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Species delimitation using mitochondrial DNA (mtDNA) remains an
important and accessible approach for discovering and delimiting species.
However, delimiting species with a single locus (e.g. DNA barcoding) is
biased towards overestimating species diversity. The highly diverse gecko
genus Cyrtodactylus is one such group where delimitation using mtDNA
remains the paradigm. In this study, we use genomic data to test putative
species boundaries established using mtDNA within three recognized
species of Cyrtodactylus on the island of Borneo. We predict that multi-locus
genomic data will estimate fewer species than mtDNA, which could have
important ramifications for the species diversity within the genus. We aim
to (i) investigate the correspondence between species delimitations using
mtDNA and genomic data, (ii) infer species trees for each target species,
and (iii) quantify gene flow and identify migration patterns to assess
population connectivity. We find that species diversity is overestimated
and that species boundaries differ between mtDNA and nuclear data.
This underscores the value of using genomic data to reassess mtDNA-
based species delimitations for taxa lacking clear species boundaries. We
expect the number of recognized species within Cyrtodactylus to continue
increasing, but, when possible, genomic data should be included to inform
more accurate species boundaries.

1. Background

Species delimitation, the process of determining whether two populations
belong to the same or distinct species, is an inherently complex task
that depends on the operational, methodological and philosophical species
definitions. The proliferation of genomic data has reinvigorated the need for
detailed investigations into the taxonomy of diverse species spanning the
tree of life. This has coincided with the development of coalescent-based
approaches for species delimitation that can reconcile genome-wide genealog-
ical discordance [1-6], thus advancing beyond methods that rely on single
gene trees [7-9]. Together, these data and methods have advanced species
delimitation on the operational and methodological fronts. Yet, identifying the
boundary between populations and species for many taxa remains challeng-
ing [10], a problem often referred to as the ‘grey zone’ of speciation [11,12].
For genetically divergent yet morphologically cryptic lineages, species
delimitation can prove particularly difficult as the sources of data for
integrative approaches are limited [13,14]. Due to a lack of diagnostic
morphological characters in cryptic taxa, a heavier reliance is placed on
genetic data [13-15]. However, for many researchers, the cost of genomic data
remains financially intractable, resulting in most taxonomic studies of cryptic
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taxa depending on DNA barcoding or similar approaches, which have lower accuracy due to their reliance on the signal from a [ 2 |

single locus [16-22].

To explore whether putative species identified using mtDNA data are supported by genomic data, we focused on a group
of related species within the highly diverse gecko genus Cyrtodactylus. The genus is the third most diverse among vertebrates
with over 350 recognized species, yet few studies have explored evolutionary patterns within the group using genomic data
[23-25]. Further, no studies have directly assessed whether the current methods applied to delimit species within gekkonids are
effectively delimiting species-level diversity, which is particularly problematic when testing delimitation hypotheses for cryptic
taxa. We focus on three independently derived species from the Southeast Asian island of Borneo (C. consobrinus, C. miriensis
and C. pubisulcus) that each have evidence for additional unrecognized cryptic species based on mtDNA data [26,27]. We use
this study as an opportunity to investigate the correspondence between mtDNA and genomic species delimitations.

Whether explicitly stated or not, the species concept held by a researcher plays a critical role in species delimitation. We
view species as independent evolutionary lineages, which is a broadly shared view compatible with most modern species
concepts [28-30], and we also see great value in considering species as reproductive communities emerging from the past
[10]. In our study, we focus solely on genetic data, as former studies have demonstrated the lack of morphological distinction
within the target species [25,26]. We analyse the mtDNA data using approaches often used to identify putative Cyrtodactylus
species to provide a comparison to current practices and analyse the genomic data using multi-species coalescent methods
that incorporate gene flow estimates. Using the demographic parameters from these analyses, we estimate the genealogical
divergence index (gdi), a metric that helps disentangle species and population boundaries [31,32]. Using these approaches, we
demonstrate that mtDNA and genomic-based delimitations often differ, and our results emphasize the value of using genomic
data to test species boundaries, especially for cryptic lineages.

