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Species’ phylogeographic patterns reflect the interplay between landscape features, climatic
forces, and evolutionary processes. Here, we used two chloroplast DNA (cpDNA) markers
(trnL and trmLL-F) to explore the role of stepped geomorphology in shaping the phylogeographic
structure of Toxicodendron vernicifluum, an economically important tree species widely
distributed in East Asia. The range-wide pattern of sequence variation was analyzed based
on a dataset including 357 individuals from China, together with published sequences of 92
individuals mainly from Japan and South Korea. We identified five chloroplast haplotypes
based on seven substitutions across the 717-bp alignment. A clear east-west phylogeographic
break was recovered according to the stepped landforms of mainland China. The wild trees
of the western clade were found to be geographically restricted to the “middle step”, which
is characterized by high mountains and plateaus, while those of the eastern clade were
confined to the “low step”, which is mainly made up of hills and plains. The two major clades
were estimated to have diverged during the Early Pleistocene, suggesting that the cool glacial
climate may have caused the ancestral population to retreat to at least two glacial refugia,
leading to allopatric divergence in response to long-term geographic isolation. Migration vector
analyses based on the outputs of ecological niche models (ENMs) supported a gradual range
expansion since the Last Interglacial. Mountain ranges in western China and the East China
Sea land bridge were inferred to be dispersal corridors in the western and eastern distributions
of T. vernicifluum, respectively. Overall, our study provides solid evidence for the role of stepped
geomorphology in shaping the phylogeographic patterns of T. vemicifluum. The resulting
east-west genetic discontinuities could persist for a long time, and could occur at a much
larger scale than previously reported, extending from subtropical (e.g., the Xuefeng Mountain)
to warm-temperate China (e.g., the Taihang Mountain).

Keywords: chloroplast haplotype, dispersal corridor, East Asia, geological isolation, phylogeographic break,
refugia, stepped geomorphology, Toxicodendron vernicifluum

Frontiers in Plant Science | www.frontiersin.org 1

June 2022 | Volume 13 | Article 920054


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.920054﻿&domain=pdf&date_stamp=2022--�
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.920054
https://creativecommons.org/licenses/by/4.0/
mailto:jwu4@njfu.edu.cn
https://orcid.org/0000-0002-8684-4305
https://orcid.org/0000-0001-8081-3703
http://orcid.org/0000-0003-2320-9539
https://doi.org/10.3389/fpls.2022.920054
https://www.frontiersin.org/articles/10.3389/fpls.2022.920054/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.920054/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.920054/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.920054/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.920054/full

Wang et al.

Phylogeographic Break of Toxicodendron vernicifluum

INTRODUCTION

Species’ phylogeographic patterns contain valuable information
regarding the impacts of past climatic and geological events
on neutral evolutionary processes such as gene flow and genetic
drift (Taberlet et al., 1998; Avise, 2000; Hewitt, 2004; Hickerson
et al,, 2010; Qiu et al., 2011; Feliner, 2014). One of the most
remarkable genetic legacies within such patterns is the occurrence
of phylogeographic breaks, where intraspecific gene flow is
highly restricted and distinct lineages are geographically separated
(Avise, 1992; Soltis et al., 1997, 2006; Schaal et al., 1998; Ye
et al., 2017a). These breaks may arise when allopatric populations
have experienced long-term isolation across major physiographic
barriers to dispersals, such as mountains, rivers, glaciers, and
oceans (Soltis et al., 2006; Jaramillo-Correa et al., 2009). However,
sometimes obvious physical barriers are absent and climate
or habitat barriers play a more important role (Geffen et al.,
2004; Bai et al., 2016; Cab-Sulub and Alvarez-Castaiieda, 2021).
In a given area, co-distributed species may exhibit common
phylogeographic breaks because they have a shared biogeographic
history (Arbogast and Kenagy, 2001; Soltis et al., 2006), but
diverse patterns are more frequently observed reflecting the
complex history affected by not only a few barriers (Soltis
et al., 2006; Shafer et al., 2010; Fan et al., 2016).

East Asia harbors greater species diversity due to its extreme
topographic complexity and physiographical heterogeneity (Qian
and Ricklefs, 2000; Yin et al., 2021). The absence of continental
glaciation and relatively low climate change velocity contribute
to the preservation of high plant endemism (Feng et al., 2016).
These factors also shape the geographic distributions of
intraspecific genealogical lineages across the landscape, allowing
long-term refugial isolation and in situ survival of local
populations in both subtropical and warm-temperate areas (e.g.,
Wang et al., 2009, 2015a,b; Sakaguchi et al., 2012; Kou et al.,
2016; Li et al, 2019), even in cool-temperate regions (e.g.,
Hu et al,, 2008; Zeng et al., 2015; Zhang et al., 2015; Ye et al,,
2017b). Nevertheless, climate cooling since the mid-Miocene,
the wuplift of the Qinghai-Tibetan Plateau (QTP), the
intensification of the East Asian monsoon, and repeated sea-level
changes during the Pleistocene were shown to have strongly
influenced the evolutionary history of local plants (e.g., Gao
et al, 2007; Chen et al,, 2012; Luo et al., 2016; Jiang et al.,
2021; Li et al., 2022). These contexts determine that East Asian
plants display distinct phylogeographic patterns in comparison
with those on other continents (Qiu et al., 2011, 2017).

Previous phylogeographic studies have confirmed that both
north-south and east-west genetic discontinuities are common
patterns for temperate and subtropical plants in East Asia (Qiu
etal., 2017; Ye et al., 2017b). A clear north-south phylogeographic
split has been reported for widespread tree species such as
Acer mono (Guo et al, 2014; Liu et al, 2014), Juglans spp.
(Bai et al., 2016), and Lindera obtusiloba (Ye et al., 2017b).
This break is closely associated with an east-west orientated
arid belt that has existed during the Paleogene and redeveloped
during the late Miocene (Guo et al., 2008). The belt was inferred
to have acted as a climate barrier that impeded the migration
across it and resulted in the late Miocene diversification of

Tertiary relict plants (Bai et al, 2016; Ye et al, 2017a).
Furthermore, the boundary between the subtropical and tropical
regions was found to have shaped the north-south patterns
of dominant species in evergreen broadleaved subtropical forests
(e.g., Lindera aggregata, Ye and Li, 2021).

