
normal and abnormally polarized placodes. Together, these data indicate that an alteration in
epidermal micropatterning contributes to pigeon head crests.

To determine the genetic basis of head crests in domestic pigeons, whole genome sequences
from a panel of crested and uncrested pigeons representing diverse breeds were used to
calculate allele frequency differentiation and extended haplotype homozygosity — indicators
of selection on a genomic region — across the pigeon genome (Shapiro et al., 2013). In
addition, we searched for non-synonymous coding changes associated with this phenotype.
Together, these analyses pointed to a single SNP within the coding sequence of the receptor
tyrosine kinase gene Ephrin receptor B2 (EPHBZ) that was highly differentiated between
crested and uncrested pigeons (Shapiro et al., 2013). EPHB2 is a member of the Ephrin
family of receptor tyrosine kinases that regulate a diverse set of developmental processes,
including tissue patterning, morphogenesis, and feather development. However, the role of
EPHBZin epidermal morphogenesis and feather development is not well understood
(Suksaweang et al., 2012). The £PHB2 SNP in pigeon (crP9€97 allele) causes a
nonsynonymous mutation that is predicted to result in an arginine to cysteine amino acid
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substitution in the EPHB2 intracellular kinase domain. This change, in turn, likely disrupts
ATP catalysis and abrogates kinase activity (Shapiro et al., 2013).

As noted above, some domestic ringneck doves display head crests that are phenotypically
similar to the pigeon head crest. Interspecies complementation tests between crested
ringneck doves and crested pigeons produce hybrid offspring with head crests (Miller and
Demro, 2011), suggesting a similar genetic basis for the cr phenotype in these two species.
To test this possibility, Vickrey et al. (2015) compared DNA sequences from the kinase-
encoding domain of EPHBZ of crested and uncrested ringneck doves and pigeons.
Intriguingly, crested doves harbor a single nucleotide substitution in this region, but at a
different site than the cr7/9297 allele. The crested dove SNP (cr?0¥ allele) is located upstream
of the ¢crP/9€9" mutation and associates nearly perfectly with the head crest phenotype (one
exception was likely due to incomplete penetrance) (Vickrey et al., 2015). Like the cr?/9eon
allele, cr0ve s predicted to cause an amino acid substitution that alters the EPHB2 catalytic
site, thus abrogating kinase function (Vickrey et al., 2015). Functional assays performed in
bacteria demonstrated that both the ¢/79€97 and ¢r?ve mutations reduce or inhibit EPHB2
function (Vickrey et al., 2015). In summary, different mutations in the same gene in two
species underlie similar epidermal micropatterning phenotypes. In addition, the ¢rphenotype
in columbids (pigeons and doves) illustrates that variation in epidermal micropatterning can
include alterations in placode dorso-ventral polarity, a change that Saunders and colleagues
never observed in tissue grafting experiments (Saunders and Gasseling, 1957).

Head crests are also observed in certain breeds of chicken and duck. Despite a shared
nomenclature, head crest morphology is distinct in chickens and ducks relative to the
columbids described above; in chickens and ducks, head crests are composed of elongated
feathers on the top of the head that have normal growth polarity. Perhaps not surprisingly, a
different genetic mechanism is implicated in chicken head crests, as described below.

Variation in epidermal appendage structure

Head crests

While much of epidermal appendage variation in birds is attributable to changes in
macropattern or micropattern, in many instances epidermal appendage structure itself is the
source of variation (Figure 4). In birds, scales and feathers serve distinct physiological
functions and are an example of striking variation in epidermal appendage structure. In
addition, in many wild bird species, eye-catching variations in feather length or shape are
part of extraordinary male displays that play an important role in sexual selection. Here, we
focus our discussion on several examples of variation in epidermal appendage structure and
morphology that have resulted from long-term selective breeding in domestic avian species.
In addition to structural variation, several recent studies elucidate the genetic and genomic
basis of plumage color variation in avian populations, and this important topic is addressed
elsewhere (Bed’hom et al., 2012; Domyan et al., 2014; Gunnarsson et al., 2011; Hellstrém et
al., 2010; Lopes et al., 2016; Mundy et al., 2016; Oh et al., 2016).

