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Three distinct genetic lineages of
Trichonephila clavata based on
mitochondrial COl and genome-
wide SNPs on the Korean Peninsula

Gyeongmin Kim?, Eun Hwa Choi? & Ui Wook Hwang?-3:4:5:6><

Trichonephila clavata L. Koch, 1878, an East Asian species renowned for its long-distance ballooning
dispersal, has recently drawn attention as an invasive species following its introduction into the
southeastern United States. However, few population genetic studies have been undertaken to
investigate population genetic diversity and structure which will be helpful for its management. Here,
we examined ten populations of T. clavata on the Korean Peninsula using mitochondrial CO/ and
genome-wide SNP data to broadens the understanding of genetic and demographic processes of the
species. Our results revealed: (1) high genetic diversity in COI but relatively low diversity in SNPs; (2)
the presence of three genetic lineages detected by both markers; (4) population expansion in each CO/
genetic lineage and constant population size in each SNP genetic lineage; and (5) stepwise lineage
divergence estimated based on CO/ and lineage divergence with admixture event based on SNPs.
These findings suggest that multiple factors, which are ballooning dispersal, demographic dynamics
and geological event, may play a pivotal role in shaping population genetic patterns with geographic
co-occurrence among the lineages. Consequently, this study provides insights into the genetic
architecture of natural populations and offers a valuable baseline for understanding the population
genetic pools of invasive populations of this species.

Keywords Trichonephila clavata, Invasive species, Ballooning dispersal, Population genetics, Mitochondrial
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The genus Trichonephila Dahl, 1911 (Araneae: Nephilidae) is globally distributed and functions as an important
predator of diverse invertebrates in tropical and subtropical ecosystems'. Within this genus, Trichonephila
clavata L. Koch, 1878 is endemic to East Asia, including South Korea, Japan, China, and Taiwan®~". The species
is particularly notable for its extensive dispersal capacity via ballooning, whereby juvenile spiders harness air
currents to travel considerable distances—potentially over 300 km from land>3-1°. This dispersal strategy not
only promotes range expansion but may also homogenize genetic variation across populations!!'2,

In recent years, T. clavata has emerged as an invasive species in the southeastern United States, where it was
likely introduced from East Asia through human-mediated transport®!>!4. Subsequent studies suggest that the
species now occupies at least 120,000 km?, an expansion potentially enhanced by its long-distance dispersal
capabilities'>!. Its recent establishment outside the native range underscores the importance of understanding
the fundamental biology of T. clavata'*.

Molecular phylogenetics and population genetics have become indispensable tools in developing strategies
for management, prevention, and ecological restoration for diverse taxa which is vulnerable to specific ecological
issues such as environmental indicator species and invasive species'>?%. In particular, population genetic
studies—which assess genetic diversity, population structure, and demographic history—can guide proactive
invasive species management by minimizing the risk of further introductions and evaluating the efficacy of
control measures!®?*. In particular, research on population dynamics, one of the major subjects of interest
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within population genetics, provide insights into demographic processes such as rapid expansion of population
size, population contraction through bottleneck, which are crucial for predicting a species” invasive potential
under environmental changes for long timescales!®?>24,

Although East Asia is considered the native range of T. clavata, few population genetic investigations have
been performed in this region®. Jung et al. (2006) carried out the only such study, analyzing seven populations
from the Korean Peninsula and one from Japan using amplified fragment length polymorphism (AFLP)
markers®. Their results indicated (1) more pronounced genetic diversity within each population than among the
populations and (2) an absence of significant correlation between genetic and geographic distance that among
the Korean and Japanese T. clavata populations, likely attributable to ballooning. However, because the study
utilized a single marker type (AFLP) and did not address population dynamics or historical divergence, its
scope was limited. Jung et al. (2006) further underscored the need for broader genetic markers in subsequent
investigations, given the constraints of AFLP data’.

This study aims to provide a comprehensive understanding of the genetic structure of Korean T. clavata
populations by utilizing both mitochondrial COI and genome-wide SNP data. The mitochondrial COI has been
widely evaluated as suitable genetic markers to reconstruct the population-level phylogenies and investigate the
evolutionary history of the particular species due to the rapid mutation rates, while genome-wide SNPs from
biparentally-inherited nuclear DNA can reveal fine-scale patterns of population genetic structure, and detected
signature of detection?>%°. With these characteristics of both genetic markers, we investigate population genetic
diversity, population structure, demographic history, and time-calibrated phylogenetic relationships. Our
sampling includes 284 individuals for COI and 166 individuals for SNPs from 26 distinct localities within the
Korean Peninsula, surpassing the sample size of Jung et al.>. By estimating genetic diversity for each population,
examining population dynamics, and inferring divergence times on the Korean Peninsula, we shed new light
on historical processes that have shaped population genetic structure and phylogeographic patterning within
T. clavata.

Accordingly, this study addresses the following main questions:

1. What are the patterns of genetic diversity in T. clavata populations on the Korean Peninsula?

2. What is revealed about the population genetic structure from mitochondrial COI and SNP data?

3. Did the populations undergo historical demographic expansion, and if so, how did their effective population
size fluctuate over historical time?

4. When did the observed divergence events among the genetic lineages occur?

By integrating mitochondrial COI and genome-wide SNP data, our work broadens the understanding of genetic
and demographic processes in T. clavata and provides a basis for enhanced management strategies, both within
its native range and in newly invaded habitats.

Results

Genetic diversity and differentiation analysis based on CO/

A total of 284 T. clavata individuals were collected from 26 sites across the Korean Peninsula (Fig. 1 and
Supplementary Table S1). Based on geographic proximity and mountain ranges, these individuals were grouped
into ten populations for genetic analysis. All individuals were successfully amplified at the mitochondrial COI
(993 bp) via PCR and sequenced using the Sanger method. In total, 113 haplotypes and 121 polymorphic sites
were identified, comprising 57 singleton variable sites and 64 parsimoniously informative sites (Supplementary
Table S2). The number of haplotypes per population ranged from 35 (GSD) to 5 (JNN) (Table 1).

To assess genetic diversity, segregation sites (S), haplotype diversity (), and nucleotide diversity (7, were
calculated for each population (Table 1). The number of segregation sites ranged from 47 (JBE) to 13 (CNN).
The highest haplotype diversity occurred in GSD (h=0.963), whereas JNN had the lowest (4 =0.731). Nucleotide
diversity was highest in JBE and GGD (7,,=0.009) and lowest in JCW (7, =0.004).

Pairwise Fg, values based on nuclear divergence were computed to examine genetic differentiation among
the ten populations (Table 2a). Significant Fg; values based on nuclear divergence ranged from 0.029 (JBE vs.
DCB) to 0.347 (JJD vs. JCW). The significant F,. values inferred from haplotype frequency ranged from 0.017
(JBE vs. GSD) to 0.189 (JNN vs. GWE), which were relatively lower than the values based on nuclear divergence
(Supplementary Table S3). A Mantel test revealed a low and non-significant correlation between geographic and
genetic distances (r=0.128, p>0.05) (Supplementary Figure S1).

Phylogenetic and population genetic analyses of T. clavata based on CO/

Three previously reported COI sequences (KJ577713, MW 369674, and NC008063) from NCBI GenBank were
incorporated into the population genetic analysis, leading to the identification of a novel haplotype (NCCH114)
distributed in Korean Peninsula. In total, 114 COI haplotypes were used for phylogenetic and population genetic
analyses.

Phylogenetic analyses with unrooted ML and BI trees revealed three distinct genetic lineages, Lineages C-1,
C-II, and C-III (BP=98, BPP=1.00) (Fig. 2a). Most populations contained both major genetic lineages, except
JCW and CNN, which comprised only Lineage C-I, and two populations (JBE, DCB) that contained the Lineage
C-IIT exclusively.

