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Abstract

Background Persicaria amphibia, a member of the Polygonaceae family, exists both aquatic and terrestrial forms. It is
native to North America, Asia, Europe, and some parts of Africa.

Objective This study aimed to determine the genetic diversity within and among populations of P. amphibia and the distri-
bution characteristics of each population to investigate insights into the genetic structure and conservation of P. amphibia.
Methods In this study, the genetic diversity and structure of 84 P. amphibia individuals from 7 populations in South Korea
were analyzed using genotyping-by-sequencing (GBS). We used 2,469 single nucleotide polymorphisms (SNPs) to analyze
genetic diversity, principal components, structure, and phylogeny.

Results Our results showed a mean observed heterozygosity and mean expected heterozygosity of 0.34409 and 0.34082,
respectively. Genetic diversity analysis indicated that the variation among populations (60.08%) was greater than that within
populations (39.92%). Fixation index values, principal components analysis, structure, and phylogeny analyses showed that
the population in Gyodongdo, Ganghwa Island was highly different.

Conclusion These results provide important insights for better understand the population history and genetic structure of P,
amphibia.

Keywords Persicaria amphibia - GBS - Genetic diversity - Population structure - Phylogenetic relationships

Introduction

Persicaria amphibia is a species of flowering plant origi-
nally described as Polygonum amphibia, which includes the
section Persicaria of the genus Polygonum. However, due to
significant differences in petiole anatomy, life form, and flo-
ral characters, the genus Persicaria was deemed sufficiently
distinct to be classified as its own genus (Decraene and Ake-
royd 1988; Ekman and Knutsson 1994). The classification
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of the genus Persicaria has been supported by molecular
phylogenetic studies using chloroplast DNA (cpDNA) and
nuclear DNA (nrDNA) markers (Kwak et al. 2006; Kim and
Donoghue 2008; Kim et al. 2008).

P. amphibia (L.) Grey belongs to the genus Persicaria
(Family Polygonaceae) and is native to North America,
Asia, Europe, and parts of Africa (Partridge 2001; Gitso-
poulos et al. 2013). It is a rhizomatous perennial with both
terrestrial and aquatic forms and is highly variable in mor-
phology (Partridge 2001; Gitsopoulos et al. 2013). The ter-
restrial form has erect and hairy leaves whereas the aquatic
form is hairless, with oblong flat leaves. Both types have
similar inflorescence (Partridge 2001; Gitsopoulos et al.
2013). However, Lousley and Kent (1981) suggested that
the terrestrial and aquatic forms of P. amphibia are different
species. Gotsopoulos et al. (2013) investigated the terrestrial
and aquatic forms of P. amphibia using a combined molecu-
lar and morphological approach. Kwak et al. (Kwak et al.
20006) reported 16 taxa of Persicaria in Korea and showed
that P amphibia was separated from other Persicaria spe-
cies using molecular markers (ntDNA ITS). Similarly, Kim
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and Donnoghue (2008) reported that P. amphibia formed an
independent clade using molecular analysis. Recently, Choi
et al. (2022) described the chloroplast genome structure
and phylogenomics of P. amphibia. Overall, studies on the
genetic classification of P amphibia, including its terrestrial
and aquatic forms, have yielded conflicting results.

P amphibia thrives under sunlight in relatively nutri-
ent-rich water or well-irrigated deep soil (Partridge 2001).
Recently, due to human activities and water diversions,
aquatic habitats have been fragmented. Consequently, the
population of P. amphibia in Korea is declining due to lim-
ited habitat availability (Yun et al. 2022). However, the
habitat conditions and genetic diversity of P. amphibia are
unclear.

