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Abstract

The evolution of reptiles, birds, and mammals was associated with the origin of unique integumentary structures. Studies
on lizards, chicken, and humans have suggested that the evolution of major structural proteins of the outermost,
cornified layers of the epidermis was driven by the diversification of a gene cluster called Epidermal Differentiation
Complex (EDC). Turtles have evolved unique defense mechanisms that depend on mechanically resilient modifications of
the epidermis. To investigate whether the evolution of the integument in these reptiles was associated with specific
adaptations of the sequences and expression patterns of EDC-related genes, we utilized newly available genome se-
quences to determine the epidermal differentiation gene complement of turtles. The EDC of the western painted turtle
(Chrysemys picta bellii) comprises more than 100 genes, including at least 48 genes that encode proteins referred to as
beta-keratins or corneous beta-proteins. Several EDC proteins have evolved cysteine/proline contents beyond 50% of
total amino acid residues. Comparative genomics suggests that distinct subfamilies of EDC genes have been expanded and
partly translocated to loci outside of the EDC in turtles. Gene expression analysis in the European pond turtle (Emys
orbicularis) showed that EDC genes are differentially expressed in the skin of the various body sites and that a subset of
beta-keratin genes within the EDC as well as those located outside of the EDC are expressed predominantly in the shell.
Our findings give strong support to the hypothesis that the evolutionary innovation of the turtle shell involved specific
molecular adaptations of epidermal differentiation.
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Introduction
Turtles are a clade of reptiles that have evolutionarily diverged
from their next relatives, that is, the archosaurs (crocodilians
and birds) approximately 240–260 Ma (fig. 1A; Iwabe
et al. 2005; Kumar and Hedges 2011; Shaffer et al. 2013;
Wang et al. 2013; Thomson et al. 2014; Bever et al. 2015;
Crawford et al. 2015). The most important morphological
innovation in the evolution of turtles has been the shell
which is composed of skeletal, dermal, and epidermal ele-
ments that together form the ventral plastron and the
dorsal carapace (Zangerl 1969). The complex evolution and
development of the bony elements of the turtle shell have
been extensively studied and reviewed (Ruckes 1929; Burke
1989; Reisz and Head 2008; Nagashima et al. 2009; Hirasawa
et al. 2013, 2015; Rice et al. 2015). The epidermal components
of the shell are the scutes in hard-shelled turtles and the
largely unpatterned epidermis in soft-shelled turtles

(Thomson et al. 2014). The latter have lost both scales, an
ancestral trait of reptiles, and scutes, which are generally con-
sidered to be derived from scales (Alibardi and Thompson
1999; Thomson et al. 2014). Other important epidermal struc-
tures of turtles are the claws, which are shared with other
amniotes (Alibardi 2003, 2014) and the rhamphotheca, a
horny sheath covering the mandibles that functionally com-
pensates the absence of teeth in turtles. The molecular basis
for the evolution of epidermal structures in turtles is only
beginning to emerge (Dalla Valle et al. 2009; Li et al. 2013;
Moustakas-Verho et al. 2014, 2015).

The epidermis of vertebrates is a stratified epithelium in
which cells of the basal layer proliferate and start to differen-
tiate upon detachment from the basement membrane that
separates the epidermis from the underlying dermis.
Keratinocyte differentiation involves the transcriptional
upregulation of genes that encode structural proteins and
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the passive movement of cells toward the skin surface.
Ultimately, keratinocytes undergo cornification, a mode of
programmed cell death (Eckhart et al. 2013) that generates
mechanically rigid and interconnected cell corpses (corneo-
cytes) (fig. 1B). Although the molecular determinants of
epidermal differentiation have been characterized only in-
completely in turtles, it can be inferred from comparison
with other amniotes (Strasser et al. 2014) that the epidermal
features of turtles are a consequence of specific adaptations of
the process of keratinocyte differentiation.

In mammals, many of the components of the cornified
protein envelope of corneocytes are encoded by genes of a
gene cluster known as the Epidermal Differentiation Complex
(EDC) (Mischke et al. 1996). The human EDC comprises genes
encoding S100A proteins, peptidoglycan recognition proteins
(PGLYRP), simple EDC (SEDC) genes with one noncoding and
one coding exon such as loricrin, involucrin, and small pro-
line-rich proteins, and S100 fused-type proteins (SFTPs) such
as cornulin, trichohyalin, and filaggrin (Henry et al. 2012;
Kypriotou et al. 2012).

Recently, we have shown that a gene cluster with the same
basic organization is also present in two sauropsidian model
species, the chicken and the green anole lizard (Strasser et al.
2014). Moreover, in the above study we demonstrated that
these genes are specifically expressed in epidermal keratino-
cytes. Loricrin contributes to the formation of the skin barrier
not only in mammals but also in lizards (Strasser et al. 2014).
SFTPs are expressed in human and avian epithelia that func-
tion as scaffolds for growing skin appendages such as claws,
hair, and feathers (Mlitz et al. 2014). Recently, a new epider-
mal differentiation cysteine-rich protein (EDCRP) has been
detected as a component of avian feathers (Strasser et al.
2015). Importantly, gene locus synteny (Vanhoutteghem
et al. 2008; Strasser et al. 2014) and conservation of exon–
intron organization (Strasser et al. 2014) have led to the

hypothesis that the beta-keratins, which are widely consid-
ered the main epidermal proteins of sauropsids (Fraser and
Parry 1996, 2014; Alibardi et al. 2009), have originated in the
EDC and represent a sauropsid-specific subtype of SEDC gene
products (Strasser et al. 2014). It is important to note that the
term “beta-keratins” indicates neither common ancestry nor
sequence similarity to “keratins” in the sense used by the
Gene Nomenclature Committee. The latter group of proteins
was originally named “alpha-keratins” and belongs to the in-
termediate filament protein superfamily (Schweizer et al.
2006). We advocate the renaming of beta-keratins to “corne-
ous beta-proteins” or another term without the misleading
word keratin, but we will use the traditional term here to link
our report to the previous literature on skin proteins of tur-
tles. The phylogeny of beta-keratins in turtles has been
recently reported (Li et al. 2013); however, the role of the
EDC in the evolution of the unique integument of turtles
has remained elusive.

