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ABSTRACT
Discordance between mitochondrial DNA (mtDNA) trees and species history is not uncommon and caused by several well-known

processes. Differences in phylogenetic signal between loci within the mtDNA genome have received less attention. Large amounts

of nuclear genomic data provide the opportunity to resolve uncertain phylogenetic inference in cases of discordance. We exam-

ined relationships among three putative divergent lineages of Chinese webbed-toed gecko: Gekko subpalmatus, G. cib (formerly

G. subpalmatus) and G. melli. MtDNA sequences (ND2/COXI) were analyzed and an mtDNA tree that supported ((G. melli and

G. subpalmatus) and G. cib) was obtained. This differed from a recent well-supported mtDNA–based phylogeny. To resolve this,

we estimated species trees using genomic SNPs (from genotyping-by-sequencing), which supported our ND2/COXI tree. We

investigated how the mtDNA loci used in these studies might provide discordant phylogenetic signals by comparison of 16 trees

obtained from individual mtDNA loci. Well-supported trees, but with two distinct topologies, were obtained for six of the loci,

while the remaining 10 loci provided weakly-supported topologies. Only three mtDNA loci provided a well-supported tree that

was concordant with the genomic SNPs tree. This suggests that differences in phylogenetic signal across the mitochondrial

genome misled previous phylogenetic inference. Divergence time dating revealed quite similar internal node ages, which likely

exacerbated this effect. Finally, we analyzed generalized divergence in body dimensions: the two nonsister taxa G. subpalmatus

and G. cib were the least divergent lineage pair, potentially explaining previous incorrect conclusions. We conclude that different

well-supported phylogenetic histories can be supported by different mtDNA loci while large numbers of genomic SNPs provide

more reliable topologies.

1 | Introduction

Numerous studies have used mitochondrial DNA (mtDNA) to
establish the phylogenetic relationships among taxa [1–3]. These
findings have been of particular relevance in systematics, espe-
cially since phylogenetic relationships became widely accepted as

the basis for taxonomy [4, 5]. The rise of phylogenetic systematics

paralleled the introduction and subsequent surge in mtDNA

sequencing by phylogeneticists. Over the years, different authors

have both urged caution and promoted its use for determining

historical relationships, but the overwhelming attitude towards
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mtDNA has remained positive [6–8]. The greater substitution
rate of mtDNA has been a key factor in its use at lower taxonomic
levels, although this advantage is now diminished due to
increased availability of genomic methodologies that provide
large amounts of DNA sequence from across the nuclear genome.
These approaches not only overcome the lower phylogenetically
informative content per base of nuclear DNA but also circumvent
other potential limitations of mtDNA.

Mito-nuclear discordance is increasingly detected as the number
of nuclear genomic studies increase, while limits to the useful-
ness of mtDNA in species delimitation are also recognized [9].
Any single locus such as mtDNA will be less reliable for inferring
speciation events because of potential stochastic effects, with
perhaps the best-known effect being incomplete lineage sorting
due to lack of coalescence of mtDNA lineages within species. In
addition, cross-species hybridization can facilitate mtDNA cap-
ture from other (potentially extinct) species/lineages and mislead
detection of speciation, while the maternal inheritance pattern of
mtDNA can also affect phylogenetic inference [10]. For example,
lack of female dispersal with male vagility can lead to incorrect
species inference [11]. Nonetheless, one effect that has not been
thoroughly explored is discordant phylogenetic signal between
different loci within the mtDNA genome.

In this study we reexamined phylogenetic relationships among
three closely related lineages of Chinese gecko, Gekko subpalma-
tus, G. cib and G. melli, using mtDNA, nuclear SNPs, and mor-
phology. The long taxonomic history of this group has been
recently summarized in detail by Lyu et al. [12] and so will not
be fully reviewed again here. The main relevant publications that
preceded Lyu et al. [12] were: Rösler and Tiedemann [13]; Yang
et al. [14]; Zhao and Adler [15]. We also note that the focal
species (along with others) have recently been assigned to the
subgenus Japonigekko [16], but here we will refer to the different
species simply using the traditional genus name, Gekko.

Several older studies addressed the systematics of the group but
did not consider phylogenetic relationships, which provided the
initial motivation for this study. Furthermore, a recently published
mtDNA tree did not show a sister relationship between geograph-
ically neighboring Gekko lineages [12]. These results suggested
that the underlying species phylogeny remained unresolved.