(chicken)

Despite being described with the same nomenclature, the chicken crest (Cr) phenotype is
distinct from pigeon head crests at both the morphological and genetic level. As described
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above, pigeon and dove head crests are recessive traits in which feather polarity is reversed.
In contrast, the chicken Cr phenotype is an incompletely dominant trait in which a small
cluster of feathers on the top of the head is elongated, but these feathers grow with the same
polarity as other body feathers (Bartels, 2003; Wang et al., 2012). Archaelogical evidence
and written records suggest that Cr was one of the earliest differentiated phenotypes within
domestic chicken breeds (Brothwell, 1979). Today, the Cr trait characterizes diverse chicken
breeds from all over the world.

Genetic mapping experiments placed the Crlocus within a ~900-kb linkage group, but the
causative gene(s) remained unknown (Kerje, 2004; Wang et al., 2012). To determine the
molecular identity of Cr, Wang et al. (2012) employed comparative genomic analyses, as
well as genome-wide mapping in populations derived from crested and uncrested breeds of
chicken. These approaches identified two SNPs near HOXC8 that showed no recombination
with Cr. Although the precise mutation that underlies Crwas not confirmed in this study, Cr
is probably a cis-acting regulatory mutation that alters the spatial expression pattern of
HOXC8, as HOXC8 mRNA was detected in the cranial skin of crested chickens but not wild
type chickens throughout embryonic development (Wang et al., 2012). This misexpression
has the phenotypic consequence of transforming head feathers into body-like feathers, and
underlying structures are affected as well. In particular, Cr is associated with cranial hernias
that result from incomplete closure of the dorsal skull (Brothwell, 1979; Fisher, 1934; Wang
etal., 2012). Interestingly, several breeds of crested domestic duck also display abnormal
skull and brain morphology (Frahm et al., 2001). Identification of the genetic basis of head
crest in domestic ducks would directly test whether these morphological similarities are
rooted in mutations in similar genes in these two distantly related avian species.

Silky-feather

In chickens, the silky-feather phenotype is characterized by the replacement of contour
feathers with soft feathers composed of unconnected barbs on the body of juvenile and adult
birds (Figure 4A) (Bartels, 2003). Silky-feather was first described by Marco Polo in the
13 century and has since become fixed in several chicken breeds, including the modern
Silkie breed (Feng et al., 2014). Classical genetics experiments demonstrate that silky-
feather is caused by a single recessive allele at the sook/ess locus (Dunn and Jull, 1927). In
birds homozygous for hook/ess, silky-feather results from a failure in hooklet formation, the
structure responsible for holding feather vane barbs together in pennaceous feathers (Feng et
al., 2014). To determine the molecular basis of silky-feather, Feng et al. (2014) employed
SNP association mapping and identity-by-descent (IBD) analysis to refine a locus previously
identified by QTL mapping. Additional whole-genome analyses of unrelated Silkie chickens
identified a single shared 21.7-kb haplotype that overlapped completely with the candidate
region in the F2 mapping population (Feng et al., 2014).

Within the minimal haplotype, a single C to G transversion (called PDSS2(-103C-G)) was
perfectly associated with silky-feather (Feng et al., 2014). PDSS2(-103C-G) is located
immediately upstream of the transcription start site of Preny/ (decaprenyl) diphosphate
synthase subunit 2 (PDSS2), which encodes an enzyme required for Coenzyme Q
biosynthesis and mitochondrial respiration. The PDSS2(-103C-G) mutation causes a
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reduction in PDSS2 expression in embryonic and postnatal skin, presumably through a
disruption in transcription factor binding affinity at the PDSS2 promoter (Feng et al., 2014).
The role of PDSS2and mitochondrial respiration in feather development remains an open
question. The PDSS2(-103C-G) haplotype is present in all silky-feather chicken breeds,
suggesting a single origin of the phenotype, followed by the spread of this trait via
introgression among breeds (Feng et al., 2014).