Genetic diversity is widely recognized as an important
factor in prioritizing populations for conservation and pro-
tection (Moritz 2002; Petit et al. 2008); previous studies
evaluated the genetic diversity of populations as part of con-
servation planning efforts (Lee et al. 2022; Fu et al. 2022;
Kang et al. 2023). Genetic diversity has been investigated
using various molecular analyses, such as randomly ampli-
fied polymorphic DNA (RAPD) (Xu et al. 2003; Ercan et
al. 2004), amplified fragment length polymorphism (AFLP)
(Simioniuc et al. 2002; Nguyen et al. 2004), inter simple
sequence repeat (ISSR) (Ge and Sun 1999; Camacho and
Liston 2001) and sequence repeats (SSR) or microsatellites

Fig. 1 Geographic distribution of
the sampling sites of the seven
populations of P. amphibia

A
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(Ha et al. 2021; Fu et al. 2022). Genotyping by sequencing
(GBS) is an application of next-generation sequencing pro-
tocols for the discovery and genotyping of single nucleotide
polymorphisms (SNPs) in genomes and populations. GBS
methods have recently been used for hybridization, genetic
diversity, and evolutionary studies in many plant species
(Mammadov et al. 2012; Das et al. 2015; Zhao et al. 2022;
Dambier et al. 2022).

In the present study, we conducted a genetic diversity
analysis of P. amphibia using 84 individuals from 7 popula-
tions using GBS. The objectives of this study were to deter-
mine the genetic diversity within and among populations
of P. amphibia and the distribution characteristics of each
population to provide insights into the genetic structure and
conservation of P. amphibia.

Materials and methods

Sample collection, DNA isolation, library
preparation, and NGS sequencing

In 2022, we collected leaves from 84 wild individuals from
7 populations, with 10 to 14 individuals in each population
(Fig. 1; Table 1). To minimize the number of sample clones,
the sampling sites were at least 5 m apart. Leaf tissues were

* Gyodongdo, Ganghwado Island (KD)

ﬁf Yusangdaeje reservoir, Yeongcheon-si (DP)
* Gasan reservoir, Daegu (GS)

* Jungtaec reservoir, Changnyeong (JT)

* Hapri reservoir, Changnyeong (HR)

i Sibiri reservoir, Changnyeong (SE)

+r Jangcheokji reservoir, Changnyeong (JC)
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Table 1 Measures of diversity within 84 P. amphibia samples from 7 populations

Pop N Na Ne H, He Fig

KD 14 2 1.64057 0.42187 0.35565 -0.0761
\[@ 11 2 1.59433 0.41241 0.33574 -0.0652
SE 11 2 1.59932 0.38402 0.34049 -0.0022
HR 10 2 1.64163 0.20868 0.37279 0.49125
JT 12 2 1.62143 0.35412 0.3477 0.07116
DP 12 2 1.65151 0.41154 0.36072 -0.0488
GS 14 2 1.4476 0.21598 0.27266 0.40119
mean 1.59948 0.34409 0.34082 0.11019

Pop population group; N number of samples; Na mean number of alleles; Ne mean number of effective alleles; Ho observed heterozygosity; He

expected heterozygosity; Fg, inbreeding coefficient

preserved at room temperature in a sealed plastic re-seal-
able bag with a silica gel desiccant until further use. Total
genomic DNA was extracted using the DNeasy Plant Mini
Kit (Qiagen Inc., Hilden, Germany), according to the manu-
facturer’s protocol. The quality of extracted DNA was eval-
uated and quantified using a Qubit Fluorimeter (Invitrogen,
Waltham, MA, USA) and visualized on a 1% agarose gel.
The restriction enzymes used for library preparation were
Mspl —Pstl and barcoded with sequence adaptors before
pooling into sets of 86 individuals. Each library was ampli-
fied by polymerase chain reaction (PCR) and sequenced in
a single lane on an Illumina HiSeq X (Illumina Inc., San
Diego, CA, USA) using 150 bp paired-end sequencing runs.

Sequencing analyses and SNP identification

The reference genome of P, sieboldin was assembled de novo
to facilitate read-mapping and SNP identification. The draft
sequence was pre-processed using DynamicTrim (phred
score > 20) and LengthSort (short read length >25 bp) in the
SolexaQA (v.1.13) package (Cox et al. 2010). Clean reads
were mapped against the de novo assembled reference draft
genome using BWA 0.7.17-r1188 (Li and Durbin 2009). The
sequence alignment map (SAM) file format was merged and
sorted into a binary alignment map (BAM) using SAMtool
v. 0.1.16 (Li et al. 2009). The final matrix was generated
following the SNPs filtering criteria: SNP loci of biallelic,
minor allele frequency > 5%, missing data <30%, and fixa-
tion index (Fgp) >0.3.

