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SUMMARY

The critically endangered big-headed turtle (Platysternon megacephalum) is
currently classified into three subspecies. However, the classification is still
controversial and their evolutionary histories are still unclear. Here, multiple ge-
netic analyses consistently revealed three phylogenetic groups with substantial
genetic divergences and distinct demographic histories, suggesting three
phylogenetic species (P. megacephalum, P. peguense, and Baise clade). Phylo-
geographical analyses revealed that the Red River plains and Guangxi basins
are largely coincident with the boundaries between the three phylogenetic spe-
cies, highlighting the key role of lowland areas in driving speciation in the big-
headed turtle. The Baise clade is characterized by high-linkage disequilibrium
but the lowest effective population size, indicating that the cryptic phylogenetic
species is more vulnerable to human activities and environmental disturbance,
and urgently needs more protection. Our findings provide fundamental insights
into the taxonomy and scientific conservation of the family Platysternidae.

INTRODUCTION

Delimiting threatened species is a precondition for the formulation of an effective conservation policy, as
it can inform policy decisions about the high costs of failing to adopt species-specific conservation
measures.'”> Currently, the delimitation of many threatened species has been mainly based on limited
samples and morphological discrepancies, and has barely considered genetic differentiation using
genome-wide markers, leading to inappropriate taxonomy and outdated protected species lists, which
have been proven to hinder the conservation of threatened species.®” This is especially true for turtles,
considering that they face the highest risk of extinction in any sizable vertebrate group.”

The big-headed turtle (Platysternon megacephalum) is the sole member in the family Platysternidae, with
its distribution range including China, Vietnam, Cambodia, Laos, Thailand, and Myanmar.® Due to overex-
ploitation (for food, pets, and traditional medicine) and habitat destruction, the wild population of the big-
headed turtle has suffered serious decline’~” and has been assessed as a critically endangered taxon on the
IUCN Red List." For example, 0-0.36 individuals/km of stream were detected in Guangdong and Hainan,
while >120 individuals/km of stream with low poaching in Hong Kong.” To protect this critically endan-
gered taxon, the big-headed turtle has been listed in Appendix | of CITES. Currently, the captive breeding
of the big-headed turtle has been successful in some turtle farms and reintroduction is a promising mea-
sure for the recovery of wild populations.’’ However, big-headed turtles on farms are generally collected
from markets and their geographical sources are often unknown. As a result, releasing non-native or hybrid
individuals into the wild may increase the risk of extinction of local populations, as is the case for the crit-
ically endangered Chinese giant salamander (Andrias davidianus).'” Although the importance of genetic
assessment before release has been highlighted for threatened species, taxon uncertainty can impede
its implementation.’*'*

Based on morphological characteristics, the big-headed turtle was previously classified into five subspe-
cies: P. m. megacephalum Gray, 1831, in southern China; P. m, peguense Gray, 1870 from western Vietnam
westward to southern Burma; P. m. vogeli Wermuth, 1969, in northwestern Thailand; P. m. tristernalis,
Schleich & Gruber, 1984, in Yunnan in China; and P. m. shiui Ernst & McCord, 1987, in northern Vietnam
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and Yunnan in China. Subsequent reanalysis based on more comprehensive morphological characteristics
and geographical distribution revealed that P. m. vogeli and P. m. tristernalis should be placed together
with P. m. peguense and P. m. megacephalum, respectively.'” To date, the big-headed turtle is classified
into three subspecies, based on morphology: P. m. megacephalum Gray, 1831 in southern China; P. m.
shiui Ernst & McCord, 1987 in northern Vietnam and P. m. peguense Gray, 1870 from western Vietnam
westward to southern Burma, and Yunnan in China.®

Morphologically, P. m. megacephalum is mainly characterized by having an unpatterned yellow plastron,
most of the dorsal surface of P. m. shiuiis speckled with colorful spots, and P. m. peguense has a dark seam-
following plastral pattern.’® However, the classification has remained controversial, largely due to morpho-
logical variation between or within geographic populations and lack of both whole-range samples and
genome-wide data.'” Based on our field investigations, some wild individuals of P. m. megacephalum in
Heyuan, Meizhou (Guangdong Province, China), Yichun (Jiangxi Province, China) were found with colorful
spots on the body surface, which resemble those of P. m. shiui,'’ thus challenging the validity of P. m.
shiui.'® Although three Hainan samples from the Field Museum of Natural History and the University of
Michigan Museum of Zoology were morphologically similar to both P. m. shiui and P. m. peguense, it is still
unclear whether the two subspecies were collected from the wild on Hainan Island.'® Moreover, no samples
of the big-headed turtle were collected from Myanmar, Thailand, Vietnam, Cambodia, and Hainan-China in
previous molecular phylogenetic studies with limited genetic markers,'®'? suggesting an urgent need for a
comprehensive genomic analysis based on whole-range samples.

