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Adaptations can endow species with complex traits that enable
them to occupy new niches. To adapt to the arboreal lifestyle, tree-
frogs have evolved a suite of complex traits for climbing and glid-
ing; to date, however, the molecular mechanisms underpinning
these adaptations are unknown. Here, based on two de novo-
assembled Asian treefrog genomes, genes related to limb develop-
ment showed evidence of accelerated evolution. Furthermore, the
PPL gene that regulates the keratin cytoskeleton showed conserva-
tive substitution within the genus Rhacophorus. These genetic
changes contribute to limb and toe-pad morphogenesis, providing
fundamental adaptations for climbing and grasping. Behavioral
and morphological comparisons clarified the gliding function of
interdigital webbing and the different developmental patterns
between fully and weakly webbed feet. Time-ordered gene coex-
pression network analysis of gliding Rhacophorus kio and nonglid-
ing Rhacophorus dugritei tadpoles revealed specific coexpression
patterns for fully webbed feet, which involved the Wnt signaling
and vascular remodeling pathways. These findings highlight the
molecular basis of phenotypes that facilitate expansion into new
niches and provide insights into the importance of local adaptation
in shaping phenotypes and locomotion patterns.

arboreal adaptation j locomotion patterns j complex traits j
gene coexpression j treefrogs

Arboreal species provide an excellent opportunity for inves-
tigating adaptations to new ecological niches. Expansion

into an arboreal niche can help improve ground-dwelling pred-
ator avoidance as well as access to new food resources and shel-
ter; however, arboreal habitats also create challenges regarding
vertebrate locomotion (1, 2). Arboreal animals that reside in
tree and forest habitats must cope with travel on unstable and
vertical substrates, overcome the risk of falling, and develop
ways to cross gaps. These activities are energetically costly and
often risky (3). Consequently, limb morphological adaptations
are expected to provide species with opportunities to expand
into new niches (1, 4, 5).

After the mass extinction event at the end of the Cretaceous,
three major anuran families (Rhacophoridae, Hylidae, and
Phyllomedusidae)—which diverged ∼42.5 Ma, ∼49.5 Ma, and
∼24.5 Ma, respectively—evolved climbing and/or gliding adap-
tations independently (6). The evolution of climbing ability, as
a prerequisite for the arboreal lifestyle, especially for nonflying
species, is a critical adaptation to reduce the risk of falling (7).
Climbing in arboreal frogs involves sophisticated skeletal and
adhesive toe-pad systems. Notably, arboreal frogs possess lon-
ger and more flexible forelimbs and hands than nonarboreal
species to facilitate gripping and grasping (4, 5, 8). In addition,
species in Rhacophoridae have a bony knob on the third

metacarpal, which enhances gripping (5), as well as Y-shaped
intercalary elements within the terminal phalanges, which sup-
port well-developed adhesive toe pads. These flattened and
enlarged toe pads provide adhesion to wet and slippery surfaces
(7, 9). Unlike van der Waals force used by geckos (10), this
adhesion system uses capillary force and friction (9). Little
structural variation in these adhesive pads is found among inde-
pendently evolved arboreal frogs, indicating convergence across
groups (11). These unique skeletal morphologies and adhesive
toe pads appear to be adaptations to the arboreal lifestyle.

Gliding can help frogs traverse the gaps between trees but
requires the ability to perform controlled landings (12). Flying
frogs usually inhabit the tree canopy. For instance, Rhacopho-
rus kio (known as flying frogs) are known to inhabit dipterocarp
trees (∼62 m tall) at heights of 34.6 m to 57.0 m (13). Flying
frogs share a variety of morphological characteristics to facili-
tate gliding behavior and aerodynamic stability, including
enlarged, extensive interdigital webbing and lateral skin flaps
on their elbows and ankles (14). As lateral skin flaps occupy a
smaller area than full interdigital webbing, webbing may be a
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more essential adaptation for gliding (14). Notably, weakly
webbed treefrogs (e.g., Rhacophorus dugritei) that occupy shrub
and swamp habitats do not have the ability to glide. In addition,
grasping the surface of a substrate is also important for animals
to avoid falling from heights. In flying frogs, the manus and
pedal webbing, together with adhesive toe pads and modifica-
tions of forelimbs, provide effective grasping force to reduce
the risks of falling.