The silky-feather phenotype is not unique to chickens. As noted by Darwin (1868), certain
breeds of domestic pigeon such as the fantail, as well as some ringneck doves, display a
phenotype reminiscent of chicken silky-feather (Figure 4B). However, in these two species
of columbid, the silky trait is likely the result of a different mutation, as distinct modes of
inheritance and feather morphology are observed in silky pigeons and doves relative to silky-
feather chickens (Feng et al., 2014; Sell, 2012; Yokouchi et al., 1991). Identifying the
genetic underpinnings of silky in pigeons and doves could provide new clues about the range
of molecular pathways that regulate feather morphogenesis across distantly related avian
species.

Variation in feather structure is also observed in Frizzle chickens, in which the adult contour
feathers curl outward and upward to give birds a characteristic “frizzled” appearance (Figure
4D) (Bartels, 2003; Ng et al., 2012). Frizzle has been selected in a variety of domestic
chicken breeds and this phenotype is caused by a single incompletely dominant factor that
causes abnormal feather rachis structure (Hutt, 1930; Landauer and Dunn, 1930). To
determine the molecular origins of Frizzle, Ng et al. (2012) performed linkage analysis using
whole-genome SNP data from a series of half-sibling crosses and found a single haplotype
containing a large keratin gene cluster that was associated with the phenotype. Considering
the critical structural roles of keratin proteins in feathers, Ng et al. searched for mutations in
14 candidate keratin genes and discovered a single variant in the a-keratin gene KR775
coding sequence that segregated perfectly with Frizzle in the mapping population. The
variant, an 84-bp deletion in KR775that activates a cryptic splice site and causes a 23-
amino-acid deletion in a conserved region of the K75 protein, was also present in additional
unrelated Frizzle chickens but was never found in wild type birds. The spatiotemporal
expression pattern of KR775is not altered in Frizzle embryonic or adult feathers, suggesting
that the curved rachis that defines the Frizzle phenotype is the result of a defect in K75
protein function. Retroviral-mediated misexpression of mutant KR775in regenerating
feather follicles produced feathers with a curved rachis (Ng et al., 2012), thus providing
functional evidence that the KR775 coding mutation is the causative mutation in Frizzle
chickens.

As is the case for the silky-feather phenotype, curled feathers are not unique to Frizzle
chickens. Among domestic pigeons, the Frillback breed displays unusual curled feathers,
particularly on the wing shields, back and feet (Figure 4E) (Levi, 1986). The results of
breeding experiments performed in the 1930s suggest that Frillback is an incomplete
dominant trait caused by two non-allelic genes, designated CuZ and CuZ2 (Sell, 2012).
Although the identity of the Cu genes is not known, comparative analysis of keratin gene
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sequences from Frillback and wild type pigeon breeds could provide a reasonable starting
point to discover the genetic basis of feather curling in Frillback pigeons. Identification of
the Cu genes will provide another direct test of whether the same or different molecular
mechanisms produce similar feather structural variation in different species.

Avian foot feathering (ptilopody) is another important example of variation in epidermal
appendage structure (Figure 4G-I1) (Lucas and Stettenheim, 1972; Rawles, 1960; Sawyer et
al., 2005). Although the distal hindlimb of most modern wild birds is scaled, several species
(e.g., ptarmigan, snowy owl, golden eagle) display heavily feathered feet (Figure 41).
Likewise, in some breeds of domestic pigeon and chicken, the scaled epidermis covering the
metatarsus and toes is replaced by feather-forming epidermis (Figure 4G-H) (Bartels, 2003).
Interestingly, paleontological evidence suggests that feathered feet represent the ancestral
epidermal appendage in birds and their immediate dinosaurian relatives, and that scutellae
on the dorsal foot are actually a derived feature in modern birds (Foth et al., 2014; Godefroit
etal., 2014; Hu et al., 2009; Prin and Dhouailly, 2004; Xu et al., 2003; Zheng et al., 2013).
Developmental manipulations, too, point to a “ubiquitous feather message” (Dhouailly,
1978) in the development of avian integument, and disruption of this signal could be
necessary for scale formation (Dhouailly et al., 1980). Indeed, foot feathers are often
associated with scales during normal development in chickens, and recombination
experiments demonstrate that the dermis of the distal hindlimb can transmit both feather and
scale-inducing signals early in development (Rawles, 1963).