2. Methods

Fieldwork was conducted in Borneo in the Malaysian state of Sarawak between 2014 and 2018 (Permits: NPW.907.4.4.(J1d.14)-79;
(119)JHS/NCCD/600-7/2/107). We aimed to collect specimens of C. consobrinus, C. miriensis and C. pubisulcus from as many
unique localities as possible, but heavy deforestation and minimal road access to field sites have resulted in patchy sampling for
these species. We sampled each species from multiple locations and obtained multiple specimens per locality.

To delimit species using mtDNA, we assembled and aligned NADH dehydrogenase subunit 2 (ND2) data. We generated an
assembly for Cyrtodactylus species in Borneo, comprising two evolutionarily distinct clades referred to herein as the small-bod-
ied (C. cavernicolus, C. miriensis, C. pubisulcus, C. hantu) and large-bodied (C. consobrinus, C. hutan, C. kapitensis, C. malayanus)
clades. Sample sizes for the target species are as follows: C. miriensis = 19, C. pubisulcus = 20 and C. consobrinus = 9. We used
the assembly to apply commonly used species delimitation methods (BPTP; MPTP; cmyc; asaP), calculated pairwise distances
(p-distance) using SPpEL [33], and estimated genealogies using BEAsT, [34].

For genomic data, we prepared double digest restriction site-associated DNA sequencing (ddRADseq) [35] libraries. Sample
sizes for the target species are as follows: C. miriensis = 26, C. pubisulcus = 32 and C. consobrinus = 15. To maximize the number of
loci and reduce missing data, we produced separate assemblies for the small and large-bodied clades (electronic supplementary
material, table S1). From the small- and large-bodied assemblies, we used branching in 1pyrRaD [36] to generate species-specific
assemblies from their respective clades (electronic supplementary material, table S1). For population genetic analyses, we
filtered each dataset using VCFrooLs [3;7] to allow only one single nucleotide polymorphism (SNP) per locus (--thin 50) and
filtered out variable sites present in <5% of individuals (--maf 0.05).

Using a reduced dataset for computational efficiency, we inferred time-calibrated species trees using SNAPP within the
BEAST; [34] framework for both the small- and large-bodied datasets. We applied secondary calibrations to the roots of each tree
using the snapp_prep ruby script, which allows the generation of an .xml file with a molecular clock [38]. For the large-bodied
dataset, we constrained the crown age of the tree to 18.83 Ma with a normal distribution (o = 2), and for the small-bodied clade,
we constrained the crown age to 25.80 Ma with a normal distribution (o = 2). We applied dates inferred from a previous Bornean
Cyrtodactylus study [27]. To test for phylogenetic structure within populations, we concatenated the RAD loci and inferred a
phylogeny using 10-TREE [39].

For the population-based analyses, we analysed the SNP data using three analytical frameworks to explore the processes
driving population divergence and to delimit species. These approaches included structure inference, estimation of migration
surfaces, and species delimitation and gene flow estimation using the MSC-M model [40]. We estimated population structure
using principal component analysis (PCA) and apmixTure [41] and assessed models with varying population numbers (K) for
biological reality.

To identify geographic areas with increased migration (corridors) and reduced migration (barriers), we used the estimated
effective migration surface (EEMS) method [42]. Quantifying migration and population connectivity are pertinent to the
exploration of spatial patterns of genetic diversity. EEMS identifies deviations from population structure expected under a
model of isolation-by-distance (IBD). Additionally, we directly tested for IBD using the R package ADEGENET [43]. By consider-
ing the combined results from mtDNA genealogies, population structure and migration surfaces, we established population
boundaries used to conduct demographic modelling and phylogenetic tests for gene flow.