In this study, with a total of 143 samples from across the entire geographic range of the big-headed
turtle, we used mitochondrial DNA fragments and genome-wide single nucleotide polymorphisms
(SNPs) to reveal phylogenetic relationships, genetic divergences, and demographic history, with the aim
of providing fundamental information for the taxonomy, conservation of genetic diversity, and wild
population recovery of this critically endangered taxon.

RESULTS

Phylogenetic patterns

The concatenated mtDNA supermatrix (Data S1) resulted in a total of 44 haplotypes (Table S1). On the basis
of these haplotypes, Bayesian (Bl) phylogenetic analysis resolved five highly supported monophyletic
clades (Figure S1). Clade | was comprised of 25 haplotypes from Anhui, Zhejiang, Fujian, Jiangxi, Hunan,
Guizhou, Guangdong, Hong Kong, and eastern Guangxi of China. Clade Il was comprised of 4 haplotypes
from Hainan in China and northern Vietnam (north of the Red River). Clade Ill consisted of 10 haplotypes
from Yunnan in China, Myanmar, Thailand, Laos and southern Vietnam (south of the Red River). Clade IV
consisted of 1 haplotype with only two samples from Pingbian, Yunnan in China. Clade V consisted of 4 hap-
lotypes from Baise, Guangxi in China (Figure 1A). Divergence time analysis revealed that the ancestors of
the current big-headed turtle were split into two groups around 15.31 Ma. The first group consists of clade |
and clade ll, and the second group is composed of clade llI-clade V, which initially differentiated about 8.81
Ma. (Figure S1).

RAD-seq produced a total of 793,511,052 clean reads with an average sequencing depth of 11.42% and an
average mapping rate of 96.20% for each individual. After applying SNP calling and subsequent strict
filtering steps, a total of 120,386 reliable SNPs (Data S2) were retained for further analyses. The
maximume-likelihood (ML) phylogenetic analysis based on the genome-wide SNPs highly supported three
(clade |, clade Ill, and clade V) of five monophyletic clades, two clades (clade Il and clade IV) in Bl analysis
were not supported by ML analysis (Figures 1B and S1).

Large genetic divergence

Based on the genome-wide SNPs, ADMIXTURE and PCA consistently revealed significant genetic struc-
tures (Figures 2A, 2C and 2D). In the ADMIXTURE analysis, although K = 5 had the lowest cross-validation
error value, similar values were also found at K = 3-6 (Figure 2B). At K = 3, the whole samples were divided
into three clusters. Clade | and Northern Vietnam-Hainan samples formed a cluster; Clade Il and Pingbian
samples also formed a cluster; Clade V constituted a cluster on its own. At K = 4, Clade | and Northern
Vietnam-Hainan samples formed separate clusters; some clade | samples collected from Guangdong
and Guangxi of China were clustered with a little of Northern Vietnam-Hainan samples component,
supporting the close genetic relationship between the Hainan populations and Guangdong/Guangxi
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Figure 1. Phylogenetic inferences in big-headed turtles

(A) Sampling sites of the big-headed turtle; sampling site codes are in line with Table S2.

(B) Maximum likelihood tree based on genome-wide SNPs. The values on the tree nodes indicate the bootstrap support.
Individuals with red, green, blue, pink, and orange colors indicate clade |, Northern Vietnam-Hainan samples, clade |lI,
Pingbian samples, and clade V, respectively.

populations. At K = 5, one additional genetic cluster at the distribution boundaries (samples from eastern
Guizhou and northern Hunan of China) were separated from clade |. At K = 6, clade lll and Pingbian samples
formed different clusters. Specifically, at K = 3-5, Pingbian samples were mainly found to be an admixture
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Figure 2. Genetic structure of big-headed turtles

(A) ADMIXTURE result based on genome-wide SNPs with K = 2-6.
(B) Cross-validation (CV) errors calculated by ADMIXTURE.

(C) PCA result based on PC1 and PC2.

(D) PCA result based on PC1 and PC3.

of clade Ill and clade V. PCA also revealed distinct clusters, largely corresponding to the ADMIXTURE result
(Figure 2). The first three components (PC1, PC2, and PC3) explained 35.2% of the total variation. PC1
mainly separated clade | and Northern Vietnam-Hainan samples from clade lll, Pingbian samples and clade
V (Figure 2C). PC2 separated clade Ill, Pingbian samples and clade V into different clusters (Figure 2C). PC3
separated Northern Vietnam-Hainan samples from clade | (Figure 2D). However, in contrast to the
ADMIXTURE result at K = 5 and 6, samples from eastern Guizhou and northern Hunan of China did not
form obvious genetic clusters, indicating K = 5 and 6 were not optimal. While, four genetic clusters (K =
4) obtained consistent support from ADMIXTURE and PCA results. Moreover, almost no gene flow was de-
tected among the four genetic clusters, except for a very weak gene flow from clade V to Northern Vietnam-
Hainan samples (Figure 3A).