Here, we report the identification of the genes that con-
stitute the EDC in turtles, the investigation of EDC gene ex-
pression in a turtle model species, and comparative analyses
that suggest evolutionary trajectories for the main types of
EDC genes in turtles. Our results reveal that the evolution of
turtles involved expansions of gene families within the EDC,
translocations of beta-keratin and other genes to novel loci
outside of the EDC, and adaptations of EDC gene expression
patterns to turtle-specific integumentary structures.

Results

The Basic Organization of the EDC Is Conserved
in Turtles

To investigate the presence and organization of the EDC in a
representative turtle species, we used the published genome
sequence of the western painted turtle, Chrysemys picta bellii
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FIG. 1. Schematic overview of the phylogenetic position of turtles and keratinocyte differentiation in the epidermis of turtles. (A) Phylogenetic tree of
turtles and other vertebrates. (B) Diagram of the epidermis of turtles and other amniotes. Keratinocytes proliferate in the basal layer (yellow) and, upon
transition into suprabasal layers, undergo a differentiation program that ultimately converts living cells into dead components of the cornified layer
(red) (left panel). Variations of the gene expression program during differentiation lead to various epidermal structures of turtles, such as the scutes of
the shell (right panel).
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(Shaffer et al. 2013), and determined the set of genes located
between the homologs of S100A12 and S100A11 genes.
Automatic gene prediction algorithms had failed to correctly
annotate many EDC genes of the chicken and lizard (Strasser
et al. 2014), and were also not considered reliable for C. picta.
Therefore, we used the existing gene annotations for S100A
and PGLYRP genes only, and performed tBLASTn searches
with the amino acid sequences of human, chicken, and lizard
EDC-encoded proteins (Strasser et al. 2014) and predicted
additional genes of the SEDC type by screening conceptual
translations of the EDC nucleotide sequence. Iterative rounds
of gene searches were performed in which newly predicted
amino acid sequences were used as query sequences for the
tBLASTn searches.

The EDC of the western painted turtle has an organization
of largely shared synteny with that of the chicken (Strasser
et al. 2014; fig. 2). Besides 12 S100A genes and PGLYRP3, we
identified a homolog of EDKM, 90 SEDC genes (including five
partial genes) and 2 SFTP genes on the EDC scaffold
(GenBank accession number NW_007281429.1) of the
C. picta genome (supplementary tables S1 and S2 and
fig. S1, Supplementary Material online). Names and abbrevi-
ations were tentatively assigned to these genes according to a
preliminary nomenclature system for sauropsidian EDC genes
(Strasser et al. 2014; supplementary table S1, Supplementary
Material online). In addition to the SEDC genes on the EDC
scaffold, we identified SEDC gene homologs at two genome
loci outside of the EDC as well as on several short scaffolds
that did not contain any other genes than SEDCs. Because the
scaffold containing the great majority of EDC genes has sev-
eral sequence gaps, it is possible and even likely that some of
the latter scaffolds have not yet been integrated into their
correct position within the EDC and that the number of
genes within the EDC is higher than that on the genomic
scaffold mentioned above. Details on the SEDC genes identi-
fied at non-EDC loci are provided below.

The gene loci identified in C. picta were compared to those
of three other turtles of which genome sequences were avail-
able in GenBank, that is, Chelonia mydas, Pelodiscus sinensis,
and Apalone spinifera. These comparisons showed a similar
organization of the EDC in Che. mydas and P. sinensis (supple-
mentary tables S3 and S4 and figs. S2 and S3, Supplementary

Material online) whereas the fragmented genome sequence
assembly of A. spinifera did not allow alignments of sufficient
length (not shown).

Proteins Encoded by Turtle EDC Genes Have Evolved
Extreme Biases in Amino Acid Compositions and
Highly Repetitive Sequences

