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Abstract

The pinewood nematode (PWN, Bursaphelenchus xylophilus (Steiner & Buhrer) Nickle)),
first introduced into China in 1982, has since spread rapidly, posing a serious threat to
forest resource security and ecological balance. This study aimed to analyze the genetic
diversity and genetic structure of PWN in eight geographic populations (60 individuals) of
Guizhou Province using single nucleotide polymorphisms (SNPs). Results revealed low
genetic diversity (Ho values varied from 0.123 to 0.229; He values ranged between 0.117 and
0.212) across the eight sampled populations, along with low levels of genetic differentiation
(pairwise Fst values varied from 0.005 to 0.183) among them. Gene flow was generally
high between populations, and no clear geographical clustering was observed based on
ADMIXTURE, PCA and phylogenetic analysis. These findings provided a scientific basis
for tracking the dispersal and identifying the origins of PWN infestations in China.
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1. Introduction

Biological invasion represents a major global environmental concern [1,2]. Pine wilt
disease, a severe forest disease caused by the pinewood nematode (PWN, Bursaphelenchus
xylophilus (Steiner & Buhrer) Nickle)), leads to massive mortality of Pinaceae plants [3-5].
Recognized as a complex and rapidly spreading invasive species, the PWN is widely
believed to have originated in North America [6,7]. It was introduced to Japan in the early
20th century and subsequently spread to China and Korea, eventually reaching Europe in
the 21st century [8-10]. In China, PWN was first detected in Jiangsu Province in 1982 [11].
Since then, it has also been found in other provinces, including Anhui (1988), Guangdong
(1988), Shandong (1991), Zhejiang (1991), Hubei (1999), Guizhou (2001), and Chonggqing
(2003) [11,12]. According to the No. 7 announcement of the National Forestry and Grassland
Administration in 2024, PWN has now affected 663 counties across 18 provinces in China,
spanning from south to north. Having invaded China for four decades, PWN stands as
the most destructive forestry disease in the country [11]. To date, it has caused the death
of billions of pine trees, resulting in economic losses estimated at hundreds of billions of
dollars [12,13]. Therefore, knowledge on the dispersal and the transmission routes of the
PWN are important for conservation and management of the forestry ecosystem.
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Epidemic tracing plays a crucial role in understanding the dispersal and controlling
the transmission routes of the PWN [14,15]. Investigating the genetic diversity and genetic
structure of PWN is essential for elucidating its spread and transmission mechanisms [15].
Numerous studies have examined the genetic variation and geographic origins of PWN
using various molecular markers, including restriction fragment length polymorphism
(RFLP), random amplification polymorphic DNA (RAPD), simple sequence repeat (SSR),
sequence characterized amplified regions (SCARs), inter-simple sequence repeat (ISSR),
and amplified fragment length polymorphism (AFLP) [16-23]. For example, Vieira et al.
(2007) [17] revealed lack of genetic variation in PWN in Portugal using RAPD-PCR anal-
yses. Aikawa et al. (2012) [16] revealed that ITS-RFLP pattern of PWN does not reflect
nematode virulence. Jung et al. (2010) [21] revealed AFLP patterns, which were similar to
the microsatellite patterns from a previous study, indicated high genetic variability and
cryptic genetic structure, yet showed no peculiar geographic structure in China, Japan, and
South Korea. These works provide valuable insights into the relationship between PWN
population variation and its geographical distribution, as well as the process of disease
transmission. However, as the geographical distribution of PWN becomes increasingly
complex, these traditional molecular markers are often insufficient to explain the changes
in its genetic diversity and genetic structure [24,25].

