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Avian integumentary organs include feathers, scales, claws, and
beaks. They cover the body surface and play various functions to
help adapt birds to diverse environments. These keratinized struc-
tures are mainly composed of corneous materials made of α-keratins,
which exist in all vertebrates, and β-keratins, which only exist in birds
and reptiles. Here, members of the keratin gene families were used
to study how gene family evolution contributes to novelty and
adaptation, focusing on tissue morphogenesis. Using chicken as a
model, we applied RNA-seq and in situ hybridization to map α- and
β-keratin genes in various skin appendages at embryonic develop-
mental stages. The data demonstrate that temporal and spatial
α- and β-keratin expression is involved in establishing the diversity
of skin appendage phenotypes. Embryonic feathers express a higher
proportion of β-keratin genes than other skin regions. In feather
filament morphogenesis, β-keratins show intricate complexity in di-
verse substructures of feather branches. To explore functional inter-
actions, we used a retrovirus transgenic system to ectopically
express mutant α- or antisense β-keratin forms. α- and β-keratins
show mutual dependence and mutations in either keratin type re-
sults in disrupted keratin networks and failure to form proper
feather branches. Our data suggest that combinations of α- and
β-keratin genes contribute to the morphological and structural
diversity of different avian skin appendages, with feather-β-keratins
conferring more possible composites in building intrafeather archi-
tecture complexity, setting up a platform of morphological evolution
of functional forms in feathers.
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The integument mediates interactions between an organism
and its environment. It serves as the first line of defense

against external factors, such as physical injuries, pathogens
and provides insulation, sensation, and locomotion (1–3). The
integument includes not only the epidermis and dermis, but also
integumentary derivatives, namely invaginated glands and pro-
truded appendages, such as hairs, feathers, and teeth (3, 4).
Integumentary derivatives represent the integration of many
evolutionary steps that combine to form diverse structural varia-
tions, allowing animals to adapt to various ecospaces according to
their specific lifestyles (3).
The evolution of a gene family may contribute to phenotypic

evolution (5, 6), due to changes in the protein sequence, gene
copy number, or temporal and spatial expression patterns of
duplicated genes. The avian feather provides an excellent model
for studying how the evolution of gene families can contribute to
the emergence and diversification of novel structures in animals
(4, 7, 8). Feathers are mainly composed of α- and β-keratins. The
former are found in all vertebrates, whereas the latter only in
birds and reptiles (9–11). A recent study found that regulatory

innovations of feather development genes predate the origin of
feathers, suggesting that the avian dinosaur ancestor already had
the nonkeratin protein-coding toolkit for making feathers (12).
While fewer new genes have been found in bird genomes (13)
and the α-keratin gene family has shrunk in birds relative to
mammals and reptiles (14, 15), the expansion of β-keratin genes
is one of the most unique genomic features of birds (13, 14).
Feathers and scales may share the initial epidermal placode

structure as a basal feature for the formation of epidermal ap-
pendages. From here, feathers and scales diverge. Novel mor-
phogenetic processes have evolved, leading to the complex feather
morphology and make feathers and scales distinct in their mature
structures (16–18). Recently, molecular networks for the multistep
evolution of novel pathways, which exist in feather but not scale
morphogenesis, have been identified and reviewed (19). They in-
volved the recruitment of signaling pathways such as the FGF
(fibroblast growth factor), BMP (bone morphogenetic protein)
and Wnt (wingless-integration) pathways as well as adhesion
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molecules (7, 8, 20) for feather morphogenesis. Feather forming
steps include the formation of follicle structure (21), cyclic re-
generation of feather stem cells (22), and branching morphogen-
esis (23).
Furthermore, comparative genomic studies showed that the

number of α- and β-keratin genes and β-keratin gene diversity
were important for feather evolution and the adaptation of birds
to diverse ecological niches (13, 14, 24, 25). Apparently, compo-
sitional changes of keratins are associated with different avian
lifestyles. A new subfamily of β-keratin genes, the feather-β-keratin
genes, has evolved to form a fiber-like structure, in contrast to the
scale- and claw-β-keratins that form interweaving filament bundles
(9, 11, 26). Feather-β-keratins might have evolved from scale-
β–keratins by losing the glycine and tyrosine-rich tail moieties,
conferring more flexibility to feathers compared with the rigid
scales and claws of birds. Because some dinosaurs have been
shown to have feathers, it is reasonable to assume that some
kinds of feather-like β-keratins were already present in feathered
dinosaurs (24). However, molecular dating studies show that the
basal β-keratins of birds began diverging from their archosaurian
ancestor earlier than 200 Mya (million years ago). But, the
subfamily of feather-β-keratins, as found in living birds, did not
begin to diverge until approximately 143 Mya (27). These find-
ings combine to suggest it is likely that avian dinosaur ancestors
might have evolved some primitive types of β-keratin to make
their ancient feathers. As time goes on, more complex “feather-
β-keratin genes” emerge, later than the origin of feathers. The
diversification of the newly evolved feather-β-keratins were ap-
parently crucial for birds to evolve various feather types with better
performance in properties such as thermoregulation and aero-
engineered flight. Such new features have allowed birds to adapt
into various ecological niches quickly (19, 28) and become the most
diversified terrestrial vertebrates.
The discrepancy of evolution timing in the morphogenesis and

keratin differentiation of feathers in dinosaurs and birds make it
interesting and essential to understand β-keratin evolution at the
genomic level. Indeed, the study of feather evolution and func-
tion has been hindered by the scarcity of keratin expression data.
Some earlier work was done to detect β-keratin expression by in
situ hybridization (9, 29). With recent advances in chicken ge-
nome research, we are now able to generate specific probes to
investigate detailed expression patterns of α- and β-keratin genes
in feathers, scales, claws, and beaks. Note that a feather consists of
many elaborate structural parts that differ in mechanical properties
and functions. Our previous study revealed that different α- and
β-keratins are differentially expressed in different parts of a contour
or flight feather (25). Moreover, using the avian RCAS transgenic
system to express mutated α-keratin genes in adult chicken feather
follicles, we showed that α-keratins play an important role in
feather structure.
While the above work revealed the importance of α-keratins in

adult chicken feathers, a systemic mapping of α- and β-keratin
members onto different body regions, different skin appendages,
and different structural components within an appendage re-
mains to be carried out. In this study, we conducted topographic
mapping of α- and β-keratin genes to skin appendages including
feather, scutate scale, reticulate scale, claw, and beak, using the
new keratin gene annotation in the current chicken genome as-
sembly (Galgal4) (25). We used RNA-seq to examine the differ-
ential expression of α- and β-keratin genes in different developing
integumentary organs, using their newly available gene annotation.
We used specific probes targeting the 3′ UTR of genes that are
generally not conserved among paralogs to demonstrate that in
different skin appendages, many α-keratin and β-keratin genes are
differentially expressed with body region specificity and intra-
appendage differences via section in situ hybridization (SISH).
Furthermore, using mutant or antisense RNA forms to modulate
keratin gene expression, we demonstrated functional interdepen-

dence of α- and β-keratins during skin appendage morphogenesis.
The topographical mapping of α- and β-keratins on the integu-
ment showed striking expression dynamics of β-keratins within the
feather structures. This observation may have an implication for
feather evolution that adapted feathered dinosaurs and birds to
the sky (28).