Members of the genus Rhacophorus provide a unique case
for studying the genetic basis of traits that are causally linked
to vertical niche expansion. Here, we assembled two Asian tree-
frog genomes de novo, i.e., those of gliding R. kio and nonglid-
ing R. dugritei, and conducted morphological and behavioral
experiments to identify phenotypic similarities and differences
in locomotion. Furthermore, we performed comparative geno-
mic and transcriptomic analyses to determine the genetic basis
of the unique traits that may assist in climbing and gliding, and
thereby facilitate niche expansion. We expect these data to sup-
ply a useful genetic resource for future research, especially in
the study of adaptive evolution of amphibians.

Results and Discussion
Morphological and Behavioral Differences between R. kio and
R. dugritei. Both species possess terminal phalanges, bony meta-
carpal knobs, a prepollex, and toe pads, but the extent of
manus and pedal webbing differs considerably between the two
species (Fig. 1 A and B and SI Appendix, Table S1). When fall-
ing from heights of 1, 1.5, and 2 m, the horizontal angle of
descent was smaller for R. kio than for R. dugritei (Fig. 1 C–F
and SI Appendix, Table S2). Unlike R. dugritei, R. kio stretched

out their hands and feet when falling (Movie S1). These obser-
vations point to the fundamental role of interdigital webbing in
successful gliding, as observed in R. kio.

Some arboreal Rhacophorus species can glide due to their rela-
tively extensive manus and pedal webbing (e.g., Rhacophorus
annamensis, Rhacophorus hoanglienensis, R. kio, Rhacophorus rein-
wardtii, Rhacophorus pardalis, and Rhacophorus nigropalmatus),
whereas swamp-inhabiting species with weakly webbed hands or
feet, such as R. dugritei, do not exhibit such behavior (data from
https://amphibiaweb.org/). This suggests that webbing confers an
advantage and may provide opportunities to expand into higher
vertical niches, as gliding is an effective measure to reduce the
risk of falling. Further, the gliding ability might facilitate arboreal
animals’ avoiding predators and increasing their locomotor or for-
aging efficiency (2). However, webbing is not the only driver of
gliding, with body size, lateral skin flap development, and behav-
ior all playing a role in this adaptation. For instance, Rhacophorus
smaragdinus have fully webbed hands and feet but cannot glide
due to their large body size. In addition, a certain degree of climb-
ing behavior is shared by all arboreal frogs and is not the only
adaptation leading to vertical niche differentiation, but it is a
prerequisite for invading arboreal niches, especially for nonflying
species (7).

Genomic Characteristics and Chromosomal Evolution. We assem-
bled two treefrog genomes de novo, i.e., the gliding R. kio and
nongliding R. dugritei. Sequence fragments (143.47 Gb, ∼54×
coverage) of PacBio long reads from a female R. kio (Fig. 1A)
were assembled into contigs. After using Illumina-based
paired-end 150-bp short reads to correct sequence errors, we
anchored and oriented the resulting contigs into superscaffolds
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Fig. 1. Morphological comparison and behavioral experiments for R. kio and R. dugritei. (A) Comparison of foot morphology. Both species evolved adhe-
sive toe pads and specialized phalanges, such as prehallux, prepollex, bony knob, and terminal phalanx. Webbed areas in the interdigital regions differ.
R. kio possesses full webbing, while the feet of R. dugritei are weakly webbed. tp: terminal phalanx, pp: prepollex, bk: bony metacarpal knob, ph: prehal-
lux. (B) Comparison of interdigital webbing sizes of two typical treefrogs either inhabiting trees (R. kio) or swamps (R. dugritei). Relative webbed areas of
R. kio and R. dugritei differed significantly. We assessed the relative areas of webbed interdigital tissues of 10 adult males of each species in comparison
with their overall interdigital areas. Morphological measurement used a square grid method and significance of differences was calculated by Student's
t test. (C) Schematic of treefrog gliding experiments. (D) Descent from ground clearances of 1 m. (E) Ground clearances of 1.5 m. (F) Ground clearances of
2 m. Ground clearances (centimeters) are along the x axis, and horizontal angles are along the y axis. Curves in D, E, and F are the line of descent angle,
not the gliding trajectory. Horizontal angle of descent in R. kio was smaller than that of R. dugritei regardless of height. SD is indicated in D, E, and F.
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using Hi-C technology. Based on the Rhacophorus karyotypes
(i.e., 2n = 26) (15), we used Hi-C data to assign the scaffolds to
13 pseudochromosomes, consisting of five macrochromosomes
and eight microchromosomes, ranging from 86.9 Mb to 396.5
Mb (Fig. 2A and SI Appendix, Table S3). Finally, we generated
a 2.66-Gb chromosomal-anchored genome for R. kio (contig
N50 = 1.17 Mb, scaffold N50 = 300.07 Mb; SI Appendix, Table
S4). The genomic landscape of R. kio showed the GC content
of different regions of the chromosomes, as well as the distribu-
tion patterns of transposable elements (TEs), tandem repeats,
and genes (inner to outer rings, respectively, in Fig. 2B). In
addition, a few chromosomal collinearity blocks were found
between or within the chromosomes (Fig. 2B). For R. dugritei,
we assembled the draft genome via a hybrid strategy (see Mate-
rials and Methods and SI Appendix, SI Text), yielding a 3.36-Gb
genome (contig N50 = 1.55 Mb; SI Appendix, Table S5). We
assessed assembly quality using benchmarking of universal