With advances in genomics, single-nucleotide polymorphisms (SNPs) have emerged
as highly promising molecular markers and are now widely applied in population genetics
research [24,25]. For instance, SNP-based analyses using short-read sequencing and genome
assembly have been employed to identify potential origins and pathogenic characteristics of
PWN [26-28]. In Guangdong Province, the genetic structure of PWN was categorized into
three distinct groups [29]. Studies across six provinces in East China revealed variations
in SNP numbers among different populations, which could be classified into three major
clusters, suggesting possible reinvasion events from external sources in some regions [30].
Further research divided PWN populations in China into four genetic groups [24], while
another study on isolates from Guangdong, Guangxi, and Jiangsu Provinces classified them
into five groups, revealing significant genetic differentiation among them [31]. Therefore,
the genetic diversity and genetic structure of PWN can be more accurately determined by
the analysis based on single-nucleotide polymorphisms (SNPs).

Most provinces in China fall within the suitable range for PWN [11], yet its transmis-
sion pathways remain unclear. Some studies have suggested that Guangdong Province
serves as the original colonization and dispersal center of PWN, while Jiangsu Province
acts as a more recent dispersal center [32]. Therefore, further research is needed to elucidate
the genetic structure and variation in PWN across different regions. In addition, although
many studies have focused on large-scale genetic structure analysis of PWN, the genetic
diversity and structure at smaller geographical scales were still not well understood. The
genetic diversity and genetic structure of the PWN population at smaller geographical
scales from Guizhou Province were also not clear. Here, this study aimed to analyze the
genetic diversity and genetic structure of eight geographic populations of PWN in Guizhou
Province using single nucleotide polymorphisms (SNPs), in order to provide a theoretical
basis for tracking the dispersal and tracing the origin of PWN disease in China. We hypoth-
esized that the PWN in eight geographic populations exhibited low genetic diversity and
low levels of genetic differentiation in Guizhou Province, China.

2. Materials and Methods
2.1. Sample Collection

Pine wood nematode (PWN) samples were collected infected trees by local forestry
departments from Guizhou Province using the Baermann funnel technique [33]. Mor-
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phological identification of the nematodes was performed under a microscope [34]. A
total of 60 individual PWNs were obtained from eight sampling locations in Guizhou
Province (Figure 1), including Tongren City (TR, 6 individuals), Congjiang County (C]J,
10 individuals), Rongjiang County (R], 6 individuals), Fenggang County (FG, 5 individu-
als), Bozhou City (BZ, 8 individuals), Renhuai City (RH, 12 individuals), Xishui County
(XS, 8 individuals), and Sandu County (SD, 5 individuals). PWN samples in Tongren City,
Congjiang County, Rongjiang County and Sandu County were collected in November 2023.
Samples in Fenggang County and Bozhou City were collected in March and September of
2025, respectively. Samples in Renhuai City were collected in September of 2023, March of
2024 and February of 2025. Samples in Xishui County were collected in August of 2023 and
February of 2025. PWN samples in each individual from eight sampling locations were
collected from different trees. Host tree species of each individual from eight sampling
locations was Pinus massoniana Lambert.
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Figure 1. Map showing the sample collection of Bursaphelenchus xylophilus in Guizhou Province,
China. TR: Tongren City, CJ: Congjiang County, RJ: Rongjiang County, FG: Fenggang County, BZ:
Bozhou City, RH: Renhuai City, XS: Xishui County, SD: Sandu County.

2.2. DNA Extraction and High Throughput Genome Resequencing

PWN specimens were preserved in 95% ethanol and stored at —20 °C until DNA ex-
traction. Genomic DNA was extracted using the Rapid Animal Genomic DNA Isolation Kit,
and its quality was assessed with a Nanodrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA).

High-quality DNA samples (the total amount is >2 pg, the concentration is
>20ng/uL, OD260/280 is between 1.8 and 1.95) were subsequently submitted to Sangon
Biotech (Shanghai) Co., Ltd. (Shanghai, China), for high-throughput genome sequenc-
ing on the Illumina HiSeq 4000 platform (San Diego, CA, USA), which generated 150 bp
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paired-end reads with approximately 40 x coverage. Approximately 8 Gb of raw data were
produced for each PWN.

