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Hundreds of plants and half a kilogram of seeds of Spartina alterniflora, which were
collected from Morehead City in North Carolina, Sapelo Island in Georgia, and Tampa
Bay in Florida, were introduced to China in 1979. However, according to documented
records, S. alterniflora from different origins were introduced to different areas when
the species was first introduced to the coastal areas of China in the 1980s. In order
to understand the relationship between the invasive S. alterniflora populations of China
and the native S. alterniflora populations of the United States, and whether the genetic
structure and genetic diversity of the invasive populations of China were affected by
different introductions in the 1980s, molecular markers were used to determine the
levels of gene flow and its effect on population differentiation. A total of 715 samples
of S. alterniflora were collected from nine invasive populations in China and nine
native populations from the United States. The genetic diversity and genetic structure
of invasive and native populations were compared using microsatellite markers. The
heterozygosity of Chinese invasive populations of S. alterniflora (HO = 0.538, HE = 0.725)
were similar with those of native populations (HO = 0.530, HE = 0.744), which may
attribute to its multiple introductions with the multisource populations from different
geographic areas of the United States. However, the lower allelic diversities of Chinese
invasive populations were detected, which may be due to the founder effect, or the
bottleneck, which supports the theory that the allelic diversity is more sensitive to
population bottlenecks than heterozygosity. The results of the STRUCTURE analysis
among all sampling sites showed that the value of 1K was largest when K = 2,
which indicated that the invasive S. alterniflora populations in China had completed
differentiated from the native populations of the United States. This may be because
of admixture and hybridization of three non-overlapping original populations, or the
postintroduction rapid evolution in China, and reproductive isolation under long-term
geographic isolation. There was significant differentiation among invasive populations,
which was mainly affected by different human-mediated introductions in 1980s.
Significant genetic structure (K = 7) and high genetic differentiation (Fst = 0.30193)
were detected in Chinese invasive populations, which may due to the low natural gene
flow among populations. The genetic structure of the invasive populations in China was
still affected by the human-mediated introductions in the 1980s, and the different initial
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introductions might promote differentiation among the invasive populations. In fact, the
human-mediated long-distance dispersal should take the most of responsibility for the
rapid spread of S. alterniflora along the coast of China. Multisource introductions of
S. alterniflora are perhaps helpful for local adaptation but itself cannot cause rapid
spread along the whole coast of China. Meanwhile, we suggest that the prevention
of gene exchange among populations of S. alterniflora is the first and most important
step in the control of the species on the coast of China, because admixture and
hybridization of isolated populations might generate new heterosis and increase the
difficulty of managing S. alterniflora in China.

Keywords: gene flow, genetic diversity, genetic structure, hybridization, multiple introductions, rapid evolution

INTRODUCTION

The genotype, genetic diversity, and genetic structure of an
invasive plant species always differ from those of native
congeners. This may be due to rapid evolution after invasion,
outcrossing, or genotypes with specific traits being better able to
invade (Lee, 2002; Parker et al., 2003). Individuals colonizing new
ranges likely face environments different from those previously
experienced (van Boheemen et al., 2019). Nonetheless, rapid
evolutionary changes have been recently found to be widespread
in invasive species and have been proposed as a precursor to
successful invasions (Xu et al., 2015). Some successful invasions
are the product of hybridization, either between genetically
distinct allopatric from the same species or between closely
related but otherwise allopatric species, brought together by
introductions into new locations (Reznick et al., 2019). Heterosis,
or hybrid vigor, refers to the phenomenon that progeny of diverse
inbred varieties exhibits greater biomass (Birchler et al., 2003),
tolerance (Gallego-Tevar et al., 2018), and so on, than the better
of the two parents.

In addition, when invasive species are establishing in the
new range, they often suffer founder effects, bottlenecks, and
eventually genetic drift as a result of finite number of individuals
in the new colony, which can considerably decrease the genetic
variation and change the allelic frequencies compared to the
populations in the regions of origin (Guo et al., 2018). On the
other hand, gene flow, either via multiple introductions from
the original range, propagule dispersal (gametes/individuals)
in the new range, outcrossing, and novel genetic admixtures,
can mitigate founder effects by increasing genetic diversity and
facilitate adaptation in the new range (Guo et al., 2018).

However, landscape factors and environmental conditions
have a strong influence on gene flow and shape the spatial
genetic variation accordingly. Both isolation by distance (Jenkins
et al., 2010; Guo et al., 2018) and isolation by environment
(Wang and Bradburd, 2014; Guo et al., 2018) have been proposed
to explain the spatial variation patterns of plants. Isolation by
distance and isolation by environment, as the geographic distance
and environmental distance are often correlated and both play
an important role in introduced species (Shafer and Wolf,
2013; Wang, 2013; Guo et al., 2018). Meanwhile, anthropogenic
activities also contribute to the spatial distribution of genetic

diversity. Anthropogenic activities provide dispersal corridors
for invasive species and facilitate gene exchange within the
introduced range, or even between the native and introduced
ranges (e.g., by multiple introductions), and can thus mitigate
the effects of isolation by distance and isolation by environment
(Guo et al., 2018).

Marine invasions represent a global threat to human
populations and broader biological communities and are often
listed as one of the top conservation concerns worldwide
(Blakeslee et al., 2019). Spartina alterniflora is a perennial
herb that is native to the lower intertidal salt marshes along
the Atlantic and Gulf coasts of North America (Wang et al.,
2006). In 1979, hundreds of plants and half a kilogram of
seeds of S. alterniflora were introduced in China for ecological
engineering from populations in Morehead City in North
Carolina, Sapelo Island in Georgia, and Tampa Bay in Florida
by Zhong and his colleagues of Nanjing University (Xu and
Zhuo, 1985). Because of different introductions over a large
geographic area, S. alterniflora rapidly spread across the coastal
marshes of China, with its current range now extending from
Liaoning in north to Guangxi in the south (Xia et al., 2015; Qiao
et al., 2019). In fact, there have been multiple introductions of
S. alterniflora into Willapa Bay, USA, and new genotypes have
been generated by admixture following secondary contact among
previously allopatric native populations (Civille et al., 2005).
Because the origins of China’s S. alterniflora are three allopatric
native populations in the United States, An et al. (2007) and
Xia et al. (2015) considered that admixture and hybridization of
S. alterniflora of different origins might increase genetic variation
within the invasive population, and hybrids have stronger
environmental tolerance and thus have higher growth rates than
native congeners. Because of heterosis, the offspring produced by
intraspecific hybridization often show stronger adaptability than
their parents; therefore, multiple introductions were considered
an important factor to promote successful invasion (Geller et al.,
2010). Qiao et al. (2019) found “hybrid swarms” in coastal areas of
China, and the invasion ability of “hybrid swarms” was far greater
than that of the original S. alterniflora.