East-west phylogeographic splits were more commonly
observed in East Asian plants (Qiu et al, 2017; Ye et al,
2017a). Previous studies have identified several phylogeographic
breaks, coinciding with the East China Sea (ECS; e.g., Platycrater
arguta, Qi et al., 2014; Euptelea spp., Cao et al., 2016) or with
the boundary between the Sino-Himalayan and Sino-Japanese
Forest subkingdoms (e.g., Taxus wallichiana, Gao et al., 2007;
Davidia involucrata, Luo et al., 2011; and Sophora davidii, Fan
et al., 2013). More interestingly, a recent study demonstrated
that the stepped landforms of mainland China, together with
the ECS, play a more important role in shaping the distinct
phylogeographic structure of a widespread shrub, Kerria japonica
(Luo et al., 2021). The geomorphology of China is characterized
by three giant “steps”: the high (average ~4,000m, e.g., the
QTP), middle (average ~2,000m, e.g., the Yunnan-Guizhou
Plateau and the Qinling Mountains), and low (average <500m,
e.g., the plains and hills in eastern China) “steps” spanning
from the west to the east (Jiang and Wu, 1993; Wan, 2012).
The mountain ranges between these three areas may have
served as geographic barriers that prevent gene flow and further
facilitate population differentiation (Li et al., 2015). Indeed,
limited chloroplast haplotype sharing between the middle and
low “steps” has been reported for several woody and herbaceous
plants in subtropical China (e.g., Juglans cathayensis Bai et al.,
2014; Boea clarkeana, Wang et al., 2018; Liriodendron chinense,
Yang et al., 2019) as well as a few widespread tree species in
East Asia (e.g., Kalopanax septemlobus, Sakaguchi et al., 2012).

In this study, we used chloroplast DNA (cpDNA) to explore
the role of stepped geomorphology in shaping the
phylogeographic pattern of Toxicodendron vernicifluum (Stokes)
E A. Barkley, a deciduous and dioecious tree widely distributed
in temperate and subtropical areas of East Asia. This species
belongs to the family Anacardiaceae and is commonly known
as lacquer tree (also called “qishu” in Chinese, “urushi” in
Japanese, and “otnamu” in Korean; Hashida et al., 2014; Suzuki
et al,, 2014; Kim et al, 2015; Wang et al., 2020a). It has been
cultivated in East Asian countries (China, Korea, and Japan)
for thousands of years, whose toxic sap is traditionally used
as a highly durable lacquer to make lacquerware (Noshiro and
Suzuki, 2004; Walker et al., 2008; Zhao et al., 2013; Suzuki
et al.,, 2014; Wu et al,, 2018; Li et al.,, 2021). In western China,
wild lacquer trees usually grow in mountain forests at an
altitude between 800 and 2,800m. It is mainly distributed in
the mountainous areas surrounding the Sichuan Basin (e.g.,
the Qinling Mountains, the Daba Mountains, the Wuling
Mountains, the Dalou Mountains, and the Wumeng Mountains).
In eastern China, natural forests of lacquer trees are scattered
in hilly areas at an altitude less than 600m, such as those in
Liaoning and Shandong Provinces (Suzuki et al., 2007; Zhang
et al, 2007). It is believed that lacquer trees in Japan and
Korea are introduced from mainland China (Noshiro and
Suzuki, 2004). However, a fossil wood dating back to the
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incipient Jomon period (~12,600 years ago) suggested the species
is likely to be native to Japan (Suzuki et al, 2014).

A previous study has used two cpDNA fragments to examine
the phylogenetic relationships between lacquer trees sampled
from mainland China and Japan (Suzuki et al, 2014). They
found that populations in eastern China and Japan shared a
haplotype, while those in western China harbored another
haplotype, suggesting that the stepped landforms in China may
have shaped the present phylogeographic patterns of
T. vernicifluum. However, this study only sampled a limited
number of lacquer trees from China. Other researchers also
used various molecular markers (e.g., amplified fragment length
polymorphisms and nuclear microsatellites) to investigate the
genetic variation patterns of T. vernicifluum at different scales
(Wei et al., 2010; Bai et al.,, 2017; Bui et al., 2017; Vu et al.,
2018; Guo et al, 2019; Watanabe et al., 2019), but their
conclusions are mainly restricted by small sample size and a
narrow sampling range. Here, we used the two cpDNA makers
of Suzuki et al. (2014) to sequence the samples from 39 sites
that encompass the entire natural range of T. vernicifluum in
China. The obtained dataset was combined with that of Suzuki
et al. (2014) to investigate the phylogeographic structure of
T. vernicifluum throughout East Asia. We aimed to: (1) examine
range-wide patterns of cpDNA variation and identify potential
phylogeographic breaks; (2) explore the role of stepped
geomorphology in shaping the present phylogeographic patterns;
(3) infer the possible migration routes and dispersal corridors
across the landscape of East Asia.

MATERIALS AND METHODS

Sampling, DNA Extraction, PCR
Amplification, and Sequencing

Based on specimens and records in local flora, we selected
39 sampling sites that encompass the entire natural range of
T. vernicifluum in China (Figure 1; Table 1). Between August
2018 and August 2021, we sampled leaf tissue from 357
individuals at these sites. Among those, 308 individuals from
36 sites were wild or semi-wild, while the remaining 49
individuals from seven sites were under cultivation (Table 1).
At each site, three to 11 trees spaced >30m apart were randomly
sampled. Spatially explicit information was recorded for each
tree using the 2bulu Outdoor Assistant app.! Voucher specimens
were deposited in the Herbarium of Nanjing Forestry
University (NF).

Total genomic DNA was extracted from silica-gel dried leaf
material according to the manufacturer’s protocol for the Plant
Genomic DNA Kit (Tiangen, Beijing, China). The concentration
of DNA samples was diluted to 10ng/ul and stored at —20°C
for PCR amplification. Following Suzuki et al. (2014), we used
two chloroplast intergenic spacers (trnL and trnL-F) to sequence
all the 357 samples. Polymerase chain reactions (PCRs) were
performed using a Mastercycler pro Thermal Cycler (Eppendorf,
Germany) in 25-pl reaction volumes as described by Zhang

'https://www.2bulu.com/

et al. (2015). Thermal cycling started with a denaturation step
lasting 10min at 95°C, followed by 30cycles each comprising
30s of denaturation at 94°C, 40s of annealing at 50°C, and
60s of elongation at 72°C. Amplification ended with a 10-min
extension at 72°C. The PCR products were purified and sequenced
using the ABI 3730XL DNA Analyzer by Sangon Biotech
(Shanghai, China).

We compiled previously published sequence data of the
same two cpDNA regions for 92 T. vernicifluum trees sampled
from 30 sites in Japan (n=46 trees), two sites in South Korea
(n=6 trees), and 12 sites in China (n=40 trees; Suzuki et al.,
2014). Among those, all the Japanese and Korean samples
were collected from cultivated trees, while 15 (from six sites)
and 25 (from 10 sites) Chinese samples were collected from
cultivated and wild trees, respectively. Given that four sites in
Suzuki et al. (2014) were close to our sampling locations (i.e.,
FOP, ZAO, YTS, and BEN), the corresponding sequence data
were combined for each site. Finally, we obtained a dataset
for 449 T. vernicifluum trees (333 wild trees and 116 cultivated
trees) sampled from 79 sites, including 397 trees from 47 sites
in China, 46 trees from 30 sites in Japan, and six trees from
two sites in South Korea (Table 1). Furthermore, we also
compiled the sequence data for five congeners that were used
as outgroups, including T. succedaneum (Suzuki et al.,, 2014;
Wang et al., 2020b), T. sylvestre (He et al., 2020), T. trichocarpum
(Suzuki et al., 2014), T. radicans (Suzuki et al., 2014), and
T. griffithii (Li et al., 2020). GenBank accession numbers for
all the samples analyzed in this study were listed in
Supplementary Table S1.