The newly identified EDC gene sequences of turtles
were translated in silico (supplementary figs. S1 and S2,
Supplementary Material online) and the resulting amino se-
quences were analyzed for features that might be associated
with the presumable function of the encoded proteins in the
epidermis of turtles. As previous studies have suggested that
the evolution of the EDC has generated SEDC proteins with
highly diverse amino acid compositions (Strasser et al. 2014),
we determined the amino acid contents of SEDC proteins in
C. picta. Indeed, many SEDC proteins of C. picta have ex-
tremely high contents of either glycine and serine, or cysteine
and proline (fig. 3A–C), and, in addition, contain lysine and
glutamine residues which are supposed to be the sites of
protein cross-linking via transglutamination (Strasser et al.
2014). Remarkably, the combined content of cysteine and
proline exceeded 50% of the total amino acid residues in
several SEDC proteins. The genes encoding glycine/serine-
rich proteins were clustered in one half (fig. 2) of the EDC
whereas the genes encoding cysteine/proline-rich proteins
were clustered in the other half (fig. 2) of the EDC, indicating
that they arose by tandem duplication events. Another group
of genes encoding proteins rich in aromatic amino acids,
particularly histidine and tyrosine (supplementary fig. S4,
Supplementary Material online), is located in the central
region of the EDC. These genes are likely homologous to
chicken genes that were previously named “epidermal differ-
entiation proteins starting with the MTF motif” (EDMTFs)
(Strasser et al. 2014). For the turtle homologs of EDMTFs, we
propose the name epidermal differentiation proteins rich in
aromatic amino acids (EDAAs). Beta-keratins, as defined by
the presence of a 34-amino acid residue segment with high
propensity to form beta-sheets (Fraser and Parry 1996, 2014;
Alibardi et al. 2009), are encoded by SEDC genes located on
both sides of the EDAA cluster. The amino-terminal portion
of most beta-keratins does not have an extreme bias in the
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FIG. 2. Organization of the EDC in the turtle Chrysemys picta in comparison to that of the chicken. Genes of the EDC in chicken (chromosome 25) and
the turtle C. picta are schematically depicted. Arrows indicate the orientation of the genes. SEDC genes with two exons are represented by colored
arrows with a black frame whereas other genes are shown as filled arrows. Clusters of beta-keratin genes are shown as boxes (for more detailed
information about beta-keratins, see supplementary fig. S13, Supplementary Material online). The gene EDAA10 (*) is located within the beta-keratin
gene cluster of the turtle. Colors indicate families of genes as defined in the text. Numbers indicate the position of genes within each family cluster but
not 1:1 orthology to specific members of the same gene family in other species. Black vertical lines connect orthologous genes or gene families. Note that
the schemes are not drawn to scale.

728

Holthaus et al. . doi:10.1093/molbev/msv265 MBE

http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv265/-/DC1


amino acid content whereas the carboxy-terminal portion is
typically rich in glycine and tyrosine (fig. 3D).

Among the two SFTPs of C. picta, cornulin is rich in proline
(18%), glutamine (10%), and glutamic acid (14%) whereas
scaffoldin is rich in glutamic acid (~24%), arginine (~22%),
and proline (~18%; the percentage numbers are not accurate
because the gene has not been completely sequenced). In
many SEDC proteins (fig. 3B and C) and in both SFTPs (sup-
plementary fig. S5, Supplementary Material online), the
amino acid sequences are dominated by repeats, possibly
representing the products of inequal crossovers during the
evolution of EDC genes (Strasser et al. 2014). Proteins
encoded by genes at various positions distributed over the
entire length of the SEDC gene cluster of C. picta contain
conserved sequence motifs at their amino and carboxy-
terminus (supplementary fig. S6, Supplementary Material
online), similar to diverse proteins encoded by EDC genes
of humans, chicken, and lizard (Strasser et al. 2014). The con-
servation of lysine and glutamine residues, that is, the target
amino acids of transglutamination (Strasser et al. 2014), sug-
gests that protein cross-linking via transglutamination is a
conserved feature of EDC proteins. Common exon–intron
structure, a gene arrangement compatible with an evolution
by tandem duplications, and the presence of conserved se-
quence elements at the amino- and carboxy-termini of many
(but not all, e.g., beta-keratins) SEDC proteins, support the
hypothesis that SEDC genes have originated from a single or
only few ancestral gene(s) (Strasser et al. 2014). The amino
acid sequences of turtle SEDC proteins exemplify the remark-
able sequence diversification that has accompanied the evo-
lution of epidermal proteins in amniotes (fig. 3E).

Gene Duplications and Translocations Have
Generated Families of SEDC Genes Both Inside and
Outside the EDC of Turtles

To allow for hypotheses on the evolutionary history of indi-
vidual EDC genes of turtles, we next compared the amino acid
sequences of proteins encoded by genes along the EDC.
Classical approaches of molecular phylogenetics were
deemed not applicable for most EDC genes because of the
highly repetitive nature of amino acid sequences and because
of the biased amino acid compositions of the encoded pro-
teins, which precluded unambiguous sequence alignments.
However, we performed a phylogenetic analysis of beta-
keratins (see below).

We found that a large portion of the EDC of C. picta
was comprised by five distinct gene types, namely those
encoding EDQMs (Epidermal Differentiation proteins con-
taining a glutamine (Q) Motif) (supplementary fig. S7,
Supplementary Material online), EDAAs (supplementary
fig. S8, Supplementary Material online), EDP (Epidermal
Differentiation proteins rich in Proline)-like proteins,
EDPCVs (Epidermal Differentiation proteins rich in Proline,
Cysteine and Valine) (supplementary fig. S9, Supplementary
Material online), and beta-keratins (supplementary fig. S10,
Supplementary Material online). Only the existence of the
latter proteins of turtles and their homology to proteins of

the chicken was reported previously (Dalla Valle et al. 2009;
Li et al. 2013). Orthologs of EDQM, EDAA, and EDP-like genes
are also present in the chicken, whereas turtle EDPCV genes
appear to lack counterparts in the chicken (fig. 2).