To conduct joint species delimitation and gene flow quantification, we used the Python wrapper uusp [44] to run BrP with
the MSC-M model [40] and subsequently used the demographic values to calculate gdi values [31,32]. We started with species
guide trees obtained by running the A01 step in BPP (when more than two tips were tested), and then used HHsD to estimate
population sizes (©), species divergence times (t) and gene flow rate (M; where M = mN). Conducting these tests in Brp
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Figure 1. (@) mtDNA gene tree highlighting the three (yrtodactylus species of focus in this study. Values on the nodes are posterior probabilities. Vertical bars on the
tips of the nodes correspond to the delimitations estimated by the single-locus delimitation programs: 8PTP, MPTP, amyc and asap, where the colours of the bars denote
the delimitation hypothesis. Node numbers 1—6 correspond to putative species of the most species-rich delimitation hypotheses. Branches for species not discussed
herein are greyed out. (b) Photographs of live individuals of each of the three species of focus. (c) Map of localities from which we have sequence data, with the
coloured dots corresponding to delimitations highlighted by nodes 1—6.
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Table 1. Number of species estimated by each of the species delimitation programs utilized in this study for the single-locus mtDNA data, we use 8PTP, MPTP, Mvc and
asap, and for genome-wide data, we use the gdi metric. The min and max p-distances are for the mtDNA dataset. The min values correspond with the lowest p-distance
among populations which resulted in a delimitation for any of the species. The maximum p-distance is the highest p-distance among populations that resulted in a
delimitation for any of the species.

max p-distance min p-distance BPTP MPTP GMYC ASAP gdi
C. miriensis 7.3% 3.1% 4 4 4 2 <3
C. pubisulcus 10.0% 2.1% 3 2 2 2 2
C. consobrinus 4.6% 4.6% 2 1 2 1 1

*rtodactylus pubisulcus gdi corresponds to a different species boundary between mtDNA and SNP data.

requires a priori populations to be defined, which we set using the apmixTurRe and PCA results. Because HHSD iterates through
populations and merges those that do not meet the gdi cut-off, we tested models where K was one higher than the optimal
number, which also enabled us to test for gene flow among disjunct geographic regions. The gdi value is the probability that
two alleles from a population will coalesce with one another before reaching the ancestral population. The gdi metric spans the
speciation continuum, ranging from 0 (panmictic) to 1 (genetically distinct) [32]. Values >0.2 and <0.7 are considered ambiguous.
Using the combination of these methods, we identify putative species that may be representative of species-level diversity.
Lastly, we converted the T values to years using a germline mutation rate of 4.46 x 107 [45].
Detailed methods are available in the electronic supplementary material.

3. Results

Using mtDNA species delimitation approaches, C. miriensis is estimated to contain two to four species, C. pubisulcus from two
to three species and C. consobrinus from one to two. Within each of these species, a high amount of diversity is present (figure
1; table 1). The pairwise distances (p-distance) within major lineages of C. miriensis range from 3.15 to 7.32% (min. to max.), 2.07
to 10.3% for lineages within C. pubisulcus and 4.31% for the single major phylogenetic division within C. consobrinus (figure 1).
These p-distances are within the current standards for what constitutes a species by other studies using similar types of data
and methods. For example, recent taxonomic work within the highly diverse C. puichellus, C. intermedius and C. khasiensis species
complexes has recognized new species with p-distances of 26%, >3.5% and >4.0%, respectively, for the ND2 locus [46—48].

Both the species trees inferred using SNAPP and the concatenated phylogeny have strong support for all species-level
relationships (PP = 1; UFBoot > 95; electronic supplementary material, figure S1). The divergence dating analysis supports C.
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Figure 2. (a) Species trees from the three target species of (yrtodactylus in this study. Arrows indicate the direction of gene flow, with the quantity of gene flow
(m). Scale bars for respective species show the fau values. The population acronyms are shown on the tips and are referred to throughout the text. (b) Population
structure analyses, showing the results from the K-value that corresponds with the number of populations used for the species tree inference. (c) Top: PCA of SNP data
with colours corresponding to the results of the population structure analyses. The colours on the PCA for C. consobrinus do not correspond with the ADMIXTURE, as
both mtDNA and genomic data clearly infer a single species. Two populations are shown for the species tree to highlight the gdi and gene flow metrics. Percentages
show the per cent variation explained by the given principal component. Bottom: isolation-by-distance plots. Colours represent sampling density (white: low; red:
high). The line shows the correlation between geographic and genetic distance.