Prior to Lyu et al. [12], two species were recognized across three
allopatric groups within China: (i) G. subpalmatus from the Sich-
uan Basin and adjacent low-elevation mountainous regions in
central China and a geographically disjunct area of eastern China
comprising parts of Zhejiang province and the Zhoushan archi-
pelago and (ii) G. melli which is geographically adjacent to and
found directly to the south of the Zhejiang G. subpalmatus popu-
lations, mainly in northern Guangdong province but also neigh-
boring areas of southern Jiangxi [12]. Lyu et al.’s [12] analysis of
short 16S rRNA and cytochrome b (Ctyb) sequences identified
three deep mitochondrial lineages across these three groups:
G. subpalmatus Sichuan was inferred as the sister lineage to
G. melli (bootstrap support, 77%; Bayesian posterior probability,
0.99) which together formed the sister lineage to G. subpalmatus
Zhejiang/Zhoushan. Hence, they elevated G. subpalmatus from
Sichuan to the species level, describing Gekko (Japonigekko) cib
sp.nov. Lyu et al. [12] also provided a detailed analysis of body
dimensions, scalation and hemipenes that showed clear

differentiation that allowed morphological diagnosis of the three
lineages. Examination of geographical proximity could lead to
the prima facie prediction that G. melli and G. subpalamatus
represent sister taxa, in contrast with Lyu et al.’s [12] findings.

Here, G. cib, G. subpalmatus and G. melli were sampled to provide
genetic and morphological datasets to reassess the phylogeny and
systematics of this group. We analyzed long mtDNA sequences
from individuals from all areas and also analyzed representative
mitochondrial genomes from each of the three allopatric groups
mentioned above. We measured linear body dimensions to gain
further insights into patterns of morphological divergence among
putative species. Most significantly, we set out to resolve uncer-
tainties by performing genotyping by sequencing (GBS) to allow
analysis of nuclear markers from across the genome. Through
replication and extension of previous analyses, we were able to
examine how different markers provided different evolutionary
inferences and how this had misled previous studies. The ultimate
aim was to unequivocally determine the species history of these
geckos to provide a solid foundation for the species taxonomy.

2 | Materials and Methods

2.1 | Sampling

A total of 116 G. subpalmatus, G. cib, and G. melli were sampled in
2017. While there is only sparse information on their respective
distributions, we believed that the samples covered the major parts
of their known range (despite a lack of G. subpalmatus samples
frommainland Zhejiang; Figure 1). Specifically, geckos were mea-
sured and tail-tips were retained from: (1) G. cib from three locali-
ties within the Sichuan Basin in western China (n= 18), (2)
G. melli from five localities from Guandong and Jiangxi provinces
in Southeastern China (n= 29), and (3) G. subpalmatus from 15
localities within the Zhoushan Archipelago in eastern China
(n= 69; see Supporting Information 1: Table S1 for more details).
Tail tips were stored in 95% ethanol and individuals were released
at the site of capture following morphological measurements.

2.2 | DNA Extraction, PCR, and Sequencing

Genomic DNA was extracted from tail muscle tissue of all sam-
pled individuals using a standard protocol of proteinase K diges-
tion and DNeasy Blood & Tissue Kit (QIAGEN). DNA of 106
individuals was analyzed as described in the next two sections
(10 individuals were not analyzed due to degradation of DNA).

2.3 | MtDNA Sequences and Trees

Primer pairs (Supporting Information 2: Table S2) were designed
to amplify two mtDNA fragments (2289 bp) from the ND2 and
COXI genes for all 106 specimens sequenced. PCR reactions were
performed with 1.2 μL of DNA template, 1.2 μL of each primer,
11.4 μL of dd H2O, and 15 μL of PrimeSTAR Max DNA Polymer-
ase. The PCR cycle was: 95°C for 2min, 35 cycles of 98°C for 10 s,
55°C for 5 s, and 72°C for 7 s, with a final extension at 72°C for 10
min. The PCR amplification products were sent to Sangon Bio-
tech (Shanghai) Co., Ltd. for product purification and ABI 3770
Sanger sequencing in both directions using PCR primers.
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MtDNA sequences were aligned using ClustalW in MEGA11 [17],
manually checked and then collapsed into haplotypes using DnaSP
v. 6.12.03 [18]. Homogenous partitions of sequence data were first
identified using PartitionFinder v. 2.1.1 [19]. Bayesian inference
was used to obtain mtDNA trees, using MrBayes v. 3.2.7 [20].
Two simultaneous runs of four MCMC chains were performed
for 10million steps (sampled every 5000 steps). Convergence was
assessed from MrBayes trace plots, examination of potential differ-
ences between runs and from the standard deviation of split fre-
quencies (<0.01 was used as indicative of convergence).