The number of EDQM genes was higher in C. picta (n = 8)
than in chicken (n = 2), suggesting a lineage-specific expan-
sion of this gene family. Similarly, the number of EDAA genes
in C. picta (n = 22) was higher than the number of the ho-
mologous EDMTF genes in the chicken (n = 5). Unexpectedly,
BLAST searches identified a locus (between genes encoding
SLAMF8 and NLRPs) outside of the EDC that contained EDAA
genes (supplementary fig. S11, Supplementary Material
online). This locus was conserved in Che. mydas and P. sinen-
sis, however in the latter only EDAA genes carrying premature
stop codons or frameshift mutations could be identified. This
pattern of EDAA gene loci is compatible with the hypothesis
that EDAA genes originated within the EDC, and EDAA copies
were translocated next to the SLAMF8 locus (supplementary
fig. S11, Supplementary Material online) in the stem lineage of
turtles. Fifteen EDPCV genes were identified in C. picta,
whereas only four EDPCV genes were found in the soft-shelled
turtle P. sinensis. In the latter we identified a scaffold
(GenBank accession number NW_005854374.1) that con-
tained EDPCV genes as well as the gene Natural killer cell
receptor 2B4-like, suggesting that this scaffold is not part of
the EDC. As neither C. picta nor Che. mydas had EDPCV genes
at syntenic loci, it is likely that the EDPCV gene cluster has
undergone a rearrangement, possibly a translocation of a
subset of its genes, in P. sinensis.

The largest family of SEDC proteins of the turtles are the
beta-keratins. In total, we identified 82 complete and more
than 10 partial beta-keratin genes in the genome of C. picta.
Sequence alignments showed that there were subfamilies
with characteristic sequence motifs (supplementary fig. S10,
Supplementary Material online). Comparisons of beta-keratin
gene loci of C. picta, Che. Mydas, and P. sinensis and genomes
of other vertebrates demonstrated that some of the beta-
keratin genes of the turtles are located adjacent to the
gene ODF3B outside of the EDC (supplementary fig. S12,
Supplementary Material online). No other vertebrates have
beta-keratin genes at this locus, suggesting that this beta-
keratin gene cluster originated specifically in the evolutionary
lineage leading to modern turtles. The beta-keratins encoded
by genes at this locus (tentatively named Beta-O proteins,
whereby O indicates the location of the genes “outside of the
EDC”), are most closely related to beta-keratins encoded by
a subcluster (tentatively named Beta-A) of the beta-
keratin gene cluster in the EDC (supplementary fig. S13,
Supplementary Material online). Within the EDC, the Beta-
A gene cluster is flanked by the Beta-B cluster of beta-keratins
for which we could not identify close homologs outside of the
EDC. The cluster of Beta-A genes of the turtle is syntenic to
“claw beta-keratins” (figure 3 in Greenwold et al. 2014) of the
chicken (designated “Beta claw” in supplementary fig. S13A,
Supplementary Material online). Phylogenetic analysis sug-
gests that beta-keratins of the Beta-A plus Beta-O clade of
turtles and claw, feather, and scale beta-keratins of the
chicken form four separate strongly supported monophyletic
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FIG. 3. SEDC genes encode proteins with extremely biased amino acid composition. (A) The diagram shows the amino acid compositions of SEDC
proteins of Chrysemys picta. The protein data are shown in the order of the corresponding genes in the EDC (fig. 2). Note that out of the main beta-
keratin gene cluster, only the translation products of the first and the last gene are included here. (B–D) Amino acid sequences of exemplary SEDC
proteins. The positions of two predicted beta-sheets in Beta-A4 are indicated. (E) Schematic depiction of the evolutionary diversification of SEDC genes
from a common ancestral gene.
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groups. Furthermore, these groups cluster together to the
exclusion of the other beta-keratins (supplementary
fig. S13B, Supplementary Material online). Together with
the localization of Beta-A genes within the phylogenetically
ancient beta-keratin subcluster of the EDC (supplementary
fig. S13, Supplementary Material online), the strong support
for the joined subtree of Beta-A and Beta-O proteins suggests
that the cluster of Beta-O genes arose by translocation of one
or more ancestral genes from the Beta-A gene cluster,
followed by gene duplications.

In addition to the above-mentioned gene families, the EDC
of turtles contains several individual genes that are ortholo-
gous to EDC genes of the chicken and other amniotes
(Strasser et al. 2014). Like the EDCs of the lizard and human
but different from that of the chicken, the turtle EDC contains
a PGLYRP3 gene. The western painted turtle has a single LOR
gene (fig. 2, supplementary fig. S3, Supplementary Material
online) whereas the chicken has three (Strasser et al. 2014).
Both in turtle and chicken, LOR is flanked by a gene, tentatively
named EDQL (previously named EDQM3 in chicken (Strasser
et al. 2014)), that encodes a protein with a carboxy-terminus
highly similar to that of loricrin (supplementary fig. S14A and
S6 and table S1, Supplementary Material online). EDWM, an
SEDC gene present in all sauropsids investigated so far (Strasser
et al. 2014) is conserved in the hard-shelled turtles C. picta and
Che. mydas but has acquired mutations that destroy its open
reading frame in the soft-shelled turtles P. sinensis and A. spi-
nifera (supplementary fig. S15, Supplementary Material online).
EDCRP (Strasser et al. 2015) and other genes encoding
extremely cysteine-rich proteins are absent between the
EDWM and LOR genes of the turtle whereas they are present
at this site of avian EDCs (fig. 2). EDP3 genes were identified in
C. picta and chicken (supplementary fig. S14B, Supplementary
Material online). Most of the SEDC genes of C. picta had
orthologs with highly conserved sequences in Che. mydas
and P. sinensis (supplementary fig. S16, Supplementary
Material online). However, the numbers of genes in the
SEDC subfamilies of EDQM and EDPCV genes differed (supple-
mentary fig. S3, Supplementary Material online), and SEDC
genes containing multiple internal sequence repeats, such as
LOR and EDPE, could not be faithfully predicted for Che. mydas
and P. sinensis because of uncertainties in the genomic se-
quence assembly (supplementary fig. S3, Supplementary
Material online, and data not shown). Thus, the evolution of
individual EDC genes in the diverse subclades of turtles remains
to be investigated in future studies.