These lineages were also evident in the unrooted neighbor-net phylogenetic network and PCoA (Fig. 2b-d).
Bootstrap support for the major splits defining the three genetic lineages in unrooted neighbor-net phylogenetic
network was moderate to high (88.8% in the split separating Lineage C-II from the other lineages and 75.0% in
the split distinguishing Lineage C-I from the others). In the PCoA, the first and second principal components
explained 42.51% and 11.41% of the variance, respectively (Fig. 2¢). In the TCS network, the Lineage C-III seems
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Fig. 1. Photographs of Trichonephila clavata and a map showing sampling localities, including population
codes used in this study. (a) Wild specimen of T. clavata collected from Gangneung-si, Gangwon-do, South
Korea, photographed by Gyeongmin Kim. (b) Distal (left) and ventral (right) views of T. clavata, photographed
by Gyeongmin Kim. Images were edited using Adobe Illustrator v.22.2 (https://www.adobe.com). (c) 26
Collection sites of 284 T. clavata individuals, showing the distribution of ten population codes across South
Korea. The maps were obtained from a free map-providing site (https://d-maps.com) and modified using
Adobe Illustrator v.22.2 (https://www.adobe.com).

difficult to discern the difference with other genetic lineages, which only showed seven to eight mutation steps
with Lineage C-I and two to five steps with Lineage C-II. Furthermore, a star-like pattern from several core
haplotypes (NCCHO01, NCCH10, NCCH25, NCCH27, and NCCH76) was observed in the network (Fig. 2d).
AMOVA results supported the presence of the three major lineages: 63.65% of the total genetic variation was
attributed to differences among the lineages, 2.85% to variation among populations within each lineage, and
33.50% to variation within populations (Supplementary Table S4).

Genetic distance analysis using the Kimura two-parameter (K2P) model showed that Lineage C-I and
Lineage C-II had the largest mean genetic distance [0.015 (0012-0.018)] whereas Lineage C-II and Lineage C-III
were most similar [0.011 (0.008-0.014)] (Supplementary Table S5). Within each lineage, Lineage C-I were the
most genetically distinct [0.008 (0.007-0.009)], while Lineage C-III had the lowest [0.003 (0.002-0.004)].

Genome assembly, sequencing based on the PacBio platform, and SNP identification

A T clavata reference genome was assembled using SMRT sequencing on the PacBio platform (GenBank
accession number: JBMSTR000000000). The final assembly contained 22,392 contigs with an N50 of 121,913 bp,
reaching a total size of 1.97 Gb (detailed assembly information will be reported in a future study).

For GBS-based SNP marker selection, 166 individuals (from the total of 284) with high DNA quality and
quantity were used. Among 166 individuals, 15 individuals which selected for GBS analysis yielded insufficient
DNA quality for SNP detection, and therefore alternative samples were analyzed, leading to a partially different
sample composition between the COI and SNP datasets. A GBS library was constructed and sequenced to an
average depth of 14.78 X, producing 1.36 billion raw reads (8.21 million reads per individual). After trimming,
1.27 billion reads remained (7.67 million per individual) with an average mapping rate of 96.05% to the reference
genome. Each individual retained a mean of 349,496 unique reads. Using the SEEDERS in-house pipeline
and allowing up to 5% missing data, 207,749 SNPs were identified (Data S1). Neutral and positively selected
SNPs detection was performed with Bayescan v2.1. Under an FDR threshold of 0.01, 1701 candidate SNPs
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Mitochondrial COI ‘Whole SNPs

Pop | N, [Ny, |S |k ooy | N | Polymorphicloci (%) | H, | Hy T | A, Fy

JJD 41 19 38 |0.844 | 0.007 | 30 |29.81 0.273 | 0.388 | 0.362 | 1.350 | 0.296
JNN |13 5 17 ]0.731 | 0.006 | 13 |24.26 0.262 | 0.382 | 0.340 | 1.306 | 0.314
JBE 42 24 47 10.954 | 0.009 | 21 | 34.50 0.226 | 0.324 | 0.299 | 1.315 | 0.302
JCW |26 10 16 | 0.889 | 0.004 | 14 | 13.82 0.234 | 0.390 | 0.331 | 1.273 | 0.400
DCB |39 23 39 10935 |0.007 | 16 |27.15 0.301 | 0.341 | 0.304 | 1.283 | 0.117
CNN |8 6 13 10929 | 0.005 | 5 27.53 0.192 | 0.450 | 0.291 | 1.237 | 0.573
GSD |53 35 43 10.963 | 0.007 | 30 |23.04 0.205 | 0.341 | 0.327 | 1.349 | 0.399
GWE | 14 8 22 |0.890 | 0.007 |8 20.20 0.211 | 0.365 | 0.290 | 1.279 | 0.422
GWS | 16 11 23 10.908 | 0.008 | 8 21.01 0.197 | 0.379 | 0.210 | 1.239 | 0.480
GGD |32 17 43 |0.889 | 0.009 | 21 |33.32 0.208 | 0.326 | 0.295 | 1.321 | 0.362
Total |284 | 113 121 | 0.964 | 0.008 | 166 | 19.05 0.240 | 0.407 | 0.390 |2.000 | 0.410

Table 1. Genetic diversity indices based on mitochondrial COI partial sequences and whole 6011 SNPs which
included both neutral and positively selected SNPs from ten Trichonephila clavata populations on the Korean
Peninsula. This table includes the abbreviation of the population (Pop), the number of sequences (N_, ), the
number of haplotypes (N Ha\P), the number of segregating sites (S), haplotype diversity (h), nucleotide élversuy
based on COI (7)), the number of samples (N), observed heterozygosity (H,,), expected heterozygosity (Hy),

nucleotide diversity based on SNPs (7g,), allele richness (A ), and inbreeding coefficients (Fy).

(a) Mitochondrial COI
JJD JNN JBE JCW DCB CNN | GSD GWE | GWS | GGD

J)D
JNN | 0.211%+*
JBE | 0.103*** | 0.041
JCW | 0.347* | 0.065* | 0.104**

DCB |0.218** | 0.039 |0.029* 0.038*
CNN | 0.311*** | 0.034 |0.078 -0.013 0.026
GSD | 0.229** | 0.040 | 0.047*%* | 0.030** | 0.007 0.029
GWE | 0.219*** | 0.080 0.060* 0.121* 0.015 0.052 0.051*
GWS |0.071 0.103 0.027 0.216*** | 0.079* | 0.155* | 0.098*** | 0.066
GGD | 0.154*** | 0.046 | 0.029 0.087*** | 0.014 | 0.064 | 0.037* 0.012 | 0.004
(b) Neutral SNPs

JJD JNN JBE JCW DCB CNN GSD | GWE | GWS | GGD

J’D
JNN | 0,138+
JBE | 0.268*** | 0.212%*
JCW | 0.181%** | 0.029 0.190%
DCB | 0.250°% | 0.275%* | 0.034 0.259%+
CNN | 0.189*** | 0.066 0.193°* | 0.034 0.248***
GSD | 0.223%* | 0.117** | 0.032 0.086 0.088 0.083
GWE | 0.270° | 0.219** | 0.015 0.180°** | 0.058 0.184 0.030
GWS | 0.349°** | 0.254** | 0.057 0.210%* | 0.154* | 0,223 | 0.051 | 0.067
GGD | 0.264* | 0.165*** | 0.049*** | 0.122%** | 0.108*** | 0.112 0.021 | 0.037 | 0.043

Table 2. Pairwise Fg; values estimated from (a) mitochondrial COI sequences based on nucleotide divergence
and (b) 1701 neutral SNPs among ten Trichonephila clavata populations on the Korean Peninsula. Significant
value: Bold (*: p<0.05, **: p<0.01, ***: p<0.001).

were identified as neutrally selected SNPs, and 4310 were identified as positively selected (diversified) SNPs
(Supplementary Table S6 and Supplementary Figure S2).