Maximum likelihood (ML) analyses were computed using
RAxML-NG v. 1.1.0 [21]. The GTR+G model was used for COXI
and the HKY+G model was used for ND2, as determined by Par-
titionFinder v. 2.1.1 [19]. Parsimony trees were used as starting
points for the ML analyses. Statistical support was obtained from
1000 bootstrap replicates. We used Gekko japonicus (GenBank
Accession: KT005800.1; [22]) as an outgroup, which was justified
following previous studies [16, 23]. During preliminary analyses
we also used another outgroup (G. swinhonis), but this had no
impact on the results and so is not reported here.

To allow direct comparison with the Lyu et al. [12] study, we
retrieved their 16S rRNA and Cytb sequences (see “MtDNA anal-
yses previous data” file within Supporting Information 3) from
Genbank and, as described above, applied PartitionFinder and
then RAxML-NG v. 1.1.0 [21] to infer the mtDNA tree.

Indices of substitution saturation (ISS) were assessed using
DAMBE [24], for both our COXI–ND2 dataset and the 16S
rRNA/Cytb dataset from Lyu et al. [12]. In addition, we obtained
a bootstrapped ML tree for each of 16 mtDNA loci representing all
protein coding genes, ribosomal RNA, and the control region using
a full mtDNA genome retrieved for G. cib (GenBank Accession:
MK680534, [25]) and genomes from a G. subpalmatus and a
G. melli specimen that we recently sequenced for another project
(available within “MtDNA analyses previous data” file within Sup-
porting Information 3). Sequences from each of these three indi-
viduals and the outgroup G. japonicus were individually aligned
for each of the 16 mtDNA loci using the ClustalW algorithm in
MEGA11 [17]. The program jModelTest 2v. 2.1.10 [26, 27] was
used to identify the best-fit model for eachmtDNA locus (Support-
ing Information 4: Table S4). We used the RAXML-NG procedure

described previously to obtain boostrap trees for each locus. Topol-
ogies of all boostrap replicate trees were recorded.

Finally, we concatenated the mtDNA loci sequences to obtain a
complete mitochondrial genome tree using the same approach.
Here, partitions and models were determined by PartitionFinder
v. 2.1.1 [19] (Supporting Information 5: Table S5).

2.4 | Divergence Times From mtDNA

COXI and ND2 haplotype sequences were analyzed using BEAST2
[28] to analyze mtDNA divergence times. The topology was mono-
phyly-constrained to ensure that posterior samples comprised only
trees in which relationships between the three major lineages were
those identified by SNP analyses (Section 3). Sequences from each
gene were partitioned into (i) the first two and (ii) the third codon
positions, providing four partitions across the COXI and ND2
sequences. The HKY model was employed as the site model for
all partitions, with site rate variation within ND2 being accommo-
dated by a gamma distribution. Two strict clock models were speci-
fied, one for each fragment. We used a tight prior on ND2 rates,
which was specified from the Normal distribution N(0.00762, 1.6×
10−7), providing a 95% prior density from 0.00684 to 0.00840. The
rationale for this choice was that previous studies on the lizard
Phrynocephalus erythrurus had shown a rate of 0.762% per million
years for a similarmtDNA fragment (albeit extending from theND2
gene to tRNAAla) [29]. Relatively few studies have estimated the
ND2 substitution rate in reptiles and amphibians but there is a
general consensus of approximately 0.0065–0.0100 subs/site/Ma,
with the lower end of this range appearing most credible ([30]
and references therein). The COXI rate was expected to be quite
similar, or slightly greater but, as we had little prior information on
expected rates in geckos, we specified a diffuse prior from a log
Normal distribution with a geometric mean of 0.008 and a standard
deviation of 0.5 (in real space). This allowed the ND2 rate prior to
primarily determine estimation of divergence times. Preliminary
runs with a relaxed clock indicated little rate variation and so a
strict molecular clock was used. The tree prior was specified from a
Yule process. The MCMC chain contained 20million steps, follow-
ing a pre-burn-in period of 500,000 steps. The final chain burn-in
period was determined by examination of the MCMC traces of
posteriors and likelihoods against generation using Tracer v. 1.7
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FIGURE 1 | Sampling distribution of theGekko species complex used in this study. Dots represented sampled localities of the taxa as named here: G. cib

(Sites 1–3), G. subpalmatus from Zhejiang and Zhoushan (Sites 9–23), G. melli from Fujiang, Guangdong, and Jiangxi in Southeast of China (Sites 4–8).
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[31]. This same program was used to determine whether lengths of
runs were sufficient, using the effective sample sizes (ESSs; ESS
>200 was used to diagnose this). MCMC chains were run three
times, from different starting positions.