Extensive classical breeding experiments in both pigeons and chickens have demonstrated
that foot feathering is controlled by a relatively small number of genetic loci of large effect
(Doncaster, 1912; Hollander, 1937; Levi, 1986; Somes, 1992; Wexelsen, 1934). In more
recent work, Dorshorst et al. (2010) and Sun et al. (2015) used SNP-phenotype associations
to identify genomic regions associated with a variety of morphological features in chickens,
including ptilopody. Dorshorst et al. (2010) identified one quantitative trait locus (QTL) of
major effect for ptilopody in Silkie chickens, while Sun et al. (2015) identified two major
QTL and two minor QTL in an F2 population derived from Beijing-You and commercial
broiler chickens. Both studies identified a QTL on chromosome 13 that has a major effect on
foot feathering in chickens, raising the possibility that a shared molecular mechanism
contributes to the trait in different breeds, but the molecular identity of this and other
ptilopody loci in chickens remains unknown.

To better understand the mechanisms that regulate the decision between scale and feather
fate in the developing limb epidermis, we recently combined classical genetic,
developmental, and genomic approaches to identify the molecular basis of foot feathering in
domestic pigeons (Domyan et al., 2016). Two genomic loci of major effect were identified in
a QTL mapping experiment using an F2 population derived from feather-footed and scale-
footed founder breeds (Domyan et al., 2016). In parallel, probabilistic whole-genome scans
of allele frequency differentiation (pFst) were performed on a panel of scale-footed and
feather-footed pigeons representing diverse breeds. pFst analyses led to the identification of
two genomic regions that are strongly associated with foot feathering and overlap with the
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two major QTL identified in the mapping cross (Domyan et al., 2016). Thus, independent
QTL mapping (one feather-footed breed) and whole-genome sequencing approaches (many
breeds) converged on the same two loci.

One of the differentiated regions contains P/7.XZ, which encodes a homeodomain protein
that is a critical determinant of hindlimb identity and outgrowth (Duboc and Logan, 2011,
Logan and Tabin, 1999; Szeto et al., 1999). The second region contains 78X5, a gene that
encodes a T-box transcription factor required for forelimb outgrowth and identity (Duboc
and Logan, 2011; Hasson et al., 2007; Hasson et al., 2010; Minguillon et al., 2005; Rallis et
al., 2003; Rodriguez-Esteban et al., 1999; Takeuchi et al., 1999). Analyses of P/7.X1 and
TBX5expression in the hindlimb of scale-footed and feather-footed pigeon embryos
revealed that P/7.X1 expression is reduced in feather-footed hindlimbs relative to scale-
footed hindlimbs, while 7BX5- which is normally expressed in forelimb but not hindlimb
mesenchyme — is ectopically expressed in feather-footed hindlimbs (Domyan et al., 2016).
Allele-specific expression assays demonstrated that both of these effects are the result of c/is-
regulatory mutations (Domyan et al., 2016). In addition to a change in epidermal appendage
fate, cis-regulatory mutations in P/ITXZand 7BX5 cause abnormal skeletal, muscle, and
tendon patterning in feather-footed pigeon breeds, suggesting widespread effects on
mesoderm derivatives and signaling (Domyan et al., 2016).

Together, reduced P/7.X1 and ectopic 7BX5 expression confer a partial transformation of
the hindlimb to a forelimb-like identity in feather-footed pigeons, demonstrating that, at least
in domestic pigeons, epidermal appendage variation can occur through a fundamental
change in regional developmental fate. This study also suggests that 78X5 is potentially
under more modular c/s-regulatory control in the limbs than was previously thought, and
that modular expression changes can have localized effects on limb morphology (Domyan et
al., 2016).