Genetic diversity based on neutral and positively selected SNPs

Using the whole 6011 SNPs which include both neutral and positively selected SNPs, we estimated genetic diversity
indices for each population (Table 1). The mean proportion of polymorphic loci was 19.05%, which ranged from
13.82% (JCW) to 34.50% (JBE). The mean observed heterozygosity (H,,) and expected heterozygosity (H,) were
0.240 and 0.407, respectively. Among populations, DCB showed the highest H, (0.301), and CNN had the lowest
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Fig. 2. Results of molecular phylogenetic and population analyses based on 114 COI haplotypes from

284 Trichonephila clavata individuals, suggesting the presence of three genetic lineages in South Korean
populations. (a) Unrooted maximum likelihood (ML) phylogenetic tree, showing three distinct genetic
lineages (Lineages C-I, C-II and C-III). Node support values are indicated as follows: bootstrap values

(ML) and Bayesian posterior probabilities (BI), in order. (b) Unrooted Phylogenetic network reconstructed
using the Neighbor-Net algorithm without an outgroup. Support values in the location that diverged the
three genetic lineages are indicated. (c) Two-dimensional PCoA plot visualizing genetic differentiation. The
variance explained by the first two axes is as follows: Axis 1 =42.51%, Axis 2=11.41%. (d) Haplotype network
reconstructed using the TCS algorithm. Circle size represents haplotype frequency.

(0.192). Nucleotide diversity (7qy;,) was highest in JJD (0.362) and lowest in GWS (0.210). Mean allelic richness
(A,) ranged from 1.237 (CNN) to 1.350 (JJD). Overall, the inbreeding coefficient (F;;) was positive, indicating
potential inbreeding within each population. Among populations, DCB had the lowest (F;;=0.117), and CNN
had the highest (F=0.573). Hardy-Weinberg equilibrium (HWE) tests conducted within each population
indicated that most loci conformed to HWE expectations, showing significant deviations was relatively low
(ranging from 5 to 7% across populations).

Fy; analysis and Mantel test was conducted by 1701 neutral SNPs and 4310 positively selected SNPs,
respectively. The significant pairwise Fg, values based on the neutral SNPs ranged from ranged from 0.049 (JBE
vs. GGD) to 0.349 (JJD vs. GWS), with numerous comparisons showing significant population differentiation
(Table 2b). The result of Fg; calculation based on positively selected SNPs ranged from 0.036 (JBE vs. GSD) to
0.467 (JJD vs. GWS) (Supplementary Table S7). A Mantel test revealed significant correlation between genetic
and geographic distances (r=0.373, p<0.001 in neutral SNPs and r=0.379, p<0.001 in positively selected
SNPs) (Supplementary Figure S3). Furthermore, analysis of molecular variance (one-level AMOVA) revealed a
significant genetic differentiation both in neutral and positively selected SNPs (@, =0.157, p<0.001 in neutral
SNPs, and @y =0.217, p<0.001 in positively selected SNPs) (Supplementary Table S8).
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Population structure analysis based on neutral and positively selected SNPs

This study investigated the population genetic structure of neutral SNPs and positively selected SNPs separately
and compared the respective results based on the STRUCTURE, unrooted phylogeny, DAPC, and Netview R
plot. For STRUCTURE analysis, we removed the SNPs with the strong linkage disequilibrium (r*>0.2) using
the PLINK v 2.0. As a result, 1455 neutral SNPs and 2558 positively selected SNPs were used for the analysis,
respectively. Based on the LD-pruned 1455 neutral SNPs, STRUCTURE analysis indicated that three clusters
(K=3) were the optimal number of genetic groups (Supplementary Figure S4a). These clusters were designated
as Cluster I (Blue), Cluster II (Green), and Cluster III (Red) (Fig. 3a). Among the 166 individuals analyzed,
79 individuals were categorized as pure group and 87 as admixture group. Clusters I and II contained 73 and
72 individuals, respectively, with all populations represented except DCB in Cluster I and JCW and CNN in
Cluster II. Cluster III comprised 21 individuals originating from JJD, JNN, JCW, DCB, CNN, and GSD. Among
the admixture group, 68 individuals indicated skewed toward one cluster, However, balanced admixture was
revealed from 19 individuals, including 15 from JJD, three from JNN, and one from DCB. All balance-admixed
patterns were Clusters I+IIT or Clusters II+III, and Clusters I+II combination was not observed, suggesting
that Cluster III may represent a genetic mosaic derived from the two Clusters.

Based on the no LD-pruned 1701 neutral SNPs, unrooted maximum likelihood (ML) phylogeny revealed
three distinct genetic lineages (Lineages S-I, S-II, and S-III), nearly consistent with the clusters indicated in
the result of STRUCTURE (Fig. 3b). The individual-level DAPC plot, unlike the phylogeny and STRUCTURE
results, identified the five groups. (Fig. 3c and Supplementary Figure S5). Group 1 comprised all populations
except JCW and CNN, whereas Group 2 was restricted to JJD, JNN, JCW, CNN, and GSD. Group 3 included
all but DCB and GWS, and Group 4 all but JJD and DCB. Finally, Group 5 was composed of JJD, JBE, DCB,
and GSD. In the Netview plot, which identified three modules (Modules I, II, and III). These three modules
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Fig. 3. Results of population genetic analyses based on neutral SNPs from 166 Trichonephila clavata
individuals. (a) STRUCTURE output showing the optimal K value (K=3) based on 1455 LD-pruned

neutral SNPs using AK method by STRUCTURE HARVESTER (see Supplementary Figure S4a for details).
Colors (blue, green and red) represent genotype composition within each population, and each genotype
designate as Cluster I (blue), Cluster II (green), and Cluster III (red). Population labels correspond to those

in Supplementary Table S1. (b) Unrooted phylogenetic tree reconstructed using maximum likelihood (ML)

in the IQ-TREE web server (http://iqtree.cibiv.univie.ac.at/), based on concatenated sequences of 1701 no
LD-pruned neutral SNPs, showing the three genetic lineages (Lineages S-I, S-1I, and S-III). (c) Scatter plot
from the discriminant analysis of principal components analysis (DAPC) based on 1701 no LD-pruned neutral
SNPs using six clusters suggested by Bayesian information criterion (BIC) in the R package adegenet (see
Supplementary Figure S5 for details), which shows five genetic groups (Groups LILIILIV, and V). (d) Netview
R result at k-NN =15 (see Supplementary Figure S6a for details) based on 1701 no LD-pruned neutral SNPs
showing three genetic structures (Modules I, II, and III).

Scientific Reports |

(2025) 15:41911

| https://doi.org/10.1038/s41598-025-25890-9 nature portfolio


http://iqtree.cibiv.univie.ac.at/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

were further supported at k-NN =15, which was included in the most appropriate range (10-20) by a k-NN
selection plot (Fig. 3d and Supplementary Figure S6a). Module 1 consists of all populations except JCW and
CNN. Module 2 included all except GWE and GWS, and Module 3 included all except DCB.

To evaluate alternative hypotheses of population structure inferred from these analyses, we performed
AMOVA under four scenarios: three clusters from STRUCTURE, three lineages from unrooted phylogeny,
five groups from DAPC, and three modules from the Netview plot (Supplementary Table S9). All results of
the variation were significantly derived. Across all scenarios, the largest proportion of genetic variation was
consistently explained by differences within individuals. The second largest component was variation among
groups, with the highest value observed in DAPC (34.76%) and the lowest in STRUCTURE (28.75%). In contrast,
variation among populations within groups was greatest under the unrooted phylogeny (5.69%) and lowest
under DAPC (2.79%), whereas variation among individuals within populations was highest in STRUCTURE
(10.34%) and lowest in DAPC (4.18%). Based on this comparison, we adopted the three lineages recovered
from the unrooted phylogeny for demographic analyses, as they provide a more balanced resolution of genetic
variation both among and within groups.