Chloroplast Sequence Data Analyses

All sequences were checked and aligned by BioEdit 7.2.5 (Hall,
1999). The obtained alignments were concatenated into a single
matrix using FasParser 2.1.1 (Sun, 2017). A 96-bp indel detected
in the trnL-F region was treated as a single mutation event
and coded as a substitution (A/T). Chloroplast haplotypes were
determined by DnaSP 5.10 (Librado and Rozas, 2009). A
median-joining network was inferred with PopART 1.7 to
visualize the phylogenetic relationships among haplotypes (Leigh
and Bryant, 2015). ArcGIS 10.5 was employed to show the
geographic distribution of haplotypes across the range of
T. vernicifluum in East Asia.

We calculated haplotype diversity (H,) and nucleotide diversity
(z) for each sampling site using DnaSP. We estimated average
gene diversity within sampling sites (hs), total gene diversity
(hr), and two genetic differentiation coefficients Ggr and Ngr
using Permut 2.0 (Pons and Petit, 1996). Ngr is a measure of
genetic differentiation among sites considering genetic distances
between haplotypes, whereas Gy is an unordered measure that
does not take distances among haplotypes into account. A
higher Ny than Ggr usually indicates the presence of a
phylogeographic structure, i.e., closely related haplotypes are
more frequently observed in the same populations than less
related ones (Pons and Petit, 1996). The significance of the
difference between Ggr and Ngr was tested by a permutation
test (n=10,000). In these analyses, we excluded the cultivated
trees in China but included those in Japan and South Korea
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FIGURE 1 | (A) Sampling sites of Toxicodendron vemicifiluum in East Asia and geographic distribution of the five chloroplast (cp) haplotypes identified in this study.
Each pie chart represents a sampling site (see Table 1 for site codes) and each haplotype is represented with a different color as shown in (B). Sectors marked by
black lines represent cultivated trees. (B) Median-joining network of cpDNA haplotypes estimated by POPART. Numbers in brackets on branches indicate the
number of mutations between haplotypes when branches represent more than one mutation. Outgroups include Toxicodendron griffithii (gri.), Toxicodendron
radicans (rad.), Toxicodendron trichocarpum (tri.), Toxicodendron succedaneum (suc.), and Toxicodendron sylvestre (syl.). (C) The western (orange) and eastern
(blue) groups were identified by spatial analysis of molecular variance (SAMOVA) when K=2. White circles represent sampling sites only including cultivated trees in
mainland China. (D) Results of principal coordinate analysis (PCoA) based on the matrix of population pairwise Fsr. Orange and blue circles represent the western

T30°E T40°E

because they represent the distribution of T. vernicifluum outside
China and may have a natural origin in mainland China.
Given that Permut requires a minimum sample size of three
for each sampling site, we first combined the adjacent sites
(n<3) within the same 0.625°x0.625° grid into one site and
then removed the sites still with less than three wild trees.
Finally, 10 sites in Japan were combined into five sites and
27 sites (including eight sites in China, one site in South
Korea, and 18 sites in Japan) were excluded, resulting in a

dataset comprising 353 individuals from 47 sites (including
327 trees from 39 sites in China, four trees from one site in
South Korea, and 22 trees from seven sites in Japan;
Supplementary Table S2).

To examine the phylogeographic structure of T. vernicifluum,
we performed a spatial analysis of molecular variance (SAMOVA)
using the software SAMOVA 2.0 (Dupanloup et al, 2002).
This analysis used a simulated annealing procedure to maximize
the proportion of total genetic variance (F¢r) due to differences
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TABLE 1 | Locations and genetic statistics of 79 sampling sites of Toxicodendron vernicifluum.

Sampling Location Lon (E) Lat (N) E (m) Wild trees Cultivated trees
sites
Ny Haplotypes Hy p 3 ne Haplotypes
Western group
NUJ Nujiang, Yunnan, 99.10 25.78 2,204 10 H1(10) 0 0 0 _
China
YAN Yanijin, Yunnan, 104.32 28.16 997 0 - - - 7 H1(4), H3(3)
China
JuL Junlian, Sichuan, 104.48 28.19 393 0 - - - 10 H1(10)
China
QIc Qingchuan, 105.19 32.58 1,099 10 H1(10) 0 0 0 -
Sichuan, China
CHI Chishui, Guizhou, 105.86 28.29 1,271 3 H1(3) 0 0 0 -
China
KKS Suiyang, 107.20 28.18 1,242 10 H1(10) 0 0 0 -
Guizhou, China
DSH Daozhen, 107.73 29.14 1,304 10 H1(10) 0 0 0 -
Guizhou, China
LGS Leishan, 108.16 26.37 1,204 10 H1(10) 0 0 0 -
Guizhou, China
FJS Jiangkou, 108.61 27.87 1,005 10 H1(10) 0 0 0 -
Guizhou, China
BYS Baojing, Hunan, 109.33 28.71 436 3 H1(3) 0 0 8 H3(8)
China
BDG Sangzhi, Hunan, 110.09 29.78 1,336 10 H1(10) 0 0 0 -
China
YUN Wugang, Hunan, 110.61 26.65 1,166 3 H1(3) 0 0 8 H3(8)
China
LIC* Lichuan, Hubei, 109.06 30.03 829 1 H1(1) - - 2 H1(2)
China
XDS Lichuan, Hubei, 109.10 30.03 1,019 10 H1(9), H4(1) 0.200 0.00084 0 -
China
BDO* Badong, Hubei, 110.18 30.70 1,378 2 H1(2) 0 0 0 -
China
MPX Zigui, Hubei, 110.43 30.82 1,100 10 H1(10) 0 0 0 -
China
WUF* Wufeng, Hubei, 111.05 30.17 296 3 H1(3) 0 0 1 H1(1)
China
CHE* Chengkou, 108.80 31.67 2,294 6 H1(6) 0 0 0 -
Chongging,
China
BPX Chengkou, 108.80 31.99 1,140 10 H1(10) 0 0 0 -
Chongging,
China
XLS Maiji, Gansu, 106.00 34.36 1,397 10 H1(10) 0 0 0 -
China
MEI Meixian, Shaanxi, 107.95 34.12 692 8 H1(7), H2(1) 0.250 0.00035 0 -
China
FOP#:* Foping, Shaanxi, 107.98 33.51 895 3 H1(3) 0 0 9 H1(2), H3(7)
China
SHT Langao, Shaanxi, 108.80 32.05 2,409 10 H1(10) 0 0 0 -
China
SJZ Langao, Shaanxi, 108.88 32.27 741 10 H1(10) 0 0 0 -
China
ZHA Zhashui, Shaanxi, 109.05 33.86 1,178 10 H1(8), H2(2) 0.356 0.00050 0 -
China
BXz Pingli, Shaanxi, 109.31 32.03 1,637 10 H1(10) 0 0 0 -
China
LUS Lushi, Henan, 110.90 34.21 1,194 10 H1(10) 0 0 0 -
China
LUC Luanchuan, 111.71 33.80 1,642 4 H1(4) 0 0 6 H1(6)
Henan, China
YUT Xiuwu, Henan, 113.37 35.45 1,016 5 H1(5) 0 0 0 -
China
(Continued)
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TABLE 1 | Continued