2.5 | Genotyping-by-Sequencing

A 43-sample subset of the 106 individuals described above was
used to represent the three main groups (G. cib, n= 15; G. melli, n
= 12; G. subpalmatus, n= 16; see Supporting Information 1: Table
S1 for site details). Extracted DNA was submitted to Beijing
Novogene Bioinformatics Technology Co., Ltd. for GBS analysis
using the following protocol. Step one was incubation of 50–100
ng of extracted genomic DNA with the restriction enzymes NlaIII
and EcoRI. After purification, DNA was amplified by PCR, and
the amplification product was purified with magnetic AMPure
XP. Purified samples were subject to electrophoresis, and then
DNA fragments measuring 300–400 bp in size were excised from
the gel to construct the library. The Qubit 2.0 Fluorometer was
used for preliminary quantification of the DNA library. The
insert size of the library was detected using an Agilent 2100
bioanalyzer, and when the insert size met expectations, qRT-
PCR was used to quantify the library effective concentration
(library effective concentration is higher than 2 nmol/L) to
ensure library quality. Paired-end sequencing was performed
on the NovaSeq 6000 platform (read length was 150 bp).

AdaptorRemoval v. 2 [32] was used to remove adapters in the raw
data and FastQC v. 0.12.1 [33] was used to remove low-quality
reads. When the number of low-quality (Q≤ 5) bases contained
in a single-ended sequencing read exceeded 50% of the length
ratio of the read, the paired reads were removed.

Alignment of reads and SNP calling were performed using GBS-
SNP-CROP v. 4.1 [34] with the G. japonicus genome (GenBank
Accession: GCF_001447785.1) [35] as the reference genome. A
matrix containing all SNPs was generated and then filtered using
the final perl script in GBS-SNP-CROP (i.e., GBS-SNP-CROP-7.pl)
with the following specifications: a minimum read depth (-mnHet-
Depth) for heterozygote calling of 3; aminimumrequired proportion
of secondary reads to all non-primary reads (-altStrength) of 0.8;
proportion of individuals required for a variant to be called (-mnCall)
of 0.75; maximum average depth of an acceptable variant (-mxAvg-
Depth) of 50; minimum depth for calling a homozygote when the
alternative allele depth is 0 (-mnHoDepth0) of 5;minimumdepth for
calling a homozygote when the alternative allele depth is 1 (-mnHo-
Depth1) of 20; minimum ratio of less frequent allele depth to more
frequent allele depth (-mnAlleleRatio) of 0.25; minimum average
depth of an acceptable variant (-mnAvgDepth) of 3. This pipeline
was used to provide only biallelic SNPs; indels were discarded.

2.6 | Trees From Genomic SNP Data

We obtained a ML SNP tree using RAxML-NG v. 1.1.0 [21] and a
Bayesian SNP tree using MrBayes v. 3.2.7 [20] to gain preliminary
insight into the relationships between individuals. All SNPs were
concatenated for these analyses and then filtered using a pub-
lished script (raxml_ascbias/ascbias.py at master · btmartin721/
raxml_ascbias · GitHub). The GTR+Gmodel was identified using
jModelTest 2v. 2.1.10 [26, 27] and used in both ML and Bayesian
analyses. In the ML analysis, the conditional likelihood method

was used to correct for ascertainment bias [36], that is,
+ASC_LEWIS in RAxML-NG v. 1.1.0 [21], and the model for
unphased diploid genotypes (GTGTR) was specified. Heuristic
searches were performed 10 times to identify trees, with 1000
bootstrap replicates used to assess node support. For the Bayesian
analysis, the Lewis correction was used but we also note the lack
of a phasing function, so the two bases at heterozygous sites
(coded by an ambiguity symbol) are each assigned a probability
of 0.5. The MCMC chain length was 10million iterations, with
trees sampled every 1000 steps. ESSs, traces, and standard devia-
tions of split frequencies (obtained from the analysis itself ) were
used to determine appropriate burn-in.