The STRUCTURE analysis based on 2558 LD-pruned positively selected SNPs identified two clusters (K=2)
as the optimal number of genetic groups, with all individuals assigned to pure groups (Supplementary Figures
$4b and S7a). Cluster I (red) comprised 85 individuals, whereas Cluster II (green) included 81 individuals. All
populations were represented in both clusters, except DCB (absent in Cluster I) and JCW and CNN (absent in
Cluster II). Compared with the results from neutral SNPs, Cluster III in the neutral dataset was incorporated
into Cluster II in the positively selected dataset. In contrast, the phylogeny inferred from 4310 no LD-pruned
positively selected SNPs identified three genetic lineages (S-1, S-II, S-III), which corresponded to the lineages
based on neutral SNPs (Supplementary Figure S7b). The DAPC plot identified six groups; relative to the neutral
SNP results, group 1 and group 5 were further subdivided into groups 1, 5, and 6 in the positively selected
dataset (Supplementary Figures S7c and S8). Finally, the Netview plot revealed three modules, consistent with
the patterns observed for neutral SNPs (Supplementary Figures S6b and S7d).

AMOVA tests based on positively selected SNPs produced patterns consistent with those from neutral SNPs
(Supplementary Table S10). Specifically, (1) within-individual variation accounted for the largest proportion
of total variation across all analyses; (2) variation among groups was the second largest component, with the
highest proportion in DAPC (41.01%); and (3) variation among populations within groups (3.78%) and among
individuals within populations (0.62%) were both lowest in DAPC.

Except for 15 individuals for which both markers could not be obtained, genetic data from COI and SNPs were
successfully generated for 151 individuals. Among these, 97 individuals showed concordant lineage assignments:
Lineage C-Iin COI corresponded to Lineage S-I in SNPs, and Lineage C-II in COI corresponded to Lineage S-1I
in SNPs. In contrast, 54 individuals exhibited discordant assignments. Of these, 32 involved mismatches between
the two major lineages (e.g., Lineage C-I with Lineage S-II or Lineage C-II with Lineage S-I), while the remaining
22 involved either Lineage C-III with Lineage S-I or S-II or Lineage S-III with Lineage C-I or C-II.

Population dynamics and divergence times from mitochondrial COI for T. clavata

Neutrality tests (Tajima’s D, Fu’s F, and R)) based on COI sequences yielded significant results for both the total
population and each genetic lineage, rejecting the neutral hypothesis (Table 3). All Tajimas D and Fu’s F values
were negative, whereas R, values were positive.

Mismatch distribution (MMD) analysis using COI data revealed two moderate peaks for the overall T clavata
population, although the observed frequency patterns did not closely match the expected distribution under a
population expansion model (Supplementary Figure S9a). All genetic lineages showed a unimodal distribution
of observed frequency more similar to an expansion model than the result of total population (Fig. 4a).
Furthermore, raggedness index (r: 0.006 to 0.051) and sums of squared deviations (SSD: 0.007 to 0.010) for each
genetic lineage supported these distribution patterns which were not statistically significant (p>0.05), except for
the SSD of Lineage C-I.

Bayesian Skyline Plot (BSP) analysis based on COI indicated a strong population expansion between 6.5
and 2.0 Ma for the total population (Supplementary Figure S9b). Lineages C-I and C-II showed similar but
more gradual patterns, whereas Lineage C-III lacked a clear expansion signal (Fig. 4b). The estimated expansion
periods were 5.0-2.0 Ma for Lineage C-I, and 4.5-2.5 Ma for Lineage C-II (Fig. 4b). All BSP analyses had effective
sample sizes (ESS) exceeding 10,000.

Divergence times were estimated via reconstruction of ultrametric tree in BEAST 2.7.6, which included COI
sequences of three outgroups (T. clavipes, T. inaurata, and Nephilengys malabarensis) and two calibration points
(Fig. 4c). As a result of Bayes factor (BF) comparison, relaxed lognormal clock model was selected as an better
performance for the analysis, which were corresponded to our criteria (2 In BF>100 with strict clock model,

Haplotype no | Tajima’s D | Fu’s Fs R,
Lineage C-I 79 —1.895%* | —24.907*** | 0.097**
Lineage C-II | 27 —2.174* | =25.540"** | 0.123***
Lineage C-III | 8 -1.421* —-5.575* 0.200*
Total 114 —1.800** | —24.375%** | 0.162***

Table 3. Results of neutrality tests for mitochondrial COI sequences of Trichonephila clavata. Significant value:

Bold ('p<0.05, “p<0.01, "p<0.001).
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Fig. 4. Demographic history (a, b) and divergence time estimation (c) using mitochondrial COI sequences of
Trichonephila clavata on the Korean Peninsula. (a) Mismatch distribution analysis (MMD) estimating pairwise
difference frequency. The black dashed line represents the expected distribution under a population expansion
model, while the red solid line with red-asterisk-shaped markers represents the observed distribution as

the results of each dataset. Raggedness index (r) and sum of squared deviations (SSD) are shown at the

bottom right of each plot, with statistically significant values in bold. (b) Bayesian skyline plot (BSP) analysis
illustrating effective population size changes over time implemented in BEAST v.2.6.0. The above graph shows
benthic Oxygen isotopic compositions (§'30) and sea level changes from 5 to 1 Ma, based on Stap et al. (2016).
(c) Time-calibrated phylogeny based on 114 COI haplotypes of T. clavata and three outgroups, inferred using a
relaxed lognormal clock model with a birth-death process in BEAST v.2.7.6. Brown circles labeled “C” indicate
calibration points.
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and 2In(BF) = 7.4 witih relaxed exponential clock) (Supplementary Table S11). The resulting tree (ESS>200)
suggested that T. clavata diverged from other Trichonephila species in the Late Cretaceous (~92.09 Ma; 95%
HPD: 59.88-116.91 Ma). Within T. clavata, Lineage C-I may have appeared to diverge from the genetic lineage
of common ancestor of Lineages C-II and C-III emerged in the middle Eocene, around 42.87 Ma (95% HPD:
6.29-73.83 Ma). After the event, divergence event between the Lineages C-II and C-III may have occurred at
approximately 31.43 Ma (95% HPD: 3.55-57.12 Ma). Further diversification within Lineage C-I likely began
around 32.49 Ma (95% HPD: 4.00-59.56 Ma).

Inferring demographic history and divergence scenario from neutral SNPs using ABC analysis
for T. clavata

An Approximate Bayesian Computation (ABC) approach in DIYABC v.2.1.0 using 1455 LD-pruned neutral
SNPs to simulate population demographic history with the three scenarios and divergence history with the
four scenarios for total lineages and each lineage based on unrooted phylogeny (Supplementary Tables S12-S17
and Supplementary Figures S10, S11). To establish biologically informed priors for ABC analyses, we estimated
effective population sizes (Ne) for the whole population and each lineage using the linkage disequilibrium
method implemented in NeEstimator v.2.0 (Supplementary Table S12). For the whole population, Ne was
estimated at approximately 8.9 (95% CI 8.9-9.0; jackknife CI 7.6-10.3). Among lineages, S-I showed the largest
Ne (38.8; 95% CI 38.4-39.2), followed by S-II (24.0; 95% CI 23.8-24.0) and S-III (9.5; 95% CI 9.4-9.7).

Among the three demographic scenarios, Scenario I (Constant population size) received the highest support,
with both logistic (0.00<p<1.00) and direct (0.75<p<0.78) methods favoring it over alternative models for
total lineages (Supplementary Table S14a and Supplementary Figure S10). For each lineage, similar to the
result of total population, the constant population size scenario was supported in both logistic (0.72<p<0.99
in Lineage S-I, 0.99 <p<1.00 in Lineage S-II, and 0.96 <p <1.00 in Lineage S-IIT) and direct (0.69<p<0.71 in
Lineage S-I, 0.61 <p<0.64 in Lineage S-II, and 0.58 <p <0.63 in Lineage S-III) methods (Supplementary Table
S15a and Supplementary Figure S11). Median value of assumed ancestral population size (N1) was estimate 67.9
in total population, 200 in Lineage S-I, 67.6 in Lineage S-II, and 29.7 in Lineage S-III (Supplementary Tables
S14b and S15b).

