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Synopsis Corneous proteins are an important component of the tetrapod integument. Duplication and diversification

of keratins and associated proteins are linked with the origin of most novel integumentary structures like mammalian

hair, avian feathers, and scutes covering turtle shells. Accordingly, the loss of integumentary structures often coincides

with the loss of genes encoding keratin and associated proteins. For example, many hair keratins in dolphins and whales

have become pseudogenes. The adhesive setae of geckos and anoles are composed of both intermediate filament keratins

(IF-keratins, formerly known as alpha-keratins) and corneous beta-proteins (CBPs, formerly known as beta-keratins) and

recent whole genome assemblies of two gecko species and an anole uncovered duplications in seta-specific CBPs in each

of these lineages. While anoles evolved adhesive toepads just once, there are two competing hypotheses about the

origin(s) of digital adhesion in geckos involving either a single origin or multiple origins. Using data from three

published gecko genomes, I examine CBP gene evolution in geckos and find support for a hypothesis where CBP

gene duplications are associated with the repeated evolution of digital adhesion. Although these results are preliminary,

I discuss how additional gecko genome assemblies, combined with phylogenies of keratin and associated protein genes

and gene duplication models, can provide rigorous tests of several hypotheses related to gecko CBP evolution. This

includes a taxon sampling strategy for sequencing and assembly of gecko genomes that could help resolve competing

hypotheses surrounding the origin(s) of digital adhesion.

Introduction

Geckos are well known for their climbing abilities.

Approximately 60% of gecko species have adhesive

digits that facilitate climbing vertical surfaces, while

the remaining gecko species lack adhesive toepads

(Pianka and Vitt 2003; Gamble et al. 2012).

Adhesion is mediated by subdigital setae, complex,

hair-like projections of the epidermis, that mainly op-

erate via Van der Waals forces (Autumn et al. 2002).

Setae are hypothesized to have evolved from spinules,

simple, microscopic projections found on the epider-

mis of all geckos and a few other squamates, like

anoles and chameleons (Hiller 1968; Ruibal 1968;

Maderson 1970; Bauer and Russell 1988; Peattie

2008; Khannoon et al. 2014). A suite of morpholog-

ical specializations have evolved to control the

adhesive properties of the setae and their interactions

with the substrate (Russell 1979; Russell 2002; Pianka

and Sweet 2005). These diverse morphologies have

also informed gecko taxonomy and many gekkotan

generic names refer to aspects of digital anatomy

(Fitzinger 1843; Russell and Bauer 2002).

Early hypotheses of gekkotan relationships suggested

the padless Eublepharidae were the sister clade to the

remaining Gekkota, a scenario that implied only one

or two origins of digital adhesion in geckos

(Underwood 1954; Gamble et al. 2017). However, re-

cent molecular genetic phylogenies find the

Eublepharidae nested within extant Gekkota, along

with numerous other padless gecko species (Han

et al. 2004; Townsend et al. 2004; Gamble et al.

2011, 2015). This revised phylogenetic hypothesis
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makes a single origin of adhesive digits in geckos less

likely. Using near-complete generic sampling, compar-

ative phylogenetic analyses recovered strong support

for repeated gains and losses of digital adhesion where

the most recent common ancestor to geckos lacked

adhesive toepads (Gamble et al. 2012). However, sub-

sequent comparative analyses, using different methods

and taxonomic sampling, posit a single origin of digital

adhesion in the most recent common ancestor to

geckos, implying all padless gekkotans are the result

of secondary loss of adhesive toepads (Hagey et al.

2017; Harrington and Reeder 2017). Distinguishing be-

tween these conflicting hypotheses, single vs. multiple

origins of digital adhesion in geckos, is possible by

investigating independent lines of evidence related to

the evolution of digital adhesion, including: morphol-

ogy, development, behavior, and genomics (Gamble

et al. 2017). Detailed examination of morphology, in

particular, seems to support a scenario featuring re-

peated gains and losses of digital adhesion (Haacke

1976; Russell 1976, 1979; Gamble et al. 2017; Russell

and Gamble 2019). However, additional lines of evi-

dence are necessary to confirm these results. Genomic

studies that examine duplications of corneous beta-

protein (CBP) genes may be particularly useful in re-

solving competing hypotheses of single vs. multiple

origins of digital adhesion in geckos.

Like the rest of the reptile epidermis, setae are

composed of CBPs (formerly known as beta-

keratins) (Maderson 1964; Baden and Maderson

1970; Alibardi and Toni 2005; Alibardi et al. 2007;

Alibardi 2016b; Holthaus et al. 2019). Most CBP

genes are clustered in a single locus, the epidermal

differentiation complex, that contains serially

duplicated gene copies with different transcriptional

orientations (Presland et al. 1989; Mischke et al.

1996; Dalla Valle et al. 2010; Greenwold and

Sawyer 2010; Alföldi et al. 2011; Alibardi 2016b).

CBPs polymerize in an antiparallel orientation into

linear beta-filaments which aggregate to form integ-

umentary structures like scales, claws, and setae

(Gregg and Rogers 1986; Greenwold et al. 2014). A

large diversity of duplicated CBPs, each with slight

sequence modifications, allows for structural diver-

sity in the beta-filament polymers and the produc-

tion of diverse integumentary structures (Greenwold

and Sawyer 2011). Thus, expanding the CBP gene

repertoire through gene duplication can provide

the raw material for epidermal novelties, including

setae (Alibardi 2009; Khan et al. 2014).