single-copy orthologs (BUSCO v3) (16) and retrieved 83.33%
and 87.94% complete BUSCO genes for the R. kio and R.
dugritei genomes, respectively (SI Appendix, Fig. S1 and Table
S6). To date, eight chromosomal-level anuran genomes from six
families (Pipidae, Megophryidae, Pyxicephalidae, Myobatrachi-
dae, Dicroglossidae, and Bufonidae) have been sequenced (SI
Appendix, Table S6), but none of them inhabit arboreal niches.
The chromosomal-level rhacophorid genome in this study will
supply important genetic resources and facilitate future studies
on adaptive evolution among amphibians.

The R. kio and R. dugritei genomes contained 46.01% (1.22
Gb) and 38.52% (1.29 Gb) of repetitive sequences (SI
Appendix, Table S7). In these two treefrogs, one major expan-
sion of repetitive sequences exhibits 0.02 to 0.03 divergence
from the consensus sequence (Fig. 2C). Further, the TE types
and the expansion patterns between Rhacophorus and Xenopus
were quite different (Fig. 2C and SI Appendix, Table S8).
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Fig. 2. Genomic landscape of flying frog (R. kio) and comparisons of TEs in selected genomes. (A) Hi-C interactions among the 13 chromosomes of R. kio.
Darker color indicates stronger interactions. (B) Circos diagram depicting four characteristics of the R. kio genome. From inner to outer rings, amount of
GC content, TEs, tandem repeats, and genes, respectively. The distribution was computed in overlapping 500-kb windows (with 250-kb step size). The dis-
tribution of GC content is equal to the GC content in the window minus the GC content on the corresponding chromosome; the distribution of TEs or tan-
dem repeats is equal to the total length of TEs or tandem repeats in the window divided by the window size; gene density is equal to the number of
genes in a window divided by the window size. Arches inside Circos diagram show collinear blocks between or within chromosomes, which are linked by
the same-colored lines. (C) Comparisons of TEs in selected genomes. x axis shows percentage of TEs in the genome; y axis indicates specific TE families
at a given divergence from the consensus sequence. Distances from consensus of TE subclasses with percentages larger than 1% were plotted. Rha.
kio = Rhacophorus kio; Rha. dugritei = Rhacophorus dugritei; Ran. catesbeiana = Rana catesbeiana; N. parkeri = Nanorana parkeri; Rhi. marina = Rhinella
marina; X. laevis = Xenopus laevis; X. tropicalis = Xenopus tropicalis.
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DNA/TcMar-Tc1 transposons were the most abundant type
among several species of neobatrachians (R. kio, R. dugritei,
Nanorana parkeri, and Rana catesbeiana) and accounted for a
high proportion in Rhinella marina but were relatively rare (i.e.,
ranked below the top five) in mesobatrachian species such as
Xenopus tropicalis and Xenopus laevis. In addition, these anuran
genomes contained abundant LTR/gypsy transposons (SI
Appendix, Table S8), which may have originated from their
common ancestor. In total, we obtained 32,093 and 41,291 pre-
dicted genes for R. kio and R. dugritei, respectively, and 87.5%
of genes in R. kio and 86.4% of genes in R. dugritei were anno-
tated in public databases (SI Appendix, Table S9). The rough
distribution patterns of coding sequence (CDS) length, intron
length, and number of CDS transcripts, but not transcript
length, were similar in both treefrogs and their close relatives
(SI Appendix, Fig. S2).

