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Abstract

Aims: Invasive alien plants threaten biodiversity across the world. Erigeron canadensis
(horseweed) is considered one of the most problematic agricultural weeds and represents a
classic example of inter-continental invasion. Here, we studied the genetic diversity and
population structure of invasive alien populations from the Jiangsu and Zhejiang Provinces

in China and native populations from Alabama, in the USA.

Methods: We used ten polymorphic SSR loci to genotype 312 individuals from five native

and five invasive populations to estimate the genetic diversity and structure.

Important Findings: Invasive populations from Jiangsu and Zhejiang Provinces showed, on
average, similar genetic diversity to native populations from Alabama, indicating no severe
genetic bottlenecks during the invasion. STRUCTURE revealed low population differentiation
and only two genetic groupings were detected in both native and invaded ranges. The high
diversity observed in the invasive populations suggested multiple introductions and/or the
introduction of genetically diverse propagules during initial colonization. Our study provides
new insights towards understanding the invasion dynamics of this globally noxious weed in
Eastern China. Preventing gene flow via seed dispersal between invasive and native
populations should be examined to prevent the introduction and dispersal of herbicide-

resistant individuals and inform management practices.

Keywords: Gene flow, Genetic diversity, Invasive alien plant, Introduced population, Native

population
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Introduction

Genetic and evolutionary processes are important driving forces that influence the
successful colonization and spread of invasive alien species (Barrett 2015; Ellstrand and
Schierenbeck 2000; van Kleunen et al. 2018). Invasive alien plants often pose a major threat
due to their growth and high competitiveness that affects the ecology and agricultural
productivity in introduced areas (Mack et al. 2000; Pysek et al. 2020). The invasion success
of introduced populations is generally characterized by adaptation to novel environments
and the rapid selection of individuals with greater reproductive fitness and increased
phenotypic plasticity driven by underlying genetic variation (Geng et al. 2007; Barrett et al.

2008; Colautti and Lau 2015).

During introductions and range expansions, it is expected that invasive populations
experience demographic bottlenecks, which can negatively impact their genetic variation
and, therefore its evolutionary potential (Dlugosch and Parker 2008; Dlugosch et al. 2015).
There are reports of successful alien plants with lower genetic diversity compared to native
populations for species such as Eichhornia crassipes (Zhang et al. 2010), Ceratocapnos
claviculata (Voss ‘et al. 2012), Impatiens glandulifera (Hagenblad et al. 2015), Solanum
rostratum (Zhao et al. 2013), and Senecio vulgaris (Zhu et al. 2017). However, similar or
increased genetic diversity of invasive populations has been revealed for species such as
Bromus tectorum (Novak and Mack 1993), Ambrosia artemisiifolia (Genton et al. 2005),
Phalaris arundinacea (Lavergne and Molofsky 2007), Solidago canadensis (Zhao et al. 2014),
Bunias orientalis (Patamsyté et al. 2018), and Helianthus annuus L. (Hernandez et al. 2019b).
Therefore, comparative studies of genetic diversity and population structure of invasive and

native populations are desirable to evaluate the contribution of stochastic and deterministic
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pressures to the strength and patterns of genetic diversity in invasive species (Zhu et al.
2017). Moreover, studies addressing invasions at the intraspecific level have recently been
recognized as providing novel insight into the mechanisms underlying plant invasiveness

(Pysek et al. 2020).

Previous studies have indicated that population genetic structure in non-native
plants changes dramatically over the course of invasion and is strongly influenced by genetic
admixture as well as mating system, dispersal ability and introduction history (Keller et al.
2012; Zhu et al. 2017). In seed plants, genetic structure is closely related to two components
of gene flow: pollen dispersal dynamics, and biotic or abiotic seed dispersal. Predominant
self-fertilization or clonal propagation can limit or entirely prevent opportunities for the
admixture of genetically differentiated founder stocks (Barrett et al. 2008). Uniparental
reproduction reduces gene dispersal via pollen, which, in outcrossing populations, can be

more extensive than gene flow via seed (Barrett et al. 2008).