Results
The Structure of Different Skin Appendages. We focused our map-
ping study to five skin appendages in developing chicken embryos
from embryonic day (E)12 to E16 (Hamburger and Hamilton
Stage 38–42; ref. 30). These skin appendages include beaks,
feathers, scutate scales, reticulate scales, and claws (Fig. S1A and
Fig. 1 A–E, Left). The basic epidermal components in different
embryonic skin appendages include the periderm (PD), stratum
basal (SB), stratum intermedium (SI), and stratum corneum (SC)
(Fig. S1 B–F). However, each skin appendage has its own specific
characteristics. We used schematic drawings (Fig. 1 A–E) and
H&E staining of E12 (stage 38), E14 (stage 40), and E16 (Stage
42) (Fig. S2 A–E, Left) to demonstrate the characteristics of
each appendage.
Beaks not only display upper beak (UB) and lower beak (LB)

differences, but also have outer-oral and inner-oral differences
(Fig. 1A). In addition, the upper beak has a thick periderm (PM)
and an egg tooth (Et) structure (Fig. S1B and Fig. 1A). By E12,
these basic beak structures have already been established (Fig.
S2A). Feathers are considered to represent the most complex skin
appendages in vertebrates and have a hierarchical branched
morphology (18, 31). Along the proximal-distal axis, the epidermis
gradually differentiates to form barb ridges, which include the
barbule plate (BP), marginal plate (MP), and axial plate (AP)
(Fig. S1C and Fig. 1B). The barbule plate will become the final
feather barbule. The inner part of the barb ridge, closest to the
pulp, will differentiate to form the ramus (the branch with bar-
bules on it) to produce embryonic downy feathers (31). The ramus
is composed of medullary cells surrounded by barb cortical
cells (1). At E12, the feather filament has these basic structures
(Fig. S2B).
The structure of the overlapping scutate scales includes the

outer surface (OS), the inner surface (IS), and the hinge (Hg)
(Fig. 1C). The morphogenesis of the overlapping structure begins
at E12 and matures at E16 (Fig. S2C and Fig. 1C). The layers of
embryonic scale epidermis include the periderm, subperiderm
(SP), stratum intermedium (SI), and stratum basal (SB) (1, 32, 33)
(Fig. S1D). Previously, Sawyer and Knapp identified that the
periderm could be divided into primary and secondary compo-
nents (34). Here, we refer to both as a single entity. The periderm
is an embryonic epidermis layer that will be shed before hatching
(1). Morphological and immunohistochemical studies showed that
scale subperiderm may be homologous with feather barb and
barbule cells (34–37). The embryonic layers of scutate scales are
shed at hatching, but their homologs may be retained in feathers
(34–36), which remain to be investigated further.
Reticulate scales show left-right symmetry, but the surface and

hinge regions differ in appearance; only the surface has papillary
dermis structures (Fig. 1D). The dome shape of individual re-
ticulate scales has not appeared by E12 (Fig. S2D), but is ap-
parent by E14. Claws are asymmetric structures that display
dorsal (unguis; Ug) and ventral (subunguis; Su) morphological
differences (Fig. 1E and Fig. S1F). The dorsal-ventral difference
has appeared at E12 (Fig. S2E).
To examine the temporal and spatial expression of keratin

genes in different skin appendages, we used a common β-keratin
gene probe to perform SISH. This probe is designed from the
conserved coding region sequence among most β-keratin genes.
The SISH data from E16 are shown in Fig. 1 A–E, Right and
stainings from different stages are shown in Fig. S2. β-keratin
genes are strongly expressed in the stratum intermedium of the
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upper and lower beak from E12 to E16 (Fig. S2A, Middle and
Right). However, the lower beak oral epidermis also expresses
β-keratin genes at E16 (red arrow). β-keratin transcripts are
detected at the tip of the feather filament at E12 (Fig. S2B). The
β-keratin expression pattern in E14 and E16 feather follicles are
similar. In both samples, β-keratin is expressed in the barbule
plate (arrows) but absent in the future ramus region (red circle)
(Fig. S2B). By E16, the feather has stronger staining and the
unstained ramus area becomes smaller (Fig. S2B). β-keratin tran-
scripts are absent in E12 scutate scales, faintly detected in E14, and
become much stronger at E16, with a negative inner surface (Fig.
1C and Fig. S2C). The β-keratin transcripts could not be detected
in E12, E14, or E16 reticulate scales (Fig. S2D). Claws have ex-
tensive β-keratin transcripts in the unguis, but these transcripts are
absent from the subunguis at different stages, with the strongest
and largest expression area present at E16 (Fig. 1E and Fig. S2E).
These results demonstrate the temporal and spatial differences of
β-keratin expression among different skin appendages and even
within the same appendage.

Differential Expression of Keratin Genes in Different Skin Appendages.
The temporal and spatial differences in β-keratin gene expression
shown above for different skin appendages prompted us to ex-
amine the differential expression of keratin genes (both α- and
β-keratin) in greater detail. We used RNA-seq to examine five
different skin appendages at E14 (feathers, scutate scales, re-
ticulate scales, claws, and beaks) (Table S1). Because β-keratin is
expressed faintly in E14 scutate scales and was absent in E14 re-
ticulate scales (Fig. S2 C and D), we conducted RNA-seq of E16
scutate scales and reticulate scales.
The RNA-seq data demonstrate that different skin appendages

may use different α- and β-keratins to achieve their final form.
When the 12,655 filtered genes were used to perform princi-
pal component analysis (PCA) for the 14 samples, Principal

component 1 (PC1) correlates with tissue differences, whereas
developmental stages of both scale types are resolved along
PC2 (Fig. S3A). When PCA was performed only on α-keratin
genes, duplicate samples cluster together nicely (Fig. 1F).
However, when β-keratin genes were used to generate a PCA

plot, feather samples are separate from all other samples along
PC1, whereas some scale samples from different scale types or
from different embryonic ages cannot be resolved by PC2 (E14
scutate, E14 reticulate, and E16 reticulate) (Fig. 1G). This notion
was also supported by hierarchical clustering analysis, which shows
that the expression profiles of α-keratin genes are clustered mainly
by developmental stages for all samples (Fig. S3B), whereas the
expression profiles of feather-β-keratin genes are separate from all
other samples regardless of developmental stages (Fig. 1H). We
also observed that feathers have a higher proportion of differen-
tially expressed β-keratin genes than other keratinized structures

Fig. 1. Structures of avian skin appendages and RNA-seq analysis. (A–E) Schematic drawing (Left) and common β-keratin in situ hybridization (Right) of E16
embryonic skin appendages. (A) Beak. (B) Feather. (C) Scutate scale. (D) Reticulate scale. (E) Claw. Red arrow in A indicates expression of β-keratin in the oral
epidermis. Green dotted line in B indicates the barb ridge. (F and G) Multidimensional scaling (MDS) plot of RNA-seq samples for α-keratin genes (F) and
β-keratin genes (G). Similarities of gene expression patterns were calculated and mapped for E14 beaks, E14 feathers, E14 scutate scales, E14 reticulate scales,
E14 claws, E16 scutate scales, and E16 reticulate scales. (H) Hierarchical clustering of β-keratin gene expression profile inferred from RNA-seq data; Bottom
shows enriched subfamilies in each cluster. AP, axial plate; Bc, barb cortex; Bm, barb medulla; BP, barb plate; BR, barb ridge; Et, egg tooth; FS, feather sheath;
Hg, hinge; IS, inner surface; LB; lower beak; MP, marginal plate; OS, outer surface; PD, periderm; PI, Phalange I; PM, periderm above the egg tooth; PP, pulp;
RM, ramus; S, surface; Su, subunguis; UB, upper beak; Ug, unguis.