Gene duplications are an important source of evo-

lutionary innovation (Ohno 1970; Lespinet et al.

2002). As evidence of this, duplications in corneous

proteins are associated with the evolution of novel

integumentary phenotypes in many amniotes

(Greenwold et al. 2014; Khan et al. 2014). These

include duplications in intermediate filament kera-

tins (IF-keratins, formerly known as alpha-keratins)

associated with the evolution of hair in mammals,

and CBP duplications associated with feathers in

birds, and scutes, the scales that cover the shell, in

turtles (Greenwold and Sawyer 2011; Li et al. 2013;

Khan et al. 2014). CBP gene duplications have also

been associated with the evolution of digital adhe-

sion in anoles and geckos (Alföldi et al. 2011; Liu

et al. 2015). Phylogenetic analyses of CBPs from

Schlegel’s Japanese Gecko (Gekko japonicus) and

Panther Gecko (Paroedura picta) genomes (Liu

et al. 2015; Hara et al. 2018) show large numbers

of gecko-specific duplications. However, these anal-

yses failed to clarify whether these duplications are

associated with the possible independent evolution of

digital adhesion in each of these lineages, consistent

with the multiple origins hypothesis, or whether

these duplications arose in the most recent common

ancestor of geckos, consistent with either the single

origin hypothesis or, perhaps, the evolution of some

other gecko-specific epidermal trait, like the ubiqui-

tous epidermal spinules.

Thus, there are two related questions that can be

addressed, in part, by examining CBP gene evolution

in gecko genomes. The first, have adhesive digits

evolved once or more than once in geckos? The sec-

ond, has the expansion of gekkotan CBP genes coin-

cided with the evolution of spinules or with adhesive

digits and elaborate subdigital setae? These questions

are interconnected and answering them requires exam-

ining the possible outcomes among the various com-

binations of these two questions. These outcomes can

be used to compose three testable hypotheses about

CBP gene evolution under these scenarios (Fig. 1).

The three hypotheses in Fig. 1 illustrate simplified ver-

sions of a species tree and an associated CBP gene tree,

that would support the described hypothesis. Empirical

data would obviously be more complicated, as shown

in the “Results” section. The three hypotheses are as

follows:

Hypothesis A: Hypothesis A predicts that ancient

CBP duplications are associated with the evolution

of the spinulate epidermis, which is ubiquitous in

geckos, not the evolution of adhesive digits and elab-

orate setae. Thus, both padded and padless geckos

should have the full suite of duplicated CBP genes

with no additional duplications associated with the

evolution of digital adhesion. Under this scenario,

the gekkotan epidermis is capable of developing setae

through exaptation. That is, the CBPs necessary to

produce setae are present in all geckos and it is only
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their arrangement and number in the epidermal

structures that differentiates the spinulate from the

setal arrangement.

Hypothesis B: Hypothesis B predicts multiple CBP

duplications associated with each independent origin

of adhesive digits. Each lineage that has indepen-

dently evolved digital adhesion should share a suite

of duplicated CBPs, exclusive of other padded line-

ages that have their own set of duplications. Padless

geckos should lack large numbers of duplicated

CBPs.

Hypothesis C: Hypothesis C predicts ancient CBP

duplications in the most recent common ancestor of

geckos are associated with the evolution of setae and

a single origin of adhesive digits. The CBP gene tree

in this scenario is expected to look very similar to

the gene tree in hypothesis A, but with an important

exception. While hypothesis A predicts all geckos

share the suite of duplicated CBPs, hypothesis C

predicts that secondarily padless geckos should lose

beta-keratin gene copies through disuse. This is anal-

ogous to the loss of IF-keratins associated in whales

Fig. 1 Simplified species trees and CBP gene trees illustrating hypothetical examples of hypothesis A (A, B); hypothesis B (C, D); and

hypothesis C (E, F), as described in the text. Circles at the tips of species trees (A, C, and E) indicate the presence (closed circles) or

absence (open circles) of adhesive digits in each species. The presumed origins of epidermal spinules are indicated on species tree (A)

by arrows. Species trees (C and E) illustrate putative gains (black vertical bars) and losses (gray vertical bars) of digital adhesion under

a multiple or sinlge origin hypothesis, The multiple origin hypotheses taken from Gamble et al. (2012) and Russell and Gamble (2019).

Time-calibrated species tree phylogeny modified from Zheng and Wiens (2016), time measured in millions of years. Each of the three

proposed hypotheses produces distinct gene trees (B, D, F) that are illustrated with a simplistic model of gene gain and loss. The

numbers after a species name indicates the gene copy. Duplicated genes will have three copies (Numbered 1–3) while species with

only one gene copy either lack duplications or have lost functional copies through disuse. The hypothesis A gene tree (B) predicts

ancient CBP duplications in the most recent common ancestor of geckos resulting in each gecko species having a paralog in each of the

three CBP clades. The hypothesis B gene tree (D) predicts multiple CBP duplications associated with each independent origin of

adhesive digits, so each origin of setae has its own set of duplications. The hypothesis C gene tree (F), like hypotheses A, predicts

ancient CBP duplications in the most recent common ancestor of geckos. However, secondarily padless geckos, in this case, Eublepharis,

lose CBP gene copies through disuse.
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and dolphins (Sun et al. 2017) or the loss of claw

CBPs in snakes (Emerling 2017).