Data analysis

For genetic diversity computation, the mean number of
alleles (Va), mean number of effective alleles (Ne), observed
heterozygosity (Ho), expected heterozygosity (He), and
fixation index within populations (or inbreeding coefficient)
(F'5) were calculated using ARLEQUIN v.3.5.2.2 (Excoffier
and Lischer 2010). Genetic variance was analyzed by com-
puting F-statistics (Fgp, Fig, F7) and using the analysis of

molecular variance (AMOVA) following 1000 permutations
in ARLEQUIN v.3.5.2.2 (Excoffier and Lischer 2010) using
1,000 permutations. Principal component analysis (PCA)
of the 84 samples was based on 2,469 SNPs. The analyses
were conducted using the R package SNPRelate.

To evaluate genetic structuring, we assigned individuals
to genetic clusters based on Bayesian assignment analy-
sis implemented in STRUCTURE v.2.3.4 (Pritchard et al.
2000). Population clustering with the admixture and cor-
related allele frequency models was selected with 10,000
burn-in steps followed by 100,000 runs of Markov chain
Monte Carlo (MCMC). Ten independent STRUCTURE
runs were repeated for each K from 1 to 10.

Evolutionary history was inferred using the neighbor-
joining method with 1000 replications. The optimal tree
with a sum of branch lengths =8.78408112 is shown. The
evolutionary distances were computed using the Maximum
Composite Likelihood method and are expressed in units
of the number of base substitutions per site. The analysis
involved 86 nucleotide sequences. All ambiguous positions
were removed from each pair of sequences. There were
2,469 positions in the final dataset. Evolutionary analyses
were conducted using MEGAG6 (Tamura et al. 2013).

Results
SNP analysis

A total of 794,289,086 bp raw reads were obtained from
the 86 P. amphibia samples. After filtering out low-quality
data, an average of 8,690,189 bp was obtained. The fil-
tered sequences were compared to the P maackiana ref-
erence genome. The average of mapped reads of the 84
P amphibia samples was 78.83%. In the GBS analysis, a
total of 409,201 called and unfiltered SNPs were detected
as raw SNP markers. Of these, 10,514 filtered SNPs (minor
allele frequency < 5%, missing data <30%) were obtained,
and the final filtering step detected 2,469 SNPs (Fg; > 0.3)
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Table 2 Analysis of molecular variance (AMOVA) of P. amphibia based on 2,469 SNPs

Df Sum of squared Variance component Variation (%) F-statistics
Among population 6 16817.103 0.42187 60.08 Fg1=0.60080
Among individuals 77 5445.004 0.41241 -2.69 Fig=-0.06728
(within populations)
Within individuals 84 6797.000 0.38402 42.61 Fr=0.57394
Total 167 29059.107 0.34409 100

*Fop: estimated differentiation among groups, Fig: estimated differentiation within groups, F;: estimated differentiation within groups

Fig.2 Geographic distance (km) 0.8-
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from 84 genotyped individuals across 7 populations of P,
amphibia.

Genetic diversity

The mean numbers of alleles (Na) and effective alleles
(Ne) were 2 and 1.59948, respectively. The observed het-
erozygosity (Ho) and expected heterozygosity (He) ranged
from 0.20868 (HR) to 0.42187 (KD) and 0.27266 (GS) to
0.37279 (HR), respectively (Table 1). The inbreeding coef-
ficient (Fg) of the 7 populations of P. amphibia ranged from
—0.0022 (SE) to 0.49125 (HR). The HR population was
higher than that of other populations, and the Fg of the KD,
JC, SE, and DP populations was negative.