However, all seedlings and seeds collected from the United
Stated were planted separately, in Luoyuanwan in Fujian
Province in 1981 (Qin et al., 1985), according to their origins, and
then S. alterniflora of different origins were gradually introduced
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into different areas on the coast of China (Xu and Zhuo, 1985),
and according to documented records, S. alterniflora was not
uniformly introduced from Luoyuanwan to other coastal areas
of China (Xu and Zhuo, 1985; Xia et al., 2015; Table 1).

Direct associations between neutral marker variation and
adaptive changes have been experimentally found (Santos
et al., 2012; Vilas et al., 2015), and neutral genetic diversity
is helpful for assessing the evolutionary potential of invasive
species (Xu et al., 2015). Microsatellites are one of the
most popular neutral markers because of their abundance,
high polymorphism, Mendelian codominant inheritance, and
rapid and convenient detection (Ellegren, 2004; Selkoe and
Toonen, 2006). In addition, the comparison of genes between
native and invasive S. alterniflora populations is of great
significance for the study of the postintroduction rapid
evolution and increasing genetic diversity in admixture and
intraspecies hybridization involving secondary contact after
invasion (Blum et al., 2007). In particular, the human-
mediated introductions have provided unplanned experiments
to help us better understand whether multisource introductions
increase the genetic diversity within invasive populations (Sax
et al., 2007) and how anthropogenic factors affect gene
flow patterns and the spatial genetic patterns underpinning
the expansion and distribution of invasive species. In order
to test our hypotheses, in this study, the genetic diversity
and structure of the invasive populations and the native
populations were compared using microsatellite markers. We
also want to understand the relationship between the invasive
S. alterniflora populations of China and the native S. alterniflora
populations of the United States and whether the genetic
structure and genetic diversity of the invasive populations
of China have been affected by different introductions from
different sources during the 1980s. Molecular markers were
used to estimate the level of gene flow and determine its
effect on population differentiation. Based on the results, we

give some suggestions for the control of S. alterniflora along
the coast of China.

METHODS AND DATA ANALYSES

Documented Records of Introductions
According to documented records, all the living individuals
and the germinated seedlings of S. alterniflora collected from
America were planted in the nurseries in Luoyuanwan, Fujian
Province, in 1981 (Qin et al., 1985; Xu and Zhuo, 1985).
These nursery populations formed the founder population of
S. alterniflora in China. The nursery area was 1,000–1,500 m2,
and each individual was planted in rows 0.5 m apart with 0.5
m between individuals, separating S. alterniflora of different
origins (Qin et al., 1985). Later, the seeds produced from the
nursery plantations were collected, numbered according to their
original regions (101 or 100 for North Carolina, 201 or 200 for
Florida, and 301 and 300 for Georgia, respectively, from seed-
germinated and ramet-generated individuals), and stored from
1982 to 1985 (Xu and Zhuo, 1985; Xia et al., 2015). The seeds
and seedlings that were produced by the founder populations
of S. alterniflora were the first introductions of S. alterniflora
to the coastal areas of China. Most Chinese researchers at that
time considered that S. alterniflora of North Carolina was the
most cold-resistant, S. alterniflora of Florida was the most heat-
resistant, and S. alterniflora of Georgia was the most suitable
for middle latitudes (Qin et al., 1985; Chen and Chung, 1990).
Thus the offspring of S. alterniflora from North Carolina were
introduced to northern China, the offspring of S. alterniflora
from Georgia were introduced to the middle latitudes of China,
and the offspring of S. alterniflora from Florida were introduced
to southern China (Qin et al., 1985; Chen and Chung, 1990;
Xia et al., 2015). We list each introduction in chronological
order. In March 1981, the second trial planting was conducted

TABLE 1 | Sources of Spartina alterniflora in each population on the coast of China when it was introduced in the 1980s.

Province/City Number Source Time References

Hebei (Tianjin) 101,100 North Carolina 1986 Xia et al., 2015; Zhao et al., 2015

Hebei (Tangshan) Unknown 1980s Zhao et al., 2015

Hebei (Cangzhou) Unknown 1998 Zhao et al., 2015

Shandong 101,100; 301,300 North Carolina and Georgia 1983 Xu and Zhuo, 1985; Deng et al., 2006;
Xia et al., 2015

Jiangsu (the abandoned
Yellow River estuary)

Unknown 1982 Xia et al., 2015; Liu, 2018

Jiangsu (Yancheng) 301,300 Georgia 1983

Jiangsu (Qidong) 301,300 Georgia 1983

Jiangsu (Dongtai) Unknown 1987–1988

Zhejiang 201,200; 301,300 Georgia and Florida 1983 Lu and Zhang, 2013; Xia et al., 2015

Fujian 101,100; 201,200; 301,300 North Carolina, Georgia, and
Florida

1981 Xu and Zhuo, 1985; Xia et al., 2015

Guangdong 201,200 Florida 1983 Xu and Zhuo, 1985; Deng et al., 2006;
Xia et al., 2015

Guangxi 101,100; 201,200; 301,300 North Carolina, Georgia, and
Florida

1986 Mo et al., 2010; Xia et al., 2015

Number is numbered according to their original regions (101 or 100 for North Carolina, 201 or 200 for Florida, and 301 or 300 for Georgia, respectively, from seed-
germinated and ramet-generated individuals).
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in Luoyuanwan, Fujian (FJ; no. 101 and 100, no. 201 and 200,
no. 301 and 300; Xia et al., 2015; Lu and Wang, 2017). 1n 1983,
trial plantings were conducted in Dafeng District, Yancheng, on
the beach of Qidong, Jiangsu Province (JS; no. 301 and 300;
Xia et al., 2015; Liu, 2018), on the beach of Yuhuan, Zhejiang
Province (ZJ; no. 201 and 200, no. 301 and 300; Xia et al.,
2015; Lu and Wang, 2017), and on Aoqi Island, Zhuhai and in
Baidian District, Maoming, Guangdong Province (GD; no. 201
and 200; Xia et al., 2015; Lu and Wang, 2017). From 1985 to
1986, trial plantings were conducted on the beach of Tianjin
(TJ; no. 101 and 100; Xia et al., 2015; Zhao et al., 2015), on
the beach of Yexian, Shandong Province (SD; no. 101 and 100;

no. 301 and 300; Xu and Zhuo, 1985; Deng et al., 2006), and
in Dandouhai, Beihai, Guangxi Province (GX; no. 101 and 100,
no. 201 and 200, no. 301 and 300; Xia et al., 2015; Lu and
Wang, 2017; Table 1 and Figure 1). In addition, in 1982, a trial
planting was conducted in the abandoned Yellow River estuary,
Jiangsu Province, without knowing the origin of the planted
S. alterniflora individuals (Table 1). In 1987 or 1988, a trial
planting was conducted in Dongtai, Jiangsu Province, without
knowing the origin of the S. alterniflora individuals (Xia et al.,
2015; Zhao et al., 2015; Liu, 2018; Table 1). In the 1980s, a
trial planting was conducted in Liuzan Town, Tangshan, Hebei
Province, which neighbors Tianjin, without knowing the origin

FIGURE 1 | Introduction and sampling sites of Spartina alterniflora on the coast of China. (A) General view; the red arrow shows the direction of the China coastal
current, and the introduction sites of (B) Liaoning Province; (C) Hebei Province (Tianjin); (D) Shandong Province; (E) Jiangsu Province; (F) Zhejiang Province;
(G) Fujian Province; (H) Guangdong Province; and (I) Guangxi Province.
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of the S. alterniflora individuals (Zhao et al., 2015; Liu, 2018;
Table 1). From 1981 to 1985, the exact year was not clear, another
batch of seedlings of S. alterniflora was introduced from Florida
to Taishan County, Guangdong Province (Deng et al., 2006;
Table 1).