Here, I provide a cursory examination of existing

CBP data using three published gecko genomes. One

species, Eublepharis macularius, lacks digital adhesion

while the remaining two, G. japonicus and P. picta,

have adhesive digits. Furthermore, under a scenario of

repeated gains and losses of digital adhesion, G. japo-

nicus and P. picta evolved digital adhesion indepen-

dently and they have dramatically distinct adhesive

toepad morphology (Gamble et al. 2012; Russell and

Gamble 2019; Fig. 2). This sampling allows me to

tentatively assess whether there is sufficient signal in

CBP data to distinguish among the three hypotheses.

However, these data are insufficient to conclusively

address these hypotheses. Therefore, I also provide a

framework to guide taxonomic sampling for future

gecko genome sequencing sufficient to address the

breadth of hypotheses describing CBP evolution de-

scribed above.

Materials and methods

CBP sequences from Gekko gecko (Hallahan et al.

2009) and Gallus gallus (Presland et al. 1989) were

downloaded from GenBank and queried against an-

notated CDS’s from Anolis carolinensis and G. gallus

downloaded from Ensembl v95 (Frankish et al. 2017)

and G. japonicus downloaded from NCBI (Clark

et al. 2016). The original query sequences plus the

unique BLAST results from A. carolinensis, G. japo-

nicus, and G. gallus were used to search, against an-

notated CDSs from 10 genomes, including, two

archosaurs: G. gallus and Alligator mississippiensis

(International Chicken Genome Sequencing

Consortium 2004; Green et al. 2014); one turtle:

Chrysemys picta (Shaffer et al. 2013); three geckos:

G. japonicus, P. picta, and E. macularius (Liu et al.

2015; Xiong et al. 2016; Hara et al. 2018); and four

non-gekkotan squamates: Salvator merianae,

Thamnophis sirtalis, Shinisauarus crocodilurus, and

A. carolinensis (Alföldi et al. 2011; Gao et al. 2017;

Perry et al. 2018; Roscito et al. 2018). The sampled

gecko species represent three distinct digital mor-

phologies: E. macularius lacks adhesive digits; G.

japonicus and G. gecko have large, basal adhesive

pads; and P. picta has so-called leaf-toed pads, paired

pads at the distal tip of the digits (Fig. 2; Boulenger

1885). Furthermore, under a scenario of repeated

evolution of digital adhesion in geckos, Gekko and

Paroedura independently evolved adhesive digits,

thus providing sufficient taxonomic sampling to dis-

tinguish among hypotheses A–C (Gamble et al. 2012;

Russell and Gamble 2019). Given the preliminary

nature of this study, I focused on using annotated

genes to facilitate sequence alignment and to limit

the inclusion of pseudogenes. Excluding pseudogenes

is important in distinguishing between hypotheses A

and C, as secondarily padless gecko species are pre-

dicted to have lost CBP genes under hypothesis C.

BLAST queries, implemented in Geneious R11, used

discontinuous megaBLAST, keeping a maximum of

50 hits with E-values greater than 1e�10 (Altschul

et al. 1990). In cases where multiple isoforms of the

same CBP gene were identified, the longest isoform

was retained. Duplicate BLAST hits were removed

and unique sequences aligned using a codon model

in MAFFT (Katoh and Standley 2013). Gaps that

occurred in >80% of sequences were removed

from the alignment, and a maximum likelihood

tree estimated using RAxML HPC-Blackbox 8.2.10

with rapid bootstraping and GTR plus gamma

model, implemented on the CIPRES Science

Gateway (Stamatakis et al. 2008; Miller et al. 2010;

Stamatakis 2014).

Results

The number of annotated CBP genes recovered from

each species varied from six, in E. macularius, to 57,

in G. gallus (Table 1). The CBP gene tree recovered

an archosaur plus turtle clade and a squamate clade

(Fig. 2 and Supplementary Fig. S1). Most nodes

across the tree had low (<70) bootstrap support

and thus, relationships should be interpreted with

caution. Many species-specific clusters of duplicated

CBPs recovered here were identified in previous

analyses, including turtle and avian-specific duplica-

tions (Li et al. 2013; Greenwold et al. 2014). There

were three sets of Paroedura-specific and Gekko-spe-

cific duplications, clades 1, 2, and 3 (Fig. 2 and

Supplementary Fig. S1). The Gekko-specific duplica-

tions, in two cases, consisted of both G. gecko and G.

japonicus sequences intermingled among each other

(in clades 1 and 3, Fig. 1) suggesting the duplications

occurred in the most recent common ancestor to the

two species. The third set of Gekko-specific duplica-

tions consisted only of G. japonicus genes (in clade 2,

Fig. 2), which was likely due to the limited number

of G. gecko genes used here. Eublepharis macularius

CBPs were scattered across the squamate clade with

no species-specific clusters of gene duplications.