Geographic distance and genetic
differentiation

We performed AMOVA to determine the genetic differences
between and within the populations. The results showed
that 60.08% of variation occurred among populations and
39.92% (-2.695% + 42.61%) occurred within a population
(Table 2). The pairwise Fg; between populations ranged
from 0.02389 (HR-GS) to 0.78137 (KD-JC), with a mean
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of 0.4611. The KD population showed high genetic differ-
entiation from other populations (Fig. 2). The KD and DP
populations had significantly higher Fg, than other popula-
tions (DP, GS, JT, HR, SE, and JC). Moreover, there were
close genetic relationships among the four populations JT,
HR, SE, and GS.

PCA and population structure analysis

We used PCA and STRUCTURE to study the genetic rela-
tionships among the 84 P. amphibia individuals from 7
populations in South Korea. A plot of the first two principal
components (PCA) indicated that sufficient variation was
captured within PC1 (33%) and PC2 (23%). The PCA results
showed that the individuals in the KD and DP populations
clustered together in each population and separated the indi-
viduals in other populations, except for one individual in
the GS-2 group (Fig. 3). In the population structure of the
84 individuals of P amphibia from 7 populations, the high-
est values of AK were K=3 (Fig. 4). PCA revealed three
main clusters corresponding to the three ancestral groups
identified using STRUCTURE. The red and yellow ances-
tral groups were mostly composed of KD and DP (including
GS-2). The blue group included five groups JC, SE, HR, JT,
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Fig. 3 Results of principal component analysis (PCA) of genetic dis-
tances for 84 genotyped individuals of P. amphibia

and GS. However, two individuals (HR-2 and HR3) in the
HR were mixed with the three ancestor populations (Fig. 4).

Phylogenetic analysis

We performed a phylogenetic analysis using the MEGA6
program based on 2,469 SNPs to establish a neighbor-
joining tree divided into 2 main groups (Fig. 5). The KD
population was separated from the other populations, the
six populations were clustered, and there were close genetic
relationships.

Fig. 4 Population structure of the A.
84 P. amphibia individuals from 7
populations samples in this study. w00
(A) The plot of the AK value »0
with the number of subpopula- E
tions (K) from 2 to 10. The peak %o

Delta K = mean(|Ln"(K)]) / sd(L(K))

Discussion

Genetic diversity is an important factor in environmen-
tal change and plant adaptation. Narrowly distributed and
endemic plants show lower genetic diversity than plants
in wider distribution areas (Hamrick and Godt 1990). Low
diversity has been attributed to inbreeding and drifting
in small populations (DeJoode and Wendel 1992). In this
study, we genotyped 84 P. amphibia individuals collected
from 7 populations (Fig. 1; Table 1). The observed and
expected heterozygosity of P. amphibia populations were
both less than 0.5, particularly the expected heterozygosity
of the GS population (0.27266) was significantly lower than
that of other populations. Inbreeding leads to an increase
in homozygosity, reduced performance of production traits,
and reduced fitness (Ouborg et al. 2010). The signs of
within-population inbreeding were identified at three sites
(HR, JT, and GS populations), which is likely because the
three habitats (HR, JT, and GS populations) of P. amphibia
were smaller than those of the other populations.

P. amphibia have lower genetic diversity than other
endangered Polygonaceae species, such as Rheum tanguti-
cum (He=0.515) (Chen et al. 2009). In the present study,
the mean He value (0.34082) of P. amphibia was similar to
those of endangered plants in Korea, such as Pelatantheria
scolopendrifolia (H e=0.356) (Yun et al. 2020), Saussurea
polylepis (He=0.43) (Yun and Kim 2021) and Abeliophyl-
lum distichum (He=0.319) (Lee et al. 2022). Moreover,
genetic variation among P. amphibia populations (60.08%)
was higher than within populations (39.92%). Hamrick and
Godt (Hamrick and Godt 1990) have revealed that selfing
species have over 50% of the variation among populations.
P. amphibia is self-incompatible species (Partridge 2001),
which explains our results of the high genetic variation
(over 60%) among populations of P. amphibia.