Although the molecular identities of the chicken foot feathering genes are unknown, P/7.X1
and 7BX5are located within two of the chicken ptilopody QTL identified by Dorshorst et
al. (2010) and Sun et al. (2015). To determine if misregulation of A/7.XZand TBX5also
occurs in feather-footed chickens, and therefore represents molecular convergence of foot
feathering mechanisms in chickens and pigeons, we examined the expression patterns of
PITXIand TBX5in the embryonic hindlimb of two feather-footed chicken breeds (Cochin
and Silkie). In embryos from both feather-footed breeds, 78X5 is ectopically expressed in
the developing hindlimb in a spatially restricted domain similar to that observed in feather-
footed pigeons (Domyan et al., 2016). We did not observe a change in hindlimb P/7.X1
expression at the developmental stages examined (Domyan et al., 2016); however, it is
possible that in feather-footed chickens, P/TX1 expression levels are altered at a different
developmental timepoint than in pigeons. Follow-up work in both species at additional
developmental stages represents an important avenue of future research.

PITX1 expression is reduced in grouse-footed pigeon

Among feather-footed pigeon breeds, the amount and type of feathers that form on the foot
is variable (Figure 5). Classical breeding experiments have demonstrated that two loci
produce distinct foot feathering phenotypes: the grouse phenotype (grlocus), present in
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several pigeon breeds, is a recessive trait characterized by short feathers that tightly cover
the metatarsus and toes (Figure 5B). Alternatively, the Slipper phenotype (5/locus), which is
observed almost exclusively in just two breeds (English and Pigmy pouters), is incompletely
dominant and displays feathers on the metatarsus and toes. In combination, grand S/
produce the synergistic muff phenotype (Figure 5C), in which extensive feathering covers
the hindlimb and long flight-like feathers decorate the posterior toes (Doncaster, 1912;
Hollander, 1937; Levi, 1986; Wexelsen, 1934).

Our previous work provided genomic evidence that the c/s-regulatory mutation affecting
PITX1 expression is gr, while the mutation that causes ectopic 7BX5in the hindlimb is the
Slallele (Domyan et al., 2016). However, due to unavailability of embryos from grouse
breeds, we were previously only able to show that expression of both P/7.XZand 7TBX5is
altered in muff embryos. Nevertheless, we predicted that hindlimbs of embryos with only gr
(but not S)) alleles should only display a decrease in A/7.X1 and not ectopic expression of
TBX5. To test this prediction, we recently obtained embryos from the grouse-footed Oriental
Frill breed and measured P/7.XZ and 7BX5 expression in Hamburger-Hamilton stage 25
(HH25; Hamburger and Hamilton, 1951) hindlimb buds by qRT-PCR. Consistent with our
model (Domyan et al., 2016), P/TX1 expression is reduced to a level similar to muff
embryonic hindlimbs, while 7BX5 is not ectopically expressed (Figure 5D-E). Together,
these data confirm that gris associated with a c/s-regulatory change in £/7.X1 alone, while
muff results from changes in both A/7.XZ and TBX5. Although the expression levels of
PITXIand 7TBX5in hindlimbs of S/embryos remain an open question, we predict that S/is
associated with an expression change only in 7BX5.