Together, these data suggest that the EDC genes underwent
differential evolution in the lineages leading to turtles and other
sauropsids, with many genes being conserved and some genes
undergoing repeated rounds of tandem duplication events to
give rise to turtle-specific expansions of gene families.

EDC Genes Are Differentially Expressed in the Shell
and Other Integumentary Structures of the European
Pond Turtle

To test whether the predicted EDC genes are expressed, we
investigated RNA-seq data of C. picta and P. sinensis (available

in the National Center for Biotechnology Information (NCBI)
databases, Materials and Methods) and screened the pub-
lished transcriptome sequence reads of the red-eared slider
turtle (Trachemys scripta) (Kaplinsky et al. 2013). The avail-
able RNA-seq information from C. picta did not include spe-
cific samples from skin, nevertheless we found sequence reads
indicating expression of the predicted exons of EDP3, EDPQ1/
2, and two EDPCV genes (Shaffer et al. 2013) (supplementary
table S2A, Supplementary Material online). RNA-seq data
from P. sinensis (Wang et al. 2013) demonstrated expression
of most predicted EDC genes (supplementary table S4A,
Supplementary Material online) and suggested transcrip-
tional upregulation of these genes during the developmental
maturation of the epidermis (supplementary fig. S17,
Supplementary Material online). The analysis of the transcrip-
tome data from T. scripta (Kaplinsky et al. 2013) confirmed
expression of homologs of all genes investigated, including
cornulin, scaffoldin, EDKM, loricrin, EDQL, and EDPE in the
embryo of T. scripta. However, these data did not allow as-
signing the transcripts to particular tissues and body sites.

Therefore, we studied EDC gene expression in freshly pre-
pared turtle tissues. Because C. picta was not available to us,
45-days old embryos of the European pond turtle (Emys orbi-
cularis) from a breeding program at the Vienna Zoo were
investigated. Representative histological images illustrating
the epidermal layers and fully cornified skin structures present
at this embryonic stage are shown in supplementary figure
S18, Supplementary Material online, Supplementary Material
online. Muscle, kidney, tongue (without cornifying ker-
atinocytes), and nose/rhamphotheca, skin of neck, tail, toes
including claws, carapace, and plastron (with cornifying ker-
atinocytes) were subjected to RNA extraction and reverse
transcription polymerase chain reaction (RT-PCR) analyses
using primers that were designed to anneal to the predicted
exons 1 and 2 of EDC genes of C. picta. With the exception of
primers specific for EDPE, all the other PCRs that we per-
formed on the cDNAs derived from different tissues of E.
orbicularis gave single products that could be purified and
sequenced (supplementary fig. S19A and B, Supplementary
Material online). Alignment of cDNA sequences of E. orbicu-
laris to the predicted mRNA sequences of C. picta confirmed
the specificity for the intended targets and revealed a high
degree of sequence conservation between E. orbicularis and C.
picta (supplementary fig. S19C, Supplementary Material
online). A PCR with primers specific for the housekeeping
gene GAPDH confirmed that all preparations of tissue sam-
ples contained cDNAs accessible for PCR amplification,
though differences in cDNA amounts allowed only for semi-
quantitative comparisons of gene expression (fig. 4, lower-
most panel). A cDNA preparation from the nose and
rhamphotheca (rhinotheca) of the turtle embryos contained
transcripts of all the genes investigated whereas other tissues
contained only transcripts of a subset of genes. The physio-
logical significance of the broad gene expression in the skin of
the nose and/or rhamphotheca is unknown.

All genes localized in the EDC were expressed in tissues
that contained epidermal keratinocytes (fig. 4). Likewise,
EDAA genes located outside the EDC (EDAA-O)
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FIG. 4. EDC genes are differentially expressed in the skin of different body sites of the European pond turtle. The expression of EDC genes was
determined by RT-PCR in embryonic tissues of the European pond turtle (Emys orbicularis). Intron-spanning primers were designed using the sequences
of the EDC genes of Chrysemys picta and Chelonia mydas. The RT-PCR products were sequenced and their identity was determined by identifying the
best sequence matches with EDC genes of C. picta (supplementary fig. S19, Supplementary Material online). Red asterisks mark transcripts that are
predominantly expressed in the shell (carapace and/or plastron).
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(supplementary fig. S11, Supplementary Material online) and
beta-keratin genes outside the EDC (Beta-O) (supplementary
fig. S12, Supplementary Material online) were essentially con-
fined to tissues in which keratinocytes cornify (fig. 4).
Transcripts of several EDC genes (LOR, EDQM1, EDP3,
EDAA19) were detected in the skin of all body sites whereas
some genes showed differential expression at the various re-
gions of the body surface. Among beta-keratins, EDbeta1
showed a relatively wide expression pattern whereas Beta-
A1 was expressed only in the nose/mouth region and the
toes, perhaps indicating a role in the hard cornification of
the rhamphotheca and the claws, respectively. Intriguingly,
the transcripts tentatively named Beta-A4, originating from
a gene within the Beta-A subcluster of the beta-keratin gene
cluster of the EDC (supplementary fig. S13A, Supplementary
Material online), and Beta-O17, which corresponds to a beta-
keratin located outside the EDC, were present at the highest
levels of expression in the carapace and the plastron. In par-
ticular, Beta-O17 was essentially specific for the shell because
RT-PCR products from the nose/rhamphotheca and the toes
were much weaker than those from the carapace and the
plastron (fig. 4, uppermost panel). In summary, the expression
analysis of EDC and EDC-related genes of E. orbicularis dem-
onstrated that most genes are differentially expressed at var-
ious body sites and some of these genes, including beta-
keratins of the Beta-A and Beta-O families as well as distinct
SEDC genes different from beta-keratins, are expressed pre-
dominantly in the shell (fig. 4, red asterisks).