2.3. Sequencing Data Processing

The quality of the raw sequencing data was evaluated using FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 1 March 2023). Filtered
reads were aligned to the PWN reference genome (https://www.ncbinlm.nih.gov/
datasets/genome/GCA_904066235.2/, accessed on 20 August 2021) from NCBI [24]
with BWA (http:/ /bio-bwa.sourceforge.net/bwa.shtml, accessed on 8 March 2013) us-
ing the command mem-t 4-k 32-m. Duplicate reads were removed with SAMtools
(http:/ /samtools.sourceforge.net/samtools.shtml, accessed on 16 December 2025) and
Picard (http://broadinstitute.github.io/picard/, accessed on 1 January 2026). Putative
SNPs were called using FreeBayes (https://github.com/ekg/freebayes, accessed on 1 Jan-
uary 2026) under the criterion of a minimum coverage greater than 10, and SNP sites
were subsequently analyzed with VCFtools (https://github.com/vcftools, accessed on
1 January 2026).

2.4. Data Analysis

The R package SNPRelate (version 1.14.0) was used for filtering based on minor allele
frequency (MAF), missing rate, and linkage disequilibrium (LD) filtering [35]. A SNP was
retained if it met the following criteria: coverage depth greater than 2 and less than 30,
minor allele frequency (MAF) less than 0.01, and missing rate (MISS) greater than 0.05.
LD filtering was further processed with the PLINK (v1.90b6.1) [36] to remove linkage
loci with the parameter “-indep-pairwise 50 10 0.2”. The remaining SNPs were used to
perform analysis of genetic structure. Admixture v1.22 [37] was employed to assess the
genetic structure of PWN and determine the optimal K-value. The number of genetic
clusters, k, was evaluated from one to ten, and the optimal k was selected based on the
lowest cross-validation (CV) error. Principal component analysis (PCA) was conducted
using EIGENSOFT v6.0 [38] to examine the genetic structure of PWN. A phylogenetic
tree was constructed with MEGA X [39]. Genetic diversity indices, including expected
heterozygosity (He), observed heterozygosity (Ho), Nei’s gene diversity, polymorphism
information content (PIC), and the number of polymorphic loci (A), were analyzed from
the inclusion of 95% confidence intervals using the snpReady package [40]. Nucleotide
diversity (PI), the genetic differentiation coefficient (Fst), and the inbreeding coefficient (Fis)
were calculated from the inclusion of 95% confidence intervals with vcftools. We used one-
way analysis of variance (ANOVA) performed in SPSS 22.0 to test for significant differences
among PWN populations in the total number of SNPs, the counts of homozygous SNPs,
unique SNPs, Ho, and He (* p < 0.05; ** p < 0.01; *** p < 0.001). Analysis of molecular
variance (AMOVA) was used to assess partitioning of genetic variation among PWN
populations based on R poppr package [41]. We used TreeMix v.1.12 (parameter: -m
from O to 6) to assess gene flow among PWN populations [42]. The optimal number of
migration events was determined using the R package “OptM” [43]. Visualization of
gene flow directions was performed with the R.utils “plotting_funcs.R” [42]. To further
estimate gene flow between populations, we employed MIGRATE v.4.4.3 [44] under the
following settings: 10,000 recorded steps per chain, a burn-in of 100,000 steps per chain,
and three replicate runs.

3. Results

A total of 965,623 SNPs were identified, averaging 295,628 SNPs per PWN. The PWN
with the highest number of SNPs was R] (518,538), while the PWN with the lowest SNPs
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was XS (448). In terms of SNP homozygosity, the R] had the highest count, followed by FJ,
and XS had the lowest. The number of unique SNPs was also greatest in R], followed by
FJ, and lowest in XS. Significant differences were observed among the eight populations
in Guizhou Province regarding the total number of SNPs, the counts of homozygous and
unique SNPs (ANOVA, p < 0.05).