Among the four divergence history scenarios, Scenario IV (admixture scenario) received the highest support,
with both logistic (0.99 <p<1.00) and direct (0.52 < p <0.82) methods favoring it over alternative models (Fig. 5
and Supplementary Table S17a). Median effective population sizes were estimated at 4,010 for Lineage S-I (N1),
4,960 for Lineage S-II (N2), 1 for Lineage S-IIT (N3), and 10,000 for ancestral population (Na) (Supplementary
Table S17b). The divergence time between Lineages S-I and S-II was estimated as ~ 20,000 generations, and the
time (ta) than has been an admixture event between the two parental populations, Lineage S-I and S-II was
estimated as ~ 10 generations. Considering a univoltine life cycle of T. clavata, it suggests that divergence and
admixture event between the two genetic lineages occurred around 20 Ka and 0.01 Ka respectively. The median
value of admixture rate relative to Lineage S-I (ra) was estimated as 0.077, and based on the values, the rate
relative to Lineage S-II (1-ra) was computed as 0.923.

Discussion

This study performed a comprehensive population genetic analysis of T. clavata using both mitochondrial COI
and genome-wide SNPs, focusing on genetic diversity, differentiation, population structure, population dynamics,
and divergence times among ten populations on the Korean Peninsula. Analyses of genetic diversity revealed
contrasting patterns between COI and SNPs. Mitochondrial COI data showed generally high haplotype diversity
(h>0.8) in most populations except JNN, and nucleotide diversity (r.,,) exceeded 0.005 in all populations
except JCW and CNN. In contrast, whole SNP datasets exhibited consistently high, positive inbreeding
coeficients across all populations. Observed heterozygosity was notably lower than expected heterozygosity,
indicating lower nuclear genetic diversity. Hardy—-Weinberg disequilibrium analysis revealed that Korean T.
clavata populations indicated a deficit of heterozygotes, which is remarkedly lower observed heterozygosity (H,)
than expected heterozygosity (H}) at all SNP loci, which coincides with the high values of the inbreeding index.

These contrasting genetic patterns likely arise from the differing evolutionary and demographic factors that
influence mitochondrial and nuclear markers. Nuclear SNPs are bi-parentally inherited with recombination,
which results in larger effective population sizes and therefore a relatively long time to stabilize nucleotide
polymorphisms. In contrast, mitochondrial genomes are haploid and maternally inherited, leading to smaller
effective population sizes. Consequently, mtDNA is more prone to genetic drift and may accumulate nucleotide
polymorphisms over a relatively short timescale?>2°. Furthermore, infection of bacterial endosymbionts, such as
Wolbachia strains, may influence the mitochondrial DNA-based genetic diversity?”2.

The genetic differentiation analysis conducted in this study including F,, mantel test, and one-level AMOVA
analyses revealed significant genetic differentiation among the Korean N. clavata populations. In particular,
higher Fg values based on nuclear divergence than based on haplotype frequency from COI suggested that the
genetic differentiation may have occurred by historical processes such as quaternary glaciation events than gene
flow. The result of Mantel test in this study were opposed to the result of Jung et al. (2006), which revealed no
significant association between genetic and geographic distance (p>0.05) based on AFLP. Among the results,
those based on SNPs showed relatively more evident correlation between genetic distance and geographic
distance than that of COIL Furthermore, the results of one-level AMOVA based on both neutral and positively
selected SNPs intensified the significant evidence of genetic differentiation with moderate genetic distances.

Unlike our result, previous studies on Nephila pilipes and other ballooning spiders reported weak or no
correlation between genetic and geographic distances, as extensive gene flow tends to overcome geographic
barriers'"1229-31 In contrast, non-ballooning spiders often exhibit stronger genetic structuring®*-%°. All these
earlier findings considered that ballooning dispersal may be affected by these genetic structuring pattern,
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Fig. 5. Possible demographic history scenarios for the three genetic lineages based on 1455 LD-pruned neutral
SNPs, analyzed using DIYABC v.2.1.0. (a) Four hypothesized population divergence scenarios (see “Divergence
Time Estimation and ABC Analysis” in Methods for the detailed description of each scenario). (b) Logistic
regression results and (c) model comparison using the direct approach for each scenario, suggesting Scenario 4
(colored yellowish) received the highest support.

which facilitate gene flow among populations®. Beyond innate ability, ballooning is also affected by favorable
meteorological conditions such as wind speed, humidity, and temperature, as well as individual behaviors such as
seeking suitable new habitats?”-¢. However, more detailed investigations of ballooning as a dispersal mechanism
have so far been limited to a small number of spider taxa. Future research should therefore investigate ballooning
mechanisms in greater detail across this group and assess their association with population genetic structure®”3.

Population genetic analyses from both COI and SNP data consistently revealed three genetic structures
(Lineages C-1, C-II, and C-IIT in COI and Lineages S-I, S-II, and S-IIT in SNP) with geographic mixing across the
Korean Peninsula. Among them, the two main lineages (Lineages C-I and II in COI, and Lineages S-I and S-II)
were broadly distributed, whereas the remaining lineages (Lineage C-III of COI and Lineage S-IIT of SNP) were
genetically restricted, suggesting possible local adaptation.

Lineage C-III of COI was restricted to individuals from the JBE and DCB populations. These two populations
are found in more geographically isolated and higher-elevation areas, suggesting potential local adaptation to
cooler or mountainous environments. Recent physiology study for the species revealed that T. clavata is more
suitable for cooler environment than its congener'®. Furthermore, species distribution models (SDM) research
highlights the tolerance of low temperature in this species!®>°. These findings together raise the possibility that
the persistence of Lineage C-III represents an adaptation to montane or cooler habitats, although the specific
mechanisms by which elevation-related stress drives such adaptation remain to be clarified.

Interestingly, individuals showing discordance between mitochondrial (COI) and nuclear (SNP) lineage
assignments were also concentrated in the JBE (10 individuals) and DCB (12 individuals) populations, where all
cases involved Lineage C-I (COI) and Lineage S-II (SNP). This geographic concentration may reflect localized
processes such as mitochondrial introgression, potentially driven by environmental conditions favoring the
persistence of the Lineage C-I mitochondrial genotype over that of Lineage C-II in these regions.

In contrast to Lineages C-III of COI, Lineage S-III of SNPs was primarily found in JJD, JNN, JCW, CNN,
and GSD. Its distribution was relatively southern compared to Lineages S-I and II and was absent from more
northern populations such as GWE, GWS, and GGD. A southern-specific genetic group was also reported by
Jung et al. (2006) (marked as Group 2 in that reference) based on AFLP data’. These findings may suggest that
the southern region may have served as a historical refugium or center of lineage persistence during climatic
fluctuations.
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Overall population dynamic analyses based on COI consistently supported gradual population expansion in
Lineages C-I, C-II considering the results of all neutrality tests, MMD, and BSP. Furthermore, in the TCS network,
the presence of multiple star-like patterns from various core haplotypes suggest the expansion of population size
with multiple mutational pathways and potentially linked to the interglacial colonization event'®4!.

When compared with sea-level and marine isotope data, population expansions coincided with glacial-
interglacial cycles, paralleling patterns reported in other spiders*>~*>. The population expansions of Lineage C-I
and Lineage C-II were mainly dated to the Pliocene (5.33-2.58 Ma), a period characterized by generally warmer
conditions than today*®. Toward the end of the epoch (~2.6 Ma), extensive ice-sheet growth in the Northern
Hemisphere marked the onset of pronounced glacial stages*®. Population expansion in both lineages appears
to have begun during the warm phase, but the growth of effective population sizes gradually slowed with the
progression of glacial conditions.