Table 1. Number of differentially expressed keratin genes
among different skin appendages at E14

Embryonic age
and skin
appendage type

E14
Feather

E14
Scutate

E14
Reticulate

E14
Claw

E14
Beak

E14 Feather 85 (85%) 90 (90%) 87 (87%) 94 (94%)
E14 Scutate 14 (70%) 12 (12%) 39 (39%) 33 (33%)
E14 Reticulate 14 (70%) 7 (35%) 40 (40%) 33 (33%)
E14 Claw 10 (50%) 13 (65%) 15 (75%) 35 (35%)
E14 Beak 13 (65%) 14 (70%) 17 (85%) 15 (75%)

The numbers are obtained by RNA-seq analysis and individual paralogs
were identified by their UTR and coding sequences. Below the diagonal,
α-keratins; above the diagonal, β-keratins. The number refers to the number
of differentially expressed keratin genes. The number in parentheses repre-
sents the percentage of total α- or β-keratin genes.
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(Table 1). In contrast, α-keratin genes did not show this difference.
This observation suggests that β-keratin expression patterns are
responsible for the characteristics of these keratinized skin ap-
pendages, whereas α-keratins may provide important platforms or
scaffolds upon which these structures develop.
We found that embryonic feathers mainly use feather-β-ker-

atin genes from Chr1 and Chr25. Some genes from Chr27 are
also used (Fig. 1H). The feather-β-keratin genes from Chr2 and
Chr6 are only expressed in low quantities. In view of our previous
study (25), feather-β-keratin genes on Chr2 and Chr6 are likely
to be expressed in the rachis of body and flight feathers, but are
absent in downy feathers. The only feather-β-keratin gene on
Chr7 is expressed in the ramus of contour and flight feathers but
weakly expressed in downy feathers. These data suggest that
feather-β-keratin genes on different chromosomes may encode
for different β-keratin proteins that have specific biochemical
and biophysical properties to make distinct types of feather
structures. These observations also indicate that feather-β-kera-
tin gene expansion and divergence on different chromosomes
were critical for the evolution of feather types and functions.

In Situ Hybridization of Specific α-Keratin Probes. To verify the dif-
ferential expression of keratin genes revealed by RNA-seq, we
performed SISH by using specific probes. α-keratins include type I
(acidic) and type II (basic/neutral) clusters, which have 16 and 18
genes located in Chr27 and ChrLGE22C19W28_E50C23, re-
spectively. One member each from types I and II form a specific
keratin pair (25). The probes were designed from the 3′ UTR
(untranslated region) of mRNA (Table S2). KRT13A and KRT75A,
respectively, were chosen as representatives of type I and type II
α-keratin genes that are expressed at a higher level in the feathers
than in other skin appendages. KRT14 and KRT5 were used as

representatives of type I and type II α-keratin genes that are
expressed at similar levels in feathers as in other skin appendages.
To ensure that the SISH results were not affected by artifacts

produced by independent sample handling, different samples of
the same embryonic stage were fixed as a group and embedded
within the same paraffin block to perform SISH. The expression
patterns at E16 are shown in Fig. 2. The data from both E14 and
E16 are shown in Fig. S4.
SISH detected the presence of KRT13A transcripts in both the

upper and lower beak (Fig. 2A and Fig. S4A). KRT13A was
expressed in the feather sheath and barb ridge at E14 and E16
(Fig. 2 A and Fig. S4A). In the scutate scales, KRT13A transcripts
were not detected at E14 but became predominantly expressed
in the outer surface at E16 (Fig. 2A and Fig. S4A). In reticulate
scales, KRT13A appeared faintly in periderm at both stages (Fig.
2A and Fig. S4A). At both E14 and E16, KRT13A transcripts
were detected in the claw in both the unguis and subunguis (Fig.
2A and Fig. S4A). In all skin appendages that were positive for
KRT13A, the transcripts were absent in the basal layer. In
comparison, another type I keratin gene, KRT14, was expressed
in the basal layer with a similar pattern in all different skin ap-
pendages (Fig. 2B and Fig. S4B).
The type II α-keratin gene KRT75A was detected in the stra-

tum intermedium of both the upper and lower beak at E14 and
E16 (Fig. 2C and Fig. S4C). KRT75A expression was detected in
the feather ramus region at both E14 and E16 (Fig. 2C and Fig.
S4C). The patterns match those reported in Ng et al. that were
generated by using a probe from the coding region (25). KRT75A
transcripts were detected in the subperiderm of both the outer
surface and hinge regions of scutate scales at E14 and E16 (Fig.
2C and Fig. S4C). The subperiderm layer of reticulate scale

Fig. 2. In situ hybridization of α-keratin transcripts in different skin appendages at E16. Type I α-keratin genes KRT13A (A) and KRT14 (B). Type II α-keratin
genes KRT75A (C) and KRT5 (D). Insets in A–D are higher magnification views of the indicated area. Black dotted line indicates the basement membrane.
Green dotted line indicates the barb ridge. (E) Summary of expression of four α-keratin genes in different skin appendages. In the same feather cross-section,
we used three barb ridges to present the expression of each α-keratin. To demonstrate the spatial difference in other skin appendages, we distinguished
between the scutate scale outer surface and the inner surface, between the reticulate scale surface and hinge, and between the claw unguis and subunguis.
Colored blocks indicate the positive epidermis layer. Light blue, KRT13; blue, KRT14; green, KRT75A; light green, KRT5. Et; egg tooth; FS, feather sheath;
Hg, hinge; IS, inner surface; LB, lower beak, OS, outer surface; PD, periderm; S, surface; SB, stratum basal; SC, stratum corneum; SI, stratum intermedium;
SP, subperiderm; Su, subunguis; UB; upper beak, Ug, unguis.
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surface stains faintly positive for KRT75A (Fig. 2C and Fig. S4C).
In the claw, KRT75A was detected in the stratum intermedium at
E14 and E16, but higher levels were detected in the subunguis at
both stages (Fig. 2C and Fig. S4C). In comparison, KRT5 tran-
scripts were detected in the basal layer of most skin appendages
(Fig. 2D and Fig. S4D). The expression patterns of these four
α-keratins are summarized in Fig. 2E. The α-keratin SISH data
demonstrated the differential expression of α-keratin in different
developing skin appendages, suggesting that temporal and spatial
α-keratin expression may be involved in establishing the diversity of
skin appendage phenotypes during their morphogenesis (38).