The fixation index F'g; has been widely used as a measure
of population structure; Wright (1984) has suggested that

value of AK was at K=3. (B) 500
Populations structure of the 84 P.
amphibia samples collected from K
7 populations B.

o9
08
o7
06
o5
04
03
02
o1

o

Inferred population structure for K=3
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Fig.5 The neighbor-joining tree
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an Fgp in the range of 0 to 0.05 indicates no genetic dif-
ferentiation among populations whereas that in the range of
0.05-0.15 indicates moderate differentiation (Slatkin 1985;
Shu et al. 2021). In the present study, the F¢ values between
four populations (HR, GS, SE, and JC or HR-GS, HR-SE,
and JC-SE) were smaller than 0.05 or close to 1 (JC-GS,
JC-HR, and JT-GS) whereas those between KD and DP
populations were considerably high, indicating that these
two populations are highly differentiated. This phenom-
enon is considered to be related to the pollinator (Gamba
and Muchhala 2023); for P. amphibia, insects are known
pollinators (Harms and Grodowitz 2009). In addition, the
distance between the KD population and other populations
was over 300 km, and that between the DP population and
other populations was over 50 km, which may explain the
considerably high F; values of the two regions.

In the present study, the spatial clustering pattern sug-
gests three ancestral populations. At K=3, five populations
(JC, SE, HR, JT, and GS) were assigned to a single cluster
and two populations (KD and DP) were clearly separated.
For the KD population, we suggest that it represents a dif-
ferent cluster because it is located on an Island 500 km away
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from other populations. Moreover, although the DP popula-
tion was not geographically far (in terms of distance), it was
not connected to other populations in the same river. Nota-
bly, both phylogenetic and principal component analyses
showed results similar to those of the genetic analysis. The
neighbor-joining tree also revealed that the KD population
of P. amphibia formed one clade whereas the other popula-
tions (DP, JC, SE, HR, JT, and GS) formed one clade. Five
populations (JC, SE, HR, JT, and GS) were closely clustered
into one group, and the DP population sister group clustered
with five populations (JC, SE, HR, JT, and GS). This result
may be because these five populations (JC, SE, HR, JT, and
GS) were closely located, indicating that their genetic rela-
tionships were also close.

Conclusions

GBS is an NGS protocol used for the discovery and geno-
typing of SNPs in genomes and populations. GBS methods
have been applied in a wide range of studies, including
genetic diversity, phylogenic classification, and hybridiza-
tion analysis. This study detected 2,469 SNPs to estimate the
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genetic diversity and population structure of 84 P. amphibia
individuals from 7 populations. We found that the seven
populations were clustered into three groups. In particular,
the Fgp values and structural analyses of the KD popula-
tion were highly different among the seven populations.
These phenomena can be explained by their geographic
location. This is the first study of the genetic diversity of P,
amphibia, providing important insights into the population
history, genetic structure, and population conservation of P
amphibia.

Acknowledgements This work was supported by a grant
[NNIBR202402103] from the Nakdonggang National Institute of Bio-
logical Resources, funded by the Ministry of Environment, Korea.

Data Availability All data generated or analyzed during this study ar
included in this published article.

Declarations

Conflict of interest The authors have declared that no competing in-
terests exist.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Camacho FJ, Liston A (2001) Population structure and genetic diver-
sity of Botrychium pumicola (Ophioglossaceae) based on inter-
simple sequence repeats (ISSR). Am J Bot 88:1065-1070. https://
doi.org/10.2307/2657089

Chen F, Wang A, Chen K et al (2009) Genetic diversity and popula-
tion structure of the endangered and medically important Rheum
tanguticum (Polygonaceae) revealed by SSR markers. Bichem
Syst Ecol 37:613—621. https://doi.org/10.1016/j.bse.2009.08.004

Choi K, Hwang Y, Hong J-K (2022) Comparative chloroplast genom-
ics and phylogenetic analysis of Persicaria amphibia (Polygona-
ceae). Diversity 14:641. https://doi.org/10.3390/d14080641

Cox MP, Peterson DA, Biggs PJ (2010) SolexaQA: At-a-
glance quality assessment of Illumina second-generation
sequencing data. BMC Bioinformatics 11:485. https:/doi.
org/10.1186/1471-2105-11-485

Dambier D, Barantin P, Boulard G et al (2022) Genomic instability
in somatic hybridization between Poncirus and Citrus species
aiming to create new rootstocks. Agriculture 12:134. https://doi.
org/10.3390/agriculture12020134