Study Sites and Sampling
A total of 371 individuals of S. alterniflora were collected from
nine non-native populations throughout its entire distribution
range in China: Liaoning (LN), Hebei (HB), Shandong (SD),
Jiangsu (JS), Zhejiang (ZJ), Fujian (FJ), Guangdong (GD),
Hongkong (XG), and Guangxi (GX) (Figure 1). In addition, a
total of 344 individuals of S. alterniflora were collected from nine
populations in three states of the United States: North Carolina
(NC), Georgia (GA), and Florida (FL) (Table 2). The sampling
sites in China were located at or close to the sites of introductions,
which were recorded in the literature (Table 1 and Figure 1), and
we also collected samples from two sites where the species was not
introduced but later spread to LN and XG. The sampling sites in
the United States were located at or close to the well-documented
source locations for S. alterniflora in China, and we chose three
populations in each of the three states (Xu and Zhuo, 1985). To
minimize the possibility of resampling clones, approximately 40
individuals were sampled from each location with a distance of 30
m between samples. For each leaf sample, 5–10 leaf pieces (<3 cm
in length) were cut and put into a plastic Ziploc bag with silica
gel for drying immediately, and then they were stored at room
temperature until DNA extraction.

DNA Extraction and Microsatellite
Analysis
Total genomic DNA was extracted from each of
the silica gel–dried leaf samples (<10 mg) using a
modified cetyltrimethylammonium bromide method
(Doyle and Doyle, 1987).

To investigate the characteristics of 35 microsatellite (SSR)
loci isolated from S. alterniflora (Blum et al., 2004; Sloop et al.,
2005), we randomly selected eight samples from eight Chinese
populations. Of 35 SSR loci, eight (SPAR. 07, SPAR. 10, SPAR.
14, SPAR. 15, SPAR. 16, SPAR. 26, SPAR. 29, SPAR. 34) were
codominant and highly polymorphic (Supplementary Table S1).

To amplify the SSR loci of S. alterniflora, we used a tailed
primer method to perform polymerase chain reaction (PCR);
that is, 5′ end of each forward primer was tailed with an M13
sequence (5′-GTTTTCCCAGTCACGAC-3′). Polymerase chain
reaction amplification was carried out with a DNeasy Plant Mini
Kit (Qiagen, Dússeldorf, North Rhine-Westphalia, Germany) in
30 µL reaction containing ≤100 ng of template genomic DNA,
1X GoTaq Colorless Master Mix and 0.2 µM of each of the three
primers: a forward primer with a tail of the M13 sequence, a non-
tailed reverse primer, and a 5′-labeled M13 primer (FAM, HEX,
or TAMRA; General Biosystems, Chuzhou, Anhui, China).

Polymerase chain reaction cycling conditions were 5 min at
95◦C, followed by 35 cycles of 15 s at 95◦C, 30 s at 55◦C, and 30 s
at 72◦C, with an extension of 10 min at 72◦C in the final cycle.

Polymerase chain reaction products were identified and analyzed
with PTC200 (MJ Research, Bruno, QC, Canada).

Data Analysis
Genetic Diversity
The mean number of alleles per locus (A), allelic richness
(AR), the number of private alleles (PA), observed and expected
heterozygosity (PA), and observed and expected heterozygosity
(HO and HE), at each of the populations were estimated using
GENALEX version 6.4 (Peakall and Smouse, 2006). Inbreeding
Inbreeding coefficients (FIS) were calculated using FSTAT version
2.9.3.2 (Goudet, 1995). In order to compare genetic diversities
between the invasive and the native region, all the Chinese
sampling sites were combined to form the Chinese invasive
group, and all the American sampling sites were combined
to form the American native group. The mean number of
alleles per locus (A), allelic richness (AR), and observed and
expected heterozygosity (HO and HE) of the Chinese invasive
group and the American native group were estimated and
compared using GENALEX version 6.4 (Peakall and Smouse,
2006). According to the introduction records, in the 1980s,
S. alterniflora introduced to each of the seven locations in
China might be of different origins. S. alterniflora from a single-
source were introduced to GD, S. alterniflora from two sources
were introduced to SD and ZJ, S. alterniflora from multiple
sources were introduced to FJ and GX, and S. alterniflora were
introduced to HB and JS repeatedly (Table 1 and Figure 1).
There were no initial introductions to LN and XG; therefore,
we classified LN and XG in the non-source introduction group,
GD in the single-source introduction group, SD and ZJ in the
double-source introduction group, and HB, JS, FJ, and GX in
the multisource/multi-introduction group. Analysis of variance
was used to perform significance tests for the two parameters AR
and HE against the latitudes and the number of sources of the
nine populations in China (IBM SPSS Statistics for Windows,
Version 22.0., IBM Corp, Armonk, NY, United States). We
first excluded the populations with multiple introductions (i.e.,
HB and JS), and other populations with the same number
of introduced sources were arranged from north to south.
Then, we combined multiple introductions with multiple-source
populations, and the populations in the same group were still
listed from north to south.

Genetic Differentiation Among Populations
The collecting sites in each state of the United States were
combined to one population for each state: NC1, NC2, and
NC3 were combined to NC; GA1, GA2, and GA3 were
combined to GA; and FL1, FL2, and FL3 were combined
to FL (Table 3). ARLEQUIN version 3.5 (Excoffier and
Lischer, 2010) was performed to estimate the total percentage
variation attributable to genetic differentiation within and
among populations of S. alterniflora in China and America.
The genetic differentiation index between populations,
pairwise FST, was calculated using ARLEQUIN version 3.5
(Excoffier and Lischer, 2010), using 10,000 permutations.
The significances of correlations between the genetic
differentiation index (FST) and geographic distance (in
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TABLE 2 | Geographic location and population genetic parameters for each site sampled.