The species tree and species delimitation analyses were per-
formed using the SNP model implemented in SNAPPER
v. 1.1.2 [37] in conjunction with SPEEDEMON [38], within the
program BEAST 2 [28]. To mitigate the effects of linkage, the
SNPs were thinned to include only one SNP per sequence tag.
These analyses provided comparisons of different species division
models based on genome-wide SNP data within a multispecies
coalescent framework. The three defined species in these analy-
ses were the three groups within the study (G. melli, G. subpal-
matus, and G. cib). The tree prior was specified by the Yule
skyline collapse model. Branches that did not reach a threshold
length were collapsed. Here the threshold (ε) used was 10−6 (we
tested alternative ε values of 10−5 and 10−7, but this had no
impact on our results). The weights of the Gamma Mover and
Rate Mixer operators were set to 10. TheMCMC chain length was
1million generations with a sample interval of 1000 generations,
and a pre-burn-in of 100,000, ensuring an ample number of itera-
tions. Other parameters were kept at their default values. As
described previously, convergence of posteriors was assessed
using Tracer v. 1.7 [31]. The post-burn-in sample of trees was
then used to construct a maximum clade credibility consensus
tree using TreeAnnotator [39] and DensiTree [40] used to exam-
ine the posterior tree sample.

2.7 | Morphological Divergence

The following measurements were recorded with a vernier cali-
per on 115 sampled individuals: snout-vent length (SVL), head
length (HL), head width (HW), anterior limb length (AL, dis-
tance between axilla and wrist), posterior limb length (LL, dis-
tance between groin and ankle), distance between axillae (DBA),
and distance between iliac crests (DBIs). All traits were measured
to 0.1mm by the first author. Four G. melli specimens were
preserved and retained in the laboratory of animal evolution,
College of Life Sciences, China Jiliang University.

We performed individual ANCOVAs on each of the six (excluding
SVL) log10-transformed linear body dimensions across the three
defined groups, with log10 SVL as the covariate, to check for sig-
nificance of individual among-group variation and estimate
pooled within-group regression slopes (we previously tested for
sexual size dimorphism using a two-way ANCOVA but did not
detect this for any character). This analysis was performed using
IBM SPSS Statistics v. 28.0. All six log10-transformed characters
were adjusted to their expected values at the overall mean log10
SVL using the pooled within-group regression slopes from the
ANCOVA. This is a standard allometric correction (see for exam-
ple, [41]). Next we performed a one-way multivariate analysis of
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variance between the three gecko groups using the npmv package
[42] in R (ver.4.2.3) [43]. This package provides a permutation test
that can test for a difference in location between groups without
the restrictive assumptions of a normal MANOVA.

Discriminant function analysis (DFA) was applied to the six log10
SVL–adjusted characters to investigate generalized morphological
divergence. Mahalanobis distances were computed between the
three groups, with confidence intervals for these distances being
obtained using nonparametric bootstrapping (this was used rather
than the noncentral F distribution because of low Mahalanobis D2

values: [44]). This analysis was performed using the R packages
HDMD [45] and boot [46] and have provided our R scripts for this
procedure in the supporting information.

3 | Results

3.1 | MtDNA Tree

MtDNA sequences were obtained from 106 of the sampled speci-
mens. GenBank accessions and other information are given in
Supporting Information 1: Table S1. The ND2 alignment consisted
of 975 bp (310 variable sites), while the COXI alignment comprised
1314 bp (306 variable sites). Pairwise uncorrected divergence
between pairs of species was 16.6%–27.4%. PartitionFinder analy-
ses favored use of a single partition for both genes, with the HKY
+G model favored for ND2 and the GTR+G model for COXI.

The three focal groups were monophyletic in trees obtained using
the COXI+ND2 sequences (Figure 2). The most recent node
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FIGURE 2 | The topologies obtained for RAxML and MrBayes phylogenetic trees estimated from mitochondrial ND2 and COXI sequences. Node

labels represent RAxML bootstrap values/MrBayes posterior probabilities.
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represented divergence of G. melli and G. subpalmatus mtDNA,
although support was weak (bootstrap branch support= 65%,
posterior probability= 0.88). This group forms a sister group
to G. cib.