Discussion

The presence of CBP gene duplications in the two

gecko lineages that likely evolved digital adhesion in-

dependently, once in the genus Gekko and a second

time in Paroedura, is concordant with Hypothesis B.

4 T. Gamble
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Additionally, the paucity of species-specific duplica-

tions in the padless gecko, E. macularius, is also con-

sistent with either hypotheses B or C. Eublepharis

macularius, had approximately the same number of

annotated CBPs as the snake, T. sirtalis, and the liz-

ards S. merianae and S. crocodilurus. Differences in the

relative number of annotated CBP genes among bird

and reptile species largely matches previous findings

(Alföldi et al. 2011; Li et al. 2013; Liu et al. 2015;

Hara et al. 2018). Species with novel integumentary

phenotypes, e.g., feathers, shells, and adhesive digits,

having more duplicated genes than species lacking

such novelties. However, these numbers should be

interpreted cautiously as they were derived from an-

notated CBPs genes and not all of which are likely to

be annotated in these genome assemblies. The num-

ber of annotated CBPs recovered from several species

differed from previously published accounts. For ex-

ample, whole genome scans recovered 71 G. japonicus,

23 A. carolinensis, and 120 P. picta CBP genes

(Alföldi et al. 2011; Liu et al. 2015; Hara et al.

2018). We found only 26 G. japonicus, 19 A. caroli-

nensis, and 53 P. picta CBPs among the annotated

genes. The presence of numerous unannotated CBP

genes was alluded to in Hara et al. (2018) as they

could only find 32 G. japonicus and 14 A. carolinensis

CBPs for their phylogenetic analysis. Thus, relying

solely on annotated genes will underestimate the total

number of beta-keratins in the genome. It is also pos-

sible that the quality of a particular genome assembly

Fig. 2 (A) Maximum likelihood phylogeny of annotated CBP genes from 11 reptile and bird species. Shaded circles at the tips indicate

species assignment. Circles at internal nodes indicated bootstrap support, black circles have values >70 while white circles indicate

values <70. Scale bar units are substitutions/site. Clades 1, 2, and 3 are discussed in the text. An alternate version of this tree, that

includes taxon names and gene ID’s, is included in the Supplementary Materials (Supplementary Fig. S1). (B) Foot of G. gecko, which has

a similar morphology with G. japonicus. The black bar indicates the single, subdigital adhesive pad that extends along most of the digit

length, a so-called basal pad. (C) Foot of P. picta. The black bar indicates the location of the paired adhesive pads at the digit’s distal tip,

a so-called leaf-toed pad. (D) Foot of E. macularius. Note the lack of adhesive pads.
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could negatively affect gene discovery. However, I

found no relationship between the number of anno-

tated CBP genes recovered and two estimates of ge-

nome assembly quality: the number of annotated

protein-coding genes; and scaffold N50

(Supplementary Fig. S1). Future efforts should focus

on BLAST searches of the entire genome with subse-

quent screening for open-reading frames to find all

functional gene copies.

While the hypotheses presented here appear dis-

tinct in their simplified form (Fig. 1), aspects of hy-

potheses A, B, and C are not mutually exclusive. For

example, there are several padless gecko species that

clearly exhibit a secondary loss of adhesive digits

(Lamb and Bauer 2006; Gamble et al. 2012). Loss

of CBPs in these secondarily padless species,

consistent with aspects of hypothesis C, might be

expected even if the broader dataset supports an-

other hypothesis, hypothesis B, for example.

Similarly, there may be some early CBP duplications

associated with the evolution of spinules in geckos,

hypothesis A, even if most remaining duplications

are associated with lineages that have independently

evolved digital adhesion, hypothesis B. Thus, teasing

apart various aspects of these hypotheses might in-

volve additional analyses, beyond just an examina-

tion of gene trees. Utilization of model-based

analyses that count gene gains and losses in a phy-

logenetic context would be extremely useful in this

regard. A variety of methods can infer gene duplica-

tion and loss by reconciling a gene tree with a spe-

cies tree (Vernot et al. 2008; David and Alm 2011;

Fig. 3 Hypothetical sampling strategy for future gecko genome sequencing and assembly to test hypotheses discussed in the text.

Species with published genomes are indicated by a filled oval. Putative gains (black vertical bars) and losses (gray vertical bars) of digital

adhesion are from Gamble et al. (2012) and Russell and Gamble (2019). Time-calibrated phylogeny modified from Zheng and Wiens

(2016), time measured in millions of years.
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Boussau et al. 2013; G�orecki and Eulenstein 2014) or

model gene copy gains and losses with a birth and

death stochastic process (Hahn et al. 2005; Librado

et al. 2012; Han et al. 2013). Additionally, examining

the spatial orientation of these genes on assembled

genome scaffolds can help clarify synteny and gene

orthology among CBP genes. Finally, investigating

where specific CBPs are expressed in chicken,

Anolis, G. gecko, and other species has proven espe-

cially useful in understanding the function of many

duplicated beta-keratin gene copies (Hallahan et al.

2009; Dalla Valle et al. 2010; Ng et al. 2014; Strasser

et al. 2014). Determining where different CBP genes

are expressed, using comparative RNAseq and in situ

hybridization, e.g., Alibardi (2013, 2016a, 2018) and

Alibardi et al. (2007), will aid in understanding the

functional role of each gene and further clarify the

relationship between CBPs and digital adhesion.