Code Location Latitude (N) Longitude (E) N A AR HO HE FIS

LN Huludao, Liaoning Province, China 40◦52’42.48′′ 121◦01’19.38′′ 33 2.125 2.014 0.270 0.224 −0.191

HB Tianjin, China 38◦59’06.00′′ 117◦42’53.04′′ 32 6.000 5.605 0.606 0.674 0.118

SD Dongying, Shandong Province, China 37◦50’28.50′′ 119◦05’15.54′′ 42 2.250 2.094 0.654 0.440 −0.478

JS Yancheng, Jiangsu Province, China 33◦16’07.44′′ 120◦47’23.94′′ 38 4.875 4.627 0.500 0.651 0.245

ZJ Wenzhou, Zhejiang Province, China 28◦06’10.44′′ 121◦00’14.58′′ 39 4.375 3.948 0.430 0.531 0.203

FJ Putian, Fujian Province, China 25◦15’14.10′′ 119◦00’08.88′′ 22 5.375 5.335 0.633 0.627 0.015

XG Xianggang, China 22◦26’23.34′′ 113◦56’53.58′′ 45 3.125 3.002 0.343 0.384 0.116

GD Zhuhai, Guangdong Province, China 22◦15’18.66′′ 113◦35’20.58′′ 37 2.375 2.190 0.885 0.452 −0.957

GX Beihai, Guangxi Province, China 21◦41’07.20′′ 109◦09’23.22′′ 56 6.375 5.730 0.555 0.665 0.174

NC3 Morehead City, NC, USA 34◦43’18.69′′ 76◦40’28.76′′ 40 7.375 6.630 0.534 0.625 0.158

NC2 Morehead City, NC, USA 34◦42’11.98′′ 76◦47’58.14′′ 40 7.500 6.897 0.553 0.634 0.146

NC1 Morehead City, NC, USA 34◦42’01.21′′ 76◦49’50.49′′ 41 7.750 6.898 0.566 0.672 0.170

GA3 Altamaha Estuary, GA, USA 31◦27’17.35′′ 81◦21’50.52′′ 42 8.125 7.181 0.524 0.662 0.222

GA2 Altamaha Estuary, GA, USA 31◦25’11.72′′ 81◦17’23.51′′ 43 9.125 7.855 0.518 0.725 0.296

GA1 Altamaha Estuary, GA, USA 31◦24’54.84′′ 81◦17’47.43′′ 41 8.375 7.414 0.538 0.700 0.245

FL3 Tampa Bay, FL, USA 29◦51’06.25′′ 83◦37’02.98′′ 41 7.250 6.404 0.484 0.612 0.221

FL2 Tampa Bay, FL, USA 29◦51’01.44′′ 83◦37’13.76′′ 42 7.625 6.548 0.518 0.640 0.202

FL1 Tampa Bay, FL, USA 29◦50’34.85′′ 83◦37’01.95′′ 41 8.500 7.120 0.530 0.683 0.237

N, the number of analyzed samples; A, mean number of alleles per locus; AR, allelic richness, the mean allele number for eight microsatellite loci by using FSTAT; HO and
HE, mean observed and expected heterozygotes for eight loci, respectively; FIS, mean inbreeding coefficients for eight loci; PA, the number of private alleles for all loci. A,
HO, HE, and FIS were calculated using GENALEX.

kilometers) of invasive and native populations were assessed
using the Mantel test (Mantel, 1967) with 9,999 random
permutations using GENALEX 6.5 software (Peakall and
Smouse, 2006, 2012).

Population Genetic Structure
Three methods were used to examine population genetic
structure. First, we estimated patterns of genetic differentiation
derived from pairwise FST values between Chinese and American
populations, and then we estimated pairwise FST values among
three populations (NC, GA, and FL) within America with
population assignments using GENALEX version 6.4 (Peakall
and Smouse, 2006). Biplots of pairwise population assignment
likelihood values provided reliable graphical information about
statistical power for population assignment (Peakall and
Smouse, 2006). Second, the genetic distance matrix (Nei, 1972)
obtained from Yeh et al. (1999) was used to perform a
cluster analysis using the unweighted pair-group method with
arithmetic average (UPGMA) using MEGA 5.0 (Tamura et al.,

TABLE 3 | Population genetic parameters of Chinese and American
Spartina alterniflora.

N A AR HO HE

China 344 4.097 3.838 0.542 0.516

USA 371 7.958 6.994 0.529 0.611

N, the number of analyzed samples; A, average value of the number of alleles
among Chinese or American populations of S. alterniflora; AR, allelic richness,
average allele number among Chinese or American populations of S. alterniflora;
HO and HE, average value of observed and expected heterozygotes among
Chinese or American populations of S. alterniflora, respectively.

2011). Third, the population genetic structure was inferred
from microsatellite data using STRUCTURE version 2.3.3
(Pritchard et al., 2000). STRUCTURE analysis implements a
Bayesian clustering algorithm to assign genotypes to clusters
that minimize Hardy–Weinberg disequilibrium and linkage
disequilibrium. Fifteen replicate runs were conducted for each
K between 1 and 10 without prior information using the
admixture model and assuming correlated allele frequencies
(Falush et al., 2003). Each run consisted of 1,000,000 Markov
chain Monte Carlo (MCMC) replications after burn-in with
100,000 iterations. Optimal K was determined using the
1K method of Evanno et al. (2005), as implemented in
STRUCTURE HARVESTER (Earl and vonHoldt, 2012). Outputs
of STRUCTURE analyses were visualized using the software
CLUMPP (Jakobsson and Rosenberg, 2007) and DISTRUCT
(Rosenberg, 2004).

Detection of Contemporary Gene Flow
To detect the direction and rates of contemporary migration
among populations of S. alterniflora in China and America,
the program BAYESASS version 3.0.4 (Wilson and Rannala,
2003) was used. BAYESASS uses a Bayesian approach and an
MCMC algorithm to estimate migration rates (m) between
populations without assuming genetic equilibrium, which reflects
gene flow over the several most recent generations (Wilson
and Rannala, 2003). Preliminary runs were performed to adjust
the MCMC mixing parameters of migration rates (m), allele
frequencies (a), and inbreeding coefficients (f ), in order to reach
a swap acceptance rate between 20 and 60%, as suggested by
Wilson and Rannala (2003). For populations from China and
the United States, the mixing parameters m = 0.15, a = 0.4,
and f = 0.5 were used. Six independent replicates with different
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random starting seeds were performed to check for convergence
for each analysis with a burn-in 50,000,000 iterations followed
by 5,000,000 MCMC iterations and a sampling interval of 2,000.
Convergence of the MCMCs was checked by comparing the
traces of each run using TRACER version 1.7 (Rambaut et al.,
2018). Among the six independent runs, the one with the best
consistency of the posterior distribution was chosen.