In Situ Hybridization of Selective Specific β-Keratin Probes.RNA-seq
data demonstrated that β-keratin genes in Chr25 are differen-
tially expressed in different skin appendages. There are four
main clusters of β-keratin genes in Chr25, including claw keratin,
feather keratin, scale keratin, and keratinocyte keratin (14, 25). We
performed SISH on one representative for each group. The probes
used were from the genes coding for claw-β-keratin 9 (Claw9),
feather-β-keratin 12 (FK12), scale-β-keratin 18 (Scale18), and
keratinocyte-β-keratin 13 (Ktn13) (Table S2). The expression
patterns at E16 are shown in Fig. 3. The data from both E14 and
E16 are shown in Fig. S5.

Claw9 transcripts were detected in the outer-oral epidermis in
the E14 and E16 beak (Fig. 3A and Fig. S5A). Claw9 was not
detected in feather and reticulate scales at E14 or E16 (Fig. 3A and
Fig. S5A). In scutate scales, Claw9 was not detected at E14 but was
strongly expressed in the periderm and weakly expressed in the
subperiderm of the outer surface at E16 (Fig. 3A and Fig. S5A). In
claws at both E14 and E16, Claw9 was detected in the unguis but
not in the subunguis (Fig. 3A and Fig. S5A).
FK12 was detected in the barb ridge of E14 and E16 feather

filament (Fig. 3B and Fig. S5B). In scutate scales, FK12 was absent
at E14 but present in the periderm of the outer surface at E16
(Fig. 3B and Fig. S5B). In other skin appendages, including beaks,
reticulate scales, and claws, FK12 was not detected at E14 nor E16
(Fig. 3B and Fig. S5B).
Scale18 was expressed in the upper and lower beak (Fig. 3C

and Fig. S5C). Scale18 was also detected in inner-oral regions of
the lower beak (Fig. S5C, arrow). Scale18 was absent in feathers
and reticulate scales (Fig. 3C and Fig. S5C). In scutate scales,
Scale18 was detected in the subperiderm and stratum interme-
dium of the outer surface at both E14 and E16 (Fig. 3C and Fig.
S5C). Scale18 transcripts were also faintly detected in the stra-
tum intermedium layer of the unguis and outer-oral regions of
the claw (Fig. 3C and Fig. S5C).

Fig. 3. In situ hybridization of five β-keratin transcripts encoded on Chr25 and Chr27 in different skin appendages at E16. (A) Chr25-Claw9. (B) Chr25-FK12.
(C) Chr25-Scale18. (D) Chr25-Ktn13. Chr27-FK12 (E). Insets in A–E are higher magnification views of the indicated area. Arrows in C indicate the expression of
the Scale18 gene in the lower beak inner-oral epidermis and subunguis. Black dotted line indicates the basement membrane. Green dotted line indicates the
barb ridge. (F) Summary of the expression patterns of five β-keratin genes in different skin appendages. In the same feather cross-section, we used three barb
ridges to present the expression of each β-keratin gene. To demonstrate the spatial difference in other skin appendages, we distinguished between the
scutate scale outer surface and inner surface, between the reticulate scale surface and hinge, and between the claw unguis and subunguis. Colored blocks
indicate the positive epidermis layer. Yellow, Chr25-Claw9; pink, Chr25-FK12; red, Chr25-Scale18; orange, Chr25-Ktn13; brown, Chr27-Fk12. Et; egg tooth; FS,
feather sheath; Hg, hinge; IS, inner surface; LB, lower beak, OS, outer surface; PD, periderm; S, surface; SB, stratum basal; SC, stratum corneum; SI, stratum
intermedium; SP, subperiderm; Su, subunguis; UB; upper beak, Ug, unguis.
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Among skin appendages, Ktn13 transcripts was detected in the
tip of the beak at E14 and the inner-oral epidermis of upper beak at
E16 (Fig. 3D and Fig. S5D). Ktn13 were also detected at E16 in the
subperiderm of scutate scale’s inner surface and the hinge region
(Fig. 3D and Fig. S5D) and the subperiderm and stratum inter-
medium layers of the reticulate scale (Fig. 3D and Fig. S5D). Ktn13
was not detected in the feather or claw (Fig. 3D and Fig. S5D).
There are 63 annotated feather keratins distributed along chro-

mosome 27 (25). We wondered whether these feather keratins have
similar expression patterns as the feather-β-keratins encoded on
chromosome 25. We generated a feather-β-keratin gene probe from
chromosome 27 (Chr27-FK12; Table S2). In the feather filament,
Chr27-FK12 showed a distinct expression pattern in the barb cortical
region (Fig. 3E and Fig. S5E). This pattern is distinguished from that
of Chr25-FK12, which showed expression in the barbule plate (Fig.
3B). In scutate scales, Chr27-FK12 was strongly expressed in the E16
outer surface periderm (Fig. 3E and Fig. S5E). Chr27-FK12 was also
faintly expressed in the beak and claw stratum intermedium close to
the stratum corneum (Fig. 3E and Fig. S5E). The expression patterns
of these five β-keratins are summarized in Fig. 3F.
The β-keratin SISH data demonstrated the differential expres-

sion of β-keratin genes in different developing skin appendages.
Together, the α- and β-keratin SISH data suggest that temporal
and spatial expression of both α- and β-keratin genes may affect
the properties of different skin appendages, producing different
structural phenotypes. Keratinocytes residing in different skin
appendages and even within the same appendage may express
different amounts of α- and β-keratin genes, leading to expanded
skin appendage diversity.

Effects of KRT5Mutant Forms on Feather Formation. In our previous
work studying the role of α-keratins in feather morphogenesis, we
ectopically expressed three KRT5 mutant forms mimicking the mu-
tant forms seen in a rare human skin disease, by deleting, re-
spectively, Asn183 (mt1), Val170_Lys191 (mt2), and Arg464_Ala468
(mt3) of chicken KRT5 (25). These mutations in chicken KRT5
correspond to Asn177, Val-164_Lys-185, and Arg429_Ala433
of human K5, which are associated with the Dowling-Meara type of
epidermolysis bullosa herpetiformis (39–41). Adult feather follicles
were injected with RCAS virus directing the expression of mutant
KRT5. Ensuing changes in branching morphogenesis and growth de-
fects were observed (25). Here, we tested the effects of overexpressing
mutant cDNAs on embryonic skin appendage development.
The three mutant forms all showed an abnormal feather fila-

ment. The abnormal phenotype from mutant form 3 is shown in
Fig. 4B (arrows). When RCAS-GFP was used as a control, no
phenotypic change was observed in either whole-mount bright
field view or in paraffin sections (Fig. 4 A and D). Comparing
H&E staining from sections of the GFP control and mutant form
revealed that KRT5 mutations induce alterations in barb ridge
formation (Fig. 4E, compared with Fig. 4D). Each of these
mutations led to an enlarged ramus forming area with larger
medullary cells (red arrows in Fig. 4E). In situ hybridization
using a common β-keratin probe (Fig. 4H) showed that β-keratin
is expressed around the enlarged medullary cells with a reduced
domain size (green arrows, Fig. 4H), compared with the control
(Fig. 4G). In situ hybridization using a common type-II α-keratin
probe showed that type-II α-keratin is only present surrounding
but not in the medullary cells (purple arrows, Fig. 4K, compared
with the control in Fig. 4J). Confocal microscopy of β-keratin
(green color) and KRT75 (red color) showed not only the re-
duced β-keratin positive area in the barbule cells but also the
complex KRT75 network in medullary cells (Fig. 4N, compared
with the control in Fig. 4M). The data indicate that the KRT5
mutation not only affects the expression of other α-keratin genes
but also the distribution of β-keratin transcripts.