Das S, Upadhyaya HD, Srivastava R et al (2015) Genome-wide
insertion—deletion (InDel) marker discovery and genotyping for

genomics-assisted breeding applications in chickpea. DNA Res
22:377-386. https://doi.org/10.1093/dnares/dsv020

Decraene L-PR, Akeroyd JR (1988) Generic limits in Polygonum and
related genera (Polygonaceae) on the basis of floral characters. Bot
J Linn 98:321-371. https://doi.org/10.1111/1.1095-8339.1988.
tb01706.x

Deloode DR, Wendel JF (1992) Genetic diversity and origin of the
Hawaiian Islands cotton, Gossypium tomentosum. Am J Bot
79:1311-1319. https://doi.org/10.1002/j.1537-2197.1992.
tb13735.x

Ekman S, Knutsson T (1994) Nomenclatural notes on Persicaria.
Nord J Bot 14:23-25. https://doi.org/10.1111/j.1756-1051.1994.
tb00564.x

Ercan AG, Taskin M, Turgut K (2004) Analysis of genetic diversity
in Turkish sesame (Sesamum indicum L.) populations using
RAPD markers. Genet Resour Crop Evol 51:599-607. https://
doi.org/10.1023/B:GRES.0000024651.45623.12

Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: a new series
of programs to perform population genetics analyses under
Linux and Windows. Mol Ecol Resour 10:564-567. https://doi.
org/10.1111/5.1755-0998.2010.02847.x

Fu ZY, Sa KJ, Park H et al (2022) Utilization of novel Perilla SSR
markers to assess the genetic diversity of native Perilla germ-
plasm accessions collected from South Korea. Plants 11:2974.
https://doi.org/10.3390/plants11212974

Gamba D, Muchhala N (2023) Pollinator type strongly impacts gene
flow within and among plant populations for six neotropical spe-
cies. Ecology 104:¢3845. https://doi.org/10.1002/ecy.3845

Ge XJ, Sun M (1999) Reproductive biology and genetic diver-
sity of a cryptoviviparous mangrove Aegiceras cornicula-
tum (Myrsinaceae) using allozyme and intersimple sequence
repeat (ISSR) analysis. Mol Ecol 8:2061-2069. https://doi.
org/10.1046/j.1365-294x.1999.00821.x

Gitsopoulos TK, Vasilakoglou I, Tsoktouridis G (2013) Persicaria
Amphibia, a serious terrestrial weed in Northern Greece: a
combined molecular and morphological approach to identifica-
tion and taxonomy. Biotechnol Biotechol Equip 27:4236-4242.
https://doi.org/10.5504/BBEQ.2013.0088

Ha Y-H, Oh S-H, Lee S-R (2021) Genetic admixture in the popula-
tion of wild apple (Malus sieversii) from the Tien Shan Moun-
tains, Kazakhstan. Genes 12:104. https://doi.org/10.3390/
genes12010104

Hamrick JL, Godt MJW (1990) Allozyme diversity in plant spe-
cies. Plant population genetics, breeding, and genetic resources.
Sinauer, pp 43-63

Harms NE, Grodowitz MJ (2009) Insect herbivores of aquatic and
wetland plants in the United States: a checklist from literature. J
Aquat Plant Manage 47:73-96

Kang H, An S-M, Park Y-J et al (2023) Population genomics study
and implications for the conservation of Zabelia Tyaihyonii
based on genotyping-by-sequencing. Plants 12:171. https://doi.
org/10.3390/plants12010171

Kim S-T, Donoghue MJ (2008) Molecular phylogeny of Persicaria
(Persicaricae, Polygonaceae). Syst Bot 33:77-86. https:/doi.
org/10.1600/036364408783887302

Kim S-T, Sultan SE, Donoghue MJ (2008) Allopolyploid speciation
in Persicaria (Polygonaceae): insights from a low-copy nuclear
region. Proc Natl Acad Sci USA 105:12370-12375. https://doi.
org/10.1073/pnas.0805141105