To further quantify genetic differentiation between different clusters, we calculated the average genetic dis-
tance indexes (Fst) between the four genetic clusters (Figure 3B). The result showed significant differences
(p <0.01) between six pairwise comparisons (clade | vs. Northern Vietnam-Hainan samples, clade | vs. clade I+
Pingbian samples, clade | vs. clade V, Northern Vietnam-Hainan samples vs. clade Ill+Pingbian samples,
Northern Vietnam-Hainan samples vs. clade V, clade Ill+Pingbian samples vs. clade V). However, among these
comparisons the last five pairwise Fst values were no smaller than 0.80, which was more than twice as large as
the first one (0.39), indicating a small genetic divergence between clade | and Northern Vietnam-Hainan
samples. Similarly, based on mtDNA, we also detected very small genetic divergences (Fst = 0.012 and
0.0139) between clade | vs. Northern Vietnam-Hainan samples and between clade Il vs. Pingbian samples,
respectively, compared to large genetic divergences (Fst = 0.033-0.059) between the rest of the comparisons
(Figure S2). Given the very small genetic divergences between clade | vs. Northern Vietnam-Hainan samples
and between clade Ill vs. Pingbian samples, we finally combined the four genetic clusters into three large
genetic groups, in line with three clusters at K = 3, and used this for subsequent demographic analyses.

Distinct evolutionary histories

Demographic analyses showed that the three genetic groups (P. m. megacephalum, P. m. peguense, and
the Baise clade) have different demographic histories. Firstly, genome-wide LD analysis revealed that the
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Figure 3. Genetic divergence among the four genetic clusters based on SNPs in the big-headed turtle
(A) Migration dynamics, (B) genetic differentiation.

Baise clade had the highest LD level and slowest LD decay, with a reduced R? correlation coefficient
becoming stable at a distance of approximately 80 kb, followed by P. m. peguense, which showed a middle
LD level and middle LD decay with a reduced R? becoming stable at a distance of approximately 60 kb,
while P. m. megacephalum exhibited the lowest LD level and fastest LD decay with a reduced R? becoming
stable at a distance of approximately 40 kb (Figure 4A). Secondly, PSMC analysis demonstrated that both
P. m. megacephalum and P. m. peguense underwent two obvious expansions/bottlenecks but with a larger
effective population size for the former, while the Baise clade underwent only one (Figure 4B). The differ-
ence between P. m. megacephalum and P. m. peguense was initiated at the end of the first population
bottleneck, approximately 0.18 Ma. In contrast to the continued population decline of P. m. peguense,
the effective population size of P. m. megacephalum subsequently recovered quickly prior to 30 Ka, after
which P. m. megacephalum went through a second bottleneck. The difference between P. m. megacepha-
lum and the Baise clade began at about 0.12 Ma, after which the effective population size of P. m. mega-
cephalum gradually increased until 30 Ka, while the Baise clade continued to decrease mostly.

DISCUSSION
Three phylogenetic species in the big-headed turtle

Delimiting threatened species is a precondition for the formulation of an effective conservation policy.'*
Our results revealed three genetic groups with substantial genetic divergences and distinct demographic
histories, suggesting three phylogenetic species (P. m. megacephalum, P. m. peguense, and Baise clade).
The first two phylogenetic species corresponded to previously well-described subspecies®'® and the last
was newly discovered in this study. In addition to the three phylogenetic species, we also detected two
small clusters (Northern Vietnam-Hainan samples and Pingbian samples) within P. m. megacephalum
and P. m. peguense, respectively. Although Northern Vietnam-Hainan samples and Pingbian samples
showed obvious genetic divergences from clade | and clade I, the average genetic divergence indexes
(Fst) in both comparisons (clade | vs. Northern Vietnam-Hainan samples, clade Il vs. Pingbian samples)
were at least twice as small as that in other pairwise comparisons, indicating that the genetic divergences
of both clades have not reached the level of phylogenetic species in the present study. Therefore, from a
genetic perspective it is reasonable to consider the two small clusters (Northern Vietnam-Hainan samples
and Pingbian samples) as P. m. megacephalum and P. m. peguense, respectively.