Sampling Location Lon (E) Lat (N) E (m) Wild trees Cultivated trees
sites
Ny Haplotypes Hy P 3 ne Haplotypes

JIK Jiaokou, Shanxi, 111.23 36.78 1,348 10 H1(10) 0 0 0 -
China

XIA Xiaxian, Shanxi, 111.39 35.09 936 10 H1(10) 0 0 0 -
China

LIS Qinshui, Shanxi, 112.05 35.43 1,510 10 H1(10) 0 0 0 -
China

LKS Qinyuan, Shanxi, 112.07 36.59 1,582 10 H1(10) 0 0 0 -
China

WUA* Wu’an, Hebei, 113.87 36.81 694 1 H1(1) - - 4 H1(4)
China

QBG Wu’an, Hebei, 113.88 36.94 752 10 H1(10) 0 0 0 -
China

Z8Y Zanhuang, 114.04 37.46 977 10 H1(10) 0 0 0 -
Hebei, China

ZAN* Zanhuang, 114.23 37.72 1,045 2 H1(2) 0 0 0 -
Hebei, China

Eastern group

AHH Huangshan, 118.02 30.14 293 5 H3(1), H5(4) 0.400 0.00056 0 -
Anhui, China

ZAO#* Zaozhuang, 117.52 35.11 229 12 H3(12) 0.264 0.00037 2 H5(2)
Shandong, China

SzB Boshan, 118.04 36.31 484 11 H3(9), H5(2) 0.327 0.00046 0 -
Shandong, China

YTS#* Qingzhou, 118.28 36.46 599 11 H3(11) 0 0 0 -
Shandong, China

KYS Yantai, 121.73 37.27 209 7 H3(7) 0 0 0 -
Shandong, China

BEN#*x* Benxi, Liaoning, 123.87 41.32 269 14 H3(14) 0 0 0 -
China

HUA* Huanren, 125.49 41.02 230 3 H3(3) 0 0 0 -
Liaoning, China

TSS Xuyi, Jiangsu, 118.45 32.73 97 6 H3(6) 0 0 0 -
China

JIA* Jiande, Zhejiang, 119.52 29.44 47 0 - - - 4 H5(4)
China

ZHZ Hangzhou, 120.03 30.22 48 0 - - - 3 H1(3)
Zhejiang, China

OKC* Okcheon, North 127.64 36.33 194 0 - - - 4 H3(4)
Chungcheong,
South Korea

WNJ* Wonju, 127.91 37.35 156 0 - - - 2 H3(2)
Gangwon, South
Korea

SED* Soeda, Fukuoka, 130.87 33.49 249 0 - - - 1 H3(1)
Japan

HIT* Hita, Oita, Japan 130.94 33.41 261 0 - - - 2 H3(2)

TKD* Taketa, Oita, 131.41 32.97 321 0 - - - 3 H3(3)
Japan

BGO* Bungo-ono, Oita, 131.49 32.99 175 0 - - - 1 H3(1)
Japan

TNO* Tsuno, Kochi, 133.02 33.45 494 0 - - - 2 H3(2)
Japan

TSY* Kochi, Kochi, 133.51 33.64 197 0 - - - 1 H3(1)
Japan

OTY* Otoyo, Kochi, 133.68 33.84 427 0 - - - 1 H3(1)
Japan

BCU* Takahashi, 133.39 34.83 317 0 - - - 1 H3(1)
Okayama, Japan

NIM: Niimi, Okayama, 133.52 34.89 281 0 - _ _ 2 H3(2)
Japan

YSR* Miyoshi, 133.75 33.96 216 0 _ _ _ 1 H3(1)
Tokushima,
Japan

(Continued)
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TABLE 1 | Continued

Sampling Location Lon (E) Lat (N) E (m) Wild trees Cultivated trees
sites
ny Haplotypes Hy T ne Haplotypes

YKN* Fukuchiyama, 134.94 35.32 154 0 - - - 1 H3(1)
Kyoto, Japan

NYN:* Gojo, Nara, 135.73 34.29 193 0 - - - 2 H3(2)
Japan

SNI* Soni, Nara, 136.14 34.50 592 0 - - - 2 H3(2)
Japan

MSG* Tsu, Mie, Japan 136.27 34.55 227 0 - - - 2 H3(2)

SKW#* Shirakawa, Gifu, 136.91 36.26 570 0 - - - 1 H3(1)
Japan

HID* Hida, Gifu, Japan 137.22 36.34 949 0 - - - 2 H3(2)

WJIM* Wajima, 136.89 37.33 123 0 - - - 3 H3(3)
Ishikawa, Japan

SZU* Suzu, Ishikawa, 137.14 37.40 213 0 - - - 1 H3(1)
Japan

MNM:* Minakami, 138.99 36.70 516 0 - - - 1 H3(1)
Gunma, Japan

KKR* Kamakura, 139.51 35.31 14 0 - - - 1 H3(1)
Kanagawa,
Japan

OGN* Oguni, 139.81 38.09 209 0 - - - 2 H3(2)
Yamagata, Japan

AZ\W* Aizuwakamatsu, 139.97 37.51 405 0 - - - 1 H3(1)
Fukushima,
Japan

DIG* Daigo, Ibaraki, 140.40 36.70 145 0 - - - 1 H3(1)
Japan

OWN#* Owani, Aomori, 140.53 40.49 121 0 - - - 1 H3(1)
Japan

AMS* Aomori, Aomori, 140.67 40.78 76 0 - - - 2 H3(2)
Japan

SNG* Shingo, Aomori, 141.18 40.43 158 0 - - - 1 H3(1)
Japan

SDI* Sendai, Miyagi, 140.85 38.26 59 0 - - - 1 H3(1)
Japan

JBJ* Ninohe, Iwate, 141.18 40.16 435 0 - - - 1 H3(1)
Japan

INH=* Ichinohe, Iwate, 141.31 40.20 197 0 - - - 3 H3(3)
Japan

ABS* Abashiri, 144.25 44.01 145 0 - - - 2 H3(2)

Hokkaido, Japan

Lon, longitude; Lat, latitude; E, elevation; ny, number of wild trees; H,, haplotype diversity; =, nucleotide diversity; nc, number of cultivated trees.
*Sequences were obtained by Suzuki et al. (2014); **Sequences were obtained by both Suzuki et al. (2014) and this studly.