Kwak MH, Kim MH, Won HS, Park CW (2006) Variation of nuclear
ribosomal ITS sequences of Polygonum section Persicaria
(Polygonaceae) in Korea. Korean J Pl Taxon 36:21-39

Lee J-H, Ong HG, Kim B-Y et al (2022) Population genomics study
for the conservation management of the endangered shrub Abe-
liophyllum Distichum. Conserv Genet 23:683-697. https://doi.
org/10.1007/510592-022-01447-5

@ Springer


https://doi.org/10.1093/dnares/dsv020
https://doi.org/10.1111/j.1095-8339.1988.tb01706.x
https://doi.org/10.1111/j.1095-8339.1988.tb01706.x
https://doi.org/10.1002/j.1537-2197.1992.tb13735.x
https://doi.org/10.1002/j.1537-2197.1992.tb13735.x
https://doi.org/10.1111/j.1756-1051.1994.tb00564.x
https://doi.org/10.1111/j.1756-1051.1994.tb00564.x
https://doi.org/10.1023/B:GRES.0000024651.45623.f2
https://doi.org/10.1023/B:GRES.0000024651.45623.f2
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.3390/plants11212974
https://doi.org/10.1002/ecy.3845
https://doi.org/10.1046/j.1365-294x.1999.00821.x
https://doi.org/10.1046/j.1365-294x.1999.00821.x
https://doi.org/10.5504/BBEQ.2013.0088
https://doi.org/10.3390/genes12010104
https://doi.org/10.3390/genes12010104
https://doi.org/10.3390/plants12010171
https://doi.org/10.3390/plants12010171
https://doi.org/10.1600/036364408783887302
https://doi.org/10.1600/036364408783887302
https://doi.org/10.1073/pnas.0805141105
https://doi.org/10.1073/pnas.0805141105
https://doi.org/10.1007/s10592-022-01447-5
https://doi.org/10.1007/s10592-022-01447-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2307/2657089
https://doi.org/10.2307/2657089
https://doi.org/10.1016/j.bse.2009.08.004
https://doi.org/10.3390/d14080641
https://doi.org/10.1186/1471-2105-11-485
https://doi.org/10.1186/1471-2105-11-485
https://doi.org/10.3390/agriculture12020134
https://doi.org/10.3390/agriculture12020134

18

Genes & Genomics (2025) 47:11-18

Li H, Durbin R (2009) Fast and accurate short read alignment with
Burrows—Wheeler transform. Bioinformatics 25:1754-1760.
https://doi.org/10.1093/bioinformatics/btp324

Li H, Handsaker B, Wysoker A et al (2009) The sequence alignment/
map format and SAMtools. Bioinformatics 25:2078-2079.
https://doi.org/10.1093/bioinformatics/btp352

Lousley JE, Kent DH (1981) Docks and Knotweeds of the British
Isles, 1st Edition. Botanical Society of the British Isles, London

Mammadov J, Aggarwal R, Buyyarapu R, Kumpatla S (2012) SNP
markers and their impact on plant breeding. Int J Plant Genomics
2012:e728398. https://doi.org/10.1155/2012/728398

Moritz C (2002) Strategies to protect biological diversity and the evo-
lutionary processes that sustain it. Syst Biol 51:238-254. https://
doi.org/10.1080/10635150252899752

Nguyen TT, Taylor PWJ, Redden RJ, Ford R (2004) Genetic diversity
estimates in Cicer using AFLP analysis. Plant Breed 123:173—
179. https://doi.org/10.1046/j.1439-0523.2003.00942.x

Ouborg NJ, Pertoldi C, Loeschcke V et al (2010) Conservation genet-
ics in transition to conservation genomics. Trends Genet 26:177—
187. https://doi.org/10.1016/j.tig.2010.01.001

Partridge JW (2001) Persicaria amphibia (L.) Gray (Polygo-
num amphibium L). J Ecol 89:487-501. https:/doi.
org/10.1046/j.1365-2745.2001.00571.x

Petit RJ, El Mousadik A, Pons O (2008) Identifying populations
for conservation on the basis of genetic markers. Conserv Biol
12:844-855. https://doi.org/10.1111/j.1523-1739.1998.96489.x