Interestingly, we found morphological variations between individuals collected from northern Vietnam:
some individuals had obvious orange spots on their head, carapace, and plastron (Figure S3), which are
the main diagnostic criteria for P. m. shiui,'® while others had no such morphological characteristics (Fig-
ure S4). However, those individuals showed no genetic differentiation and displayed close phylogenetic
relationships with the Hainan population, revealing that the genetic data failed to support the presence
of spots as a distinguishing feature, and that populations geographically assigned to P. m. shiui are not
obviously genetically distinguishable from those assigned to P. m. megacephalum. The observation indi-
cated that these morphological characteristics (e.g., spots) cannot be used to distinguish subspecies of the
big-headed turtle. We also found some wild individuals in Heyuan and Meizhou (Guangdong Province,
China), Yichun (Jiangxi Province, China) with orange spots on the body surface'’ (Figure S5), but which
genetically clustered with typical specimens of P. m. megacephalum, thus we failed to find support for a
northern Vietnamese subspecies, P. m. shiui.
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Figure 4. Demographic analyses of three phylogenetic species in the big-headed turtle

(A) Linkage disequilibrium plot of three phylogenetic species (P. m. megacephalum, P. m. peguense, and Baise clade).
(B) PSMC analysis of three big-headed turtle phylogenetic species: the history of the turtle populations spans from 10 ka
to Ma, calculations used an estimation of five years per generation with a mutation rate of 7.9 x 107,

Our study further revealed the geographical pattern of the three phylogenetic species (P. m. megacepha-
lum, P. m. peguense, and the Baise clade). The distribution range of P. m. megacephalum differs from pre-
vious reports, in which the Hainan population was based on only three specimens; two from the Field
Museum of Natural History (FMNH6631, 6632) and one from the University of Michigan Museum of Zoology
(UMMZ129833). These were generally considered as P. m. shiui or P. m. peguense.®'® Here, a total of 14
samples were collected from three nature reserves (Wuzhishan, Diaoluoshan, and Limushan) in Hainan
of China. Our comprehensive analyses demonstrated that the Hainan population should be assigned to
P. m. megacephalum. The discrepancy in sample source is likely to be the main reason for the inconsistency
between the present and previous studies, because the Hainan samples were collected from wild in the
present study and the museum samples may have been from trading market in the previous study.'® In
addition, our molecular analyses confirmed the northern Vietnam populations as P. m. megacephalum.
Although the geographical pattern of P. m. peguense in this study was largely consistent with previous
reports,”'® our study provided genomic evidence for the geographical pattern. The newly discovered
phylogenetic species is only found in Baise, Guangxi in China.

The large amount of genetic variation in the intersection area of Yunnan, Guangxi in China, and Vietnam
indicated that the big-headed turtle probably originated in and diversified from the region, which was
recently identified as a long-term stable refugium for relict species.”” The refugium has been largely char-
acterized by mild temperatures, even during the coldest months since the last glacial maximum, thus
providing suitable conditions for relict mountain species such as the big-headed turtle. Our phylogenetic
analyses based on both mtDNA and SNPs suggest that P. m. megacephalum is the basal phylogenetic spe-
cies, which is a sister phylogenetic species to both P. m. peguense and the Baise clade. However, the
finding was not accordance with previous studies,'®'” which suggested that P. m. peguense was a sister
group to the other two subspecies (P. m. megacephalum and P. m. shiui). We further checked collection
information for P. m. shiui and P. m. peguense samples, which were used to produce the complete mito-
chondrial genomes.'®?" We found that one sample (MVZ 230486) from Hainan in China was preliminarily
used to assemble the complete mitochondrial genome,”’ but was mistakenly considered as the complete
mitochondrial genome of P. m. shiui.'® The Hainan samples should be classified as P. m. megacephalum
based on our comprehensive study, and the complete mitochondrial genome (DQ 256377) of MVZ
230486”" should be re-affiliated to P. m. megacephalum.

Demographic history

During the Miocene (23 - 5 Ma), the Himalayan mountains and the Tibetan Plateau were fully uplifted,”
which simultaneously promoted the formation of steep mountains, rivers, and basins. While steep moun-
tains used to be considered the main barriers to genetic exchange among subspecies, given their weak
migration ability,'® the notion was not supported by our results, as no substantial genetic divergence
was detected among P. m. peguense populations in Myanmar, Thailand, Laos, and Vietnam, where such
extensive barriers exist. A similar pattern was also observed for P. m. megacephalum in southeastern China.
Big-headed turtles are able to climb steep stones with the aid of their specific morphological features (e.g.,
long tail and flat body), thus steep mountains may not be major barriers for this species. Similar to high-
elevation areas (e.g., mountains), low-land areas (e.g., rivers and basins) were also proposed as barriers
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to gene flow for montane reptiles, such as Plethodon fourchensis’® and Protobothrops jerdonii.”* Alterna-
tively, large river plains and basins may be the main barriers limiting genetic exchange among the three
phylogenetic species, given specific elevation distributions of 430-1350 m.?> Several Pearl River plains
(e.g., Laibin plain, Youjiang, and Qianjiang River Valley plains) less than 200 m above sea level are located
in the middle and south regions (Guangxi basin) of Guangxi in China, where the big-headed turtle has never
been reported. Interestingly, the regions are coincident with the geographical boundary between P. m.
megacephalum and the Baise clade. Similarly, the Red River plain in Vietnam is located at the geographical
boundary between P. m. megacephalum and P. m. peguense. The lowlands (river plains and/or basins)
seem to be the major barriers for P. megacephalum and may be the main reason for phylogenetic species
divergence.