While pseudogenes should be eliminated when es-

timating the number of gains and losses of func-

tional gene copies associated with the evolution of

a particular trait, pseudogenes, when present, are still

informative. Several methods exist to estimate the

timing of gene inactivation, which can help deter-

mine when a trait associated with that gene was

lost (Emerling and Springer 2014, 2015). Such anal-

yses would prove useful in testing hypotheses about

beta-keratin loss associated with a secondary loss of

digital adhesion, such as hypothesis C. Similarly,

such techniques could be used with secondarily padl-

ess species nested within a clade of species with ad-

hesive digits, e.g., Lucasium dameum, Pachydactylus

rangei, or Chondrodactylus angulifer (Lamb and

Bauer 2006; Gamble et al. 2012).

Rigorously testing the above-mentioned hypothe-

ses using whole-genome data requires adequate tax-

onomic sampling. At a minimum, this means

sampling species both with and without adhesive

digits from clades that span extant gekkotan diver-

sity. Sampling multiple lineages that are hypothe-

sized to have independently evolved digital

adhesion is necessary to adequately distinguish hy-

pothesis B from hypothesis C. These lineages can be

identified by examining the phylogenetic ancestral

state reconstructions from Gamble et al. (2012)

and Russell and Gamble (2019). While this sampling

strategy is sufficient to distinguish among hypotheses

A, B, and C, the inclusion of several additional spe-

cies could provide deeper insight into the relation-

ship between digital adhesion and the gain and loss

of CBP genes. For example, sampling one of several

species that have recently evolved digital adhesion

might offer insight into the earliest stages of

lineages-specific CBP duplications. Gonatodes

humeralis, for example, has been shown to have re-

cently evolved digital adhesion and is nested within a

clade of species that lack adhesion (Russell et al.

2015; Higham et al. 2017). Even under a scenario

where digital adhesion evolved just once, in the

most recent common ancestor of geckos, G. humer-

alis would almost certainly represent an independent

gain of digital adhesion following a loss in the most

recent common ancestor to Gonatodes. Thus, se-

quencing the genome of G. humeralis and any other

Gonatodes species would provide an outstanding

comparison between a padless gecko and a recently

evolved digital adhesive mechanism. Similarly, se-

quencing the genome of species that has recently

lost digital adhesion would provide an important

test of whether loss of adhesion is accompanied by

the concomitant loss of CBP genes. To address this

question I include P. rangei, a gecko that has sec-

ondarily lost adhesive digits (Lamb and Bauer 2006),

along with the closely related Pachydactylus geitje,

that retains digital adhesion. A potential sampling

strategy that incorporates all of these suggestions is

illustrated in Fig. 3. This is intended to be a just one

example of many possible sampling plans that could

address these questions.

Phylogenetic comparative methods are powerful

tools to generate testable evolutionary hypotheses

(Pagel 1999; Nunn 2011). However, they are not

without their flaws and conflicting hypotheses may

find support using different methods and data

(Schluter et al. 1997; Maddison and FitzJohn 2015;

Rabosky and Goldberg 2015). In the case of digital

adhesion in geckos, comparative methods have

Table 1 The number of annotated CBP genes identified from the

BLAST analysis of 11 listed species

Species

Number of

CBP genes Source

Alligator mississippiensis 11 NCBI

Gallus gallus 57 Ensembl

Chrysemys picta 25 Ensembl

Anolis carolinensis 19 Ensembl

Gekko gecko 20 NCBI

Paroedura picta 53 transcriptome.cdb.riken.jp/

reptiliomix/

Eublepharis macularius 6 http://gigadb.org/dataset/100246

Gekko japonicas 26 NCBI

Shinisaurus crocodilurus 7 http://gigadb.org/dataset/100315

Thamnophis sirtalis 7 NCBI

Salvator merianae 8 http://gigadb.org/dataset/100529

These genes were used to generate the phylogeny in Fig. 2. The

source of annotated genes is listed in the final column.
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supported two conflicting hypotheses: a single vs.

multiple origins of digital adhesion. To resolve this

conflict, other sources of data are needed.

Preliminary data support a hypothesis where CBP

gene duplications in geckos are associated with the

repeated origins of digital adhesion (Hypothesis B).

However, further genome sequencing is necessary to

robustly test competing hypotheses. Additional gecko

genomes are sure to be sequenced over the next few

years and these new data will be invaluable for set-

tling this ongoing debate.
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Boussau B, Szöllosi GJ, Duret L, Gouy M, Tannier E, Daubin

V. 2013. Genome-scale coestimation of species and gene

trees. Genome Res 23:323–30.

Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW.

2016. GenBank. Nucleic Acids Res 44:D67–72.

Dalla Valle L, Nardi A, Bonazza G, Zuccal C, Emera D,

Alibardi L. 2010. Forty keratin-associated b-proteins (b-

keratins) form the hard layers of scales, claws, and adhesive

pads in the green anole lizard. Anolis carolinensis J Exp

Zool B Mol Dev Evol 314B:11–32.

David LA, Alm EJ. 2011. Rapid evolutionary innovation dur-

ing an Archaean genetic expansion. Nature 469:93–6.