Discussion
The results of this study suggest that the evolution of the
unique morphology of turtles involved specific adaptations of
epidermal differentiation genes located in, or originating from
the amniote-specific gene cluster known as EDC (Strasser
et al. 2014). A scenario for the evolution of the EDC in turtles
is schematically depicted in figure 5. According to this model,
the basic organization of the EDC was inherited from a
common ancestor of turtles and their next relatives, the ar-
chosaurs. In the lineage leading to turtles, EDAA and beta-
keratin genes were independently translocated to loci outside
the EDC. The EDQM and EDPCV gene families as well as EDAA
and beta-keratin genes both within and outside the EDC
expanded by repeated gene duplications. Furthermore,
many EDC genes acquired differential expression patterns in
various skin structures. We propose that some EDC genes,
including a subset of beta-keratin genes (members of the
Beta-A cluster), and beta-keratin genes at the locus outside
of the EDC (Beta-O) evolved a predominant expression in
scales of the dorsal and ventral aspects of the body where
they contributed to the evolution of the hard scutes of the
shell.

EDC genes encode structural proteins of epidermal kerati-
nocytes (Henry et al. 2012; Kypriotou et al. 2012; Eckhart et al.
2013). In particular, proteins encoded by SEDC genes are sup-
posed to exert their function by becoming cross-linked com-
ponents of mechanically resilient structures at the skin surface
(Candi et al. 2005; Eckhart et al. 2013). The relative abundance
and the type of molecular interactions of individual proteins

likely modulate the physicochemical parameters of cornifica-
tion products such as the pliable cornified layer of the “soft”
epidermis and the more rigid scutes of the shell. Our data
suggest that SEDC protein families with very different amino
acid contents have expanded during the evolution of turtles,
namely EDQMs (containing a characteristic stretch of gluta-
mine residues), EDPCVs (rich in proline and cysteine residues),
EDAAs (rich in aromatic amino acids), and beta-keratins. The
distinct sequence features of these protein families might fa-
cilitate different types of interactions with other structural
proteins of cornifying keratinocytes, including keratins, cyto-
linkers, and cell junction proteins that are encoded by genes
at loci outside of the EDC (Niessen 2007; Vandebergh and
Bossuyt 2012; Wiche et al. 2015). Glutamine and cysteine
residues (present in EDQMs and EDPCVs) are the main
sites of intermolecular cross-linking of EDC proteins via trans-
glutamination and disulfide bond formation, respectively
(Kalinin et al. 2002; Eckhart et al. 2013; Rice et al. 2013).
Stretches of glycine residues, located between transglutami-
nation sites of EDQM proteins possibly allow for flexible
changes in protein length that are supposed to contribute
to the compaction of the cellular protein envelope during
keratinocyte cornification (Candi et al. 2005). Aromatic
amino acid residues (highly abundant in EDAAs and in the
carboxy-terminal portion of beta-keratins) are potential sites
of the non-covalent protein interaction mode termed pi-
stacking (McGaughey et al. 1998; Waters 2002). Together
with the emerging data on EDC proteins of other amniotes
(Henry et al. 2012; Strasser et al. 2014; our unpublished data),
the results of the present study provide the basis for theoret-
ical and experimental studies on the molecular interactions
that determine the epidermal phenotypes of amniotes.

The expression of EDC genes at the various body sites of
turtles was investigated by semiquantitative RT-PCR analyses
using E. orbicularis as a model species. This approach had
several limitations such as the restricted availability of tissue
samples which did not allow the analysis of biological repli-
cates. Nevertheless, our results allow the conclusion that
many turtle EDC genes are expressed in the skin of more
than one body site. This is true for beta-keratins of the cluster
B (within the EDC), loricrin, EDP3, EDAA, and at least one
EDQM gene. However, our data also identify EDC genes
expressed predominantly in the shell (Beta-A4) and, in
some cases, predominantly in the carapace (EDPCV, assign-
ment of this E. orbicularis RT-PCR product to an individual
EDPCV gene family member was not possible) or the plastron
(EDQM7) (fig. 4). The association of gene expression with the
shell was most obvious for two beta-keratins investigated, one
belonging to the Beta-A cluster (within the EDC) and the
other belonging to the Beta-O cluster (outside the EDC).
These findings suggest a specific role for these beta-keratins
in the scutes of the shell but also indicate that other SEDC
genes have contributed to the evolution of the shell.