In contrast to the BSP results from COI, the ABC analysis based on LD-pruned neutral SNPs supported a
scenario of constant population size across both the total population and individual lineages. Such discrepancies
may reflect differences in inheritance mode, effective population size of each markers as well as the analytical
methods employed?>26:42,

A COI-based, time-calibrated phylogeny placed the divergence of total T. clavata lineages from other
Trichonephila species in the Upper Cretaceous (92.09 Ma). Within the species, major splits among the lineages
occurred in the Eocene. The divergence between Lineage C-I and the common ancestral lineage of Lineages C-II
and C-III likely occurred after the Early Eocene Climatic Optimum (EECO), a period of elevated atmospheric
pCO, which suggested globally warmer temperatures*”*%. Subsequent divergence and diversification—between
Lineages C-II and C-III and within Lineage C-I—was estimated for the early Oligocene (~31-32 Ma), following
the Eocene-Oligocene Transition (EOT). This transition marked the onset of major continental glaciation and
a dramatic shift from a warm climate to an icehouse world around 34 Ma*-2. Due to this glacial event, the
period is recognized as the most significant biotic reorganization since the end-Cretaceous extinction®’. The
lineage divergence (between Lineages C-II and C-III) and diversification (within Lineage C-I) of T. clavata may
have been driven in part by these events by causing small isolated refugia and droven genetic divergence of
fragmentation®*>>.

Beyond climatic influences, subsequent geological changes may also have shaped diversification for each
lineage. During the Oligocene to Miocene (ca. 30-15 Ma), the East Sea and the main Korean mountain ranges,
including the Baekdudaegan, were sequentially formed through a tertiary tilted flexural process®®’. These
mountainous areas of the Korean Peninsula may have played a critical role as refugia in buffering populations
against subsequent extreme climate change by geological event. Previous studies have identified this mountain
system as an important refugium for temperate plants and insects in northeastern Asia®*-%°. For widespread
lineages (C-I and C-II from COI; S-1 and S-II from SNPs), the areas may have provided multiple refugia across
several regions. After severe glacial period, the warmer Miocene (20-5 Ma) with favorable climatic conditions
may have enabled lineage expansion through ballooning as co-occurrence of multiple mitochondrial lineages®!.

Similar to the COI results, ABC analysis of LD-pruned neutral SNPs supported the initial divergence
between Lineages S-I and S-II. In contrast to the strictly stepwise divergence pattern inferred from the COI time-
calibrated tree, however, the SNP-based analysis favored a scenario in which Lineage S-III originated through
admixture between parental lineages. Similar to the inconsistent pattern of genetic diversity and demographic
estimation between the two markers, this discrepancy also likely arises from both marker-specific properties
and methodological assumptions. In particular, mitochondrial COI-based phylogeny analysis captures a single
genealogical history and enforces strictly bifurcating trees, whereas nuclear SNP-based ABC analysis explicitly
evaluates alternative demographic scenarios—including divergence with gene flow and admixture—across
genome-wide loci®?%3.

The divergence between Lineages S-Iand S-1I was further estimated at ~ 20,000 years ago, which is more recent
than COI-based estimates. Although absolute values remain uncertain due to limited calibration of substitution
rates in this species and methodological differences among markers, this discrepancy may reflect incomplete
lineage sorting in nuclear genomes. Importantly, the estimated timing coincides with glacial-interglacial cycles
of the Pleistocene, suggesting that climatic oscillations and associated geographic isolation likely contributed
to the genetic divergence between Lineages S-I and S-II°. The repeated glacial-interglacial cycles likely
drove alternating episodes of re-isolation and expansion as well as the two nuclear SNP-based lineages. During
these climatic oscillations, ballooning dispersal may have continuously facilitated co-occurrence of the SNP-
based lineages, maintaining relatively stable effective population sizes as inferred from SNP-based analyses.
Finally, secondary contact among co-occurring lineages would have provided opportunities for interbreeding,
potentially giving rise to the admixed lineage (S-I1I)%¢:57,

Our study revealed two major genetic lineages within the native range (Lineages C-I and C-II from COI;
Lineages S-I and S-II from SNPs) as well as an admixed lineage (Lineage S-III), providing a valuable baseline
for future population genetic comparisons. The contrasting patterns between mitochondrial and nuclear
markers highlight the importance of integrating both marker types when evaluating species-wide genetic
structure. Moreover, linking genetic structure with past geological and climatic events provide insight into the
evolutionary processes shaping T. clavata populations in East Asia. Such baseline knowledge will also facilitate
future assessments of genetic diversity and range dynamics in non-native populations as the species continues
to expand beyond its native range.

Methods

Sample collection and mitochondrial COI sequencing

All necessary permits for sample collection of this study were obtained from National Institute of Biological
Resources, Ministry of Environment, South Korea. A total of 284 Trichonephila clavata specimens were collected
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from 26 locations on the Korean Peninsula (Fig. 1 and Supplementary Table S1). Immediately after collection,
each specimen was preserved in 95% ethanol and stored at—20 °C until DNA extraction. Genomic DNA
(gDNA) was extracted from the walking legs using the DNeasy Blood and Tissue Kit (Qiagen, United States).
DNA quality and concentration were determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, United States) and further confirmed through 1% agarose gel electrophoresis.

Species identification was based on morphological traits (e.g., abdomen shape, web structure)*. Molecular
data generated by amplifying and sequencing the mitochondrial COI gene via PCR (polymerase chain reaction)
followed by Sanger sequencing. The COI region was amplified using the primers C1-J-1718 (5-GGA GGA TTT
GGA AAT TGA TTA GTT CC-3’) and C1-N-2776 (5'-GGA TAA TCA GAA TAT CGT CGA GG-3'), which
amplified length was expected as 1059 bp®®°. Each 50 uL PCR reaction contained 50-100 ng of gDNA, 10 mM
of each ANTP, 10 pM of each primer, and 0.25 U of Taqg DNA polymerase (Solgent, South Korea). The thermal
cycling protocol included an initial denaturation at 95 °C for 3 min, followed by 35 cycles of 95 °C for 20 s,
52-56 °C for 40 s, and 72 °C for 1 min, concluding with a final extension at 72 °C for 5 min. One microliter of
each PCR product was electrophoresed on a 1% agarose gel containing eco-dye and visualized under UV light.
Verified amplicons were purified using a QIAquick PCR Purification Kit (Qiagen, Germany) and sequenced
on an ABI Prism 3730 DNA sequencer (PerkinElmer, United States) with a BigDye Terminator Sequencing Kit
(PerkinElmer, United States).

Genetic diversity and differentiation analysis based on mitochondrial COl sequences

Raw COI sequences were aligned in Clustal X2 with default settings, and ambiguous 5’ and 3’ regions were
trimmed in BioEdit v.7.2.5, yielding a final alignment of 993 bp’%’!. The resulting sequences were compared
using BLAST the NCBI GenBank database, which confirmed all samples as T. clavata. Haplotypes, singleton
sites, and parsimoniously informative sites were identified in DnaSP v.6.1172. All newly identified haplotypes
were deposited in NCBI GenBank: accession numbers PV413245-PV413357.

Based on geographic proximity and mountain ranges, these individuals were grouped into ten populations for
genetic analysis (Supplementary Table S1). To evaluate genetic diversity within each population, three diversity
indices—segregating sites (S), haplotype diversity (h), and nucleotide diversity (7)—were calculated in DnaSP
v.6.117%. Genetic differentiation was assessed by pairwise fixation indices (Fy) Genetic differentiation was
assessed by pairwise fixation indices (Fg,;) based on the genetic distance according to both nucleotide divergence
and haplotype frequency, using Arlequin v.3.573. The correlation between genetic and geographic distances was
further examined using a Mantel test in Alleles in Space v.1.07%.