Emerling CA. 2017. Genomic regression of claw keratin, taste

receptor and light-associated genes provides insights into

biology and evolutionary origins of snakes. Mol Phylogenet

Evol 115:40–9.

Emerling CA, Springer MS. 2014. Eyes underground: regres-

sion of visual protein networks in subterranean mammals.

Mol Phylogenet Evol 78:260–70.

Emerling CA, Springer MS. 2014. Genomic evidence for rod

monochromacy in sloths and armadillos suggests early sub-

terranean history for Xenarthra. Proc R Soc Lond B Biol

Sci 282:20142192.

Fitzinger L. 1843. Systema reptilium (amblyglossae).

Vindobonae (Vienna): Braumüller et Seidel Bibliopolas.

Frankish A, Vullo A, Zadissa A, Yates A, Thormann A, Parker

A, Gall A, Moore B, Walts B, Aken BL. 2017. Ensembl

2018. Nucleic Acids Res 46:D754–61.

Gamble T, Bauer AM, Colli GR, Greenbaum E, Jackman TR,

Vitt LJ, Simons AM. 2011. Coming to America: multiple

origins of New World geckos. J Evol Biol 24:231–44.

Gamble T, Greenbaum E, Jackman TR, Bauer AM. 2015. Into

the light: diurnality has evolved multiple times in geckos.

Biol J Linn Soc 115:896–910.

Gamble T, Greenbaum E, Jackman TR, Russell AP, Bauer

AM. 2012. Repeated origin and loss of adhesive toepads

in geckos. PLoS ONE 7:e39429.

Gamble T, Greenbaum E, Jackman TR, Russell AP, Bauer

AM. 2017. Repeated evolution of digital adhesion in

geckos, a reply to Harrington and Reeder. J Evol Biol

30:1429–36.

Gao J, Li Q, Wang Z, Zhou Y, Martelli P, Li F, Xiong Z,

Wang J, Yang H, Zhang G. 2017. Sequencing, de novo

assembling, and annotating the genome of the endangered

8 T. Gamble

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article-abstract/doi/10.1093/icb/icz010/5416149 by U

niversity of M
innesota - Tw

in C
ities user on 28 April 2019

Deleted Text: s
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icz010#supplementary-data


Chinese crocodile lizard Shinisaurus crocodilurus.

GigaScience 6:1–6.

G�orecki P, Eulenstein O. 2014. DrML: probabilistic modeling

of gene duplications. J Comput Biol 21:89–98.

Green RE, Braun EL, Armstrong J, Earl D, Nguyen N, Hickey

G, Vandewege MW, St John JA, Capella-Guti�errez S,

Castoe TA, et al. 2014. Three crocodilian genomes reveal

ancestral patterns of evolution among archosaurs.

346:1254449.

Greenwold MJ, Bao W, Jarvis ED, Hu H, Li C, Gilbert MTP,

Zhang G, Sawyer RH. 2014. Dynamic evolution of the al-

pha (a) and beta (b) keratins has accompanied integument

diversification and the adaptation of birds into novel life-

styles. BMC Evol Biol 14:249.

Greenwold MJ, Sawyer RH. 2010. Genomic organization and

molecular phylogenies of the beta (b) keratin multigene

family in the chicken (Gallus gallus) and zebra finch

(Taeniopygia guttata): implications for feather evolution.

BMC Evol Biol 10:148.

Greenwold MJ, Sawyer RH. 2011. Linking the molecular evo-

lution of avian beta (b) keratins to the evolution of feath-

ers. J Exp Zool B Mol Dev Evol 316:609–16.

Gregg K, Rogers GE. 1986. Feather keratin: composition,

structure and biogenesis. In: Bereiter-Hahn J, Matoltsy

AG, Richards KS, editors. Biology of the integument. Vol.

2: Vertebrates. Berlin: Springer-Verlag. p. 666–94.

Haacke WD. 1976. The burrowing geckos of southern Africa,

5 (Reptilia: Gekkonidae). Ann Transvaal Mus 30:71–89.

Hagey TJ, Uyeda JC, Crandell KE, Cheney JA, Autumn K,

Harmon LJ. 2017. Tempo and mode of performance evo-

lution across multiple independent origins of adhesive toe

pads in lizards. Evolution 71:2344–58.

Hahn MW, De Bie T, Stajich JE, Nguyen C, Cristianini N.

2005. Estimating the tempo and mode of gene family evo-

lution from comparative genomic data. Genome Res

15:1153–60.

Hallahan DL, Keiper-Hrynko NM, Shang TQ, Ganzke TS,

Toni M, Dalla Valle L, Alibardi L. 2009. Analysis of gene

expression in gecko digital adhesive pads indicates signifi-

cant production of cysteine-and glycine-rich beta-keratins.

J Exp Zool B Mol Dev Evol 312:58–73.

Han D, Zhou K, Bauer AM. 2004. Phylogenetic relationships

among gekkotan lizards inferred from C-mos nuclear DNA

sequences and a new classification of the Gekkota. Biol J

Linn Soc 83:353–68.

Han MV, Thomas GW, Lugo-Martinez J, Hahn MW. 2013.