The data presented here complement and extend previous
studies on the roles of beta-keratins in the evolution of turtles.
Beta-keratins, also referred to as corneous beta-proteins
(Alibardi et al. 2009) to indicate their lack of common ances-
try with keratins (Schweizer et al. 2006), are encoded by genes
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of the SEDC-type (one noncoding and one coding exon)
(fig. 3E). They are defined by a central segment of amino
acids that are predicted to form beta-sheets which mediate
the formation of filaments (Fraser and Parry 1996, 2014). The
conserved presence of beta-keratin genes within the SEDC
gene clusters of lizard (Strasser et al. 2014), birds, and turtles as
well as identical exon–intron structures of beta-keratin and
other SEDC genes argue for an evolutionary origin of beta-
keratins by derivation from a common ancestral gene.
However, the lack of SEDC-typical sequence motifs (supple-
mentary fig. S6, Supplementary Material online) at the amino-
and carboxy-terminal ends and the presence of the beta-
sheet-forming core sequence makes beta-keratins unique
among SEDC proteins and leaves open the possibility that
as-yet-unknown recombination events were involved in the
origin of beta-keratins. Our semiquantitative RT-PCRs suggest
that the Beta-A cluster of turtle beta-keratin genes comprises
genes (e.g., Beta-A1) that are expressed in the toes and others
(e.g., Beta-A4) that are also expressed in the toes but more
strongly in the shell (fig. 4). Notably, the Beta-A cluster
is syntenic with the claw beta-keratin gene cluster in
birds (Greenwold et al. 2014; supplementary fig. S13A,
Supplementary Material online), and phylogenetic analysis
suggests that these genes belong to the same subclade of
beta-keratins, which comprises Beta-A plus Beta-O proteins
of turtles and claw, feather, and scale beta-keratins of the
chicken (supplementary fig. S13B, Supplementary Material
online). Based on these data, we put forward the hypothesis
that turtle Beta-A proteins and chicken claw beta-keratins
have probably been inherited from a common ancestor of
turtles and birds in which the evolutionary precursors of Beta-

A proteins might have been components of claws. It is con-
ceivable that distinct sequence features of these ancestral
proteins contributed to the hardness of the claws. Later, du-
plicated genes of this type might have been co-opted as com-
ponents of the hard scutes of the evolving shell. A gene
translocation and further duplications generating the Beta-
O cluster of shell beta-keratins might have been associated
with the further evolution of the shell (fig. 5). This scenario is
partly analogous to the evolution of the so-called “hair kera-
tins,” that is, keratin intermediate filament proteins that likely
functioned in the claws of primitive amniotes before they
were co-opted as components of mammalian hair (Eckhart
et al. 2008).

The above scenario of beta-keratin evolution refines the
evolutionary model of a previous report (Li et al. 2013), in
which “turtle-specific beta-keratins,” corresponding to beta-
keratins of the Beta-A and Beta-O clusters of our study, with a
putative expression in the shell have been proposed. Other
reports have identified mRNAs encoding 17 individual beta-
keratins in the hard-shelled turtle Pseudemys nelsoni (Dalla
Valle et al. 2009) and five beta-keratins in the soft-shelled
turtle A. spinifera (Dalla Valle et al. 2013). The results of the
present study allow assigning 14, 2 and 1 beta-keratins of
P. nelsoni to the Beta-O, A and B clusters, respectively,
whereas all previously described beta-keratins of A. spinifera
belong to the Beta-B cluster (supplementary fig. S20,
Supplementary Material online). In agreement with our RT-
PCR results obtained in E. orbicularis, the mRNA transcripts
from Beta-B genes of P. nelsoni and A. spinifera tended to be
more abundant in tissues outside of the shell (Dalla Valle et al.
2009, 2013). In contrast, a Beta-O protein predominated over

Simple EDC (SEDC) genes
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FIG. 5. A scenario for the evolution of the EDC in turtles. Based on the results of this study a scenario for the diversification of turtle EDC genes was
developed. The hypothetical structures of the EDC and two other loci, that contain EDC-related genes in modern turtles, are depicted schematically.
The most primitive EDC containing ancestral SEDC genes (“simple EDC genes” consisting of one noncoding and one coding exon) is shown at the
bottom. The association of EDC gene expression with tissues of modern turtles, as determined by RT-PCRs, is shown on the top of the schematics.
Genes are represented by arrows. Curved lines indicate gene translocations; triangles indicate gene family expansions. To provide a better overview, only
a subset of EDC genes of each clade (indicated by different colors) is shown.
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a Beta-B protein in the scutes of the shell of P. nelsoni accord-
ing to a recent immuno-labeling study (Alibardi 2014), sup-
porting the role of Beta-O proteins in the shell, as proposed
here. In future studies, it will be important to carefully con-
sider the sequence similarities among the many beta-keratins
and to further improve quantitative comparisons of individ-
ual beta-keratin expression levels at different body sites of
turtles.

A hard shell was present in a common ancestor of all
modern turtles and was lost during the evolution of soft-
shelled turtles (Gaffney 1990; Li et al. 2008; Lyson et al.
2014). A significant role of beta-keratin pseudogenization in
this degeneration process was previously suggested (Li et al.
2013). The present study confirms changes in the set of beta-
keratins in P. sinensis and identifies further epidermal differ-
entiation genes that have been lost in this soft-shelled turtle.
Besides a rearrangement and reduction of the number of
EDPCV genes in P. sinensis, we found an inactivation of
EDWM in the two soft-shelled turtles P. sinensis and A. spini-
fera. Since EDWM is present in all other sauropsids investi-
gated so far (Strasser et al. 2014; supplementary fig. S15,
Supplementary Material online), the distribution of EDWM
in amniote species correlates with that of scales, which are
widely conserved in sauropsids with the exception of soft-
shelled turtles (Crawford et al. 2015). Notably, scales and
scutes share elements of their developmental program
(Moustakas-Verho and Cherepanov 2015). Therefore, the
loss of EDWM may have been associated—perhaps as a sec-
ondary event after the inactivation of a surface patterning
mechanism—with the loss of scales and hard scutes in soft-
shelled turtles. A scenario summarizing the changes of the
EDC during the evolution of soft-shelled turtles is depicted in
supplementary figure S21, Supplementary Material online. It
will be interesting to explore the genomic foundations for the
diversification of the integument in the various phylogenetic
lineages of turtles in future studies.