In general, Pingbian samples showed a certain genetic divergence from clade Ill (other P. m. peguense
samples) based on genome-wide SNPs and mtDNA analyses. Interestingly, both phylogenetic and PCA an-
alyses based on the former suggested a large genetic differentiation among Pingbian individuals. Howev-
er, a close relationship was observed among Pingbian individuals using the latter analysis, as a single
haplotype was detected among them. The higher resolution for the genome-wide SNPs may be one of
the main reasons. The discrepancy in heredity patterns for the two markers may be another reason, given
the property of mtDNA maternal inheritance. The results support two potential scenarios: (1) the Pingbian
samples may represent the remnant of an ancient lineage, parts of which spread to Vietnam, Laos,
Thailand, and Myanmar, finally forming P. m. peguense with the current distribution pattern. Some individ-
uals spread to Baise, Guangxi of China, finally evolving into the Baise clade. Some individuals may be an-
cestors of P. m. megacephalum, which firstly dispersed to northern Vietnam, subsequently spread to
Hainan in China during the periods when Hainan Island was not separated from northern Vietnam and
Guangxi of China, and finally spread to the Chinese mainland. This scenario supports the hypothesis of
the intersection area of Yunnan, Guangxi, and Vietnam as the origin of the big-headed turtle (Figure 1),
(2) the Pingbian samples may come from novel hybrid individuals between P. m. peguense and the Baise
clade. They show a consistent maternal origin, probably from Vietnamese or Thai populations, as
evidenced by the limited genetic divergence among Pingbian individuals based on mtDNA. However,
subsequently introduced individuals of other subspecies, such as the Baise clade, have led to the current
genetic pattern within the population. This notion was supported by the observation of a mixture pattern
between P. m. peguense and the Baise clade at K = 4-6 with low cross-validation errors using ADIMIXTURE
analysis.

Suggestions for taxonomic revision and conservation

Currently, two of three phylogenetic species are regarded as subspecies of the big-headed turtle
(P. megacephalum). However, we found substantial genetic divergence among three phylogenetic
species. For example, the genetic differentiation index (Fst) between P. m. megacephalum and P. m.
peguense was highest, with average values of 0.83 based on SNPs and 0.056 based on mtDNA, while
the Fst between P. m. peguense and the Baise clade was lowest, with an average value of 0.81 based on
SNPs and 0.034 based on mtDNA. In addition, based on the same mtDNA (COIl and 12S), the Fst (0.034)
between P. m. peguense and the Baise clade was obviously larger than that (0.023) between two phyloge-
netically closed turtle species (Mauremys reevesii and Mauremys sinensis). Given the significant genetic
differentiation among the three phylogenetic species of the big-head turtle, we suggest upgrading
subspecies P. m. megacephalum and P. m. peguense to species P. megacephalum and P. peguense
respectively. For the newly discovered phylogenetic species, the Baise clade, it can be taken as an un-
named cryptic species temporarily, and further research is needed to describe and name it.

Wild populations of big-headed turtles have been seriously damaged in many regions throughout their
natural ranges, mainly due to human activities such as habitat destruction, trade, and poaching.”’
Currently, all wild populations of the big-headed turtle are given the same level of protection in China
(grade Il national key-protected species), because all are currently regarded as conspecific. However, in
fact, we found that the big-headed turtle contains at least three phylogenetic species, representing three
evolutionarily significant units. Of these, the newly discovered phylogenetic species, the Baise clade, with
the lowest effective population size and a high inbreeding level, is vulnerable to human activities and other
threats such as global climate change. Therefore, the Baise clade needs more protection. Given the mul-
tiple genetic units, genetic background needs to be considered in conservation activities, such as reintro-
duction and field release of captive-bred populations or individuals confiscated from illegal markets.
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Limitations of the study