miriensis as the oldest lineage (25.6 Ma (21.5-29.5 Myr)), followed by C. pubisulcus (14.7 Ma (12.2-16.9 Myr)) and then C.
consobrinus (5.1 Ma (3.9-6.2 Myr)). Of note, these dates are highly reliant on commonly used fossil calibrations, which are
substantially older than the dates inferred using the demographic values and a molecular substitution rate established for
geckos (see below).

The PCA of the SNP data reveals that each species clusters primarily by geography (figure 2). The optimal number of
populations (K-values) estimated using population structure inference supports fewer distinct clusters than revealed in the PCA
plots. The optimal K-value for C. miriensis is uncertain with different analyses supporting K = 1-4. The optimal models for C.
consobrinus and C. pubisulcus are K =1 (electronic supplementary material, figure S2). The K = 3 model for C. miriensis structures
populations geographically and closely matches the PCA groupings. Assuming a two-population model for C. pubisulcus also
provides a clear geographic division that is reflected in the PCA (figure 2). For C. consobrinus, a population model with K
=1 is optimal, and assuming K = 2 demonstrates a lack of geographic structure (figure 2). The population structure and
admixture results provide evidence of admixed samples in C. pubisulcus and C. miriensis. For example, within C. pubisulcus, one
sample from the region northeast of Borneo Highlands is admixed between the Borneo Highlands and surrounding populations
(Serian; figure 2).

For each species, significant levels of gene flow are detected between populations, although in some cases symmetric gene
flow can be rejected (table 2). Within C. miriensis, one instance of bidirectional gene flow is detected (M = 0.09 (5.0 x 10 to
0.11) from MIR and NIH; M = 1.17 (0.93 to 1.48) from NIH and MIR)) and two instances of unidirectional gene flow (M =
0.56 (0.37 to 0.72) from MUL to MIR; M = 0.35 (0.29 to 0.41) from NIH and MUL; electronic supplementary material, table
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Table 2. Species delimitation results for (yrtodactylus based on genomic data. Lineages with a gdi < 0.2 are considered conspecific and > 0.7 are considered distinct [ 5 |

species; the species status for lineages > 0.2 and < 0.7 is ambiguous. M 1is the gene flow estimate from population 1into population 2; M 2 is the gene flow estimate
from population 2 into population 1, with the 95% confidence intervals in parentheses. MIR = Tinbarap + Lambir Hills + Lawas; NIH = Niah; MUL = Gunung Mulu; BH
= Borneo Highlands.

species population1 population2 gdi1 gdi2 M1 M2

C. miriensis MIR/NIH MUL 0.30 0.59 1.9 1072(0.0t00.11) 57 %107 (0.0t03.5x 107?)
................................................. MIRNIH019050009(50x10’2t0011)117(093to148)
................................................. MIRMULNANA004(00to95><10*2)056(037too72)
................................................. MULNIHNANA53><10*4(00to38><035(029too41)

107%)

Cpublsu/cus ......................... T G G 032044(033t0057) ................ 021(3())(107%0034) ..........................
e ac T o 011006(58><10*5t0037) ..... 014(83><10*3to102) ..........................

S3)). The remaining gene flow estimates include zero in the 95% credible interval and are therefore considered not significant
(electronic supplementary material, table S3). Gene flow in C. pubisulcus (M = 0.44 (0.33 to 0.57) from KUC to BH; M = 0.21
(0.003 to 0.34) from BH to KUC)) and C. consobrinus (M = 0.06 (5.8x 107 to 0.37) from KUC to SER; M = 0.14 (8.3 x10™ to 1.02)
from SER to KUC)) is bidirectional. Signatures of IBD are significant in C. miriensis and C. consobrinus (p-value = 0.004 and
0.025, respectively). The geographic pattern of diversity within C. pubisulcus is not driven by IBD (p = 0.43; figure 2). The EEMS
analyses for C. miriensis and C. pubisulcus identify migration barriers in Lawas and Borneo Highlands, respectively, but the gene
flow estimates suggest that these barriers are porous (electronic supplementary material, figure S3).