Muffs and beard

The Muffs and beard (Mb) trait is found in a variety of chicken breeds and is characterized
by small tufts of elongated feathers that surround the face and beak (Bartels, 2003; Guo et
al., 2016). By combining genetic mapping, genomic association tests, and IBD analyses,
Guo et al. (2016) identified a 48-kb region as the Mb candidate locus. Within this genomic
interval, Guo et al. discovered and characterized a complex genomic structural variant (SV)
composed of three unique copy number variants (CNVs), which they predicted was the
underlying cause of the Mb phenotype. The Mb SV includes seven annotated genes; to
determine which of these genes underlies the Mb phenotype, Guo et al. performed
quantitative expression analyses in dorsal and facial skin from wild type (+/+), Mb/+ and
Mb/Mb chickens at three developmental stages (embryonic, postnatal, and adult). Some
degree of differential expression was observed for five of the genes within the Mb SV.
However, differential expression of HOXB8was the most pronounced at all developmental
stages and correlated best with Mb genotype, suggesting that ectopic HOXBE expression in
facial skin causes elongated feathers near the face and beak of Mb chickens (Guo et al.,
2016). Although further work is required to determine the specific functional consequence
of ectopic HOXBS& expression in neck skin, this study demonstrates that complex genomic
SVs can contribute to epidermal appendage variation.

Coincidentally, both Mb and Cr phenotypes in chickens are the result of mutations that cause
ectopic expression of HOX gene products in regions of the developing skin where elongated
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feathers will form. Perhaps this is not surprising considering that spatially restricted HOX
gene expression is critical for conferring regional body plan identity during embryonic
development. Therefore, just as expression changes in limb identity genes are associated
with the replacement of scaled with feathered epidermis in pigeons (Figure 5; Domyan et al.,
2016), expression changes in HOX genes can result in epidermal appendages with ectopic
regional identities.

Initial glimpses into regulatory pathways

The developmental basis of regional specificity and structure of epidermal appendages
represents a longstanding biological problem that intrigued Saunders and his
contemporaries. In combination with the examples described above, extensive embryological
experiments have provided important information about specific genes involved in epidermal
patterning (reviewed in Chen et al., 2015 and Chuong, 1998). However, the molecular
pathways that regulate epidermal appendage variation remain poorly understood. To identify
regulatory pathways involved in the feather vs. scale fate decision, Chang et al. (2015)
compared transcriptome microarray datasets from feather-forming dorsal skin and scale-
forming metatarsal skin harvested from chicken embryos at two developmental stages
associated with the uncommitted or committed state. The authors used cosine similarity
analysis to identify genes that are differentially expressed in feather vs. scale forming
epidermis and mesenchyme (Chang et al., 2015). In addition to the identification of genes
with known roles in epidermal development, the authors discovered that genes involved in
calcium signaling are significantly upregulated in developing scale-forming epithelium
relative to feather-forming epithelium (Chang et al., 2015). Although substantial functional
experimentation is required to define the role of calcium signaling in the feather vs. scale
fate decision, this research highlights the prospect of using genome-wide gene expression
analyses to elucidate the molecular networks that regulate epidermal appendage fate.

Discussion

Millennia of selective breeding have produced stunning variation in epidermal appendage
patterning and structure in domestic birds (Bartels, 2003; Darwin, 1859, 1868; Price, 2002).
Hobbyists maintain diverse breeds of birds that are equivalent to mutant lines of mice,
zebrafish, or other canonical laboratory organisms, and these avian resources are largely
untapped as models for the molecular basis of variation. Saunders and others recognized the
value of domestic chickens as embryological models to understand epidermal development,
and modern molecular genetics and genomics are enabling discoveries of the specific genes
and mutations that underlie classical feather, scale, and skin traits in this species. The same
molecular techniques are allowing similar discoveries in other non-canonical model species
such as domestic pigeons.

Thus far, the results of genomic studies of skin variation in birds largely corroborate results
from classical embryological experiments. For example, tissue recombination experiments
indicated that the primary defect in scaleless chickens is epidermal (Sengel and Abbott,
1963), and genomic analyses point to epidermally-expressed FGF20as the causative
mutation in this phenotype (Wells et al., 2012). Likewise, classical experiments determined
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that the modified hooklets of silkie chicken feathers was an epidermal defect (Cairns and
Saunders, 1954; Danforth, 1929), and this is supported by the identification of a mutation in
PDSSZ, which is expressed in feather epithelium (Feng et al., 2014).