The HKY+G and GTR+G, substitution models were used to infer
trees using Lyu et al.’s [12] published Cytb and 16S rRNA
sequence data, respectively. They provided exactly the same
topology as that published by the original authors, that is, they
differed from our ND2/COXI mtDNA tree, with G. melli and
G. cib forming a monophyletic group. Bootstrap values and pos-
terior probabilities for the previous branch (preceding divergence
of the G. subpalmatus mitochondrial lineage) were high (boot-
strap support= 97% and posterior probability= 1.0) while respec-
tive values for the (G. melli and G. cib) branch were lower
(bootstrap support= 77% and posterior probability= 0.98).

For our COXI/ND2 dataset, analysis across all OTU subsets
(4–32) revealed ISS values (0.270–0.292) that were significantly
lower than critical ISS values (the threshold above which satura-
tion is deemed to have led to a loss of phylogenetic signal) under
both symmetrical (0.796–0.843) and asymmetrical (0.528–0.820)
tree topologies (p<0:0001). For the 16S rRNA/Cytb dataset of Lyu
et al. [12], the observed ISS (0.2754) was also significantly lower
than critical ISS values (0.7960 for symmetrical trees, 0.6166 for
extremely asymmetrical trees; p <0:0001).

Of the 16 mtDNA ML trees corresponding to individual mtDNA
genes, six provided bootstrap support with values for sister
lineages ≥70%, which represents the minimum level that is con-
sidered indicative of support [47]. However, the topologies of
these six trees differed. Three of them (16S rRNA, ND4L, and
ND6) supported monophyly of the G. melli and G. subpalmatus

lineages, while the other three (ATP6, COXII, and Cytb) favored
monophyly of G. melli and G. cib (relationships across bootstrap
replicates are summarized in Figure 3). The remaining 10 trees
(12S rRNA, ATP8, COXI, COXIII, ND1, ND2, ND3, ND4, ND5,
and control region) showed lower bootstrap support (42%–68%
for the two sister mtDNA lineages) with seven of these showing a
sister-lineage relationship for G. melli and G. subpalmatus. The
complete mitochondrial genome tree also supported G. melli and
G. subpalmatus as sister groups with strong bootstrap support
value (100%: see “MtDNA analyses previous data” file within
Supporting Information 3).

3.2 | Divergence Times From mtDNA

Following removal of the first 30% of the MCMC chain, mean
posterior divergence time between the sister lineages G. subpal-
matus and G. melli was 15.40million years (Ma) ago with a 95%
highest posterior density (95%HPD) of 9.73–22.43Myr (Figure 4).
Estimated divergence time between G. cib and these lineages was
just slightly older: 15.85Myr ago (95% HPD: 9.88–22.98Ma). The
estimated clock rate for the COXI gene was 0.010 subs/site/Ma.

3.3 | Reduced Representation Genome Tree

GBS-SNP-CROP identified 12,650 SNPs from the GBS reads. Gen-
bank accessions and other information are given in Supporting
Information 1: Table S1. Further filtering reduced this to 10,059
concatenated SNPs (Section 2) across all individuals for the
RAxML-NG v. 1.1.0 [21] analysis. The ML and Bayesian (25%
of posterior sample removed as burnin) consensus trees had
essentially the same topology as our ND2/COXI mtDNA tree
although the main branches were better-supported than for the
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mtDNA tree (Figure 5). The ML and Bayesian consensus trees
showed that G. melli and G. subpalmatus are monophyletic
lineages (bootstrap support= 99% and posterior probability=
0.92) that together form a sister group to G. cib.

For the SNP species tree, 10% of posterior samples were discarded
as burn-in. The overall species tree topology was unequivocally
supported and provided the same relationships among lineages
as those obtained for the ND2/COXI mtDNA tree (Figure 6).
Only two topologies were detected in the post-burn-in samples:
((G. melli and G. subpalmatus) and G. cib) with a posterior proba-
bility of 0.99 (Figure 6), and (G. melli and (G. subpalmatus and
G. cib)) with a posterior probability of 0.01.

The joint posterior distribution of species assignments supported
all three species with a posterior probability of 1.0, with each of
the three clusters having a marginal posterior probability of 1.0,
strongly supporting species delimitation.