We used chromosomal synteny analysis to determine the
structural evolution patterns in the genomes of R. kio, Pyxice-
phalus adspersus, X. laevis, and X. tropicalis and identified 54

ancestor synteny blocks (Fig. 3A and SI Appendix, Fig. S3) with
extensive chromosomal synteny (Fig. 3B). Most blocks were
located on homologous chromosomes in the different species
(Fig. 3 A and B), although R. kio and P. adspersus had 13 chro-
mosomes, X. tropicalis had 10 chromosomes, and X. laevis had
9 chromosomes. Syntenic blocks on Chr 4, Chr 7, and Chr 8 in
X. tropicalis were distributed on Chr 7 + 10, Chr 9 + 11, and
Chr 8 + 13 in R. kio, respectively. Chromosome 9 in R. kio
showed high homology with segments of Chr 3, Chr 7, and
Chr 9 in X. tropicalis (Fig. 3B). Thus, a minimum of one chro-
mosomal fusion and three chromosomal fissions were required
for R. kio to attain its 13-chromosome structure.

Accelerated Evolution of Limb Development Genes. To identify
potential protein-coding genes that evolved significantly faster
than average or experienced positive selection, the gene fami-
lies of the two treefrog species, as well X. tropicalis, X. laevis,
N. parkeri, R. marina, Homo sapiens, Gallus gallus, and Anolis
carolinensis, were retrieved from the reciprocal best hit (RBH)
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results. We identified 455 rapidly evolving genes (REGs) in the
treefrogs (SI Appendix, Table S10), some of which participate in
limb development (Fig. 4A). For example, FGFR2, which is
expressed in the limb ectoderm, apical ectodermal ridge, skele-
tal anlagen, perichondrium, and periosteum, is necessary for
limb formation, with loss of isoform FGFR2 IIIc or gain-of-
function mutations in FGFR2 resulting in shortened limbs and
digits (17, 18). Furthermore, FBN2 knockout mice have shorter
limb bones than wild-type mice (19). Mutations in C2D2A,
ZAK, DLX5, SF3B4, and BBS gene families (BBS2, BBS4, and
BBS7) are implicated in limb abnormalities (20–24). Therefore,
the above REGs are pivotal in limb morphogenesis, especially
limb skeletal development. Accelerated evolution of limb-
related genes is considered to be correlated with limb morpho-
genesis adaptation (25). Skeletal system adaptations are related
to survival and success in different environments, with the limb
bones of arboreal species adapted to cope with the challenges
of life in trees. In treefrogs, skeletal adaptations include elon-
gated forelimbs or hands, increased wrist mobility, bony knobs,
and bifurcated Y-shaped phalanges (4, 5, 8). Genes related to
limb and phalanx morphogenesis display accelerated evolution in
the treefrogs, suggesting they may be involved in the evolution of
the treefrog skeletal system to help in climbing and grasping.

Genetic Basis for Adhesive Toe Pads. Forty strongly positively
selected genes (PSGs, corrected P value < 0.01) were identified in
the most recent common ancestor of the studied treefrogs (Mate-
rials and Methods and SI Appendix, Table S11), including the
amino acid replacement of T845L in periplakin (PPL) (Fig. 4B).
This site was highly conserved in mammals, birds, and reptiles (SI
Appendix, Fig. S4). Functional prediction classified the replace-
ment as intolerant, suggesting that it likely resulted in subtle
changes in function (SI Appendix, Table S12). The PPL protein is
a precursor of the epidermal cornified envelope, which may link
the cornified envelope to desmosomes and intermediate fila-
ments. It is also involved in the reorganization of the keratin cyto-
skeleton network during epidermal keratinocyte differentiation
(26, 27). The replacement in PPL was located in a spectrin repeat
domain (Fig. 4B) and may serve a structural purpose by coordina-
tion of cytoskeletal interactions (28). The cytoskeleton creates a
dense array of nanoscale peg-like protrusions upon the toe-pad
epithelial cells, which are likely essential for mucus drainage and
capillary forces (9, 11, 29). Furthermore, PPL can control the
length of microridges, a type of protrusion on cells covered by
mucus, thus contributing to mucus retention by recruiting and
binding with keratin cytoskeletal filaments (29). The toe pads of
arboreal frogs are covered with mucus, which enables wet adhe-
sion, provides skin lubrication, and limits abrasive wear (9). In
addition, the strength and elasticity of these toe pads depend on
polygon-arranged cells with nanoscale projections, which may be
densely packed with cytoskeletal proteins (30). Thus, PPL likely
plays a fundamental role in the formation and maintenance of
toe-pad epithelial cells in Rhacophorus species via interactions
with keratin proteins.