The critically endangered big-headed turtle is very rare in the field; we spent about fifteen years to
collect range-wide samples in the present study. However, specimen sizes in some locations are still
small, such as Baise region, Guangxi of China, where only few individuals were collected and not enough
to perform a comprehensive morphological analysis. Hence, without ample morphological evidence, we
cannot assign Baise clade as a new species, simply one phylogenetic species in the present study. In
addition, some samples were preserved too long time (e.g., at least ten years for PM08 and PM09
collected from Northern Fujian of China), leading to low genome DNA quality. Although the DNA
samples with low quality can be used for mtDNA analysis, these samples cannot be used for RAD
sequencing-based SNP analysis, hence only 72.59% (98/135) samples were used to SNP-based
genome-wide analysis.
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SOURCE

IDENTIFIER

Biological samples

The big-head turtle (Platysternon
megacephalum)

The red-eared slider turtle
(Trachemys scripta elegans)

Field collection from China, Vietnam, Laos,

Thailand and Myanmar
https://www.ncbi.nlm.nih.gov/

see Table S2 and Figure 1 for population code,
location, sample name and number

Accession: KM216748.1

Chemicals, peptides, and recombinant proteins

Ethanol absolute

Premix Tag™

Guangdong Guanghua Sci-Tech Co., Ltd.
TaKaRa

Cat# WHP-1.17113.023
Cat# RR901A

Agarose G-10 Biowest Cat# BY-R0100

Rsal NEB Cat# RO167L

Critical commercial assays

DNeasy Blood & Tissue Kits QIAGEN Cat# 69506

Mastercycler nexus Eppendorf Cat# GSX1

Sanger sequencing PerkinElmer Cat# ABI3730

High-throughput sequencing lllumina Cat# Novaseq 6000

Deposited data

The sequence of both 12S and COI This study Supplementary file

RAD data NCBI SRA BioProject number: PRINA854205 and
accession numbers: SRR19903903 -
SRR19904000.

Oligonucleotides

12SA Palumbi® AAACTGGGATTAGATACCCCACTAT

12SB Palumbi”® GAGGGTGACGGGCGGTGTGT

PmCOIF This study TCTACTAACCATAAAGACATTG

PmCOIR This study GAATGTATACTTCTGGGTGRC

Software and algorithms

MEGA 11

DnaSP v 5.10
BEAST v 2.6.3
jmodeltest v 2.1.10

fastp v 0.23.2

Bowtie 2.5.0

SAMtools v 1.16.1

Sambamba v 0.8.2
Stacks v 2.6.2
IQ-TREE v 2.1.1
BayeScan v 2.1

Tamura et al.?’

Librado and Rozas®®
Bouckaert et al.?”

Darriba et al.*

Chen et al.”’

Langmead and Salzberg32
Lietal®

Tarasov et al.**
Rochette et al.>®
Minh et al.>

Foll and Gaggiotti®’

https://megasoftware.net/dload_win_beta
http://www.ub.edu/dnasp/
https://www.beast2.org/

https://www.softpedia.com/get/Science-
CAD/jModelTest.shtml#download

https://packages.guix.gnu.org/packages/
fastp/0.23.2/

https://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

https://sourceforge.net/projects/samtools/
files/samtools/1.16/

https://github.com/biod/sambamba
http://catchenlab.life.illinois.edu/stacks/
https://github.com/igtree/igtree2/releases
http://cmpg.unibe.ch/software/BayeScan/

download.html
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

ADMIXTURE v 1.3.0

SNPRelate

TreeMix v 1.13

Arlequin v 3.5.2.2
PopLDdecay v 3.31

PSMC
FigTreev 1.4.3

Alexander et al.*®

Zheng et al.*’
Pickrell and Pritchard'®

Excoffier and Lischer”'

Zhang et al.*?

Li and Durbin®

http://tree.bio.ed.ac.uk/software/Figtree/

http://dalexander.github.io/admixture/

download.html

https://www.bioconductor.org/packages/
release/bioc/html/SNPRelate.html

https://software.cqls.oregonstate.edu/

updates/treemix-1.13/
http://cmpg.unibe.ch/software/arlequin35/

https://github.com/BGI-shenzhen/
PoplLDdecay/releases

https://github.com/ChenHual ab/Beta-PSMC

http://tree.bio.ed.ac.uk/software/figtree/

RESOURCE AVAILABILITY
Lead contact

Further information should be directed to and will be fulfilled by the Lead Contact, Yangchun Gao
(gaoyc0412@163.com).

Materials availability
All materials reported in this paper will be shared by Shiping Gong (gspé21@163.com) upon request.