between groups of populations. One hundred independent runs
were carried out for each number of groups (K) ranging from
2 to 10 to ensure that the final configuration of the K groups
is not affected by a given initial configuration. For the most
likely K, the significance of variance components (overall genetic
variance partitioned among groups, among populations within
groups, and within populations) and their associated fixation
indices (Fc, Fse, and Fgr) was assessed by 10,000 random
permutations using Arlequin 3.5 (Excoffier et al, 2005). To
validate the results of SAMOVA, we also performed principal
coordinate analysis (PCoA) based on the matrix of population
pairwise Fsr using GenALEx 6.5 (Peakall and Smouse, 2012).
To test for the isolation by distance (IBD) pattern, we examined
the correlation between population pairwise Fs; and the logarithm

of geographic distance (km) using a Mantel test. The significance
of the correlation was assessed by 9,999 permutations in
GenALEx 6.5. In these analyses, we only removed the cultivated
trees in China for the reason mentioned above. The final
dataset comprised 385 trees from 75 sampling sites, including
333 trees from 43 sites in China, six trees from two sites in
South Korea, and 46 trees from 30 sites in Japan
(Supplementary Table S2). We used BEAST 2.6.7 (Bouckaert
et al,, 2019) to estimate the divergence time between the eastern
and western clades of T. vernicifluum. The phylogenetically
closest species in the median-joining network, T. radicans, was
used as an outgroup. The best-fitting substitution model HKY
was selected by ModelFinder (Kalyaanamoorthy et al., 2017).
A combination of strict clock and Bayes-skyline coalescent
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prior was used for node age estimation. The mean value of
cpDNA substitution rate for angiosperms (2.0 x 10~° substitutions
per site per year) was employed (Wolfe et al., 1987; Sakaguchi
et al., 2012). Two independent MCMC runs were performed
for 100 million generations and sampled every 10,000 generations.
Tree and log files were combined through LogCombiner 2.6.7,
and then passed to Tracer 1.7.1 (Rambaut et al, 2018) for
assessing convergence, and to TreeAnnotator 2.6.7 for
constructing a maximum clade credibility tree with a posterior
probability limit of 0.5 and the first 20% generations discarded
as burn-in.

Ecological Niche Modeling and Niche
Identity Test

We used the maximum-entropy approach in Maxent 3.4.1
(Phillips et al., 2018) to model the present distribution of
T. vernicifluum and to reconstruct its potential distribution
during the Last Interglacial [LIG; ~0.12-0.14 million years ago
(mya)] and the Last Glacial Maximum (LGM; ~0.022 mya).
Species occurrence data were obtained from five sources: the
Global Biodiversity Information Facility (GBIF),* the Chinese
Virtual Herbarium (CVH),*> the Plant Photo Bank of China
(PPBC),* literature (Wei et al., 2010; Bai et al, 2017; Guo
et al,, 2019), and field investigation. The Getpoint tool of Baidu
Maps® was used to collect coordinates for the specimen records
only with explicit locality information. We filtered our dataset
by removing duplicate records and retaining only one observation
within each 2.5"x2.5" grid to reduce the effect of spatial
autocorrelation. Finally, a total of 394 presence points were
obtained, of which 307, 32, and 46 records were from China,
Japan, and South Korea, respectively. We retrieved the climatic
data for the present and LGM from the WorldClim 1.4 database®
at a spatial resolution of 2.5". The LGM data were generated
based on the outputs of the Community Climate System Model
4 (CCSM4). The raster layers of the LIG were obtained from
the WorldClim 1.4 at a spatial resolution of 30” and then
resampled to 2.5" via the nearest neighbor method as implemented
in ArcGIS 10.5. We eliminated highly correlated variables
(|Pearson’s 7| >0.8) to prevent potential over-fitting. Finally, six
of the 19 bioclimatic variables (Supplementary Table S3)
provided by the WorldClim database were retained, including
annual mean temperature (biol), mean diurnal range (bio2;
the mean of the difference of the monthly maximum and
minimum temperatures over a year), isothermality (bio3),
temperature seasonality (bio4), mean temperature of the wettest
quarter (bio8), and annual precipitation (biol2). All the
environmental layers were clipped to the same spatial range
(15°-45°N, 90°-145°E) using the package “raster” 2.8-19
(Hijmans, 2019) in R 3.6.0 (R Core Team, 2018). We ran the
Maxent model with default settings. Model performance was
assessed using the areas under the receiver operating characteristic

*http://www.gbif.org/

*http://www.cvh.ac.cn/

*http://ppbc.iplant.cn/
*https://api.map.baidu.com/lbsapi/getpoint/index.html
Shttp://worldclim.org

curve (AUC) produced by 10-fold cross-validation. The generated
model was projected onto the two historical periods and the
predicted suitable areas were visualized based on the logistic
outputs of Maxent using ArcGIS 10.5. Principal component
analysis (PCA) was performed with the 19 bioclimatic variables
provided by the WorldClim database for all the presence points
of T. vernicifluum using R 3.6.0.

We used ENMTools (Warren et al., 2010) to quantify the
niche overlap between the SDMs generated for the western
and eastern populations of T. vernicifluum. Two statistics,
Schoener’s D (Schoener, 1968) and Warrens I (Warren et al.,
2008), were used to measure the niche overlap. These two
indices are limited between 0 (the two groups have a completely
discordant niche) and 1 (the two groups have an identical
niche). To perform the niche identity test, first, we used the
same program to create a pseudoreplicate dataset by randomly
partitioning the pooled occurrence points for the two groups
into two new sub-datasets with the original sample size (i.e.,
457 and 54). Then, the new dataset was imported to Maxent
to generate new SDMs using the default settings. Finally,
we calculate Schoener’s D and Warren’s I for SDMs generated
by 100 pseudoreplicate datasets. The niche identity was tested
by comparing the observed values and the null distributions
for these two statistics.

Migration Vector Analysis and Dispersal
Corridors

To visualize the migration direction of T. vernicifluum between
different periods, we performed a migration vector analysis
following Gugger et al. (2013). First, the logistic outputs of
Maxent were converted into presence/absence maps using the
‘maximum test sensitivity plus specificity’ threshold (Jiménez-
Valverde and Lobo, 2007). Second, we estimated the geographic
centroids of all the 0.625° % 0.625° grids (i.e., each grid contained
15x15 grid cells in 2.5") for each period using the zonal
geometry function in ArcGIS 10.5. Finally, we inferred migration
vectors by seeking the nearest centroids of the second period
to each centroid of the first period using ArcGIS 10.5 (i.e.,
from LIG to LGM and from LGM to present). The obtained
maps showed the potential population sources from one period
to the next.

We also integrated SDMs and shared haplotype information
to infer the putative dispersal corridors across the landscape
(Chan et al., 2011). First, we inverted the logistic outputs of
Maxent (x inverted=1-x) to create a friction layer (i.e., a
dispersal cost layer), which depicted the ease of dispersal from
each locality through the landscape. Second, we calculated a
single least-cost path (LCP) and multiple least-cost corridors
(LCCs) for each pair of sampling sites that shared haplotypes
(Graves et al., 2014; Yu et al., 2015). Least-cost corridors were
classified into three categories according to the percentage by
which the path length was greater than that of the LCP: low
(<1.0%), mid (<2%), and high (<5%). Finally, we summed all
the LCCs to create a raster of the dispersal network. The low,
mid, and high classes were weighted by 5, 2, and 1, respectively.
Dispersal corridors were expected to be the areas where LCCs
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traversed more frequently. In this analysis, we removed the
records of cultivated trees in mainland China, including four
sampling sites (i.e., YAN, JUL, JIA, and ZHZ) that were only
composed of cultivated trees. Furthermore, only one site was
chosen within each 0.625°x0.625° grid to reduce both
computational cost and sampling bias. Finally, a total of 62
localities (Supplementary Table S2) were retained to infer the
dispersal corridors of T. vernicifluum during the present, LGM,
and LIG using SDMtoolbox 2.0 (Brown, 2014).