The Nei’s gene diversity ranged from 0.078 to 0.183, with FG showing the highest
value, followed by SD, while RH had the lowest (Table 1). Similarly, the PIC varied between
0.144 and 0.296, and was highest in FG, followed by SD, with RH being the lowest (Table 1).
Likewise, the PI values ranged from 0.163 to 0.407, with FG having the highest, followed by
SD, and RH the lowest (Table 1). The Ho values varied from 0.123 to 0.229, again highest in
FG, followed by SD, and lowest in RH (Table 1). The A also fell within the range of 12.460 to
60,315.200, exhibiting the greatest in CJ, then R], and lowest in XS (Table 1). For He, values
ranged between 0.117 and 0.212, with FG showing the highest, RH and SD intermediate,
and XS the lowest (Table 1). The Fis varied between —0.102 and 0.352, and was highest
in RH, followed by BZ, with FG being the lowest (Table 1). Significant differences were
observed in both Ho and He among PWN populations (ANOVA, p < 0.05).

Table 1. Collection locations and genetic diversity of Bursaphelenchus xylophilus populations based
on single nucleotide polymorphisms (SNPs) from the Guizhou Province. N: number of sample; He:
expected heterozygosity; Ho: observed heterozygosity; Fis: the inbreeding coefficient; A: the number
of polymorphic loci; PI: nucleotide diversity; PIC: polymorphism information content.

Collection Number . Nei’s Gene
Location Code N of SNP He Ho Fis A PI PIC Diversity

Tongren City TR 6 139,100 0.204 0.207 —0.067 1328.330 0.364 0.273 0.164
Congjiang County dJ 10 342,046 0.141 0.139 —0.023 60,315.200 0.200 0.170 0.095
Rongjiang County RJ 6 518,538 0.156 0.167 —0.082 20,778.560 0.303 0.238 0.139
Fenggang County FG 5 433,297 0.212 0.229 —0.102 14,419.630 0.407 0.296 0.183
Xishui County XS 8 448 0.117 0.125 —0.067 12.460 0.233 0.194 0.109
Bozhou City BZ 8 340,463 0.149 0.139 —0.006 7894.100 0.272 0.220 0.128
Renhuai City RH 12 259,934 0.209 0.123 0.352 704.630 0.163 0.144 0.078
Sandu County SD 5 331,195 0.209 0.221 —0.085 8130.440 0.384 0.284 0.173
Total 60 965,623 0.054 0.036 0.159 63,010.290 0.132 0.120 0.065

The phylogenetic analysis showed that the genetic structure among PWN individuals
was not well resolved (Figure 2). The 60 PWN individuals formed six clusters: the eight
individuals from BZ (BZ1—-LP, BZ2—LP, BZ3—LK, BZ4—LK, BZ5—-LK, BZ6—NB, BZ7—NB,
BZ8—NB), five individuals from SD (JS1—ST, JS2—ST, JS3—ST, JS4—HS, SD1—SH), six
individuals from RH (RH1-LB, RH3—-LB3, RH4—LB, RH7—MT, RH8§—MT, RH9—-MT),
five individuals from CJ (CJ1—BM, CJ3—BM, CJ4—BM, CJ5—BM, C]J8—XS), three individu-
als from RJ (RJ6—GZ, R]2—GZ, RJ4—ZC), four individuals from TR (BJ1—BH, ST2—TPY,
ST1-TPY, WS1—XQ), two individuals from FG (FG3—LQ, FG1—LQ) and one individual
from XS (XS—XM1) formed the first cluster; the one individual from CJ (CJ10—XS) and
one individual from FG (FG2—LQ) formed a second cluster; the one individual from XS
(XS—LX?7) and one individual from R] (RJ5—ZC) formed a third cluster; the one individual
form FG (FG4—HB), two individuals from XS (XS—XM5, XS—LX6), two individuals from
RH (RH10—MT, RH12—TC) and two individuals from RJ (R]3—ZC, RJ1-GZ,) formed
a fourth cluster; the one individual from TR (WS2—XQ) and one individual from XS
(XS—XM4) formed a fifth cluster, and the four individuals from CJ (CJ2—BM, CJ9—XS,
CJ6—BM, CJ7—XS), three individuals from XS (XS—XM2, XS—LX8, XS—XM3), one indi-
vidual from FG (FG5—HB), one individual from TR (BJ2—BH), R] and four individuals
from RH (RH2—LB, RH5—LB, RH6—LB, RH11—-TM) formed a sixth cluster. Based on the
ADMIXTURE analysis of SNPs (Figure 3), the optimal genetic clustering was achieved
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at K = 6. Under this model, the two individuals from BZ, one individual from SD, and
one individual from RH formed first genetic cluster; two individuals from CJ and one
individual from R] constituted a second cluster; one individual from FG, one individual
from XS, one individual from RH and one individual from SD formed the third cluster;
while the two individuals from BZ, one individual from TR and one individual from FG
formed a distinct fourth cluster, the one individual from TR and one individual from RH
formed a distinct fifth cluster, and the four individuals from BZ, three individuals from
SD, eight individuals from CJ, seven individuals from XS, three individuals from FG, four
individuals from TR, nine individuals from R] and RH formed a distinct sixth cluster
(Figure 3). A similar ADMIXTURE result of genetic structure pattern was observed in the
PCA (Figure 4).