Similarly, developmental properties attributed to the mesoderm are linked to mesodermally-
expressed genes. In the case of ptilopody, numerous tissue recombination and gene
misexpression experiments previously demonstrated that mesoderm-derived dermis plays an
instructive role in the decision between scaled or feathered epidermis. Consistent with these
findings, genetic crosses and genomic mapping approaches implicate the mesodermally-
expressed transcription factors A/7.XZ and 7BX5 in feather-footed domestic pigeons and
chickens (Domyan et al., 2016). The head crests of certain chicken breeds probably result
from a re-specification of cranial to dorsal body skin identity, and this phenotype is linked to
ectopic expression of HOXC8, a mesodermally-expressed transcription factor (Kanzler et
al., 1997; Wang et al., 2012) (HOXBS8, which is linked to the muffs and beard phenotype in
chickens, is expressed in both mesodermal and ectodermal skin derivatives; Guo et al., 2016;
Hughes et al., 2011). However, the pigeon head crest maps to £PHBZ, which is expressed
throughout the skin mesenchyme and at the mesenchymal-epithelial interface (Suksaweang
etal., 2012). Thus, even in the absence of classical tissue recombination experiments,
genomic data suggest that the reversed polarity of head and neck feathers of crested pigeons
probably results from altered mesoderm-to-ectoderm signaling. The early embryonic
appearance of the phenotype (Shapiro et al., 2013) further suggests that this change must
affect early events in placode development, when the ectoderm is sensitive to signaling from
underlying dermal tissues (Hughes et al., 2011; Rawles, 1963; Sengel, 1990).

A notable limitation of these studies is that they are often restricted to simple or oligogenic
traits. In some cases, practical considerations are a limiting factor: phenotypes that are
controlled by many loci of modest phenotypic effect are difficult to detect without very large
cross sizes, which can be challenging to generate and maintain for relatively large-bodied
organisms such as chickens or pigeons. Hence, QTL and association mapping studies are
often biased toward simpler traits. In other cases, biological factors are confounding: traits
that are found only in certain breeds are difficult to map by association studies because
individuals within a breed are often very closely related. Thus, many members of the
population will be similar throughout the genome, not just at the loci controlling particular
traits of interest, thereby making it difficult to identify specific loci associated with a trait.
Furthermore, identification of a genetic variant that is associated with a trait of interest does
not by itself reveal the developmental consequences of a mutation. Because inherited
variants are be present in every cell throughout ontogeny, so they have the potential to affect
the earliest stages of skin morphogenesis. However, genotype-phenotype associations alone
are not enough to explain how novel traits are generated in the embryonic skin, as they alone
do not inform us about timing of signaling between mesodermal and ectodermal derivatives.
These mechanistic issues are important for follow-up studies and remain the purview of
developmental biology.

Despite these limitations, we are learning that epidermal appendage variation arises from
diverse genomic alterations. Point mutations, genomic structural variants, protein-coding
changes, and non-coding regulatory variation all contribute to derived phenotypes. Some
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traits entail changes at structural genes such as keratins, while others involve transcription
factors that confer regional identity to the skin and other embryonic structures. Our focus
here has been on feathers and scales, but because of developmental and genetic conservation
with other vertebrates, studies of patterning and mesoderm-ectoderm signaling in birds
contribute to our understanding of skin development in general (Dhouailly, 1973, 1975,
2009). Experiments in domestic chickens were critical for uncovering tissue-level
developmental events that pattern the epidermis and its appendages, and these and other
domestic avian species hold similar promise for discovering the genes and specific
mutations that contribute to morphogenesis, variation, and disease.

Materials and methods

RNA isolation and cDNA synthesis

Pairs of hindlimb buds from HH25 racing homer (scale), Oriental frill (grouse) and English
trumpeter (muff) pigeon embryos were dissected and stored in RNAlater (ThermoFisher
Scientific). Total RNA was isolated using the RNeasy Mini Kit (Qiagen) and on-column
DNase treatment was performed using the RNase-Free DNase Set (Qiagen). cDNA was
synthesized according to the manufacturer’s protocol using Oligo(dT)12_1g primer and M-
MLV Reverse Transcriptase (ThermoFisher Scientific).