Data and code availability

e All data reported in this paper are publicly accessible through GenBank: BioProject number:
PRJINAB54205 and accession numbers: SRR19903903 - SRR19904000. Concatenated mtDNA sequences
(Data S1) and genome-wide SNPs (Data S2) are available in the supplementary files.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The big headed turtle

A total of 143 samples of the big-head turtle were collected from 67 localities covering almost the whole
distribution range (China, Vietnam, Laos, Thailand and Myanmar) duirng 2006 to 2021 (Figure 1A,
Table S2). Most tissue samples were tail tips or buccal swabs collected from live individuals, and the rest
of the samples were muscle or liver tissue collected from dead individuals. All tissue samples were pre-
served in absolute alcohol at -20°C prior to DNA extraction. All experimental protocols were approved
by the Ethics Committee of the Institute of Zoology, Guangdong Academy of Sciences (Certificate number:
GIABR20200414) and the Institutional Ethical Committee of Animal Experimentation of the University of
Phayao, Phayao, Thailand (Certificate number: UP-AE61-01-04-022). Permits for the export of DNA samples
from Vietnam were issued by the CITES Management Authority of Vietnam (permit numbers: 16VNOO16
and 18VN1970N).

METHODS DETAILS

DNA extraction and sequencing

The genomic DNA from all tissue samples was extracted using DNeasy Blood & Tissue Kits (Qiagen Ltd.,
West Sussex, United Kingdom) according to the manufacturer’s instructions. The concentration and
quality of the genomic DNA were determined using a Nanodrop One spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA). Integrity was assessed by inspecting the bands using 1% agarose
gel electrophoresis. We found that the genomic DNA for some individuals was heavily degenerated,
perhaps due to storage for too long a time, and thus could not be used for high throughput sequencing
(e.g. reduced-representation genome sequencing). To overcome the problem, we preliminarily genotyped
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almost all the samples (135 samples, 94.40 %), especially those with poor DNA quality and integrity, using
two mitochondrial DNA (mtDNA) fragments of genes encoding 125 rRNA (12S) and the cytochrome c ox-
idase subunit | (COI). Subsequently, samples with high DNA quality and integrity were analyzed using SNPs
produced by high throughput sequencing. Analyses based on both mtDNA and SNPs can also provide
different insights into evolutionary events, thus also promoting the comprehensive understanding of evolu-
tionary processes in the big-headed turtle.

Mitochondrial 12S fragments were amplified using universal primers, 12SA: AAACTGGGATTAGA
TACCCCACTAT and 12SB: GAGGGTGACGGGCGGTGTGT,” COI fragments were amplified using a
pair of primers, PmCOIF: TCTACTAACCATAAAGACATTG and PmCOIR: GAATGTATACTTCTGGGT
GRC designed during this study. The PCR cocktail (25 ul) contained 12.5 pl Premix Tagtrade; (Cat:
RR901A, Takara, Dalian, China), 10 pmol forward and reverse primers and 50 ng of genomic DNA. We per-
formed PCRs on a Mastercycler nexus (Eppendorf, Hamburg, Germany) with the following cycle conditions:
95°C for 5 minutes; then 30 cycles at 95°C for 10 seconds, 57°C for 30 seconds and 72°C for 30 seconds; and
the final extension at 72°C for 7 minutes. The PCR products were assessed using 2% agarose gel electro-
phoresis and a gel imaging system, and target PCR products were sequenced on an ABI3730 (PerkinElmer
Biosystems, Foster City, CA, USA).

A total of 98 samples showed high DNA quality and integrity, and were used for high throughput
sequencing. If we choose genome resequencing to call SNPs, both the massive sample and the large
genome size (2.4 Gb) in the big-headed turtle® would result in very high costs. To economically obtain
genome-wide markers, we selected reduced-representation sequencing (restriction-site associated DNA
sequencing, RAD-seq) to call SNPs (Baird et al., 2008).”® Library construction of RAD-seq was performed
using Rsal restriction enzyme digestions, following the protocol described by Sun et al. (2013).° The
libraries were sequenced with a pair end of 250 bp strategy using the lllumina Novaseq 6000 platform.