Divergence dates estimated from the genomic data using a germline-based mutation rate are younger than fossil-based
estimates (electronic supplementary material, table S3). For C. miriensis, the earliest divergence occurs at 665 ka (95% highest
posterior density (HPD): 409-817 kyr), followed by a more recent divergence between MIR and NIH at 146 ka (95% HPD:
108-188 kyr). For C. pubisulcus, the earliest divergence occurs at 252 ka (95% HPD: 217-289 kyr). Lastly, for C. consobrinus, the
earliest divergence occurs at 60 ka, albeit with broad confidence intervals (95% HPD: 44-330 kyr). Of note, as mentioned above,
the best model for C. consobrinus is as a single population.

Even when mtDNA and nuclear data support the same number of species, we found species boundaries that differed.
Species delimitation using the gdi metric indicates that C. miriensis may contain two unrecognized species (gdi > 0.50; table 2).
The gdi values for C. pubisulcus are low (0.18) to intermediate (0.32), resulting in dubious support for splitting these populations
into two species. The two-species model for C. pubisulcus differs from the two species delimited by mtDNA data by placing the
population from Borneo Highlands as the only distinct genetic group, whereas mtDNA forms two groups: (i) Borneo Highlands
+Bau + Kuching and (ii) Gunung Pueh + Gunung Gading + Gunung Matang. Finally, there is weak evidence for splitting C.
consobrinus into two species, with gdi values definitively within the single-species range (0.12 and 0.11; table 2).

4. Discussion

Accurately delimiting species is an inherently complicated process, especially when dealing with cryptic taxa. Yet, species serve
as fundamental units for conservation and other usages; thus, there is a clear rationale for applying rigorous approaches and
relevant data for species delimitation [22]. For taxonomically complicated groups, it is advantageous to leverage genomic data
to explore evolutionary patterns and the processes giving rise to them. We recognize the immense value of using mtDNA loci
in systematic studies, yet it is important to acknowledge the limitations imposed by the reliance on a single genetic locus when
delimiting species [16-21,49].

Although previous studies have shown that mtDNA tends to delimit more species than nuclear data, we find three distinct
outcomes in our comparisons of mtDNA versus genomic species delimitation in Cyrtodactylus geckos: (i) oversplitting with
mtDNA; (ii) agreement on a number of species, but differing population boundaries; and (iii) concordant species hypotheses.
In the case of C. miriensis, genomic data provide support for recognizing a new species from Gunung Mulu based on a
combination of a high gdi value and minimal gene flow (tables 1 and 2; electronic supplementary material, figure 53). However,
we advise sampling of additional localities in the region prior to making any taxonomic changes to determine if this result
is potentially biased by the small effective population sizes, which can skew gdi values towards supporting species-level
designations [50]. Furthermore, the strong signature of IBD in this group indicates that comprehensive sampling could reveal a
geographic gradient of diversity. For C. pubisulcus, mtDNA and genomic data largely agree on a two-population model, yet the
composition of the populations differs. Such disagreement can be caused by incomplete lineage sorting, mtDNA introgression,
or gene flow [51-53]. The species delimitation comparison in C. pubisulcus is illustrative of the different conclusions that are
reached when using a single locus versus genomic data; specifically, the single-locus methods clearly support two species (>10%
p-distance), whereas the genomic data support two populations connected by gene flow with weak support for a two-species
model. Lastly, C. consobrinus is supported by both datasets as a single lineage, although some single-locus delimitation methods
support a two-species model (figure 1).

The divergence dates estimated using a genomic rate calibration rather than a fossil calibration are substantially younger
(electronic supplementary material, table S3). Fossil-based approaches estimate the earliest divergence time at 7.7 Ma for C.