Quantitative real-time PCR

To assay PITXZand TBX5 gene expression, intron-spanning primers for pigeon P/TX1,
T7BX5, and ACTB (for normalization) were used. Primer sequences were published
previously (Domyan et al., 2016). Amplicons from scale (n=4), grouse (n=4) and muff
(n=10) HH25 hindlimb bud cDNA were generated using a CFX96 gPCR instrument and
iTaq Universal Sybr Green Supermix (Bio-Rad). gRT-PCR data in Figure 5 represent the
results of three experimental replicates. Statistical analysis was performed in R
(R_Development_Core_Team, 2008) using a Pairwise Wilcox Test.
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Figure 1. Developmental factors and inductive inter actions between embryonic mesoderm and
ectoder m that determine regionally specific skin patterning

Redrawn from Saunders (1958).
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Chicken Pigeon Wild

Naked neck

Figure 2. Variation in epidermal macropatterning in domestic and wild avian species
(A-C) Naked neck phenotypes in the Transylvanian Naked Neck chicken (A), Romanian

Naked Neck pigeon (B), and Mantou stork (C). Photo credit for A, Juan Komun; B, Dina
Mergeani; C, Balaji.
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Dove

Uncrested pigeon

Crested pigeon

Figure 3. Head crestsin domestic pigeons and ringneck doves are an example of epidermal
micropattern variation

(A) Indian fantail pigeon with peak crest. (B) Crested ringneck dove. (C-D) Developing
feather placodes on the neck and occipital head in HH36 uncrested and crested pigeon
embryos (modified from Shapiro et al., 2013). In uncrested pigeon embryos, feather
placodes are precisely ordered, equally spaced, and generally form a diamond pattern. In
crested pigeon embryos, feather placodes within the crest-forming region of skin are
reversed in polarity relative to neighboring placodes, as indicated by localization of the
polarity marker EPHA4. At the posterior border of the crest-forming region (outlined by a
white box), placode patterning appears disorganized in crested pigeons. Photo credit for A,
Sydney Stringham; B, modified from Vickrey et al. (2015).
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Curly feathers Silky feathers

Foot feathers

Figure 4. Variation in feather structurein domestic and wild avian species
(A-C) Silky feathers are present on the bodies of Silkie chickens (A) and silky fantail

pigeons (B), as well as some wild avian species, including the emu (C). (D-F) Curled
feathers are present on regions of the body in Frizzle chickens (D), Frillback pigeons (E) and
some wild avian species, including on the head of the yellow-knobbed curassow (F). (G-I)
A variety of domestic and wild avians display foot feathering (ptilopody), including the
Cochin chicken breed (G), fairy swallow pigeon (H), and the snowy ow!l (I). Photo credit for
A, sandyseek; B, Kathleen Winder; C, Benjamint444; D, Celeste Tittle; E, Los Angeles
Pigeon Club; F, Jim Capaldi; G, Deann Barrera; H, Sydney Stringham; I, Rachel Jacklyn
Bilodeau.
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Figure5. PITX1 expression isreduced in the embryonic hindlimb of grouse-footed pigeons
(A-C) Foot feathering phenotypes in domestic pigeon breeds. The metatarsus and foot of

most pigeon breeds are covered with scaled epidermis (A). The grouse phenotype (B) is
characterized by short feathers that tightly cover the metatarsus and digits. Pigeons with the

muff phenotype (C) display extensive feathering on the hindlimb, as wel

| as long flight-like

feathers on the posterior toes. (D-E) qRT-PCR analyses of A/T.XZ and 7BX5 expression in
HH25 pigeon hindlimb buds. Boxes span 15t to 3™ quartiles, bars extend to minimum and

maximum values, black line denotes median. For scale-footed embryos,

n=4 sets of

hindlimb buds, grouse n=4, muff n=10. *, p<0.05; **, p<0.01; ***, p<0.001. Photo credit

for A, Sydney Stringham; B—C, modified from (Stringham et al., 2012).
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