Estimating gene gain and loss rates in the presence of error

in genome assembly and annotation using CAFE 3. Mol

Biol Evol 30:1987–97.

Hara Y, Takeuchi M, Kageyama Y, Tatsumi K, Hibi M,

Kiyonari H, Kuraku S. 2018. Madagascar ground gecko

genome analysis characterizes asymmetric fates of dupli-

cated genes. BMC Biol 16:40.

Harrington S, Reeder TW. 2017. Rate heterogeneity across

Squamata, misleading ancestral state reconstruction, and

the importance of proper null model specification. J Evol

Biol 30:313–25.

Higham TE, Gamble T, Russell AP. 2017. On the origin of

frictional adhesion in geckos: small morphological changes

lead to a major biomechanical transition in the genus

Gonatodes. Biol J Linn Soc 120:503–17.

Hiller U. 1968. Untersuchungen zum Feinbau und zur

Funktion der Haftborsten von Reptilien. Z Morphol Tiere

62:307–62.

Holthaus KB, Eckhart L, Dalla Valle L, Alibardi L. 2019.

Evolution and diversification of corneous beta-proteins,

the characteristic epidermal proteins of reptiles and birds.

J Exp Zool B Mol Dev Evol 330 (doi:10.1002/jez.b.22840).

International Chicken Genome Sequencing Consortium. 2004.

Sequence and comparative analysis of the chicken genome

provide unique perspectives on vertebrate evolution.

Nature 432:695–716.

Katoh K, Standley DM. 2013. MAFFT multiple sequence

alignment software version 7: improvements in perfor-

mance and usability. Mol Biol Evol 30:772–80.

Khan I, Maldonado E, Vasconcelos V, O’Brien SJ, Johnson

WE, Antunes A. 2014. Mammalian keratin associated pro-

teins (KRTAPs) subgenomes: disentangling hair diversity

and adaptation to terrestrial and aquatic environments.

BMC Genomics 15:779.

Khannoon ER, Endlein T, Russell AP, Autumn K. 2014.

Experimental evidence for friction-enhancing integumen-

tary modifications of chameleons and associated functional

and evolutionary implications. Proc R Soc B Biol Sci

281:20132334.

Lamb T, Bauer AM. 2006. Footprints in the sand: independent

reduction of subdigital lamellae in the Namib–Kalahari bur-

rowing geckos. Proc R Soc B Biol Sci 273:855–64.

Lespinet O, Wolf YI, Koonin EV, Aravind L. 2002. The role

of lineage-specific gene family expansion in the evolution

of eukaryotes. Genome Res 12:1048–59.

Li YI, Kong L, Ponting CP, Haerty W. 2013. Rapid evolution

of beta-keratin genes contribute to phenotypic differences

that distinguish turtles and birds from other reptiles.

Genome Biol Evol 5:923–33.

Librado P, Vieira FG, Rozas J. 2012. BadiRate: estimating

family turnover rates by likelihood-based methods.

Bioinformatics 28:279–81.

Liu Y, Zhou Q, Wang Y, Luo L, Yang J, Yang L, Liu M, Li Y,

Qian T, Zheng Y, et al. 2015. Gekko japonicus genome

reveals evolution of adhesive toe pads and tail regeneration.

Nat Commun 6:10033.

Maddison WP, FitzJohn RG. 2015. The unsolved challenge to

phylogenetic correlation tests for categorical characters.

Syst Biol 64:127–36.

Maderson P. 1964. Keratinized epidermal derivitives as an aid

to climbing in gekkonid lizards. Nature 203:780–1.

Maderson PFA. 1970. Lizard glands and lizard hands: models

for evolutionary study. Form Funct 3:179–204.

Miller MA, Pfeiffer W, Schwartz T. 2010. Creating the

CIPRES science gateway for inference of large phylogenetic

trees. Proceedings of the Gateway Computing

Environments Workshop (GCE). New Orleans, LA:

Curran Associates, Inc. p. 1–8.

Mischke D, Korge BP, Marenholz I, Volz A, Ziegler A.

1996. Genes encoding structural proteins of epidermal

cornification and S100 calcium-binding proteins form a

gene complex (“epidermal differentiation complex”) on

human chromosome 1q21. J Invest Dermatol

106:989–92.

Ng CS, Wu P, Fan W-L, Yan J, Chen C-K, Lai Y-T, Wu S-M,

Mao C-T, Chen J-J, Lu M-Y, et al. 2014. Genomic

Duplications in corneous beta protein genes 9

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article-abstract/doi/10.1093/icb/icz010/5416149 by U

niversity of M
innesota - Tw

in C
ities user on 28 April 2019

https://doi.org/10.1002/jez.b.22840


organization, transcriptomic analysis, and functional char-

acterization of avian a- and b-keratins in diverse feather

forms. Genome Biol Evol 6:2258–73.

Nunn CL. 2011. The comparative approach in evolutionary

anthropology and biology. Chicago (IL): University of

Chicago Press.

Ohno S. 1970. Evolution by gene duplication. Berlin:

Springer-Verlag. p. 160.

Pagel M. 1999. Inferring the historical patterns of biological

evolution. Nature 401:877–84.

Peattie AM. 2008. Subdigital setae of narrow-toed geckos,

including a eublepharid (Aeluroscalabotes felinus). Anat

Rec 291:869–75.