RESULTS

Phylogenetic Relationship and Geographic
Distribution of Chloroplast Haplotypes

The combination of the trnL and trnL-F datasets resulted in
an alignment with a total length of 717bp. Based on seven
substitutions, five chloroplast haplotypes (H1-H5) were identified
across the 79 sampling sitess of T vernicifluum
(Supplementary Table S4). The median-joining network grouped
the haplotypes into two major lineages separated by three
mutational steps (Figure 1B). Among those, the western clade
was mainly detected in western China, including two haplotypes
H1 and H2, while the eastern clade was mostly distributed
in eastern China, South Korea, and Japan, comprising three
haplotypes H3, H4, and H5 (Figure 1A). Exceptions were the
natural occurrence of H4 in one western China site XDS, and
the introduction of the trees with H3 to western China (i.e.,
sites JUL, BYS, YUN, and FOP) and those with H1 to eastern
China (i.e., site ZHZ; Figure 1A).

Among the five haplotypes, H1 and H3 were at the interior
of the network and were represented by 65.0 and 31.4% of
the surveyed samples, respectively (Figure 1B). Wild trees with
H1 were detected in all the 37 sampling sites of western China,
while the haplotype H3 was observed in 40 of the 42 sites
in eastern China, South Korea, and Japan. In contrast, H2
and H5 were found at the tips of the network, separated from
H1 or H3 by one mutational step (Figure 1B). They had a
much lower frequency, of which H2 was only detected in two
sampling sites (i.e., MEI and ZHA) located at the Qinling
Mountains, western China, and H3 occurred in four sites of
eastern China (i.e., ZAO, SZB, AHH, and JIA). The haplotype
H4 was found at an intermediate position between H1 and
H3, represented by only one individual in the sampling site
XDS. All five haplotypes were detected in mainland China.
Most Chinese sites only had one haplotype, while 10 sites
(i.e., YAN, FOP, MEI, ZHA, XDS, BYS, YUN, AHH, ZAO,
and SZB) had two haplotypes. All the Korean and Japanese
sites were fixed for the haplotype H3 (Figure 1A).

Chloroplast DNA Diversity, Differentiation,
and Phylogeographic Structure

When the cultivated trees in mainland China were excluded,
the number of haplotype, haplotype diversity (H,), and nucleotide
diversity (7) of each sampling site ranged from 1 to 2
(mean=1.127), 0 to 0.4 (mean=0.042), and 0 to 0.00084

(mean=0.00007), respectively (Table 1). The highest level of
haplotype diversity was observed in AHH (H;=0.4), followed
by ZHA (H;=0.356) and SZB (Hy=0.327), while the highest
level of nucleotide diversity was observed in XDS (7=0.00084),
followed by AHH (7=0.00056), and ZHA (z=0.0005). The
total gene diversity (hy=0.484+0.049) across all sampling sites
was found to be much higher than average gene diversity
within sites (hg=0.033+0.014; Table 2).

Genetic differentiation among sampling sites was substantial
as indicated by the high values of Ggr and Ng;. Comparisons
of these two measures showed that a significant phylogeographic
structure occurred across the species’ range (Ngr=0.983>Ggr=
0.933; p=0.029) or across the sampling sites in mainland China
(Nsyr=0.972> G5r=0.891; p=0.027; Table 2). SAMOVA revealed
a high level of differentiation among groups (Fcr>0.980) for
all the K values from 2 to 10. When K=2, the sampling sites
of T. vernicifluum were divided into two groups (Figure 1C).
The western group included the 35 sites in western China, while
the eastern group included the 40 sites in eastern China, South
Korea, and Japan. These two groups were separated clearly by
the boundary between the middle and low units of the three-
step landforms of China. Hierarchical AMOVA showed that
98.78% of the total genetic variance was partitioned between
these two groups (Fcr=0.988, p=0.000), while only 0.24% and
0.97% of the variance were partitioned among sampling sites
within groups (Fsc=0.199, p=0.042) and within sites (Fsy=0.990,
p=0.000), respectively (Table 3). PCoA obtained a result consistent
with that of SAMOVA (K=2). The first axis explained 88.12%
of the total variance (Figure 1D). No overlap along this axis
was detected between the individuals of the western and eastern
groups. IBD analyses showed that the geographic isolation effect
was significant across all sampling sites of T. vernicifluum (R=0.682,
p=0.001) or across those in mainland China (R=0.610, p=0.000).
The BEAST analysis also grouped the haplotypes into western
and eastern clades (posterior probability=1). The divergence
time between these two clades was estimated to be 1.36 mya
(95% HPD; 0.51-2.41 mya; Supplementary Figure S1).

Ecological Niche Modeling and Niche
Identity Test

The mean AUC value (+SD) was 0.895+0.009, indicating that
the SDM fitted well with the observed dataset. The predicted
potential distributions of T. vernicifluum were shown in Figure 2.
At present, the suitable habitats of T. vernicifluum are mainly
distributed in western China, the Korean Peninsula, and Japan,
encompassing a large number of the presence points (Figure 2E).
The highly suitable habitats in China are mainly found in the
mountainous areas of the “middle step” region, including the
Yunnan-Guizhou Plateau, Qinling Mountains, and Daba
mountains. During the LGM, the suitable habitats were widely
distributed in western and southern China and extended to
the offshore areas of the East China Sea Shelf and Japan
(Figure 2C). During the LIG, the suitable areas were mainly
restricted to southwestern China (Figure 2A). Both Schoener’s
D and Warrens I indicated that significant climatic niche
divergence occurred between the western and eastern groups
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TABLE 2 | Genetic statistics of Toxicodendron vernicifiuum based on the sequence variation at two chloroplast (cp) DNA markers.

Sampling sites Sample size h+ (SE) hs (SE) Gsr (SE) Nsr (SE) p-Value
Sites in mainland 327 0.361 (0.081) 0.039 (0.017) 0.891 (0.044) 0.972 (0.013) 0.027:*
China

Sites across the 353 0.484 (0.049) 0.033 (0.014) 0.933 (0.028) 0.983 (0.008) 0.029*

species’ range

The samples used in these analyses are described in Supplementary Table S2. hs, average gene diversity within sampling sites; hy, total gene diversity; Gs;, genetic differentiation
at the two cpoDNA markers; Ns; genetic differentiation at the two cpDNA markers taking similarities between haplotypes into account; SE, standard error.

#p<0.05, indicating that Nsr is significantly larger than Gsr.

TABLE 3 | Hierarchical analyses of molecular variance (AMOVAs) based on
chloroplast (cp) DNA haplotype frequencies of Toxicodendron vernicifluum.