AMOVA revealed that 0.02% of the total genetic variation was attributed to differences
among populations, and no significant population differentiation was detected based on
SNP data (Fst = 0.019, p > 0.05). Pairwise Fst values were not significant in population
comparisons (Table 2), with lower genetic differentiation observed among populations.
Gene flow estimates (Nm) were generally higher between the populations (Figure 5). Gene
flow had occurred from the RH, BZ, and SD to the CJ, FG, and R], with stronger gene flow
to CJ and RJ and weaker gene flow to FG. Additionally, the SD showed significant gene
flow to the TR and RH. In contrast, gene flow between the XS and other populations was
relatively low.
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Figure 2. Phylogenetic tree of Bursaphelenchus xylophilus based on single nucleotide polymorphisms
(SNPs) from the Guizhou Province. TR: Tongren City, CJ: Congjiang County, R]: Rongjiang County,
FG: Fenggang County, BZ: Bozhou City, RH: Renhuai City, XS: Xishui County, SD: Sandu County.
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Figure 3. ADMIXTURE clustering analysis results for Bursaphelenchus xylophilus populations based on
single nucleotide polymorphisms (SNPs) from the Guizhou Province. TR: Tongren City, CJ: Congjiang
County, R]: Rongjiang County, FG: Fenggang County, BZ: Bozhou City, RH: Renhuai City, XS: Xishui
County, SD: Sandu County.
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Figure 4. Principal component analysis results for Bursaphelenchus xylophilus populations based on
single nucleotide polymorphisms (SNPs) from the Guizhou Province. TR: Tongren City, CJ: Congjiang
County, R]: Rongjiang County, FG: Fenggang County, BZ: Bozhou City, RH: Renhuai City, XS: Xishui
County, SD: Sandu County.
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Table 2. Analysis of genetic differentiation coefficient (Fst) of Bursaphelenchus xylophilus populations
based on single nucleotide polymorphisms (SNPs) from the Guizhou Province. *: indicated significant
Fst between PWN populations.

0. BZ SD dJ XS RJ RH FG
TR
BZ 0.028
SD 0.033 0.043
dJ 0.012 0.032 0.014
XS 0.120 0.047 0.155 0.053
RJ 0.007 0.028 0.015 0.005 0.057
RH 0.042 0.043 0.099 0.054 0.008 0.063
FG 0.056 0.070 0.031 0.006 0.183 0.007 0.131

SD_Group
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CJ_group

FG_group

10se. RJ_group
T T T T T T T 1
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Figure 5. The TreeMIX was used to evaluate gene flow between eight populations of Bursaphelenchus
xylophilus based on single nucleotide polymorphisms (SNPs) from the Guizhou Province. TR: Tongren
City, CJ: Congjiang County, R]: Rongjiang County, FG: Fenggang County, BZ: Bozhou City, RH:
Renhuai City, XS: Xishui County, SD: Sandu County.