3.4 | Morphological Divergence

The ANCOVAs demonstrated significant linear relationships
between each of the six log-transformed body dimensions and
the log10-SVL covariate (p<0:001 in all cases) and significant dif-
ferences among the adjusted means of the three focal groups for
the following body dimensions: Log10-HL (F2,111 = 59.42,

p <0:001), log10-HW (F2,111= 16.14, p <0:001), log10-AL (F2,109=
6.00, p¼ 0:003), log10-DBA (F2,111= 4.96, p¼ 0:009), and log10-DBI
(F2,111= 26.99, p <0:001). Log10-LL was the only non-significant
body dimension (F2,111= 2.41, p¼ 0:095) but was still used in sub-
sequent multivariate analyses as the significance was <0.1. The
multivariate permutation test across the three focal groups was
highly significant (Wilks Lambda= 18.323, p¼ 0:0001) indicating
significant differences among the three groups. The npmv post hoc
subsets test also rejected the hypothesis of equality between all
factor levels using a closed multiple testing procedure at a Type
I error rate of α= 0.001 [42].

In the DFA, the first discriminant function (DF; 87.2% of total
variation) was most heavily weighted by adjusted log10HL and
adjusted log10DBI, with the latter also showing the heaviest load-
ing on the second DF (see Supporting Information 6: Table S3 for
details). Absolute values for the other coefficients were low.
DF1–DF2 scatterplots (Figure 7) show clear morphological sepa-
ration among the three groups, with the exception of G. cib,
which occupies an intermediate position and overlaps partially
with G. melli and G. subpalmatus. The greatest morphological
similarity, as indicated by the Mahalanobis D2 distance, was
between G. subpalmatus and G. cib (0.0072), while the largest
Mahalanobis D2 distance was between G. subpalmatus and
G. melli (0.0171; Table 1).
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FIGURE 4 | Divergence times from mtDNA: The BEAST phylogenetic trees based on the haplotypes of mitochondrial COXI and ND2 sequences of

the Gekko species complex. The estimated divergence times (Myr) are shown near the nodes.
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4 | Discussion

A mtDNA analysis of three species of Chinese gecko provided a
different mtDNA tree to that published previously by Lyu et al.
[12]. Here, the mtDNA tree had the same topology as (i) the

species tree we inferred from nuclear SNPs and (ii) a mtDNA

tree inferred from a single representative mitochondrial genome

from each species. However, we found that our favored tree was

not consistently inferred when sequences from individual mtDNA
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Tree scale: 0.01
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FIGURE 5 | SNP topologies obtained for RAxML and MrBayes phylogenetic trees (estimated from the concatenated SNPs). Node labels represent

RAxML bootstrap values/MrBayes posterior probabilities.
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regions were used, which appears to explain why the inferred

phylogeny differed between studies.

Unlike unlinked nuclear DNAmarkers, differences among genes
within the mtDNA cannot be due to differences in gene history.
The result might appear unexpected given that the phylogenetic
signal should increase over time across the genome and diver-
gence times were shown to be quite ancient (i.e., possibly early or

mid-Miocene). However it is likely explained by the finding of
similar divergence times among the three main lineages, which
makes correct inference of the topology more difficult. Relatively
high divergence could lead to saturation of synonymous substi-
tutions, which could cause differences in topology between pro-
tein-coding and other regions; however, our analyses rule out this
possibility. Instead, it seems likely that similar divergence times
combined with minor stochastic differences in phylogenetic sig-
nal between short mtDNA regions, combined with their lower
individual phylogenetic information content, means that short
sequences are susceptible to either failing to recover a well-sup-
ported topology or recovering the incorrect one. These findings
raise significant questions about the reliability of short mtDNA
sequences for reconstruction of phylogenetic histories.

Is the SNP phylogeny correct? It is known that large numbers of
concatenated nuclear markers can provide incorrect but well-
supported phylogenies [48, 49]. However, this can be overcome
with multilocus multispecies coalescent methods [50]. Here, both
the individual (concatenated SNPs), the multilocus multispecies
coalescent phylogenies and also the whole mitochondrial gen-
omes of three individuals all provided strong support for the
same topology, indicating robust phylogenetic inference. We
therefore demonstrate the power of the SNP approach (as well
as the value of whole mitochondrial genomes).