Effects of β-Keratin Antisense RNA on Keratin Network Organization.
To study the role of β-keratins in the keratin network and feather
morphogenesis, we constructed RCAS retroviral vectors directing
the synthesis of antisense β-keratin RNAs to suppress endogenous
β-keratin expression. Two constructs, Chr25-FK5 (FK5(-)) and
Chr25-FK8 (FK8(-)), were prepared. Injecting the RCAS virus
transcribing antisense RNA against either feather keratin form
caused similar abnormal feather filament formation. FK8(-)-infected
feathers were much thinner than the RCAS-GFP control (compare
Fig. 4C to Fig. 4A). FK8(-)-infected feathers also showed abnormal
feather filaments with a twisted morphology (arrow in Fig. 4C).
H&E staining showed that the barb ridges are irregular and the
number of medullary cells decreased (Fig. 4F, blue arrow). Further
examination by in situ hybridization using common β-keratin probes
showed that there is a smaller β-keratin negative domain in the ra-
mus forming area (yellow arrow, Fig. 4I). The type-II α-keratin ex-
pression domain became irregular in size and shape (black arrows in
Fig. 4L, compared with Fig. 4J). Confocal microscopy of β-keratin

Fig. 4. Functional study shown by overexpressing α-keratins KRT5 mutant
and feather β-keratin antisense form in embryonic feather development.
The interdependence of α- and β-keratins in forming proper keratin network
is shown by functional perturbation experiment during feather regenera-
tion. (A–C) Bright field view of feather filament at E15. Black arrow indicates
abnormal development. (D–F) H&E staining of cross-sections. Red arrow in-
dicates the enlarged ramus. Blue arrow indicates the abnormal barb ridge
without clear ramus. (G–L) SISH. (G–I) Common β-keratin staining. Green
arrow indicates the β-keratin expression domain surrounding the enlarged
ramus. Yellow arrow indicates the smaller β-keratin negative domain.
(J–L) Common type-II α-keratin staining. Purple arrow indicates the expres-
sion of type II α-keratin, which surrounds the enlarged ramus. Black arrow
indicates the abnormal expression of type II α-keratin. Dotted green lines
indicate a barb ridge. (M–O) Confocal microscopy of double staining for
β-keratin (green) and KRT75 (red). (A, D, G, J, andM) RCAS-GFP control. (B, E,
H, K, and N) KRT5 mutant form 3. (C, F, I, L, and O) Feather keratin 8 anti-
sense form. BP, barb plate; RM, ramus.
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(green color) and KRT75 (red color) showed no discernable
KRT75-positive medullary cells. The β-keratin domain was also
arranged in an irregular pattern (Fig. 4O). Thus, antisense mediated
suppression of β-keratin genes during feather development can af-
fect the expression of both α- and β-keratins and their possible in-
teractions, leading to changes in skin appendage morphology.
Taken together, the above two functional studies showed that

α- and β-keratin mutations or abnormal forms can cause defects
of keratinocytes and alter feather shape. Therefore, we surmise
that the interaction of α- and β-keratins is essential for skin
appendage morphogenesis.

Discussion
Involvement of α- and β-Keratins in Cornification of Chicken Skin
Appendages. Keratins play an important role in maintaining the
cytoarchitecture of an epithelial cell. In the skin, they can be
converted into a keratinized horny material such as hair, nails, or
feathers in different vertebrates. This process, called cornifica-
tion, occurs through the association of keratin filament proteins
with keratin-associated proteins (11). In vertebrates, α-keratins
are the major component for conversion of squamous epithelial
cells into keratinized structures. In reptiles and birds, in addition
to α-keratins, their keratinocytes express β-keratins. Thus, avian
skin appendages are mainly formed from the products of α- and
β-keratins (42, 43). Although the acquisition of new β-keratin
genes and divergence of avian α-keratin genes most likely cor-
relate with functional diversification, little progress has been
made to characterize their specific expression profiles in differ-
ent skin appendages.
α- and β-keratins have been characterized by biochemical and

immunocytochemical analyses (1, 44). In birds, α-keratins (in-
termediate filament proteins) produce α-X-ray patterns that are
present in various skin appendages (1). In chickens, five β-keratin
subfamilies (claw, feather, feather-like, keratinocyte, and scale)
have been classified by sequence heterogeneity and tissue-specific
expression (14, 24, 25, 45–47). Each of these studies only provided
rough profiles due to the limitations of older techniques. Despite
their limitations, these studies demonstrated regional specificity
of corneous genes in different skin appendages. The differences
come in two hierarchical levels: one is different compositions of
keratins in different skin appendages at the macrolevel of body
regions, the other is different keratins expressed in the microlevel
of detail differences within one appendage. For example, feathers
and scales might use different β-keratins, whereas different parts
of scutate scales (outer surface versus inner surface) might use
different α- and β-keratins. At hatching, reticulate scales express
three α-keratin polypeptides compared with six in scutate scales.
In contrast, no β-keratins were found previously in reticulate scales
(1). Further, we now found β-keratins expressed in complex ways
in different parts of a feather.
Avian β-keratins have a molecular mass of 10–30 kDa, like many

mammalian keratin-associated proteins (KAPs) that form an
amorphous matrix around α-keratins or may replace most
α-keratins to form a dense corneous material (11). Alkaline
(basic) avian β-keratins interact with acidic α-keratins. This
interaction is indicated by the colocalization of α- and β-keratins
in scales, claws, and feathers determined by ultrastructural
studies (48).

Advances in the Genomic Sequence of α- and β-Keratins Enhance Our
Ability To Characterize Their Differential Expression in Skin Appendages.
Recent advances in large-scale sequencing of avian genomes
(13, 49) facilitate the study of α- and β-keratin gene regulation
during skin appendage morphogenesis. However, mapping the
β-keratin genes onto the avian genome has been challenging be-
cause of the high homology between duplicated genes. Previous
genome-wide comparative analyses in zebra finches and chickens
identified several β-keratin gene clusters; the largest two are on

chromosomes 25 (Chr25) and 27 (Chr27) (24). Recently, we made
an exhaustive search of α- and β-keratin genes in the current
chicken genome assembly (Galgal4) and updated the keratin gene
annotation (25).
Our α- and β-keratin gene annotation provides a higher reso-

lution gene sequence and localization within the genome than was
available previously (25). This enhanced sequence enabled us to
investigate differential α- and β-keratin gene expression in various
feather forms at different regeneration time points. Knowledge of
the timing and tissue expression of the many α- and β-keratin genes
allows us to associate feather shape with the specific α- and
β-keratins produced to form the ramus, rachis, and calamus in
various feather types (plumulaceous versus pennaceous, contour
versus flight feathers) (25). The expression profiles of these α- and
β-keratins are critical to understanding the molecular mechanism
underlying the structural variation of feather diversity (38).
In the current study, we examined the differential expression