Collectively, the results of the present comparative geno-
mics study and our gene expression data indicate that the
evolution of the integument of turtles was associated with nu-
merous adaptations of genes involved in epidermal differen-
tiation and with the origin and expansion of shell-associated
proteins. As this study provides a comprehensive catalog of
EDC genes expressed in the epidermis and distinct skin ap-
pendages of turtles, these data will facilitate further in-depth
investigations of the evolution of claws, rhamphotheca,
scutes, and scales of turtles, and reptiles in general.

Materials and Methods

Genome Sequences and Gene Identification

Genome sequences from the following turtle species were
used for gene predictions: western painted turtle (C. picta
bellii) (Shaffer et al. 2013), Chinese soft-shelled turtle (P. sinen-
sis), and green sea turtle (Che. mydas) (Wang et al. 2013).
The accession numbers of genome sequences are listed in
supplementary tables S2–S4, Supplementary Material
online. Coding sequences and exon–intron borders were pre-
dicted according to a published approach (Strasser et al.

2014). Briefly, the genomic regions between S100A12 and
S100A11 genes were screened for EDC genes using the fol-
lowing three methods. First, the amino acid sequences of EDC
proteins from other amniotes were used as queries in
tBLASTn searches. Second, RNA-seq data available in the
Sequence Read Archive and information about RNA-seq
exon coverage available in the NCBI browser for “genomic
regions, transcripts, and products” were used to identify tran-
scribed regions, which were subsequently investigated for the
potential to encode proteins with amino acid sequences sim-
ilar to known EDC proteins. Third, for the prediction of SEDC
genes, the genomic sequence was conceptually translated,
and open reading frames encoding proteins of 50–500
amino acids were identified. Putative protein-coding se-
quences were scrutinized for the presence of a splice acceptor
site at a distance of 10–30 nt upstream of the start codon and
for the presence of a putative noncoding exon 1, as defined by
a TATA box followed by a splice donor site at a distance of
60–90 nt. The gene predictions were validated by BLAST
searches in the transcriptome of T. scripta (Kaplinsky et al.
2013) and by RT-PCR tests in E. orbicularis (see below).

Sequence Alignment and Phylogenetic Analysis

For phylogenetic analysis, the amino acid sequences of beta-
keratins of C. picta (supplementary fig. S1B, Supplementary
Material online) and chicken were used. Chicken beta-keratin
genes within the EDC (chromosome 25) were identified at
the genomic loci indicated in supplementary table S6,
Supplementary Material online, and translated in silico.
Amino acid sequences of feather beta-keratins encoded by
genes outside of the EDC were obtained from Ng et al. (2014).
The beta-keratin sequences were aligned using Multalin
(Corpet 1988) with default settings. After checking for align-
ment errors, only the unambiguously aligned core segment
(positions 67–126 of the overall alignment, supplementary
Material online: FASTA file) was used for subsequent phylo-
genetic analysis. A phylogenetic tree was reconstructed by
maximum likelihood (ML) using IQ-TREE 1.3.8 (Nguyen
et al. 2015) using the JTT + G4 model (Jones et al. 1992;
Yang 1994). The evolutionary model was determined by
model selection according to Posada (2008) as implemented
in IQ-Tree using the Bayesian information criterion. Tree
searches were performed for three different perturbation
strengths (-pers 0.5, 0.2, and 0.1) and two different stop con-
ditions (-numstop 200 and 400). For each pair of search op-
tions, five replicates were performed and the reconstructed
tree with the highest likelihood was taken as the ML estimate.
Support values were obtained by ultrafast bootstrap approx-
imation (UFBoot) (Minh et al. 2013) with 10,000 samples in
IQ-TREE. Since UFBoot support values behave like posterior
probabilities (Minh et al. 2013), branches with support values
of at least 90% are regarded as supported, whereas values of at
least 95% are regarded as strongly supported.

Animal Tissues

Tissues were sampled from 45 days old embryos of the
European pond turtle (E. orbicularis) in agreement with the
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national laws regulating animal welfare, the guidelines of
Good Veterinary Practice, and the guidelines of the Ethics
committee of the Medical University of Vienna. The embryos
were derived from an E. orbicularis breeding program at the
Vienna Zoo.

RT-PCR

RNA was prepared from tissues of E. orbicularis according to a
published protocol (Mlitz et al. 2014; Strasser et al. 2014). The
RNA was reverse-transcribed to cDNA which was subse-
quently amplified by PCRs with primers specific for EDC
genes. The sequences of the primers were chosen to anneal
to conserved regions of EDC genes predicted in the genomes
of C. picta and Che. mydas. Primer sequences are listed in
supplementary table S5, Supplementary Material online.
PCR products were purified and sequenced. Nucleotide se-
quences of cDNAs were submitted to GenBank (accession
numbers KR632557–KR632565).

Supplementary Material
Supplementary figures S1–S21 and tables S1–S6 are available
at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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