(gsy/eunol/GioBuysygndigaposiefos

LS10¥C0C 0T Ho]foig


file:///Users/hellcat/Projects/PDFs/royalsocietypublishing.org/journal/rsbl

Downloaded from https://royalsocietypublishing.org/ on 14 August 2024

miriensis and 8.3 Ma for C. pubisulcus [27]. Using a rate calibration, these same divergence events are estimated at 665 and 252
ka, respectively. There are several sources of error that need to be considered for the fossil calibration approach. First, there are
no crown or stem Gekkonidae fossils that can confidently be placed on the phylogeny [54]. Therefore, secondary calibrations
from other studies must be used, which propagates errors across studies. More importantly, the fossil calibrations that are
frequently applied to Cyrtodactylus depend on fossils for Sphaerodactylus which shares an MRCA with Gekkonidae >100 Ma.
Alternatively, the rate calibration we used is estimated from germline mutations quantified from high-coverage genomes using
parent-offspring trios [45]. Therefore, we suspect that the rate-based divergence times are more accurate than the fossil-derived
dates.

A prominent issue facing many Cyrtodactylus—and other taxa with similar geographic ranges—is an inability to comprehen-
sively sample between known populations, which can overestimate species diversity [55]. Extensive sampling from intermedi-
ate or contact zones can better inform taxonomic decisions by revealing the patterns and processes of population divergence
and/or population merging [56-59], whereas sampling isolated populations can inflate species numbers by accentuating the
distinctiveness of populations, even under the MSC model [60]. In regions such as Borneo, where extensive land is inaccessible
due to private ownership, a lack of public access and/or having undergone extensive deforestation, sampling gaps often reflect
the true absence of data. However, these sampling gaps, whether biologically real or a byproduct of the landscape, can impact
how we define a species boundary [60,61]. Sampling for Cyrtodactylus on Borneo for genetic studies has only just begun.
Using genetic samples available to us, we aimed to generate genomic data for as many unique localities as possible, while
utilizing enough samples per locality to accurately infer demographic patterns under an MSC model. Although genomic data
do not definitively resolve these issues, they provide an avenue for inferring demographic histories in a manner that is not
possible with mtDNA data. This demography can translate into more accurate taxonomic inferences, especially in complex
systems containing cryptic diversity [62]. Despite our incomplete sampling, we demonstrate the utility of using genomic data to
interrogate mtDNA-based delimitations.

The high diversity of Cyrtodactylus and its rank as the third most species-rich vertebrate genus is not an artefact of oversplit-
ting with mtDNA but rather reflects an old origin, broad geographic distribution, high ecological diversity or other factors [63—
65]. Yet, applying genomic data to delimit species within Cyrtodactylus more broadly may reduce the number of species in the
group, especially for some of the recently described cryptic species based primarily on mtDNA. We demonstrate how mtDNA
alone may be insufficient for accurately inferring species boundaries for cryptic lineages. However, dependence on mtDNA
will presumably continue for many years, as it provides a comparatively easy and inexpensive approach to documenting
life’s biodiversity. Further, mtDNA allows for rapid species discovery, hypothesis development and delimitation which are
crucial in an era of substantial global biodiversity loss. For these reasons, these data will remain important for biodiversity
assessments across the tree of life, but how we define species continues to change as new data and methods become available
[66]. Thus, the increasing accessibility of genomic data will provide more rigorous approaches for estimating and redefining
species boundaries. For Cyrtodactylus, we recommend testing mtDNA species hypotheses as genomic data become more readily
available and ultimately utilizing genomic data to explore the impressive diversification within the genus.

Ethics. Specimens were collected using a collection permits from the Sarawak Forestry Department and the Sarawak Forestry Corporation
(NPW.907.4.4.(]1d.14)-79; (119)JHS/NCCD/600-7/2/107) and export permits were provided by the Sarawak Forestry Department (no. 18160).
Data accessibility. Sequence data are available at: BioProject ID: PRJNA1117503 and GenBank nos. PP973933-PP973940. Files used to perform
analyses in this manuscript are available from the Dryad Digital Repository [67].
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