Population genetic structure analysis based on mitochondrial COl sequences

Three COI sequences of T. clavata, KJ577713 from China and MW369674 and NC008063 from South Korea
obtained from NCBI GenBank were included for comparative analyses. Maximum Likelihood (ML) and Bayesian
Inference (BI) methods were employed to reconstruct phylogenetic relationships among COI haplotypes, with T.
clavata haplotypes unrooted for tree topology.

The unrooted ML phylogeny was built using the IQ-TREE web server (http://iqtree.cibiv.univie.ac.at/),
applying the HKY + F+ 1+ G4 model, identified by IQ-TREE’s ModelFinder based on the Bayesian Information
Criterion (BIC)”. Branch support was evaluated via 1000 bootstrap replicates. BI analysis was performed with
MrBayes v.3.2 under the same substitution model, running 10,000,000 MCMC generations with sampling every
1000 steps, discarding the first 15% of samples as burn-in’®.

Additionally, three analytical approaches were used to examine the population structure among Korean T.
clavata populations:

1. An unrooted neighbor-net phylogenetic network in SplitsTree to present the phylogenetic information using
the distance matrix that can guide more detailed analysis”’.

2. A haplotype network based on the TCS algorithm in PopART to examine the genealogical relationships
among haplotypes’®.

3. A Principal Coordinate Analysis (PCoA) in Darwin v.6.0.9 to visualize the genetic structure among popula-

tions’®.

Genetic distances among and within COI lineages identified from these analyses were computed using MEGA v.11
based on the Kimura 2-Parameter (K2P) model which is widely used in DNA barcoding studies of mitochondrial
COI sequences, and more realistic estimate of genetic divergence avoiding the overparameterization®®#!. Based

on the confirmed genetic lineage through the three analyses, Analysis of Molecular Variance (AMOVA) in
Arlequin v.3.5 was conducted to partition the genetic variance within and among populations”>.

Reference genome construction for genome-wide SNP discovery

As of 2021, no complete T. clavata genome was available for population SNP analyses. Consequently, we
assembled a whole-genome reference from a single individual collected in Daegu, Korea. Genomic DNA was
extracted using a DNeasy Blood and Tissue Kit (Qiagen, Germany), and quantity/quality were assessed via
NanoDrop 2000 (Thermo Fisher Scientific, United States). The extracted gDNA was submitted to DNA Link
(Seoul, South Korea) for library preparation and sequencing. Approximately 12 pig of DNA was used to prepare
a single-molecule real-time (SMRT) bell library with the SMRTbell® Express Template Preparation Kit v.2
(PacBio, USA). Library concentration and fragment size were measured using the Qubit dsSDNA HS Assay Kit
(Thermo Fisher Scientific, United States) and the DNA 12,000 Kit (Agilent, Germany). The BluePippin™ system
(Sage Science, USA) removed small fragments, and DNA polymerase was bound to the complex using the
Sequel Il Binding Kit 2.0 (Pacific Biosciences, USA). Sequencing was performed on a Sequel Il system (Pacific
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Biosciences, USA), generating HiFi reads, which were assessed by LongQC?2. Genome assembly was conducted
using the FALCON-Unzip algorithm®.

GBS sequencing pre-processing and SNP marker detection

Among the 284 individuals examined for COIL 166 were subjected to Genotyping-By-Sequencing (GBS) at
SEEDERS (Daejeon, South Korea). Fifteen individuals which selected for GBS analysis yielded insufficient DNA
quality for SNP detection, and therefore alternative samples were analyzed, leading to a partially different sample
composition between the COI and SNP datasets. Sample quality and quantity were checked by NanoDrop 2000
and 1% agarose gels. Each sample was digested with ApeKI (New England Biolabs, United States), followed
by adaptor ligation, pooling, purification, and multiplex PCR amplification. The resulting GBS library was
sequenced on the Illumina HiSeq X10 platform (2 x 151 bp).

Raw reads were demultiplexed and trimmed with CutAdapt v.1.8.3 and SolexaQA v.1.1384%, Filtered reads
were aligned to the newly assembled reference genome using BWA v.0.7.17-r1188%. SAMtools v.0.1.16 was used
to identify SNPs under the following parameters: minimum mapping quality (- Q) =30, minimum mapping
quality for gaps (—q=15), minimum read depth (-d)=3, maximum read depth (-D)=160, indel proximity
filters (-w=15, -W =15), and min indel score for nearby SNP filtering (-G = 30)%’. Total 3,400,493 SNP matrix
was yielded before the additional filtering processes. After filtering erroneous loci based on SEEDERS’ in-house
pipelines, 207,499 high-quality SNPs were retained for population analyses®.

Bayescan v.2.1 was employed to identify SNPs potentially under selection or neutral mutation, using an input
file generated via PGDSPIDER v.2.1.1.5%%°. The run parameters included: -n 1000, thin 10, -nbp 20, —pilot
5000, ~burn 50,000. Loci were classified by plotting F. coefficients against the log10 of q-values. Two indicators
were used to select the SNP loci: (1) false discovery rate (FDR), which represents the expected proportion of
false positives among SNP markers that is statistically inferred to be under selection despite being in reality a
neutral loci, and (2) the alpha values, a locus-specific component shared across populations that may serve as
an indicator of selection®. Finally, 1701 neutral and 4310 positively selected loci were retained for subsequent
population genetic analyses.

Genetic diversity and population genetic structure analysis based on neutral and positively
selected SNPs

Whole 6011 SNP dataset which included both 1701 neutral and 4310 positively selected SNPs was used to
estimaete genetic diversity indices—percentage of polymorphic loci, observed heterozygosity (H,), expected
heterozygosity (H;), nucleotide diversity (m)—were estimated with Arlequin v.3.5”%. Allelic richness (A ) was
computed by the R package HIERFSTAT?". The inbreeding coefficient (F, ) was calculated as F;g=1-H/H_*.
Pairwise Fg; values were estimated in Arlequin v.3.5, and p-values for the indicator were adjusted for multiple
comparisons using the Benjamini-Yekutieli FDR procedure (q=0.05) following Narum®?. The Mantel test in the
R package VEGAN (9999 permutations) assessed the correlation between genetic and geographic distances”"%.
Furthermore, one-level AMOVA analysis was accessed to examine the overall genetic differentiation, as
implemented in Arlequin v.3.57.

To investigate the population genetic structures based on SNPs data, we employed STRUCTURE v.2.3.4.%°
Previously to conduct the analysis, each dataset of SNPs was pruned for Linkage disequilibrium (LD) in PLINK
v. 2.0 using the command “-indep-pairwise”. The parameters were as follows: a window size of 50 SNPs, 5 SNPs
to shift the window at each step, and an 72 threshold of 0.2. This procedure removed SNPs in strong LD (*>0.2),
ensuring that the assumption of SNPs independence was sufficiently met.*®*” Using the LD-pruned neutral or
positively selected SNPs, the parameters of STRUCTURE v.2.3.4 was set for K=1-8, each with 100 replicates®.
The optimal K was determined using STRUCTURE HARVESTER based on the AK method®”. To assign
individuals to each genetic group based on the STRUCTURE results, we applied two categories: “pure group”
and “admixture group.” Individuals with an ancestry coeflicient greater than 0.75 were classified as the pure
group, while those with a coefficient below 0.75 were assigned to the admixture group. For individuals in the
admixture group, a median threshold (= 0.50), which reflects more than half of an individual’s inferred ancestry
is derived from a single cluster, providing a straightforward and biologically reasonable criterion for assignment
while minimizing misclassification, was additionally used to assign them to specific clusters following the
majority assignment approach commonly used in population genetic studies”®. To facilitate interpretation
of admixture patterns, we categorized individuals into two groups, balanced admixture and skewed admixture.
Balanced admixture was defined as cases where the two major clusters contributed approximately equally (0.40-
0.60), consistent with recent hybrid ancestry. Skewed admixture referred to individuals in which one cluster
predominated (0.60-0.75) but a secondary cluster still made a notable contribution (0.25-0.40).