Source of df SS vC Variation Fixation index
variation (%)

Among 1 413.19 2.49 98.78 For=0.988%*
groups

Among 73 4.05 0.01 0.24 Fsc=0.199*
populations

within

groups

Within 310 7.61 0.02 0.97 Fer=0.990%*
populations

The samples used in this analysis are described in Supplementary Table S2. df,
degree of freedom; SS, sum of squares; VC, variance components. p-value was
obtained through 10,000 permutations in ARLEQUIN.

*#p<0.01; *p<0.05.

of T. vernicifluum, regardless of whether the sampling sites of
South Korea and Japan were included (Schoener’s D=0.557,
p=0.000; Warren’s =0.839, p=0.000) or not (Schoener’s D=0.472,
p=0.000; Warren’s I=0.756, p=0.000; Figure 3). Similar results
were also obtained for the LIG and LGM (Figure 3). PCA
plot showed that the western group was associated with higher
isothermality, higher precipitation seasonality, lower precipitation
of the driest month, lower precipitation of the driest quarter,
and lower precipitation of the coldest quarter (Figure 4).

Migration Vector Analysis and Dispersal
Corridors

The putative migration directions of T. vernicifluum between
adjacent periods were shown in Figure 5. Suitable areas were
inferred to have expanded continuously since the LIG. From
the LIG to LGM, the suitable areas in southwestern China may
have expanded northward or eastward to the mountainous areas
in central China (e.g., the Qinling Mountains and the Funiu
Mountains). Notably, some scattered suitable habitats in southern
and southeastern China (e.g., the Nanling Mountains and the
Wuyi Mountains) may have also expanded northward drastically.
Furthermore, both the suitable areas in the Taiwan Island and
the Korean Peninsula may have extended to the East China
Sea Shelf during the LGM. From the LGM to the present,
T. vernicifluum was predicted to have spread further northward.
They may have migrated from the Funiu Mountains to the
Taihang Mountains, from the Shandong and Korean Peninsulas
to northeastern China, and from central Japan to Hokkaido.

No population connectivity was found between western and
eastern China because the wild trees of western and eastern
groups did not share any haplotypes (Figure 2). Instead, two
major dispersal routes were identified in the eastern and western
parts of the range of T. vernicifluum. High landscape connectivity
was detected among populations in northeastern China, the
Korean Peninsula, and Japan. The ECS land bridge may have
contributed to the migration to Japan during the LGM. In
western China, dispersal corridors occurred around the mountain
ranges east of the Sichuan Basin, including the Taihang
Mountains, the Qinling Mountains, the Wu Mountain, and
the Xuefeng Mountains (Figure 2).

DISCUSSION

East-West Phylogeographic Split
Associated With the Stepped
Geomorphology of China

Our chloroplast DNA analyses support an east-west
phylogeographic split of T. vernicifluum (Figure 1). The two
recognized clades were separated according to the stepped
landforms of mainland China, with the wild individuals of the
western clade geographically restricted to the “middle step”, while
those of the eastern clade mainly confined to the “low step”.
The two “steps” differ in geomorphology; the “middle step” is
characterized by a vast extent of mountains and plateaus (average
~2,000m), while the “low step” is mainly made up of hills and
plains (average <500m; Jiang and Wu, 1993; Wan, 2012). Moreover,
a series of northeast-southwest oriented mountain ranges (e.g.,
the Taihang Mountains, the Wu Mountains, and the Xuefeng
Mountains) occur on the border between the two “steps’, further
increasing the ruggedness of local terrain (Jiang and Wu, 1993;
Li et al, 2015). The existence of these long-standing geographic
barriers, together with the extreme physiographical heterogeneity
in mainland China, may have strongly restricted the dispersal
of T. vernicifluum across the landscape, leading to long-term
isolation and allopatric genetic divergence between western and
eastern lineages of T. vernicifluum (Qian and Ricklefs, 2000;
Zhang et al, 2018; Luo et al, 2021).

We inferred that the separation between the two major
lineages may have occurred during the Early Pleistocene (1.36
mya, 95% HPD: 0.51-2.41 mya; Supplementary Figure S1).
This timing is comparable with the intraspecific divergence
date of Quercus acutissima (1.31 mya; 95% HPD: 1.27-1.34
mya; Gao et al, 2021), a species also exhibiting an east-west
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FIGURE 2 | Climatically suitable areas and dispersal corridors of Toxicodendron vernicifiuum during the Last Interglacial (LIG; A,B), Last Glacial Maximum (LGM;
C,D), and the present (E,F) based on the outputs of ecological niche modeling (ENM) using Maxent 3.4.1 (Phillips et al., 2018). Black dots and plus signs represent

break associated with the stepped landforms of China. These
results suggest that they may have undergone a similar
biogeographic history affected by the landscape features in East
Asia and climatic oscillations during the Early Pleistocene.
The cool climate may have caused the ancestral population to
retreat to different refugia, leading to allopatric divergence in
response to long-term geographic isolation. At present, the
western clade of T. vernicifluum was mainly observed in highlands
(between 800 and 2,000 m) with higher isothermality and lower
precipitation of the driest quarter, while the eastern clade
usually occurs in lowlands (less than 600m) with opposite
climatic conditions (Figure 4). The climate niche divergence
was estimated to have occurred no later than the LIG (Figure 3),
suggesting that local adaptation may have also contributed to
the splitting of T. vernicifluum. However, our dating results
must be interpreted with extreme caution because of the wide
range of divergence time and uncertainty in mutation rate
(Luo et al., 2021; Li et al., 2022). Nonetheless, our data depict
the most likely scenario that the two major clades have diverged
before the LGM, which would provide more opportunities for
those lineages to adapt to distinct climatic conditions.
Previous studies have revealed an east-west phylogeographic
break across the boundary between the middle and low “steps”

in three widespread woody plants, including K. septemlobus
(Sakaguchi et al., 2012), K. japonica (Luo et al, 2021), and
Q. acutissima (Zhang et al., 2018). For the two former species,
the pattern was confirmed by both nuclear microsatellite and
chloroplast sequence markers, although limited admixture was
detected near the border (Sakaguchi et al, 2012; Luo et al,
2021). For the last species, the pattern was revealed only by
nuclear microsatellites (Zhang et al, 2018). A high level of
genetic admixture was observed in central China, probably
because wind-pollinated oak species have greater long-distance
pollen-mediated gene flow than the other two insect-pollinated
plants (Buschbom et al, 2011). In subtropical China, similar
patterns with limited sharing of genetic variation between the
two “step” were observed in several woody and herbaceous
plants, such as J. cathayensis (Bai et al., 2014), Castanopsis
eyrei (Shi et al.,, 2014), Castanopsis fargesii (Sun et al., 2014),
Cyclocarya paliurus (Kou et al, 2016), B. clarkeana (Wang
et al., 2018), and L. chinense (Yang et al., 2019; Zhong et al,,
2019). In comparison with those species, T. vernicifluum exhibits
a much sharper east-west phylogeographic break; no haplotypes
were found to be shared among wild populations from the
two sides (Figure 1A). Furthermore, the break not only occurs
in subtropical areas (e.g., across the Xuefeng Mountain and
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the Wu Mountain) but also extends to warm-temperate regions
that were not fully covered by previous studies, such as the
Tajhang Mountains (Figure 1A).