Data processing and phylogenetic analyses

To reveal phylogenetic relationships, we performed two separate phylogenetic analyses using Bayesian
inference (Bl) and maximum likelihood (ML) for mtDNA markers and genome-wide SNPs, respectively.
For the former, the raw sequences of both 12S and COl were initially proofread, aligned and trimmed using
MEGA 11.”” The sequences of 125 and COl for each individual were concatenated with a final length of
1006 bp (Supplementary file). The concatenated mtDNA sequences were used to generate haplotypes
with DnaSP v 5.10.”° The Bl analyses based on the haplotypes were performed using BEAST v 2.6.3.77
The red-eared slider turtle (Trachemys scripta elegans) was selected as the outgroup, since this species
is phylogenetically close to P. megacephalum.'® The best substitution model of GTR + GAMMA was deter-
mined based on AIC using jmodeltest v 2.1.10.%° The coalescent constant model was used as the tree prior
with a uniform distribution. Moreover, the divergence time between phylogenetic clades was estimated
using BEAST v 2.6.3.%” The Yule model was used as the tree prior with a uniform distribution. A time
constraint was used to calibrate the molecular clock: the most recent common ancestor (MRCA) between
T. scripta elegans and P. megacephalum was estimated to be 70.6-90.3 Ma.*’ The BEAST program was run
with 300 million iterations and the phylogenetic trees were sampled every 10,000 iterations, which retained
30,000 trees; the first 25% was discarded as burn-in. Tracer v 1.7.1 was used to assess the running results,
which were subsequently annotated using TreeAnnotator v 1.10.4 within BEAST program.

For the ML analyses based on the genome-wide SNPs, raw lllumina sequence reads were first quality-
filtered to remove adapters, contamination, and low-quality reads using fastp v 0.23.2°" with the following
major settings: -q 15, -u 30, -x 10, -n 0, —length_required 126. The obtained clean reads were aligned to the
reference genome* of P. megacephalum using Bowtie 2.5.0 with default parameters.*” We individually
converted the resultant .sam files to .bam files and sorted using SAMtools v 1.16.1.%* Subsequently, we
removed PCR duplicates and reads mapped to multiple positions of the reference genome using Sam-
bamba v 0.8.2.>* The unique alignments were then processed for SNP calling with VCF output format by
the ref_map.pl implemented in Stacks v 2.6.2.>° To obtain reliable SNPs, we performed a further strict
filtering step using a populations program implemented in Stacks v 2.6.2%° with the following parameters:
-p 3, -r 0.70, -R 0.70, —min-maf 0.05, —-max-obs-het 0.5, —write-random-snp. Specimens representing the
mitochondrial populations and major clades were used for phylogenetic analysis based on RAD-seq
data. Based on those reliable SNPs, we constructed a maximum likelihood phylogenetic tree using
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IQ-TREE v 2.1.1°¢ with the following parameters: -m GTR+ASC, -bb 10000, -alrt 10000, -nt 12. Phylogenetic
trees with node labels were visualized using FigTree v 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/).

Population genetic divergence

To construct neutral SNP-based genetic structures, we firstly removed potential adaptive loci from all SNPs.
Potential adaptive loci were detected using BayeScan v 2.1°” with a burn-in of 50,000 steps with prior odds
of 100, followed by 20 pilot runs with a length of 5,000 iterations. Only SNPs with FDR lower than 5% were
considered as potential adaptive SNPs. Two methods based on the neutral SNPs were adopted to charac-
terize the relatedness among populations/samples. Population genetic structure was firstly inferred using
ADMIXTURE v 1.3.0% with default parameters. The number of genetic clusters was predefined from one to
ten, and the lowest cross-validation value of the number assumptions was used to define the optimal
K value. Secondly, sample clusters were also visualized with principal component analysis (PCA) using
the R package SNPRelate®” with default settings, which could also facilitate the understanding of
population genetic structure. Migration events were inferenced by detecting gene flow among the optimal
genetic clusters using TreeMix v 1.13.%° The genetic differentiation index (Fs7) between the optimal genetic
cluster pairs was calculated using 1000 permutations in Arlequin v 3.5.2.2.'

Demographic history

To assess the linkage disequilibrium (LD) pattern in phylogenetic species, genome-wide LD analysis was
performed with calculation of the correlation coefficient (R?) between any two loci using PopLDdecay v
3.31.%2 To further understand the demographic history, six samples representing three phylogenetic
species (two samples for each phylogenetic species) were selected from individual turtles for whole-
genome re-sequencing. The protocols for library construction and re-sequencing were according to a
previous description.”® The re-sequencing data was subsequently used for PSMC analysis using the
PSMC program.®® We used an estimation of 5 years per generation (g) for all three phylogenetic species,*’
and the nucleotide mutation rate (1) was 7.9 X 10°, which was estimated using the genomes of other rep-
tiles.” The value of u was calculated using the following formula: p = L/(T X10¢) x g, where L is the branch
length of the big-headed turtle in the time tree, T is the estimated divergence time, and g is the estimated 5
years per generation. One hundred bootstrap replicates per phylogenetic species were used to estimate
confidence intervals.

QUANTIFICATION AND STATISTICAL ANALYSIS

To quantify genetic differentiation between different clusters, we calculated the genetic differentiation
index (Fst) with statistical significance (p value) between the optimal genetic cluster pairs using 1000 per-
mutations in Arlequin v 3.5.2.2.%'
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