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population
structure using multilocus genotype data. Genetics 155:945-959.
https://doi.org/10.1093/genetics/155.2.945

Shu G, Cao G, Li N et al (2021) Genetic variation and population
structure in China summer maize germplasm. Sci Rep 11:8012.
https://doi.org/10.1038/s41598-021-84732-6

Simioniuc D, Uptmoor R, Friedt W et al (2002) Genetic diver-
sity and relationships among pea cultivars revealed by

@ Springer

RAPDs and AFLPs. Plant Breed 121:429-435. https:/doi.
org/10.1046/j.1439-0523.2002.733320.x

Slatkin M (1985) Rare alleles as indicators of gene flow. Evol 39:53—
65. https://doi.org/10.1111/j.1558-5646.1985.tb04079.x

Tamura K, Stecher G, Peterson D et al (2013) MEGAG6: molecular evo-
lutionary genetics analysis Version 6.0. Mol Biol Evol 30:2725—
2729. https://doi.org/10.1093/molbev/mst197

Wright S (1984) Evolution and the genetics of populations, volume 4:
variability within and among natural populations. University of
Chicago Press, Chicago, IL

Xu C-Y, Zhang W-J, Fu C-Z, Lu B-R (2003) Genetic diversity of
alligator weed in China by RAPD analysis. Biodivers Conserv
12:637-645. https://doi.org/10.1023/A:1022453129662

Yun SA, Kim S-C (2021) Genetic diversity and structure of Saussurea
polylepis (Asteraceae) on continental islands of Korea: implica-
tions for conservation strategies and management. PLoS ONE
16:¢0249752. https://doi.org/10.1371/journal.pone.0249752

Yun SA, Son H-D, Im H-T, Kim S-C (2020) Genetic diversity and
population structure of the endangered orchid Pelatantheria Scol-
opendrifolia (Orchidaceae) in Korea. PLoS ONE 15:0237546.
https://doi.org/10.1371/journal.pone.0237546

Yun H-G, Kim S-J, Lee J-W (2022) A study on the distribution
and conservation plan of vascular flora in Gyodong Island. J
Environ Impact Assess 31:11-46. https://doi.org/10.14249/
EIA.2022.31.1.11

Zhao Z, Song Q, Bai D et al (2022) Population structure analysis to
explore genetic diversity and geographical distribution character-
istics of cultivated-type tea plant in Guizhou Plateau. BMC Plant
Biol 22:55. https://doi.org/10.1186/s12870-022-03438-7

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1046/j.1439-0523.2002.733320.x
https://doi.org/10.1046/j.1439-0523.2002.733320.x
https://doi.org/10.1111/j.1558-5646.1985.tb04079.x
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1023/A:1022453129662
https://doi.org/10.1371/journal.pone.0249752
https://doi.org/10.1371/journal.pone.0237546
https://doi.org/10.14249/EIA.2022.31.1.11
https://doi.org/10.14249/EIA.2022.31.1.11
https://doi.org/10.1186/s12870-022-03438-7
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1155/2012/728398
https://doi.org/10.1080/10635150252899752
https://doi.org/10.1080/10635150252899752
https://doi.org/10.1046/j.1439-0523.2003.00942.x
https://doi.org/10.1016/j.tig.2010.01.001
https://doi.org/10.1046/j.1365-2745.2001.00571.x
https://doi.org/10.1046/j.1365-2745.2001.00571.x
https://doi.org/10.1111/j.1523-1739.1998.96489.x
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1038/s41598-021-84732-6

	﻿Genetic diversity and structure of ﻿Persicaria amphibia﻿ (Polygonaceae) in South Korea using genotyping by sequencing
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Sample collection, DNA isolation, library preparation, and NGS sequencing

	﻿Sequencing analyses and SNP identification
	﻿Data analysis

	﻿Results
	﻿SNP analysis
	﻿Genetic diversity

	﻿Geographic distance and genetic differentiation
	﻿PCA and population structure analysis
	﻿Phylogenetic analysis

	﻿Discussion
	﻿Conclusions

	﻿References