Alpha keratins are critical for toe-pad formation (31). In
R. kio and R. dugritei, a total of 48 type I and 23 type II alpha-
keratin genes were identified (SI Appendix, Table S13). Unlike
the expansion of beta keratins in geckos to form climbing bris-
tles (32), the alpha keratins in the treefrogs did not undergo
significant expansion (Fig. 4C and SI Appendix, SI Text and
Tables S14–S16). We determined the phylogenetic relationships
of two types of alpha keratins across vertebrates (Fig. 4D and
SI Appendix, Fig. S5) referring to a previous study (33). Results
showed that alpha-keratin gene 45, a TPK5 homolog, was
highly expressed in the toe pads of R. kio (Fig. 4 D and E and
SI Appendix, Table S17). The type I keratin gene TPK5 is specif-
ically expressed in the toe pads of Hyla cinerea (30). Hylidae
(which contains H. cinerea) represents an independent lineage

of arboreal frog (30), thus indicating that frogs tend to utilize
similar keratins in their toe pads. However, the most phyloge-
netically close alpha keratin to TPK5 in R. kio is alpha-keratin
gene 43, which is not expressed in the toe pads. The similarities
and differences among the treefrog clades suggest that a com-
mon mechanism exists for the formation of toe pads, which
may also explain the limited variation in structure (11). Expan-
sion into new habitats can involve fundamental changes in the
integument, which can involve duplications and functional shifts
of alpha-keratin genes (34). As an intermediate filament mole-
cule in tetrapods, keratin is essential for integument rigidity.
Keratin can maintain its own structural backbone and the
cross-linked protein network, even when cells die, and is there-
fore critical for toe-pad formation (30, 34). The above results
suggest that treefrog genes related to the keratin cytoskeleton
are involved in the evolution of adhesive toe-pad systems,
which are essential for arboreal climbing and fall prevention by
providing wet adhesion and cushioning forces (based on its
strength).

Developmental Patterns of Webbed Feet. As developmental pat-
terns drive webbed or unwebbed amphibian feet (35) and likely
involve differential gene expression regulatory networks, we
constructed time-series transcriptome profiles for the hind feet
of R. kio and R. dugritei. Developmental periods followed Gos-
ner (36). Differentiation of the five hind-foot toes as well as the
interdigital region where webbing develops occurred from
stages 31 to 35 (Fig. 5A). From stages 35 to 39, the interdigital
area in R. kio was enlarged and connected with skin tissue,
whereas interdigital area expansion in R. dugritei was indistinct.
Webbing was measured during development based on
“sinuosity,” a dimensionless ratio that measures the extent of
webbing on the feet (35). Results showed that R. kio had more
webbing (i.e., lower sinuosity, P < 0.01) than R. dugritei after
stage 37 (SI Appendix, Table S18), indicating a key period for
the emergence of webbing. Sinuosity trends distinguished two
developmental patterns (Fig. 5B). In unwebbed R. dugritei, sin-
uosity increased from the juvenile to adult stage, showing simi-
lar patterns as unwebbed salamanders, where shape changes
via outgrowths of toe tips or via differential growth of skin tis-
sue between digits (35). In contrast, the degree of webbing in
webbed R. kio exhibits slight differences compared to webbed
salamanders, whose webbed feet result from the retention of a
juvenile morphology (i.e., invariant sinuosity) (35). Divergent
developmental patterns were also shown based on the time-
ordered transcriptomes (SI Appendix, Fig. S6).

We used time-ordered gene coexpression network (TO-
GCN) analysis (37) to visualize data on gene expression, timing,
and conditions. Genes positively coexpressed in R. kio only
(termed Rkio+Rdug0) were considered likely to be involved in
the formation and development of webbing. Based on
TO-GCN analysis, 410 transcription factor (TF) genes were
assigned into 18 time-ordered levels (SI Appendix, Fig. S7). The
TF expression in the time-ordered levels roughly matched limb
development in R. kio, as indicated by the relatively high
expression levels along the diagonal in Fig. 5C and SI Appendix,
Fig. S8. The high expression of these genes suggested involve-
ment in consecutive developmental periods. Enrichment analy-
ses identified the function of genes at each level, and the
development-related categories overrepresented at multiple
levels were further explored (SI Appendix, Table S19).

The Wnt signaling-related pathways, which are implicated in
the patterning and outgrowth of vertebrate limbs as well as
bone phenotypes (38), were overrepresented in the first four
levels, which correspond to the five-toes differentiation period
(stages 31 to 35). A subnetwork of all Wnt signaling-related
genes in Rkio+Rdug0 identified TCF7L1 and TCF7L2 as
potential hub effector molecules (Fig. 5D). As downstream
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transcriptional activators or repressors, TCF7L1 and TCF7L2
are essential for postaxial digit formation, osteogenesis, and
limb morphogenesis (39, 40). Thus, differential gene expression
patterns were found between the strongly and weakly webbed
feet before webbing formation, although the sinuosity values
were similar (at stage 35). Wnt signaling may mediate the dif-
ferences in feet morphologies (i.e., webbed or unwebbed)
among treefrogs via regulation of limb development. Based on
Gene Ontology (GO) enrichment, terms related to skeletal sys-
tem development, ossification, and neuron differentiation were
overrepresented by genes in Rkio+Rdug0 (SI Appendix, Table
S19), suggesting that genes involved in limb development can
regulate degree of webbing in amphibians, consistent with
morphological comparisons in salamanders (35).