RESULTS

Genetic Diversity
The mean number of alleles per locus (A) and allelic richness
(AR) in each sampling site ranged from 2.125 (LN) to 9.125
(GA2), and 2.014 (LN) to 7.855 (GA2), respectively. Observed
and expected heterozygosity (HO and HE) in each sampling
site ranged from 0.270 (LN) to 0.885 (GD), and 0.224 (LN) to
0.725 (GA2), respectively. Inbreeding coefficients (FIS) ranged
from -0.957 (GD) to 0.296 (GA2) (mean value 0.063), and
inbreeding coefficients were significant. From the data, the
lowest and highest diversity populations were LN and GA2
respectively (Table 2).

The mean numbers of alleles per locus (A) were 9.750 and
13.125; allelic richness (AR) values were 9.666 and 13.007;
observed heterozygosity (HO) values were 0.538 and 0.530, and
expected heterozygosity (HE) values were 0.725 and 0.744 for the
Chinese invasive and the American native groups, respectively
(Table 3). The mean number of alleles per locus (A) and
allelic richness (AR) of the Chinese invasive group (A = 9.750,
AR = 9.666) were both lower than those of the American
native group (A = 13.125, AR = 13.007). However, observed and
expected heterozygosity (HO and HE) of the Chinese invasive
group (HO = 0.538, HE = 0.725) were similar with those of the
American native group (HO = 0.530, HE = 0.744) (Table 3).

Genetic Differentiation Among
Populations
ARLEQUIN version 3.5 was used to detect considerable genetic
differentiation, both among and within populations (among and
within individuals) within a given region. In the Chinese invasive
group, the proportion of genetic variance was significantly
partitioned among populations (30.19%; Table 4). In the
American native group, the proportion of genetic variance was
significantly partitioned among populations (10.28%; Table 4).
Genetic differentiation among the Chinese invasive populations
(Fst = 0.30193; Table 4) was significantly stronger than among
the American native populations (Fst = 0.10284; Table 4).

In the Chinese invasive group, pairwise FST values ranged
from 0.04418 (ZJ and GX) to 0.56815 (LN and GD). FST was
statistically significant between all population pairs (Table 5).
Among the three populations in the American native group,
pairwise FST values ranged from 0.03518 (NC and GA) to 0.06871
(GA and FL), and FST was statistically significant between all
population pairs (Table 5).

However, the Mantel test results indicated that there were
no significant correlations (R2 = 5E-05, P = 0.489, invasive
populations; R2 = 0.0341, P = 0.114, native populations) between
the genetic differentiation index (FST) and geographic distance

(in kilometers) among both the invasive and native populations
(Supplementary Figure S1).

Population Genetic Structure
Two principal clusters were indicated, and high degrees of genetic
differentiation between the Chinese and American groups were
apparent in population assignments. All Chinese populations
were separated from all American sampling sites (Figure 2).
Unweighted pair-group method with arithmetic average also
showed that all the Chinese populations and all of the American
sampling sites clustered separately in two different clusters
(Figure 3). The results of the STRUCTURE analysis, based
on Bayesian statistical model-based clustering, indicated the
existence of obvious population genetic structure among all
sampling sites (Figure 4). When K = 2, the value of 1K was
largest [mean Ln P(D) = -18,951.46, 1K = 6,712.51; Figure 4].
When K = 2, the nine populations sampled from China were
clustered as being genetically similar, and the nine populations
sampled from America were clustered as being genetically similar,
which was the same result shown by the population assignment
and UPGMA (Figures 2, 3).

High degrees of genetic differentiation among the three
populations (NC, GA, and FL) in the American native group were
apparent in population assignment. The result of the UPGMA
showed that NC1 and GA3 clustered together, two populations
(NC2 and NC3) sampled from North Carolina clustered together,
two populations (GA1 and GA2) sampled from Georgia clustered
together, and three populations (FL1, FL2, and FL3) from Florida
clustered together (Figure 3). The results of the STRUCTURE
analysis, based on Bayesian statistical model-based clustering,
indicated the existence of obvious population genetic structure
among nine populations sampled from America. When K = 2, the
value of 1K was largest [mean Ln P(D) = -9,404.57, 1K = 870.65;
Figure 5]. When K = 3, although there was genetic admixture
among the nine American populations, the results were basically
consistent with those obtained using UPGMA.

The results of the STRUCTURE analysis, based on Bayesian
statistical model-based clustering, indicated the existence of
obvious population genetic structure among the nine populations
sampled from China. When K = 2, the value of 1K was largest
[mean Ln P(D) = -18,951.46, 1K = 6,712.51; Figure 6]. Most
Chinese populations form separate clusters, with only three
populations (HB, FJ, and GX) having admixture, and similar
genetic structure (Figure 6).

Gene Flow
The results estimated by the BAYESASS analysis showed the
average recent migration rates in pairwise comparisons of the
nine Chinese populations (mc) ranged from 0.0051 (JS to GX; GD
to GX; P < 0.05) to 0.2265 (GX to FJ; P < 0.05), and the average
recent migration rates in pairwise comparisons of three American
populations from North Carolina, Georgia, and Florida (ma),
ranged from 0.0041 (NC to FL; P < 0.05) to 0.1230 (NC to
GA; P < 0.05). The lowest and highest values of contemporary
gene flow in pairwise comparisons among the populations from
China were both higher than those among the populations from
the United States.
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TABLE 4 | Analysis of molecular variance showing degrees of freedom (d.f.), sum of squares (SS), variance components (Var.), percentage of variances (%).

Source of variation d.f. SS Var. % F statistics F

(A) Chinese populations of spartina alterniflora

Among populations 8 550.162 0.88006 30.19 FIS −0.04295

Within populations 335 652.343 −0.08740 −3.00 FST FST 0.30193

Within individuals 334 730.000 2.12209 72.81 FIT FIT 0.27195

Total 687 1, 932.506 2.91475

(B) American populations of s. alterniflora

Among populations 8 129.760 0.17576 10.28 FISFIS 0.12890

Within populations 362 626.564 0.19763 11.56 FST FST 0.10284

Within individuals 371 495.500 1.33558 78.15 FIT FIT 0.21849

Total 741 1251.825 1.70897

TABLE 5 | Genetic differentiation between populations of Spartina alterniflora at eight microsatellite loci.

(A)

LN HB SD JS ZJ FJ XG GD GX

LN * * * * * * * * *

HB 0.35113 * * * * * * * *

SD 0.56222 0.26527 * * * * * * *

JS 0.47240 0.15118 0.30227 * * * * * *

ZJ 0.31917 0.12467 0.32710 0.25278 * * * * *

FJ 0.41437 0.08146 0.27577 0.16666 0.13817 * * * *

XG 0.48148 0.28666 0.47472 0.39842 0.28518 0.34836 * * *

GD 0.56815 0.27143 0.49464 0.33050 0.42084 0.33986 0.44268 * *

GX 0.24262 0.06302 0.24355 0.17463 0.04418 0.05575 0.22705 0.31109 *

(B)

NC GA FL

NC * *

GA 0.03518 *

FL 0.06166 0.06871

Fst below the diagonal with the level of significance above the diagonal. *P-values significant at (P < 0.05). Analyses performed with Arlequin software.