Perry BW, Card DC, McGlothlin JW, Pasquesi GIM, Adams

RH, Schield DR, Hales NR, Corbin AB, Demuth JP,

Hoffmann FG, et al. 2018. Molecular adaptations for sens-

ing and securing prey and insight into amniote genome

diversity from the garter snake genome. Genome Biol

Evol 10:2110–29.

Pianka ER, Sweet SS. 2005. Integrative biology of sticky feet

in geckos. Bioessays 27:647–52.

Pianka ER, Vitt LJ. 2003. Lizards: windows to the evolution of

diversity. Berkeley (CA): University of California Press. p. 339.

Presland RB, Whitbread LA, Rogers GE. 1989. Avian keratin

genes II. Chromosomal arrangement and close linkage of

three gene families. J Mol Biol 209:561–76.

Rabosky DL, Goldberg EE. 2015. Model inadequacy and mis-

taken inferences of trait-dependent speciation. Syst Biol

64:340–55.

Roscito JG, Sameith K, Pippel M, Francoijs K-J, Winkler S,

Dahl A, Papoutsoglou G, Myers G, Hiller M. 2018. The

genome of the tegu lizard Salvator merianae: Combining

Illumina, PacBio, and optical mapping data to generate a

highly contiguous assembly. GigaScience 7 (doi:10.1093/

gigascience/giy141).

Ruibal R. 1968. The ultrastructure of the surface of lizard

scales. Copeia 1968:698–703.

Russell AP. 1976. Some comments concerning interrelation-

ships amongst gekkonine geckos. In: Bellairs AdA, Cox CB,

editors. Morphology and biology of reptiles. London:

Academic Press. p. 217–44.

Russell AP. 1979. Parallelism and integrated design in the foot

structure of gekkonine and diplodactyline geckos. Copeia

1979:1–21.

Russell AP. 2002. Integrative functional morphology of the

gekkotan adhesive system (Reptilia: Gekkota). Integr

Comp Biol 42:1154–63.

Russell AP, Baskerville J, Gamble T, Higham TE. 2015. The

evolution of digit form in Gonatodes (Gekkota:

Sphaerodactylidae) and its bearing on the transition from

frictional to adhesive contact in gekkotans. J Morphol

276:1311–32.

Russell AP, Bauer AM. 2002. Underwood’s classification of

the geckos: a 21st century appreciation. Bull Nat Hist

Mus (Zool) 68:113–21.

Russell AP, Gamble T. 2019. Evolution of the gekkotan ad-

hesive system: does digit anatomy point to one or more

origins? Integr Comp Biol (doi:10.1093/icb/icz006).

Schluter D, Price T, Mooers AØ, Ludwig D. 1997. Likelihood

of ancestor states in adaptive radiation. Evolution

51:1699–711.

Shaffer HB, Minx P, Warren DE, Shedlock AM, Thomson

RC, Valenzuela N, Abramyan J, Amemiya CT, Badenhorst

D, Biggar KK, et al. 2013. The western painted turtle ge-

nome, a model for the evolution of extreme physiological

adaptations in a slowly evolving lineage. Genome Biol

14:R28.

Stamatakis A. 2014. RAxML version 8: a tool for phylogenetic

analysis and post-analysis of large phylogenies.

Bioinformatics 30:1312–3.

Stamatakis A, Hoover P, Rougemont J. 2008. A rapid boot-

strap algorithm for the RAxML Web servers. Syst Biol

57:758–71.

Strasser B, Mlitz V, Hermann M, Rice RH, Eigenheer RA,

Alibardi L, Tschachler E, Eckhart L. 2014. Evolutionary

origin and diversification of epidermal barrier proteins in

amniotes. Mol Biol Evol 31:3194–205.

Sun X, Zhang Z, Sun Y, Li J, Xu S, Yang G. 2017.

Comparative genomics analyses of alpha-keratins reveal

insights into evolutionary adaptation of marine mammals.

Front Zool 14:41.

Townsend TM, Larson A, Louis E, Macey JR. 2004. Molecular

phylogenetics of Squamata: the position of snakes, amphis-

baenians, and dibamids, and the root of the squamate tree.

Syst Biol 53:735–57.

Underwood G. 1954. On the classification and evolution of

geckos. Proc Zool Soc Lond 124:469–92.

Vernot B, Stolzer M, Goldman A, Durand D. 2008.

Reconciliation with non-binary species trees. J Comput

Biol 15:981–1006.

Xiong Z, Li F, Li Q, Zhou L, Gamble T, Zheng J, Kui L, Li C,

Li S, Yang H, et al. 2016. Draft genome of the leopard

gecko, Eublepharis macularius. GigaScience 5:47.

Zheng Y, Wiens JJ. 2016. Combining phylogenomic

and supermatrix approaches, and a time-calibrated phylog-

eny for squamate reptiles (lizards and snakes) based

on 52 genes and 4162 species. Mol Phylogenet Evol

94:537–47.

10 T. Gamble

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article-abstract/doi/10.1093/icb/icz010/5416149 by U

niversity of M
innesota - Tw

in C
ities user on 28 April 2019

https://doi.org/10.1093/icb/icz006

	icz010-TF1