of α- and β-keratin genes in different developing skin appendages
at the genome level. Using transcriptomic analysis and specific
α- and β-keratin probes, we studied their transcript distribution
in embryonic feather follicles. SISH and RNA-seq showed that
α- and β-keratins are preferentially expressed in different parts of
skin appendages, but β-keratin genes show a higher level of dif-
ferential expression (Fig. 5 A and B). Interestingly, feathers have
a higher proportion of differentially expressed β-keratin genes
compared with other skin appendages (Table 1). Embryonic
chicken feathers highly use feather-β-keratin genes from Chr1,
Chr10, Chr25, and some members from Chr27 in the keratiniza-
tion process, whereas feather-β-keratin genes from Chr2 and Chr6
are mainly expressed in the rachis of adult contour feathers (25).
This observation implies that feather keratin cluster expansion
and subfunctionalization are important for avian feather evolution
and diversification.

Fig. 5. Summary of topographic expression patterns of α- and β-keratin
genes in different skin appendages. (A) Regional differences among differ-
ent skin appendages. Each line indicates the expression of keratin genes in
certain appendages. The missing line indicates the negative or undetectable
RNA expression. (B) Intraappendage differences of keratin expression. We
only show the differentially expressed keratin genes in B. Colors represent
the indicated keratin genes. (C) β-keratin gene arrangements on Chr25 and
Chr27. The marked genes are used in β-keratin in situ hybridization. Claw,
claw keratin; FK, feather keratin; FL, feather-like keratin; Ktn, keratinocyte
keratin; Scale, scale keratin.
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It is worth mentioning that specific SISH probes for β-keratins
are difficult to choose, even when using the 3′ UTR regions,
especially within the same gene cluster. For example, most 3′ UTR
of Chr27-Feather keratin genes are too similar to use SISH to
distinguish their individual expression patterns.

Interactions of α/β-Keratins and the Assembly of Keratin Networks.
To evaluate the importance of α- and β-keratin interdependence
in forming keratin networks in avian keratinocytes, we per-
formed functional analyses by using α-keratin mutant forms and
β-keratin antisense forms. Each experimental condition led to
the formation of abnormal feather filaments and defects in both
α- and β-keratin deposition. Our data revealed that proper inter-
actions between α- and β-keratins are critical for skin appendage
morphogenesis.
Previously, we showed that mutations in KRT75(KRT75A), an

α-keratin, caused a curvature of the rachis producing the Frizzle
phenotype in domestic chickens (50). KRT75 is expressed in the
medulla of the rachis and ramus. In contrast, KRT5 is expressed
in the basal layer in both embryonic and adult feathers. Ectopic
expression of a mutant KRT75 mimicked the Frizzle phenotype,
whereas ectopic expression of a mutant KRT5 can affect the
morphogenesis of adult wing feathers. One KRT5 mutant form
even caused the feathers to stop growing, which suggests that
KRT5 can affect keratinocyte fate and behavior (25). These re-
sults suggest that the distribution of α-keratin expression is related
to their contribution to feather shape. In the current study, we
further show that expressing mutant KRT5 forms in developing
feather follicles can affect embryonic feather filament morpho-
genesis and increase the size of the ramus while decreasing the
size of feather branches (Fig. 4E).
The interaction between α- and β-keratins appears to be im-

portant for avian skin appendage morphogenesis. In the chicken
tongue, immune-electron microscopy demonstrated that α- and
β-keratins colocalize in the stratum intermedium and stratum
corneum (10) and appear to be important for avian skin
appendage morphogenesis. Their colocalization in filament
bundles suggests that there is an as-yet-unknown functional
relationship between α- and β-keratins. A recent immunocy-
tochemical study using double-labeling immunogold showed
embryonic feather barb and barbule cells are full of small
feather-β-proteins. These feather-β-proteins may form compact
corneous materials in barb and barbule cells (11). There may be
direct interactions between α-keratin filaments and β-keratin
filaments that maintains homeostasis among α- and β-keratins
within cells. Furthermore, the stoichometry among α- and
β-keratins could vary in different feather epithelia. The fact
that changes of either keratin type can lead to a disrupted keratin
network and cause perturbed expression at both mRNA and
protein levels suggests their intimate relationship. However, it is
still unknown whether such feedback dependence acts at the
transcriptional or translational level.
The current study helps us understand how a complex structure

has evolved by reconstructing new cytoskeletal networks. Sup-
pressing the expression of a β-keratin genes altered the expression
of α-keratin at both mRNA and protein levels. Although avian
and reptilian β-keratins can form long fibrous polymers that differ
completely from those of α-keratins, these data suggest that
β-keratins may also feedback to regulate α-keratin expression.
Based on ultrastructural studies, 8- to 10-nm α-keratin filaments
formed and then were replaced or masked by 3- to 4-nm-thick
β-keratin filaments (48), suggesting that the normal spatial and
temporal expression of α-keratin is required for the proper for-
mation of β-keratin filaments.
Besides for being structural proteins, α-keratins are also in-

creasingly recognized as regulators of other cellular properties and
functions, including apico-basal polarization, cell motility, cell
size, cell transport, cell compartmentalization, cell differentiation,

protein synthesis, membrane trafficking, and signaling (51–58).
Many diseases associated with mutations in α-keratin genes may
not be due to structural alterations, but rather involvement in
organizing cytoplasmic architecture, signaling, and/or regulating
transcription (59). Suppressing β-keratin genes significantly affects
the expression of α-keratin genes, suggesting that β-keratins may
also have nonstructural and mechanical functions as well. How-
ever, whether β-keratins directly participate in other cellular
functions or affect the expression of α-keratin genes via disruption
of intermediate filament networks are worth investigating in
the future.
Our results using a molecular approach demonstrate that ex-

pression and interactions of α- and β-keratins are critical for kera-
tinization and are essential for appropriate feather morphogenesis
during development. Combined, these data suggest that α-keratin
gene coding sequences and their cis-regulatory elements evolved to
participate in protein–protein interactions and regulatory networks
controlling the cornification of skin appendages in avians. Our
current study helps us understand how a complex structure evolved
by constructing new cytoskeletal networks.
The expression and functional data suggest that each kerati-

nocyte in different skin appendages and within the same ap-
pendage may express different amounts of α- and β-keratin
components. Mutations in α- or β-keratins or an antisense form
can cause defective keratin deposition and alter the morphogen-
esis process. The differential combination of keratin types (hard/
soft, flexible/rigid) may alter skin appendage properties and offer
novel functions. Specific α- or β-keratin expression in skin ap-
pendage subdomains may fine tune skin appendage structure and
function. These refined expression patterns would enable the
development of diverse skin appendage forms to open new envi-
ronmental niches for evolutionary selection.