4. Discussion

Understanding genetic diversity is essential for guiding the prevention and manage-
ment of invasive species dispersal [24,45,46]. Higher genetic diversity within populations
can improve evolutionary potential to cope with environmental changes, pathogen infec-
tions, and other selective pressures [47,48]. The PWN significantly affects forest ecosystems
and induces widespread mortality in Pinaceae plants [3-5]. In China, the distribution of
PWN has been shifting northward due to environmental changes and human activities [11].
The Nei's gene diversity, polymorphism information content (PIC), nucleotide diversity
(PI), observed heterozygosity (Ho) in Fenggang County were the highest, followed by
Sandu County, while Renhuai City had the lowest, which indicated that genetic diversity in
Fenggang County was higher and the population status was relatively stable [24,30,45,46].
The inbreeding coefficient (Fis) in Renhuai City was higher than those in other PWN popu-
lations, which indicated the effective population of PWN is small and should be alert to the
loss of genetic diversity and inbreeding decline [24,30]. The number of SNP of PWN across
eight populations in Guizhou Province (295,628) was lower than that of ancestral popula-
tions in North America (3,582,068) and in China (455,754), but higher than Anhui (235,453),
Fujian (186,645), Hubei (266,438), Jiangsu (166,309), Jiangxi (175,007), Shandong (224,630),
Shaanxi (277,210) and Yunnan (292,635) Provinces [24]. The genetic diversity of PWN (Ho
values varied from 0.123 to 0.229; He values ranged between 0.117 and 0.212) were lower
in Guizhou Province. The genetic diversity of Chinese PWN populations (value of Nei’s
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gene diversity was 0.1331) were slightly higher than that of American populations (value
of Nei’s gene diversity was 0.1247) based on amplified fragment length polymorphism
(AFLP), and Chinese PWN populations were no obvious change in genetic diversity [49].
The value of Nei’s gene diversity (0.065) in this study was lower than those Chinese and
American PWN populations and no significant differences in genetic diversity among
the studied populations. The values of nucleotide diversity in Guangxi Province (0) [50],
Chongqing City (0.00215) [51] based on Mitochondrial Cytochrome ¢ Oxidase Subunit I,
and Shandong Province [52] based on SNPs were lower than those in this study (0.132).
These studies indicated that SNPs was an effective to study the genetic diversity of the
PWN population [24]. The lower genetic diversity and no significant differences among the
studied populations can likely be explained by genetic bottlenecks, genetic drift, and initial
founder events [24,30,31]. Moreover, introductions of alien species into non-native regions
may not originate directly from their native ranges, but rather from previously established
invasive populations elsewhere [24,30,31]. Thus, the genetic diversity of PWN observed
in this study may reflect multiple introduction events and cryptic invasions, insights that
contribute to improved control and management of PWN introduction.

Phylogenetic analysis, PCA and ADMIXTURE clustering analysis showed that 60
PWN individuals formed six clusters, and eight PWN populations exhibit no clear geo-
graphical structure, which indicated that there was a specific correlation between different
clusters and their geographical origin. This pattern may be attributed to the relatively
uniform and suitable climatic conditions, host plants, and vector insects in the region,
which facilitate the survival and reproduction of PWN [11,31]. Upon introduction into new
environments, most populations experienced little to no environmental stress, enabling
rapid colonization [11,31]. The lower genetic differentiation was observed among PWN
populations in Guizhou Province, and pairwise genetic differentiation coefficient (Fst)
values varied from 0.005 to 0.183. The genetic differentiation coefficients (Fst) between
Xishui County population and Tongren City population (0.120), Xishui County population
and Sandu County population (0.155), Fenggang County population and Xishui County
population (0.183), Fenggang County population and Renhuai City population (0.131)
were higher than those pairwise populations, which indicated that the management of the
epidemic area in these regions was relatively good and the circulation of epidemic trees
was controlled [24,30].