At levels 7 to 12, genes were enriched in vascular
remodeling-related terms (SI Appendix, Table S19). These
genes were relatively highly expressed from stages 35 to 39 (SI
Appendix, Fig. S9) in R. kio, which coincided with the appear-
ance of vascular remodeling in the interdigital tissue of X. laevis
(41), implying that development of interdigital webbing in anu-
rans may be blood-vessel-dependent. The cardiovascular system
supplies essential oxygen, nutrients, and molecular signals dur-
ing embryonic development (42). The subnetwork of blood-ves-
sel-remodeling-related genes identified Hes5 and Ednrb as
potential hub genes (Fig. 5E). Hes5 regulates vascular remodel-
ing and is an essential effector for Notch signaling, which regu-
lates the proliferation and differentiation of cells (43). Located
primarily in vascular endothelial cells, Ednrb is a major
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regulator of vascular function, including vasoconstriction, vaso-
dilation, and cell proliferation (44). Amphibians form webbed
digits through the proliferation of the interdigital regions (45).
Therefore, genes associated with vasculature may promote
interdigital area growth by the proliferation of capillaries to
carry nutrients and signals.

Increases in vascular density in the Xenopus palm can pro-
mote the accumulation of reactive oxygen species (ROS), which
may induce interdigital cell death (ICD) (41, 42) and hinder
webbing formation. Programmed ICD determines the forma-
tion of free or webbed digits in many amniotes (45). Inhibition
of ICD-related pathways in species with free digits can result in
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syndactyly (46). However, ICD is not reported in amphibians
(45), except in a few salamander species (47), suggesting that
webbed frogs can control the concentration of ROS in the inter-
digital regions to avoid ICD. Aquatic larvae are ecologically iso-
lated from oxygen-rich air, which may help in the development of
amphibian limbs without ICD (41). Here, SESN2 and SESN3,
which encode antioxidant modulators of peroxiredoxins and can
regulate ROS levels (48), were enriched in ROS-related terms
(SI Appendix, Table S19). In mice, decreased antioxidant enzyme
activity in the interdigital regions causes an increase in ROS lev-
els, which can accelerate the ICD process (49). Therefore, in
addition to environmental factors, antioxidant genes, such as
SESN2 and SESN3, may provide another layer of protection dur-
ing webbing formation in gliding treefrogs via regulation of ROS
accumulation and cell apoptosis avoidance.

Overall, our results revealed marked differences in the devel-
opmental patterns of webbed and unwebbed toes, and webbed
traits may be shaped by specific expression patterns of Wnt
signaling-related and angiogenesis-related genes involved in limb
development and vascular remodeling. Of note, we only evalu-
ated and sequenced the hind limb because of its earlier develop-
ment, larger size, accessibility, and ease of measurement. Pedal
webbing in “flying” treefrogs may be a functional expansion,
given its initial use in swimming, and manus webbing may be
more important for exploiting the vertical niche. Thus, further
studies are needed to verify the similarity in expression patterns
between hands and feet. In addition, as webbing in anurans is a
continuous variable serving multiple functions, additional
research across a wider range of amphibian species is needed.

Conclusions
Genetic adaptation to new niches and variation in complex traits
are key factors in speciation and diversification. Here, we
explored the genetic basis for complex traits in treefrogs that
facilitate climbing and gliding to provide a foundation for under-
standing the adaptive strategies of amphibians to vertical niches.
Genomic analysis revealed that skeletal- and cytoskeletal-related
genes played key roles in the evolution of treefrog climbing and
grasping systems. We also identified a key coexpression network
involved in the formation of webbed feet. Overall, our results
showed the importance of local adaptation in shaping phenotypes
and locomotion patterns.