However, the maximum gene flow of the nine Chinese
populations was found between GX and FJ, which are not
neighboring populations. The results estimated by the BAYESASS
analysis also showed that the average recent migration rates in
comparison between neighboring populations of China ranged
from 0.0051 (GD to GX, P < 0.05) to 0.0111 (ZJ to FJ, P < 0.05)
(Figure 7A). The lowest and highest values of contemporary gene
flow in comparisons between neighboring populations of China
were both lower than those between neighboring populations
from the United States, which ranged from 0.0105 (GA to NC;
P < 0.05) to 0.1230 (NC to GA; P < 0.05) (Figure 7B).

Contemporary gene flow revealed asymmetric gene flow in
S. alterniflora along the coastline of China and the United States,
which were congruent with the direction of seasonal marine
currents (Figure 7). For populations along the South China Sea
coastline (e.g., population XG and FJ), strong gene flow was
detected from south to north, almost two times larger than that
in the opposite direction (Figure 7A), which was congruent
with the direction of the South China Sea Warm Current.
Analogously, for populations along the East China Sea coastline,

strong asymmetric gene flow was detected from population ZJ to
FJ (from north to south), which is congruent with the direction of
the China Coastal Current (Figure 7A). A similar phenomenon
has been observed in populations of S. alterniflora from the
United States. Highly asymmetric gene flow was detected from
north to south (from population NC to GA), almost 11 times
larger than that in the opposite direction, which is congruent
with the result of the STRUCTURE analysis that there is genetic
mixture between the NC and GA populations (Figure 7B).

DISCUSSION

The Invasive Chinese S. alterniflora
Populations Have Completely
Differentiated From Their Native
Congeners
Our study shows that the S. alterniflora populations on the
coast of China have completely differentiated from their native
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FIGURE 2 | Pairwise population assignment. (A) Pairwise population assignment between American and Chinese populations of Spartina alterniflora. (B) Pairwise
population assignment between populations of S. alterniflora in North Carolina and Georgia. (C) Pairwise population assignment between populations of
S. alterniflora in North Carolina and Florida. (D) Pairwise population assignment between populations of S. alterniflora in Georgia and Florida.
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FIGURE 3 | Unweighted pair-group method with arithmetic average dendrogram based on Nei’s (1973) genetic distance among the populations of Spartina
alterniflora.

congeners. Qiao et al. (2019) also considered that there was
a trend of differentiation between the invasive populations of
China and the native populations of America. Genetic divergence
between the invasive and original populations may be because of
either hybridization after multi-invasion or the postintroduction
rapid evolution, or both.

In England (Southampton Bay), S. alterniflora hybridization
with Spartina maritima resulted in a sterile hybrid
Spartina × townsendii, and chromosome doubling in this
hybrid gave rise to a new fertile allopolyploid species, Spartina
anglica (Ainouche et al., 2003). Spartina alterniflora in Willapa
Bay, USA, was considered to be the offspring of hybridization
among previously non-overlapping populations, which caused

the S. alterniflora population in Willapa Bay to diverge from
its native Atlantic coast counterparts (Blum et al., 2007).
Spartina alterniflora in San Francisco Bay, USA, was a very rare
S. alterniflora of haplotype D, which was considered to be the
offspring of hybridization of S. alterniflora from the Atlantic
coast with a native congener (Blum et al., 2004, 2007). Other
invasive species have also shown similar cases. For example,
Phragmites australis, a cryptic invasive from North America,
which was very aggressive, is a hybrid between the European
P. australis of haplotype M and a North American native
congener (Sattonstall, 2002; Paul et al., 2010). All seedlings and
seeds collected from the United States were first planted in
Luoyuanwan, Fujian Province, in 1981, and then were cultivated
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FIGURE 4 | The population genetic structure of Spartina alterniflora across invasive and native ranges (A) and the Delta K analysis (B).

separately according to different sources, and introductions in
different coastal areas of China were different. However, this
species is an anemophilous plant (Wang et al., 2006), so it was
not possible to determine whether cross-breeding occurred
between plants of different origins during this period. Qiao
et al. (2019) suggested that hybridization during this period
contributed to the differentiation of Chinese S. alterniflora from
its American origins.

The postintroduction rapid evolution also may enable invasive
species to better adapt to novel environments in the introduced
range (Broennimann et al., 2007; Beaumont et al., 2009; Gallagher
et al., 2010; Xu et al., 2015). For example, Beaton et al. (2011)
found that invasive genotypes of Lespedeza cuneata are more
competitive than either the ancestral or native genotypes. Liu

et al. (2019) also found Chinese S. alterniflora plants were taller
and denser and set up to four times more seed than US plants
in both the field and common garden, and they considered that
invasive plants evolved rapidly in the new range.

Genetic Structure of the Invasive
Populations in China
The loss of genetic variation may reduce the evolutionary
potential of the population (Allendorf, 1986). There are several
ways to measure genetic variation; however, the two most
considerations of this topic use heterozygosity and allelic
diversity (Nei et al., 1975; Sirkkomaa, 1983; Allendorf, 1986).
In the study, the mean number of alleles per locus (A) and
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FIGURE 5 | Geographic distribution of the genetic groups on the coast of America detected using STRUCTURE analysis of Spartina alterniflora based on SSR data.
K-values of the panel 1K = 2 (A) and 1K = 3 (B).

allelic richness (AR) of S. alterniflora from the coast of China
was lower than those of the native S. alterniflora, which is
the same finding as previous research by Deng et al. (2007),
Gong et al. (2014), and Xia et al. (2015) (Table 3). However,
observed and expected heterozygosity (HO and HE) of the
S. alterniflora from the Chinese invasive group was similar to
those of the native S. alterniflora from the American native group
(Table 3). This may be due to the founder effect, the bottleneck
(Nei et al., 1975; Allendorf, 1986; Dlugosch and Parker, 2008b;
Hundertmark and Van Daele, 2010), and admixture. Bottlenecks
often have a greater effect on the number of alleles present
than on heterozygosity when there are multiple alleles present
(Allendorf, 1986). Therefore, heterozygosity may provide an
overly optimistic view when there are many alleles at a locus or
when the population goes through a small bottleneck (Allendorf,
1986). Meanwhile, low-frequency alleles in populations are

determined by the initial allelic diversity (Allendorf, 1986). The
founding of a new population in a new habitat often entails
a reduction in population size (Santos et al., 2012), and the
initial allelic diversity of S. alterniflora of human-mediated
introductions in China must be finite.