In addition to the STRUCTURE, we conducted the unrooted phylogenetic analysis, Netview plot, and
Discriminant Analysis of Principal Components (DAPC) to infer the population genetic structure. Unlike the
STRUCTURE, these analyses are free of assumption about HWE or LD, and we conducted the analyses using
the no LD-pruned 1701 neutral and 4310 positively selected SNPs respectively, which maximize the variant and
avoid underestimation of genetic diversity due to SNP removal.

An unrooted ML phylogeny was reconstructed in IQ-TREE under the TPM2u+F+ASC+ G4 model”.
Input files for phylogeny were converted from VCF to FASTA format via PGDSPIDER v.2.1.1.5%°. Genotypic
relationships among individuals were also visualized with R package NetView!?. The optimal range of k-nearest
neighbor (k-NN) value for NetView analysis was selected by plotting each k-NN value against the number of
communities based on the Fast-Greedy, Infomap, and Walktrap algorithm!%*1!, Lastly, Discriminant Analysis
of Principal Components (DAPC) was performed using the R package ADEGENET to identify genetic clusters
(K) based on the Bayesian Information Criterion (BIC)!%2. The best number of principal components was chosen
based on a cross-validation test implemented in the xvalDapc function within ADEGENET!%2,
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Population dynamics and divergence time estimation based on mitochondrial CO/

Three demographic methods—neutrality tests, mismatch distribution analysis (MMD), and Bayesian skyline
plots (BSP)—were used to explore population size fluctuations within genetic lineages. Three neutrality tests,
which are Tajima’s D, Fu's Fs (by Arlequin v.3.5), and R, (by DnaSP v.6.11) examined deviations from neutral
expectations’>193-195, MMD was conducted in DnaSP v.6.11 to estimate the frequency of pairwise differences
and compare them with the expected patterns under a population expansion model’>1%. The raggedness index
(r) and sum of squared deviations (SSD), which evaluate the statistical significance of MMD, were assessed in
Arlequin v.3.5761%7,

BSP analyses were implemented in BEAST v.2.6.0 to infer historical population size changes'®. A mutation
rate 4.974 x 10~* substitutions/site/Ma (95% HPD: 1.541 x 10~# substitutions/site/Ma — 1.392 x 1073 substitutions/
site/Ma) was adopted for the BSP analyses, as estimated from the time-calibrated phylogeny based on the
specified speciation events. (Please read the next paragraph). Substitution models were determined by jModel Test
v.2.1.10, resulting in HKY + F + I+ G4 for Lineage C-I, HKY + F+1 for Lineage C-II, HKY +F for Lineage C-III,
and GTR+F+1+G for the total dataset'". Markov Chain Monte Carlo runs continued for adequate sampling
until reaching an effective sample size >200, and results were visualized in Tracer v.1.7'1°.

Divergence times among the identified lineages were first estimated via a time-calibrated COI phylogeny in
BEAST v.2.7.6'%. The HKY +F+1+ G4 model was selected by jModelTest v.2.1.10'%. Two calibration points
derived from Scharff et al. (2020) were used with Nephilengys malabarensis (MK420140), Trichonephila clavipes
(MK420141), and Trichonephila inaurata (MK420143) as outgroups: (1) 116 Ma for the N. malabarensis—
Trichonephila split and (2) 30 Ma for the divergence among T. clavipes and T. inaurata''"!'2, We evaluated the
appropriate molecular clock model among the three uncalibrated clock models (strict, lognormal relaxed, and
exponential) by Bayes factor (BF) comparison, which the values of 2In (BF) > 10 are regarded as firm evidence for
a given model to be more likely than the other!!*. For the comparison, we computed the marginal likelihoods (In
P) using Tracer v.1.6, and calculated the BF through the formula (2In(BF) =2 x Aln P)!4. With the evaluation of
the appropriate clock model, we employed Birth-Death model as a speciation model to better represent realistic
speciation processes. A total of 20,000,000 MCMC generations were run, and ESS values were confirmed using
Tracer v.1.7!1%. After discarding the first 25% of trees as burn-in, a maximum clade credibility tree was generated
in TreeAnnotator v.2.6.0 and visualized in FigTree v.1.4.2115116,

Reconstructing demographic history and divergence patterns based on neutral SNPs

We implemented Approximate Bayesian Computation (ABC) analysis using 1455 LD-pruned neutral SNPs in
DIYABC v.2.1.0 to compare alternative demographic and divergence scenarios®®. For demographic history, we
tested three scenarios for the total three lineages and each lineage (Lineages S-1, S-1I, and S-III) of T. clavata,
respectively: constant population size (Scenario 1), population expansion (Scenario 2), and population
contraction through bottleneck (Scenario 3). To set biologically informed priors for effective population size
(Ne), we estimated Ne for the total lineages and each lineage using NeEstimator v.2.0, based on the same set
of SNPs. Input files were generated with PGDSpider v.2.1.1.5, and estimates were obtained using the linkage
disequilibrium method under random mating, with a minimum allele frequency threshold of 0.05°*!!7. Point
estimates and confidence intervals guided the prior ranges of Ne, ensuring parameters reflected empirical data.
However, as expansion or bottleneck time (t1) was unknown, we applied a log-uniform distribution with a wide
interval (see Supplementary Table S13).

For divergence history, we designed four scenarios to test alternative lineage relationships: (1) stepwise
divergence with Lineages S-I and S-II splitting at t2, followed by divergence of S-III from S-I at t1; (2) stepwise
divergence with S-I and S-II splitting at t2, followed by divergence of S-III from S-II at t1; (3) simultaneous
divergence of all three lineages; and (4) an admixture scenario in which S-I and S-II served as parental
populations and S-III as the admixed lineage, inferred from population structure results. Bottleneck events were
not considered further, as they were unsupported by demographic ABC analyses. Ne priors from NeEstimator
were also used in these divergence scenarios, while divergence times (t1, t2) and admixture rates were assigned
log-uniform distributions with broad intervals (see Supplementary Table S16).

For all scenarios, summary statistics included mean genetic diversity, mean F;, and Nei’s distance, with
admixture proportions additionally considered in Scenario 4 of divergence history scenarios. Each scenario
was simulated 1x 107 times to generate reference tables. Prior to final inference, we evaluated the suitability of
scenarios and prior distributions by conducting PCA on 1000 simulated datasets per scenario and projecting
the observed dataset onto the same space®. Posterior probabilities and parameter estimates were then obtained
using both direct and logistic regression approaches to compute the posterior probability of the best plausible
scenario and parameter estimations in the scenarios. We finally selected the most plausible scenario as the one
with the highest posterior probability in both the two approach.

We only employed SNPs data not COI data for the approximate Bayesian computation (ABC) analysis of
alternative demographic diversification scenarios. This determination was due to the fact that ABC inference
requires a large number of independent and unlinked loci to obtain sufficient statistical power and to minimize
stochastic variance associated with single-locus genealogies. Because mitochondrial COI represents a single,
non-recombining locus with a smaller effective population size and potentially different evolutionary dynamics
(e.g., maternal inheritance, introgression, or selection), it is not suitable for robust ABC-based scenario testing.

Data availability

The sequence data have been deposited to the NCBI GenBank database (https://www.ncbi.nlm.nih.gov/genban
k/) under the accession numbers PV413245-PV413357 of COI haplotypes obtained in this study, and reference
genome of T. clavata under accession number JBMSTR000000000. The preprocessed dataset can be found in the

Scientific Reports |

(2025) 15:41911 | https://doi.org/10.1038/s41598-025-25890-9 nature portfolio


https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Supplementary Data as follows: Supplementary Data S1, 207,749 SNP genotype information in variant calling
format for 166 T. clavata individuals.
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