Materials and Methods
Genome Sequencing, Assembly, and Annotation. Female specimens of R. kio
(sample ID: CIB118517) and R. dugritei (ID: CIB118518) were collected from
Xishuangbanna, Yunnan, and Ya’an, Sichuan, China, respectively. Vouchers
were stored in the Herpetological Museum of the Chengdu Institute of Biol-
ogy, Chinese Academy of Sciences. Genomic DNA was extracted from muscle
using QIAGEN Genomic DNA Extraction Kit (Qiagen). For sequencing the
genome of R. kio, we generated 543.49 Gb (∼204× coverage) of clean paired-
end reads via the Illumina NovaSeq 6000 platform following the manufac-
turer’s standard protocol and 143.47 Gb of subreads (∼54× coverage) via a
PacBio Sequel instrument. Genome size of R. kio was evaluated using the
k-mer algorithm (k = 17; SI Appendix, Fig. S10). Sequencing of the R. dugritei
genome using similar strategies generated 132.51 Gb of clean reads via the
10× Genomics Chromium platform and 60.98 Gb of subreads via the PacBio
Sequel platform. The prepared Hi-C library for R. kio was used for paired-end
sequencing with the Illumina NovaSeq 6000 platform. Additionally, Illumina
sequencing data (paired-end, 150bp) were generated for several other species
of Rhacophorus. All whole-genome sequencing and resequencing data used
in this study are listed in SI Appendix, Tables S20–S22. Hybrid assembly strate-
gies were adopted for de novo assembly. Gene structures were determined by
combing ab initio methods and homology-based annotation. Gene functions
were annotated via aligning the integrated gene set against public databases.
The detailed information of assembly, annotation, and chromosome synteny
analysis are recorded in SI Appendix, SI Text.

Gene-Family Analysis. Protein sequences from the genomes of 33 vertebrate
species were used to reconstruct the phylogenetic tree (SI Appendix, SI Text).

We removed the low-quality hits (identity <30%; coverage <30%) based on
the self-to-self alignments conducted for protein sequences from species with
available genomes using BLASTP v2.7.1 (E-value = 1e-5) (50). Then, ortholo-
gous groups were constructed using ORTHOMCL v2.0.9 (51) with the default
settings based on the filtered BLASTP results. Genes from one species that did
not cluster into a gene family were considered species-specific. We employed
CAF�E 3.1 (52) to analyze expansion and contraction of gene families. When
the copy number of focused branch-lineages was higher or lower than its
ancestral branch lineage, the gene family was regarded as significantly
expanded or contracted, respectively (Viterbi P ≤ 0.05). Significantly overrep-
resented GO terms among these significantly expanded gene families were
identified using topGO v2.38.1 (P ≤ 0.01) (53). False discovery rate (FDR) with
Benjamini–Hochberg procedure was used for multiple testing correction.

Identification of REGs and PSGs. To identify potential PSGs, gene families of
R. kio, R. dugritei, H. sapiens, G. gallus, A. carolinensis, N. parkeri, R. marina,
X. laevis, and X. tropicalis were retrieved from the RBH results as described
above. Then, we extracted the single gene families and aligned the protein
sequences from each family using MUSCLE v3.8.31 (54) with the default
parameters. Next, corresponding CDS alignments were back-translated using
PAL2NAL v14 (55), and the conserved CDS alignments were extracted by
Gblocks v0.91b (56) and used for further identification of REGs and PSGs.

The branch model of CODEML in PAML v4.7 (57) was used to test for
potential REGs, by setting R kio and R. dugritei as the foreground branch and
the others as background branches. The null hypothesis was that the omega
(ω) value of each branch was equal; the alternative hypothesis was that the ω
value on the foreground branch was not equal to those on the background
branches. Then, a likelihood ratio test (LRT) was performed after correcting
P values using the FDR test with Bonferroni correction. Identified genes were
considered REGs when the ω value on the foreground branch was greater
than that on the background branches (regardless of whether it is greater
than 1), and the corrected P value< 0.05.

The branch-site model of CODEML in PAML v4.7 was used to identify
potential PSGs with R. kio, R. dugritei, and R. kio+R. dugritei set as foreground
branches and the others as background branches. The null hypothesis was
that the ω value of each site on each foreground branchwas≤1, and the alter-
native hypothesis was ω values were > 1. LRT was performed setting the null
distribution to a 50:50 mixture of χ2 distributions with 1 degree of freedom
and a point mass of zero. FDR testing with Bonferroni correction was used for
multiple testing correction. PSGs had a corrected P < 0.01 and contained at
least one positively selected site with a posterior probability greater than 0.95
based on Bayes Empirical Bayes analysis. PROVEAN (Protein Variation Effect
Analyzer) analyses were performed for functional prediction (58). The default
threshold of the PROVEAN score is 2.5; when the PROVEAN score is larger
than 2.5, it is classified as neutral; when the PROVEAN score is smaller than
2.5, it is classified as deleterious.