Evolutionary Perspective on how Cytoskeletal Network Evolution
Expanded Architectural Features in Skin Appendages. Avian ge-
nomes may be more static compared with mammalian genomes
(60). Despite their highly innovative morphological features, few
unique changes have been detected in different bird genomes.
Evolutionarily novel genes associated with feather development
were largely unknown. The radiation and expansion of β-keratins
are among the few obvious changes found on the lineage leading to
birds (14, 24, 26, 61). The emergence of novel, lineage-specific,
morphological features is known to have occurred through gene
family expansions (62). Our RNA-seq data showed that embryonic
chicken feathers mainly use feather-β-keratin genes from Chr1,
Chr10, Chr25, and some of feather-β-keratin genes from Chr27
during the keratinization process. This finding indicates that at
least 74.5% of total β-keratin genes are involved, implying that
feather keratin cluster expansion was important for the di-
versification of chicken feathers, although the function of β-ker-
atins has not been studied until now. Given the fact that β-keratins
are expressed in novel substructures of feather rachis and barbs, it
would be particularly interesting to study the regulatory regions of
these keratins. A comparative genomic study was taken to identify
conserved nonexonic regulatory elements in the genomes of ar-
chosaur lineage, but no exceptional expansion was identified
near avian β-keratins (12). We are using ChIP-seq analyses to
identify the regulatory elements of the keratin complexes. It
will be exciting to see whether future studies in the field find
that the regulatory elements reside beside each α- or β-keratin
gene or if there is a master regulatory element located outside
of the whole cluster.
The sauropsid ancestor evolved fibrous β-keratins that contain

mostly β-pleated sheets and form fibrous polymers and filaments
instead of an amorphous matrix as occurs with mammalian KAPs
(11). There is no evidence of mammalian KAP proteins in fishes
or amphibians, suggesting that mammalian KAPs and reptilian
β-keratins are not homologous. Differences in the KAP gene
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repertoire, gene expression, and molecular evolution were
suggested to be responsible for microphenotypic and macro-
phenotypic hair diversification among mammals in response to
adaptations to ecological pressures. A smaller type of fibrous
β-keratins, identified as feather-β-keratins, permits the formation
of branched barbs and feathers and evolved in the lineage of ar-
chosaurian reptiles from which birds are derived (15, 20, 63).
Feather-β-keratins are prevalently organized along parallel fi-
bers, whereas scale- or claw-β-keratins have a more irregular
orientation and interwoven structure, making feathers more
flexible but less resistant to abrasion (11). The arrangement of
the β-keratins in the cortex (outer shell) and medulla (central
foam-like configuration) add physical strength to the feather
structure although the precise details underlying this domain-
specific expression still are unknown (64).
Birds have scales on their feet. Because avian scales seem to

resemble reptilian scales and are also composed mainly of
β-keratins, some scholars have proposed that they are homolo-
gous. Alternatively, the overlapping scales of birds have been
proposed to develop later in evolution, being secondarily derived
(34, 35). Given the evidence of the four winged feathered di-
nosaurs (63), birds might have originally been entirely covered by
feathers, except for the plantar surface of their feet, in which the
feather formation program is blocked at its initiation step.
Studies on the avian embryonic cell lineage of feathers and scales
and the reptilian lineage of scales suggest that these processes
are homologous (34–36). These processes probably use conserved
signaling modules in their common ancestors (34), but then
modify the signaling modules to form different mature appendage
phenotypes. Further comparisons of signaling molecules and
structural protein analyses such as keratins should enhance the
understanding of skin appendage evolution in the future.
In summary, by exploring α- and β-keratin gene expression in

different skin appendages, our findings extend research on em-
bryonic skin appendages. RNA-seq data showed that β-keratin
genes have a distinct expression profile in each skin appendage
(Fig. 2G). Five representative β-keratin gene clusters on chro-
mosomes 25 and 27 showed expression specificity among dif-
ferent appendages and even within the same appendage (Figs. 3F
and 5 A–C). For example, feather-β-keratins on chromosome 25
and 27 have distinct expression patterns in the barb ridge (Fig.
3F). The former (Chr25-FK12) is expressed in the barb plate (the
future barbules), whereas the latter (Chr27-FK12) is in the cortical
cells of the ramus. This result suggests that β-keratin paralogs on
different chromosomes may play different roles during feather
morphogenesis and may be under different regulation. Insights
from this study highlight the importance of α- and β-keratins to the
structure and function of ectodermal organs, which contribute to
the origin and evolution of feathers. Further studies will be neces-
sary to illustrate the temporal and spatial control of keratin gene
cluster regulation. Overall, our data suggest that morphological and
structural diversity of skin appendages can largely be attributed to
the differential combinations of α- and β-keratin genes; both α- and
β-keratin are required for the proper assembly of keratin network in
chicken keratinocytes. Moreover, β-keratins play a more important
role in producing elaborate feather architectures. How α- and
β-keratins are induced at the right time and space to build novel and
complex skin appendages in development and evolution will be the
next challenge.

Materials and Methods
Eggs. Pathogen-free fertilized eggs were purchased from SPAFAS. For viral-
mediated functional studies, 4 μL of concentrated RCAS viruses was injected
to the amniotic cavity at E3 (stage 18) and samples were collected at E15
(stage 41).

Construction of RCAS-KRT5 Mutant Forms. The three KRT5 mutant forms were
cloned as described in Ng et al. (25). KRT5-N183Δ, KRT5-R464_A468Δ, and

KRT5-V170_K191Δ were generated by using the QuikChange Lightening
Site-Directed Mutagenesis Kit (Agilent Technologies) and the QuikChange
Lightening Multi Site-Directed Mutagenesis Kit (Agilent Technologies).
Mutated genes were transferred to the cDNAs to a Gateway compatible
RCASBP-Y DV vector. Virus was made according to Jiang et al. and concen-
trated by ultracentrifugation (65).

Construction of RCAS-β-Keratin Antisense Form. To construct the β-keratin
antisense form, we used RT-PCR to clone feather keratin 5 (FK5) and 8 (FK8)
genes, which both reside on Chr25. PCR primers, FK5-forward, (5′-CTCTCCA-
GGTCCACCTCCAT-3′), Fk5-backward (5′-TTCCCGGGCTATAACATCTG-3′); and
FK8-forward, (5′-GGTGAAAAAGTCCACCTCCA-3′), FK8-backward, (5′-TTCTTT-
GCAGGACAGAGCAA-3′). The PCR products were then cloned into RCAS in the
antisense orientation and validated by sequencing.

RNA-seq. RNA-seq was performed on replicate samples from E14 embryos
(feathers, scutate scales, reticulate scales, claws, and beaks) and E16 embryos
(scutate scales, reticulate scales; Table S1). For all embryonic samples, RNA
was extracted by using TRIzol reagent (Invitrogen) from combined epidermis
and dermis. Two micrograms of total RNA from each sample was used to
construct an RNA-seq library by using TruSeq RNA sample preparation v2 kit
(Illumina). Sequencing (50 cycles single read) was performed by using Hi-seq
2000 at the University of Southern California Epigenome Center. RNA-seq
mapping was done as described (25).