Another remarkable feature of the present phylogeographic
pattern is that more than 90% of the sampling sites are fixed
for a single haplotype (Figure 1A). The near-complete fixation
of two major haplotypes (H1 and H3) in western vs. eastern
China resulted in an extremely low level of genetic diversity
within populations (hs=0.033) and an extremely high level of
genetic differentiation among populations (Gsr=0.933; Table 2).
Such patterns are comparable with those of previously mentioned
subtropical plants such as J. cathayensis (hs=0, Gsr=1; Bai et al,
2014), C. paliurus (hs=0.066, Gsr=0.924; Kou et al.,, 2016), and
B. clarkeana (hs=0.030, Ggr=0.964; Wang et al., 2018), suggesting
that they have experienced a common phylogeographic history
of long-term isolation across fragmented mountainous habitats
in subtropical China (Wang et al, 2009; Du et al, 2011; Bai
et al,, 2014; Li et al,, 2019). Toxicodendron vernicifluum prefers
to grow in highlands and thus exhibits a scattered distribution
in mountainous areas. Within a separated region, strong forces
of genetic drift, combined with low mutation and low migration
rates of cpDNA sequences, would greatly reduce the genetic
diversity within populations (Bai et al., 2014). Furthermore, as
a dioecious plant, T. vernicifluum is predicted to be more sensitive
to genetic drift and tend to show a higher level of differentiation
as it has a smaller effective population size than hermaphrodite
species (McCauley, 1994). This prediction has been verified in
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a dioecious shrub, Ilex aquifolium, which exhibited twice the
level of differentiation in comparison with hermaphrodite species
investigated over a similar geographical scale (Rendell and Ennos,
2003). Overall, we suggest that both abiotic (e.g., long-term
geographic isolation) and biotic (e.g., a dioecious breeding system)
factors have contributed to the occurrence of a pronounced
phylogeographic structure in T. vernicifluum.

Glacial Refugia, Historical Migration, and
Human-Aided Dispersal

The present phylogeographic structure of T. vernicifluum suggests
that the species has experienced long-term isolation between at
least two refugia in western and eastern China (Bai et al,, 2014;
Liao et al, 2014). However, the exact locations of refugia are
uncertain because each of the two areas is dominated by an

ancestral haplotype (H1 and H3) that exhibits a much wider
distribution than others (Posada and Crandall, 2001). Combining
the prediction of ENMs, we infer that the mountainous areas in
southwestern (i.e., the Yunnan-Guizhou Plateau) and southeastern
China are more likely to be glacial refugia (Figure 2). These
regions were believed to have provided relatively stable climatic
conditions for the in situ survival of local plants, such as
Eurycorymbus cavaleriei (Wang et al., 2009), J. cathayensis (Bai
et al, 2014), and C. paliurus (Kou et al, 2016). Furthermore,
Petit et al. (2003) pointed out that populations in refugia not
only have relatively high genetic diversity but also contain some
unique haplotypes. In our study, it is true for the wild populations
MEI, ZHA, and XDS, supporting that the Qinling Mountains,
the Wuling Mountains, and the Wu Mountains may have been
refugia in western China (e.g., Gong et al, 2008; Wang et al.,
2009; Deng et al,, 2019).
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Our migration vector analyses indicate that T. vernicifluum may
have experienced a gradual range expansion since the LIG (Figure 5).
The northward colonization would provide opportunities for the
widespread of a few ancestral haplotypes (H1 and H3) in western
and eastern China (Tian et al,, 2015). Numerous mountain ranges,
especially those near the border between the middle and low
“step’, are predicted to be dispersal corridors that have increased
the landscape connectivity among populations (Guan et al., 2016).
Furthermore, we found that the ESC land bridge may have also
acted as a dispersal corridor during the LGM (Figure 2D), as
supported by the evidence that Japanese samples share an ancestral
haplotype (H3) with those from eastern China (Figure 1A). Such
a finding is consistent with that of previous studies showing that
there is a close genetic relationship between populations from
eastern China and Japan (e.g., Quercus variabilis, Chen et al., 2012;
K. septemlobus, Sakaguchi et al., 2012; Machilus thunbergii, Jiang
et al, 2021). However, this pattern does not occur in all cases
because the submergence of the ECS land bridge may also lead
to the divergence of the lineage between eastern China and Japan
(e.g., Ligularia hodgsonii, Wang et al., 2013; Platycrater arguta, Qi
et al, 2014; Euptelea spp., Cao et al., 2016).

It should be noted that the origin of T. vernicifluum in
Japan is still controversial (Suzuki et al., 2014). As an economically
important arbor species, the lacquer tree was used for natural
lacquer collection in China 8,000years ago (Wu et al., 2018).
In Japan, the oldest lacquer was found in Hokkaido 9,000 years
ago. Although evidence from fossil woods supported that
T. vernicifluum grew in middle to northern Honshu of Japan
since the Early Jomon Period, it is believed that the species
was introduced from China in an earlier time because it does
not grow in natural forests and is only found around human
settlements (Noshiro and Suzuki, 2004; Noshiro et al., 2007).
However, this view is challenged by a recent finding of a fossil
wood of T. vernicifluum dated back to the incipient Jomon
period (~12,600years ago), from the Torihama shell midden
of Fukui prefecture, Japan (Suzuki et al, 2014). This fossil
wood did not show evidence of artificial processing, suggesting
that T. vernicifluum is likely to be native to Japan during the
glacial periods (Suzuki et al., 2014). If it is true, we infer that
the species may have an origin from eastern China because
they share an ancestral haplotype with those from eastern
China, and the genetic diversity in Japan is much lower than
that in eastern China. Furthermore, it should be noted that
our study provides evidence for the historical transplanting of
lacquer trees between eastern and western China (Figure 1A).
This finding reminds us it is necessary to use both provenance
trials and genomic analyses to assess the adaptive ability of
lacquer trees to different climatic conditions, which will offer
guidance for the future management of T. vernicifluum resources.

CONCLUSION

Toxicodendron  vernicifluum  exhibits a clear east-west
phylogeographic break associated with the stepped geomorphology
of China. This break was much sharper than previously reported
because no shared haplotypes were detected among the wild

trees on the two sides. Furthermore, this break occurred at a
much larger scale, extending from subtropical (e.g., the Xuefeng
Mountain) to warm-temperate areas (e.g., the Taihang Mountain)
of China. Our study supports that the eastern and western
clades may have diverged during the Early Pleistocene, suggesting
a likely scenario of allopatric divergence in response to long-
term geographic isolation across at least two glacial refugia.
Combining the evidence from fossil records and molecular
analyses, we support that T. vernicifluum in Japan may have an
origin from eastern China, while the East China Sea may have
acted as a dispersal corridor during the glacial periods.
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