Alpha-Keratin Gene Analyses. Our pipeline of alpha-keratin gene analyses fol-
lowed research for Leptobrachium leishanense (33). The detailed information
is recorded in SI Appendix, SI Text. Transcriptome analysis of toe-specific
alpha-keratin was performed as follows. Because adhesion of toe pads mainly
depends on the epidermal structure, we sequenced transcriptomes of toe
pads, dorsal skin, and ventral skin from three adult R. kio to identify pad-
specific expressed genes. RNAs were extracted based on the protocols (SI
Appendix, SI Text) and then paired-end-sequenced on an Illumina NovaSeq
6000 instrument. After quality control (QC), we mapped the clean reads to the
genome of R. kio using Hisat2 v2.1.0 (59). Counts of each sample were calcu-
lated using featureCounts in the Rsubread package (60), and differential
expression analysis used DESeq2 v1.30.0 (61). Toe-pad-specific genes were
required to have an absolute value of log 2-fold change ≥ 1, and corrected
P < 0.05; we focused mainly on the alpha-keratins.

Gliding Experiments. R. kio and R. dugritei were used to explore the effect of
foot webbing on gliding. We assessed the relative areas of webbed interdigi-
tal tissues of 10 adult males of each species in comparison to their overall
interdigital areas. Morphological measurement used a square grid method
and significance of differences was calculated by Student’s t test. A grid wall
of 10- × 10-cm cells was used to determine angle of descent. Both species
were allowed to jump from heights of 1.0, 1.5, and 2.0 m, which was docu-
mented using a GoPro HERO 5 camera. In the gliding experiment, two
attempts were made by each individual with a 24-h resting period between
each attempt. A sponge was placed on the ground to prevent the treefrogs
from being injured. Analysis of the videos detected the horizontal angle and
ground clearance of each test. All procedures were conducted in accordance
with the approval of the Animal Experiment Ethics Committee of the
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Chengdu Institution of Biology, Chinese Academy of Sciences. Experiments
using higher heights were not pursued owing to concerns for the
animals’welfare.

Determining the Developmental Stages of Tadpole Limbs and Measuring
Webbing. Developmental periods of tadpoles were divided according to Gos-
ner (36).We exploredmorphological changes during feet development in tad-
poles, especially from stages 31 to 46, which defined three major stages:
1) five fingers (stages 31 to 35), 2) five-finger growth (stages 37 to 40) and
interdigital tissue connection or loss, and 3) preparation for landing (stages 42
to 46), including emergence of forelimbs and gradual development of the
limbs. We measured sinuosity—a dimensionless ratio that allows discrimina-
tion of different foot morphologies and determines the amount of webbing
(higher sinuosity suggests less webbing, and vice versa) (35)—to define the
degree of webbing during development. This was calculated by the length of
the outline of the foot from the tip of digit one to digit five divided by the
width of the foot (diameter or width of the foot, from the tip of digit one to
the tip of digit five) (35). We photographed the feet using a camera (Leica
DFC450 C; Leica Microsystems Ltd.) and constructed a montage of multifocal
photographs using Helicon Focus (7.0.2 Pro). Sinuosity was measured using
Image J2 (https://github.com/imagej/imagej2).

Time-Series Transcriptome Analysis of Webbed and Unwebbed Feet. We tested
the hypothesis that webbing morphology was related to differences in gene
expression during limb development. Time-ordered gene expression analysis
of limb development from the formation of the paddle-like foot to comple-
tion was employed. The hind limb was evaluated because of its earlier devel-
opment, larger size, accessibility, and ease of measurement; forelimb emer-
gence did not start until stage 42, near the completion of metamorphosis. We

sampled the critical period of webbing growth for the hindlimb (stage 37), as
well as the periods immediately before and after. The sample information is
listed in SI Appendix, Table S23. Because the very small feet of tadpoles barely
meet the tissue needs for sequencing, we used a mixed sample strategy,
with no fewer than three individuals (3 to 5) per sample. RNA extraction,
library preparation, and sequencing were done as detailed above. After
QC, we mapped the clean reads to their own reference genomes using
Hisat2 v2.1.0 and quantified expression with Stringtie v2.0.3 (59). We
then extracted the expressional matrix of transcript per million (TPM)
according to their orthologous gene set to construct a TO-GCN (37) (SI
Appendix, SI Text).

Data Availability. Raw sequencing data and genome assembly were deposited
in the China National GeneBank Nucleotide Sequence Archive with accession
number CNP0002375. All other data are included in the article and/or support-
ing information.
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