Read Mapping and Transcriptome Analyses. TopHat2 was used for alignment.
HTSeq software was used to count the number of reads mapped to each gene
(66). If the fragments were multiply mapped on different genes, the reads
will be removed from the analysis. The weighted trimmed mean of the log
expression ratios (trimmed mean of M values) were calculated for normali-
zation (67). PCA was carried out on normalized read counts by using edgeR
(68). Genes differentially expressed among embryonic samples were de-
termined by edgeR. False discovery rate <0.05 was used as a threshold to
determine significant differences in gene expression. For hierarchical clus-
tering, quantification and normalization were performed by Partek E/M and
FPKM, respectively.

Paraffin Section. Chicken embryos were collected, fixed in 4% (wt/vol) para-
formaldehyde at 4 °C overnight for immunohistochemistry, and 7-μm paraffin
sections were prepared, following the procedures described by Jiang et al. (65).
Skin appendages from the same stage were fixed as a group and embedded
within the same paraffin block to ensure that different samples were prepared
by using the same fixation and in situ hybridization conditions. For each stage,
two sets of samples were prepared in duplicate.

mRNA in Situ Hybridization. To generate specific α- and β-keratin antisense
RNA probes, we used the 3′ UTR (untranslated region) mRNA region as PCR
targets. PCR primers for each keratin form are listed in Table S2. We also
include a common type-II α-keratin probe and a common β-keratin probe,
using the conserved coding region as the PCR target (Table S2). The PCR
product was inserted into the p-drive plasmid (Qiagen). Nonradioactive in
situ hybridization was performed according to procedures described in
Chuong et al. (69). Diluted eosin was used for faint counterstaining.

Immunostaining and Imaging. Double fluorescent immunostaining was per-
formed by using antibodies against humanKRT75 (ab76486; Abcam) or β-keratin
(a gift from Roger Sawyer, University of South Carolina, Columbia, SC). We used
Alexa Fluor 546 anti-mouse IgG (A11030) and 488 anti-rabbit IgG (A11008) as
secondary antibodies, respectively. Sections were imaged with a Zeiss 510
confocal microscope (University of Southern California, Liver Center). DAPI was
used to visualize the nuclei.
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Fig. S1. The structure of different chicken skin appendages. (A) Bright field view of skin appendages at E16. (B–F) Schematic drawing of embryonic skin
appendages and the layers that comprise them. (B) Beak. (C) Feather. (D) Scutate scale. (E) Reticulate scale. (F) Claw. AP, axial plate; Bc, barb cortex; Bm, barb
medulla; BP, barb plate; BR, barb ridge; Et, egg tooth; FS, feather sheath; Hg, hinge; IS, inner surface; LB; lower beak; MP, marginal plate; OS, outer surface; PD,
periderm; PI, Phalange I; PM, periderm above the egg tooth; PP, pulp; RM, ramus; S, surface; SB, stratum basal; SC, stratum corneum; SI, stratum intermedium;
SP, subperiderm; Su, subunguis; UB, upper beak; Ug, unguis.
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Fig. S2. The expression of common β-keratin transcripts in E12–E16 skin appendages. H&E (Left) and β-keratin in situ hybridization (Middle and Right, Right
has higher magnification). E12, Upper; E14, Middle; E16, Lower. (A) Beak. (B) Feather. (C) Scutate scale. (D) Reticulate scale. (E) Claw. Black dotted line in A and
C–E indicate the basement membrane. Green dotted line in B indicates the barb ridge. Black arrows in B indicate the barb plate. Red arrow in A indicates the
oral epidermis. Red dotted circle in B indicates the ramus forming region. BP, barb plate; BR, barb ridge; Et, egg tooth; FS, feather sheath; Hg, hinge; IS, inner
surface; LB; lower beak; OS, outer surface; PP, pulp; RM, ramus; S, surface; Su, subunguis; UB, upper beak; Ug, unguis.
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Fig. S3. RNA-seq analysis of chicken skin in different regions and developmental time. (A) PCA plot of RNA-seq samples for all genes. Similarities of gene
expression patterns were calculated and mapped for E14 beaks, E14 feathers, E14 scutate scales, E14 reticulate scales, E14 claws, E16 scutate scales, and E16
reticulate scales. (B) Hierarchical clustering of α-keratin gene expression profile inferred from RNA-seq data.
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Fig. S4. In situ hybridization of four representative α-keratin transcripts in different skin appendages at E14 and E16. Type I α-keratin, KRT13A (A); KRT14 (B).
Type II α-keratin, KRT75A (C); KRT5 (D). (Upper) E14. (Lower) E16. Insets are higher magnification views of the indicated area. Black dotted line indicates the
basement membrane. Et; egg tooth; FS, feather sheath; Hg, hinge; IS, inner surface; LB, lower beak, OS, outer surface; S, surface; Su, subunguis; UB; upper
beak, Ug, unguis.
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Fig. S5. In situ hybridization of five representative β-keratin transcripts encoded on Chr25 and Chr27 among different skin appendages at E14 and E16.
(A) Chr25-Claw9. (B) Chr25-FK12. (C) Chr25-Scale18. (D) Chr25-F. (E) Chr27-FK12. Arrows in C indicate the expression of Scale18 in lower beak inner-oral epidermis
and subunguis. (Upper) E14. (Lower) E16. Insets are higher magnification views of the indicated area. Black dotted line indicates the basement membrane. Et;
egg tooth; FS, feather sheath; Hg, hinge; IS, inner surface; LB, lower beak, OS, outer surface; S, surface; Su, subunguis; UB; upper beak, Ug, unguis.

Table S1. List of RNA-seq samples

Stages No. of samples

E14
E14 Feather 2
E14 Scutate scale 2
E14 reticulate scale 2
E14 Claw 2
E14 Beak 2
E16
E16 Scutate scale 2
E16 reticulate scale 2
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Table S2. List of probes used for in situ hybridization

Probes used in this paper Probes name used in ref. 25 Forward primer Backward primer PCR size, bp

Common probes
Common α type II Common α type II CGACAACAAATTTGCCTCCT CATCTGCCTTGGCCTGTAGT 359
Common β-keratin Common β-keratin ATGTCCTGCTCCAACCTC GGGGAAGGAGCTGAGGAT 156

Specific probes
α type I

KRT13A KRT17 CGGGCTAGGAGATGACACAG CATCAGGCAGAAGCACAGTT 251
KRT14 KRT14 CTCATCCCGTGAGCAGATG GCTTTATTAAATGTGTACAGAATGCAC 173

α type II
KRT5 KRT5 GCAACGTGCTGTCTTACCAA GATGTGAGTAGGGGCTTCCA 393
KRT75A KRT75 CTCCCTCACCAGAAAACACC GACAAACACCAGAGAGTGAAGAGA 302

β-keratin (Chr25)
Claw9 Claw4 CTCTGTCCGTGGTTGAAGAAG AGAGGGCAGAGGGACAGG 230
FK12 FK14 TGAGGTGGACATCCTGTGAA A CAATGGGATGCCTGACTTC 329
Scale18 Scale5 ATCTCACATGAAGGCCCAAG TGTTTCCAGACAGTTCCAGAGA 309
Ktn13 N/A AGCCAATGTCTCCCATTCC TCAGCCAGCTGCATGAATAC 200

β-keratin (Chr27)
FK12 FK12 GCCATGATCCTGGTGAAATC AGCTCATGCAAGGCTTGTG 316
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