A series of genetic studies have found evidence of latitudinal
changes in S. alterniflora (Seneca, 1974; Freshwater, 1988).
Somers and Grant (1981) considered that there was a
strong correlation between geographical range and genetic
differentiation of S. alterniflora on the Atlantic coast of the
United States, and O’Brien and Freshwater (1999) and Travis and
Hester (2005) reported the same. However, our results showed
that there was no correlation of genetic parameters (AR and
HE) and geographic coordinates (latitudes) detected in the nine
invasive populations on the coast of China (R2 = 0.145, P = 0.312;
R2 = 0.194, P = 0.236; Figure 8). There also was not a significant
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FIGURE 6 | Geographic distribution of the genetic groups on the coast of China detected using STRUCTURE analysis of Spartina alterniflora based on SSR data
(1K = 7).

correlation between the genetic differentiation index (FST) and
geographic distance (in km) among the invasive populations
(Supplementary Figure S1). This result is consistent with our
previous research (Xia et al., 2015).

The distribution of invasive species is continuous at a
small scale, but it might not be continuous at a large scale.
Diabrotica virgifera, which is native to Mexico, has been found
in several isolated populations in its introduced range in China.
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FIGURE 7 | Recent migration rate between pairs of neighboring populations (A) in China; (B) in United States.

However, the genetic information of the original populations
and the invasive populations of D. virgifera were analyzed by
molecular markers, and these isolated invasive populations were
directly related to their original populations across the Atlantic
(Miller et al., 2005; Ciosi et al., 2008). Blum et al. (2007)
suggested that the varying levels of genetic diversity among the
invasive populations in the United States correspond to known
or hypothesized differences in invasion history. Therefore, we
analyzed the correlation between the genetic parameters (AR
and HE) and the number of sources of each population on
the coast of China in the historical reports when they were
introduced in the 1980s. Three natural populations from the
United States were thought to be divergent, and our study showed
that there was significant differentiation among populations
from North Carolina, Georgia, and Florida, except for the
overlap of genotypes between the sampling sites of NC1 and
sites of GA3 (Figures 2, 3). This means that the more sources
of S. alterniflora that were introduced into a population of
China in the 1980s, the more genotypes of S. alterniflora were
likely to be introduced. Our analysis proved this hypothesis.
However, because the HB population and the JS population were
introduced many times in 1980s, and we did not find sources
of the HB and JS populations in each introduction, we first
excluded the HB and JS populations. Other populations with the
same number of introduced sources were placed into the same
clusters: non-introduction, single-source introduction, double-
source introduction, multisource introduction. Populations in
the four groups arranged from north to south. The results
showed that there was a positive correlation of the genetic

parameters (AR and HE) of S. alterniflora and the number of
sources (Figure 8). Because of there being multiple introductions
both in the HB population and JS population, we combined
the multi-introduction with the multisource populations, and
the populations in these grouping were still listed from north
to south. The results showed that the genetic parameters (AR
and HE) of S. alterniflora and the number of sources were
also positively correlated (Figure 8). Expected heterozygosity
(HE = 0.2804, 0.2799, 0.2969, 0.3223, 0.3298, 0.2525, 0.3238) in
our previous research (Xia et al., 2015), which we checked in
samples from seven populations from China [TJ (HB), SD, JS,
ZJ, FJ, GD, GX] and measured using the AFLP method, was
analyzed using the same approach mentioned above. The genetic
parameters (HE) of S. alterniflora and the number of sources were
also positively correlated (R2 = 0.597, P < 0.05; Xia et al., 2015).

Our results are consistent with introduction records of
S. alterniflora on the coast of China in the 1980s. The populations
that were composed of individuals from different sources had
higher diversities than the populations that were composed of
individuals from a single source (Dlugosch and Parker, 2008a).
Another invasive population of S. alterniflora in San Francisco
Bay also showed high genetic diversity due to hybridization after
multi-invasion (Blum et al., 2007).

In addition, we also found that the LN, HB, SD, ZJ, FJ, and
XG population in China all showed the minimum differentiation
from the GX populations (Table 5), and the JS and GD
populations both had the minimum differentiation from the HB
populations (Table 5). The LN, ZJ, and GX population all had
the maximum differentiation from the GD population (Table 5).
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FIGURE 8 | (A) Population allelic richness (AR) in relation to latitude of Spartina alterniflora in China; (B) population expected heterozygosity (HE) in relation to latitude
of S. alterniflora in China; (C) population allelic richness (AR) in relation to the number of sources when S. alterniflora was introduced into coastal China for the first
time (1980s), and it is not including HB and JS; (D) population expected heterozygosity (HE) in relation to the number of sources when S. alterniflora was introduced
into coastal China for the first time (1980s), not including HB and JS; (E) population allelic richness (AR) in relation to the number of sources when S. alterniflora was
introduced into coastal China for the first time (1980s), including HB and JS; (F) population expected heterozygosity (HE) in relation to the number of sources when
S. alterniflora was introduced into coastal China for the first time (1980s), including HB and JS.
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The HB, SD, JS, FJ, XG, and GD population all had the maximum
differentiation from the LN population (Table 5). In the Chinese
invasive group, all populations had the minimum differentiation
from the GX, FJ, or HB population, which were multiple
sources or multiple introductions during the human-mediated
introductions in the 1980s. All populations had the maximum
differentiation from the LN or GD population, which were non-
introduction or single-introduction populations. This might be
because the GX, FJ, and HB populations contained the maximum
number of genotypes introduced from the original populations;
that is, these three populations might have contained all the
genotypes of the other populations that were introduced in the
1980s. In contrast, the LN and GD population contained fewer
genotypes that were introduced from the original populations;
that is, individual genotypes introduced into other populations
might be neither or rarely introduced into the LN and GD
population. Moreover, we observed that the maximum gene
flow pairwise comparison among the nine populations from
China was higher than that among the three populations from
America. However, the maximum gene flow among the nine
populations from China was not between two neighboring
populations (Supplementary Table S2). The results of UPGMA
and STRUCTURE also showed less differentiation among HB, ZJ,
FJ, and GX than that among other populations, and admixture
was found among these four populations (Figures 3, 5).
Therefore, we consider that the genetic structure of S. alterniflora
along the coast of China was mainly influenced by human-
mediated introductions.

The HB population had a high genetic diversity and a similar
genetic composition with the FJ and GX populations, so we
considered that all three sources of S. alterniflora had been
introduced into the HB population.