Morphological differences reported here were largely concordant
with those identified by Lyu et al. [12]. These authors used their
findings to diagnose the three species and support their taxo-
nomic proposals. It is interesting that the pattern of morphologi-
cal divergence is not concordant with the SNP tree. G. melli and
G. subpalmatus were the most divergent groups while G. cib was
intermediate. We found that HL and DBIs had the greatest
impact on among-group discrimination. Gekko melli has been
described as having a larger body size and distinct color stripe
[51], but here we find that it has a relatively shorter but wider
head, relatively longer anterior limb length and is intermediate in
terms of DBIs, relative to the two other groups. A natural
assumption is that morphological divergence will generally
increase over time, but the discordance with species history indi-
cates that rates of divergence must differ between the different
lineages. If rates of morphological divergence were equal, then
our observations would support a species relationship between
G. cib and G. melli. As this runs counter to our molecular analy-
ses, we suggest that accelerated evolution might have led greater
morphological divergence in G. subpalmatus. The finding of dis-
cordance between morphological divergence and molecular-
based phylogenetic analyses is not unusual, and it has become
clear how this has sometimes led to inappropriate morphological
taxonomies at the species/subspecies levels [52–54].

To date, relatively few studies have performed species delimita-
tion analyses using the SNAPPER/SPEEDEMON implementa-
tion that was applied here. Gene concordance, which generally
forms the basis for statistical delimitation, should be treated as
just one piece of evidence for delimiting species [55]. Nonethe-
less, it did provide very strong statistical support for three gecko
species as first proposed by Lyu et al. [12]. However, we have now
definitively established the historical relationships that underpin
this taxonomy, which differ from those inferred by their study.

2

0

‒2

‒4
‒4 ‒2 0 2 4

D
F2

 (1
2.

8%
)

DF1 (87.2%)

G. cib
G. melli G. subpalmatus

FIGURE 7 | Plot of individual scores on the first two discriminant

functions (DF1 and DF2), from the discriminant function analysis of

morphology.

TABLE 1 | Mahalanobis distances between group centroids with

associated 95% bootstrap confidence intervals, indicating that morpho-

logical characters showed greatest similarity between Gekko cib and

G. subpalmatus.

Species G. subpalmatus G. cib

G. subpalmatus — —

G. cib 0.0072
(0.0047.0.0115)

—

G. melli 0.01701
(0.0120,0.0253)

0.01064
(0.0053, 0.0197)

Note: The groups are:G. subpalmatus (G. subpalmatus),G. cib, andG.melli.

G. cib sp. nov.

G. melli

G. subpalmatus

0.99

0.99

FIGURE 6 | The SNAPPER species tree estimated from SNPs

(treated as independent loci), shown as a DensiTree plot of the posterior

distribution.
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5 | Conclusion

Following a long history of contentious systematics, we obtained
sequence and species-trees using genome-wide SNPs and mtDNA
analyses and unequivocally inferred thatG.melli andG. subpalma-
tus from Zhejiang and the Zhoushan Islands are sister taxa that are
outgrouped by G. cib. All lineages appear to have diverged in the
early-mid Miocene. The described evolutionary history has not
been proposed previously. Hence, we demonstrate the benefits
of characterizing cross-genomic SNPs to enable robust phyloge-
nomic inference and resolve uncertainties that may have arisen
from studies of short mtDNA fragments and morphology. We
highlight how discordant but well-supported phylogenies can be
observed for different loci within the mtDNA. Although previous
studies have proposed two or three species, taxonomic changes are
now required because we now show that three species are sup-
ported. While a full taxonomic description of the three species is
beyond the scope of our phylogenetic study, we do provide the
evolutionary evidence to support this description.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting Information 1. Table S1. Complete sampling site information
and morphological data.

Supporting Information 2. Table S2. Primer pairs for PCR amplification of
mitochondrial genes ND2 and COXI.

Supporting Information 3. Data File S1. Data files containing: COX-ND2
haplotypes and corresponding GenBank accessions) (COXI_ND2_hap.
fas); total SNPs and corresponding GenBank accessions (total SNPs.fasta);
filtered SNPs used for RAxML-NG (filtered SNPs for RAxML running.
phy); the SPEEDEMON data block (speedemon data block.xml); MtDNA
genomes and analyses on previous data (MtDNA analyses previous data.
docx); BEAST input for divergence time dating (BEAST2 Strict Clock
Divergence Time Analysis Input.xml); R code for obtaining bootstrapped
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95% confidence intervals on Mahalanobis distances (R_code_bootstrap-
ped_mahalanobis.docx) can be downloaded as a zip file.

Supporting Information 4. Table S4. Table of the best-fit models for dif-
ferent mitochondrial genes.

Supporting Information 5. Table S5. Table of optimal models for parti-
tions identified for whole mitochondrial genome analysis.

Supporting Information 6. Table S3. Pooled within-groups correlation
matrix and standardized canonical discriminant function coefficients
for adjusted body dimensions.
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