The gene flow in this study had occurred from Renhuai City, Bozhou City, and Sandu
County to Congjiang County, Fenggang County, and Rongjiang County, with stronger
gene flow to Congjiang County and Rongjiang County and weaker gene flow to Fenggang
County. Sandu County showed stronger gene flow to Tongren City and Renhuai City. Gene
flow between Xishui County and other populations was relatively low. These results further
indicated that multiple invasions of PWN may have occurred in Guizhou Province, with
frequent genetic exchange among populations from different geographical origins [24,30,45].
Such gene flow may likely counteract the effects of genetic drift [24,30]. Given the evidence
for repeated introductions, it is essential to strengthen quarantine measures to restrict the
movement of infected wood. Therefore, the genetic structure of PWN described in this
study may likely be a consequence of human-mediated jump dispersal, a finding that
can inform more targeted strategies for controlling and managing the spread of PWN
populations.

Biological invasions have caused ecological and economic impacts around the
world [2,53]. This study showed that genetic diversity of PWN was lower and genetic
differentiation minimal across the eight populations, with higher gene flow and a lack of
geographical structure. Precision quarantine and regional control strategies are essential
for preventing the introduction and spread of pine wilt disease based on genetic diver-
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sity and structure [15,24,25]. To support this goal, a genetic database specific to Guizhou
Province should be developed. Using SNP molecular markers for rapid lineage analysis at
infection sites will help trace the sources and pathways of disease introduction, thereby
identifying key priorities for containment. Control measures should be adapted accord-
ing to regional differences in genetic diversity and structure across Guizhou, following
a zoned and categorized management framework. It is also important to establish joint
inspection stations at critical points, such as regional borders and major transportation
hubs, to enhance cross-regional coordination and prevention. Moreover, strict quarantine
protocols must be rigorously implemented. This includes comprehensive oversight of
all pine wood products, such as cable reels and wooden packaging materials, to cut off
long-distance human-mediated transmission routes. These measures are crucial to ensure
that infested wood does not move out of designated quarantine zones. Additionally, while
this study provides important insights into tracking the dispersal and tracing the origin of
PWN disease in China, we must acknowledge the uncertainty of our findings due to small
and unbalanced sample sizes (5 to 10 individuals) in each population, lack of molecular
identification of Bursaphelenchus xylophilus which may affect the analysis of genetic diversity
and genetic structure.

5. Conclusions

The pinewood nematode (PWN) has caused ecological and economic impacts [3-5].
Knowledge of the transmission routes of PWN is important for managing forest ecosystems.
Our results showed that the total genetic diversity of PWN was lower in Guizhou Province.
Among the sampled locations, Fenggang County exhibited the highest genetic diversity,
followed by Sandu County, while Renhuai City had the lowest. Phylogenetic, PCA, and
ADMIXTURE clustering analyses revealed that the 60 PWN individuals formed six clusters,
and the eight populations exhibited no clear geographical structure. Low genetic differ-
entiation was observed among PWN populations, with pairwise genetic differentiation
coefficient values ranging from 0.005 to 0.183 in Guizhou Province. Gene flow was detected
from Renhuai City, Bozhou City, and Sandu County to Congjiang County, Fenggang County,
and Rongjiang County. Notably, gene flow into Congjiang County and Rongjiang County
was stronger, whereas that into Fenggang County was weaker. Additionally, Sandu County
exhibited stronger gene flow to Tongren City and Renhuai City. In contrast, gene flow
between Xishui County and the other populations remained relatively low. These results
provide an important information for tracking the transmission routes of PWN disease.
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