Moreover, Liu et al. (2016, 2017) found low fecundity of low-
latitude S. alterniflora populations in China, and a slower rate
of spread at low latitudes than at high latitudes in China. Wang
et al. (2012) found there were significant positive relationships
between genotypic diversity and maximum spread distance,
patch size, shoot number per patch, and aboveground biomass.
In addition, Qiao et al. (2019) observed that individuals of
S. alterniflora in the south population (including one Fujian
populations and two populations in Guangdong) showed a
weaker competitiveness than individuals of S. alterniflora in the
northern population (the Tianjin and Shandong population)
and the middle population (the Jiangsu, Shandong, Zhejiang,
and Fujian population). It is universally recognized that the
evolutionary potential of a population is proportional to its
amount of genetic diversity (Vilas et al., 2015). However,
Qiao et al. (2019) did not observe significant neutral genetic
differentiation among several populations, but they considered
that there was significant evolution of S. alterniflora in the
northern and middle population, whereas individuals of the
southern population did not undergo significant evolution and
selection. According to this study, it might be because individuals
of S. alterniflora that were introduced into GD in the 1980s were
from a single source (Florida), causing a lower genetic diversity,
thereby limiting the evolutionary potential (Xu et al., 2015). In
fact, hybridization after multi-invasion is a powerful force in

the evolution of plants (Birchler et al., 2003). Introduction from
a single source may also cause a lack of heterosis and weak
competitiveness of S. alterniflora in the GD population. However,
to test our hypothesis, another control experiment needs to be
added. The GX population was also located in southern China,
and individuals of S. alterniflora in the GX population should
be compared with individuals of other populations, because
S. alterniflora individuals that were introduced into GX in
the 1980s were from multiple sources that had similar genetic
components with those in the FJ and HB population (Figure 5).

Genetic Differentiation Among the
Invasive Populations From China
Pairwise FST values of the Chinese invasive group covered a
large range, which indicated that among some populations of
S. alterniflora in China, there might be substantial differentiation
(Tables 4, 5). Zhang et al. (2008) found that 12 of the 17 traits
of S. alterniflora in 10 populations from China (from TJ to GD)
were significantly different, and the mean flowering date and
the relative growth rate showed significant latitudinal variation.
Spartina alterniflora from different populations maintained their
morphological and physiological traits in the common garden
experiment. Although Qiao et al. (2019) did not observe
differentiation in neutral genetics, strong quantitative genetic
divergence was found among invasive populations. However,
we observed a strong neutral genetic divergence among nine
invasive populations in China, which was greater than that
observed among the three native populations in the United States
(Tables 4, 5). This might be because of the different microsatellite
loci we selected, or because they collected only 10 samples
in each population, which might not adequately reflect the
invasive populations.

O’Brien and Freshwater (1999) and Blum et al. (2007)
considered that there was a low gene flow among populations
of S. alterniflora on the Atlantic coast and the Gulf of North
America through using RAPD marker analysis, cpDNA analysis,
and microsatellites analysis. Spartina alterniflora is distributed
from Freeport, Marine (43◦N) to Hollywood, Florida (27◦N) on
the Atlantic coast (Kirwan et al., 2009). O’Brien and Freshwater
(1999) and Blum et al. (2007) considered that the low gene flow
among populations of S. alterniflora on the Atlantic coast of the
United States was due to subtle selection pressure provided by
environmental stresses along the latitudinal gradient.

We also observed that the minimum and maximum gene
flow between pairs of neighboring populations in China were
lower than those between pairs of neighboring populations in
the United States (Figure 7). Spartina alterniflora is distributed
from Liaoning (41◦N) to Guangxi (20◦N) on the coast of China
(Kirwan et al., 2009), and there are significant differences in
environments and flowering phenologies among populations
from Liaoning to Guangxi on the coast of China (Zhang et al.,
2008). Therefore, we considered that, excluding personal factors,
the naturally occurring gene flow of S. alterniflora on the coast
of China could not be high, especially between populations
that are far apart, and the differentiation among populations
due to limited gene exchange and different selection forces.
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In fact, the human-mediated introduction strongly affected the
gene flow among the Chinese invasive populations, because we
observed the maximum gene flow was between FJ and GX,
and Guangdong Province is in the area between Fujian and
Guangxi Province; however, the gene flow between GD and FJ,
and GD and GX, was much lower than between FJ and GX
(Figure 7). So, we also considered that the low natural gene
flow among the invasive populations in China caused genetic
structure of the invasive populations that was still affected by
human-mediated introductions (Slatkin, 1987). The low gene
flow among populations of S. alterniflora on a large scale
would cause the isolation of different populations from each
other, which might further promote the differentiation of these
populations, such as the significant differentiation that occurred
between the populations on the Atlantic coast and on the Gulf of
the United States (Seneca, 1974; O’Brien and Freshwater, 1999;
Blum et al., 2007).

CONCLUSION

Because of admixture and intraspecies hybridization involving
secondary contact after invasion, or rapid evolution of invasive
plants after they colonize new ranges, invasive S. alterniflora
populations from China have completely differentiated from
that of the native populations from the United States. Similar
heterozygosity of the Chinese invasive and American native
populations, but lower allelic diversities of the Chinese invasive
populations, may be due to the founder effect, or the bottleneck,
which supports the theory that the allelic diversity is more
sensitive to population bottlenecks than heterozygosity. We
also found a positive correlation of the genetic diversity of
S. alterniflora and the number of sources of each population
along the coast of China, which is a strong evidence to show that
multiple introduction can even increase genetic diversity in the
introduced range. The higher genetic diversities and the rapider
spread of this species at high latitudes than at low latitudes in
China is a strong evidence to show that multiple introduction
facilitates invasion ability of S. alterniflora. Because of the low
natural gene flow among the invasive populations in China,
the genetic structure of invasive populations in China was still
influenced by the human-mediated introductions 40 years ago.
There was significant differentiation among invasive populations,
which were mainly affected by human mediated introductions
in the 1980s and may be due to isolation among the invasive
populations and different selection forces.

The human-mediated long-distance dispersal should take the
most of responsibility for the rapid spread of S. alterniflora along
the coast of China. Multisource introductions of S. alterniflora are
perhaps helpful for local adaptation but itself cannot cause rapid
spread along the whole coast of China.

Meanwhile, in the future, the prevention of gene exchange,
whether manmade or natural, among populations of
S. alterniflora is the first and most important step in the control
of the species on the coast of China, because admixture and
hybridization of isolated populations may generate new heterosis
and increase the difficulty of managing S. alterniflora in China.

Neutral molecular data can help us to understand the rapid
evolution, isolation, and the divergence of a population, however,
they can provide only partial insight into adaptation of a
population to a new environment. Therefore, in the future
studies, molecular data and trait data should be combined,
yielding more powerful evolutionary studies.

In addition, no matter how much we lose from invasive
organisms, at least, they lead to unanticipated scenarios to
understand the natural world better across large spatial and
temporal scales, such as extinction, ecosystem function, and
the response of species to climate change. They also provide
opportunities to observe ecological and evolutionary processes in
real-time and to quantify rate processes, such as genetic change,
which is very difficult to observe with native species. We highlight
the utility of using S. alterniflora as the “model organism”
in studying the evolution of plants, especially the invasive
populations of S. alterniflora on the coast of China. We intend
to assess how an alien species evolves from the inhomogeneous
distribution (genetic structure) to a uniform distribution (genetic
distance was positively correlated with geographic distance) in
its invasive region (the coast of China) across a large geographic
scale through regular observation of S. alterniflora.
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