The genus Erigeron sect. Conyza is one of the foremost representatives of inter-
continental plant invasion from the New World to the Old World (Thébaud and Abbott
1995; Galkina and Vinogradova 2020). Within the genus, E. canadensis (C. canadensis), E.
sumatrensis (C. sumatrensis) and E. bonariensis (C. bonariensis) are the most common taxa
andare now widespread throughout the world. E. canadensis L. (common name horseweed)
is a diploid (2n= 2x= 18) winter or summer annual and among the top ten most invasive
species in Europe (Galkina and Vinogradova 2020). It was the first agricultural weed with a
reference genome and the first eudicot weed that evolved glyphosate resistance globally
(Weaver 2001; Davis et al. 2010; Okada et al. 2013, 2015; Page et al. 2018). In China, E.

canadensis was first recorded in the 1860s in the Yantai, Shandong Province, and is now
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listed as one of the 10 most widespread species growing in disturbed ruderal sites, and is
distributed across 28 provinces (Hao et al. 2011). It has spread extensively across Eastern
and Northern China, where the climate and latitude are similar or the same as the natural
habitat of E. canadensis in its native range (Wang et al. 2017; Rosche et al. 2019). The
species is highly self-compatible (Weaver 2001; Hao et al. 2011; Rosche et al. 2019),
characterized by large numbers of small, wind-dispersed seeds (ranging to over 200 000
seeds per plant), long-distance dispersal (Weaver 2001; Shields et al.<2006; Dauer et al.
2007; Liu et al. 2018), and widespread distribution along climatic gradients (Wang et al.

2017; Rosche et al. 2019).

Empirical studies have previously explored gene flow and genetic divergence
between or among Erigeron (Conyza) species based on isozyme polymorphism
(Thébaud and Abbott 1995; Soares et al. 2015) or SSR molecular markers (Okada et
al. 2013, 2015; Marochio et al. 2017; Rosche et al. 2019). High genetic diversity in
E. canadensis was reported by Okada et al. (2013; 2015) with populations sampled
across California. A study on three Erigeron species from Southern Brazil showed
that E. canadensis harbors lower genetic diversity compared to its congeners, E.
sumetrensis and E. bonariensis in terms of number of alleles and expected
heterozygosity (Marochio et al. 2017). A recent study of genetic diversity, genetic
differentiation, and performance between native and nonnative populations across a
large biogeographical and climatic gradient in E. canadensis showed overall low
genetic diversity and high selfing rates for the species, with no differences between
native and invaded ranges (Rosche et al. 2019). However, there has been no report
on genetic variation of populations from lower latitudes (i.e. lower than latitude

35.906) in the native range of E. canadensis, which covers much of North America,
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including the entire USA (Okada et al. 2013, 2015; Marochio et al. 2017). Moreover,
climate matching (i.e. long-distance dispersal between climatically similar regions) is
recognized as one of the major invasion drivers in large-scale range expansion
during biological invasion (Barrett et al. 2008; van Kleunen et al. 2018; Liu et al.
2020) yet no report has specifically focused on a comparison of genetic structure of
native populations with that of latitude/climate-matched invasive populations in E.
canadensis. In this study, we used microsatellite markers to examine intraspecific
genetic variation in E. canadensis by comparing invasive populations from Eastern
China (Jiangsu and Zhejiang Provinces) with native populations from Southeast USA
(Alabama). These areas have similar latitude, climate, and E. canadensis
populations are very common and widespread. In this study we specifically aim to:
(1) study genetic diversity and structure between populations from native and
invaded areas with similar latitude and climate; and (2) investigate whether genetic
patterns and structure of invasive populations in Jiangsu and Zhejiang Provinces
have been shaped by demographic factors, such as genetic bottleneck or admixture.
The results from our study provide insight towards understanding the invasion
dynamics of this globally noxious weed in Jiangsu and Zhejiang Provinces in China,
and to better understand dispersal patterns of this species within the invaded area to

inform management practices.

Materials and Methods

Study locations and sample collection — In this study we examined 10 populations of E.
canadensis: five native populations from Alabama (AL, USA) and five invasive populations

from Jiangsu and Zhejiang Provinces (China). Among five populations for each region, two
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populations were in the north (HV and BH for native, and XY and JH for invasive), one in the
center (COS for native and JY for invasive), and two in the south (TR and EP for native, CS
and HY for invasive), respectively. The two regions have similar geographic latitudes and
humid subtropical climate (Fig. 1, Supplementary Table S1). All studied populations were
collected from disturbed habitats and comprised more than 300 individuals. Populations
sampled within each region were separated by a minimum of 100 km. The phenotypic
performance (plant height, local abundance, and flowering period) is similar in both ranges
except for the EP population in the native region (personal observation). The individuals of
the EP population are relatively shorter and its distribution is sparser when compared to the

other populations.

For each population we randomly selected across an area that was approximately 20x300
m, 20x400 m, or 40x200 m in size and sampled leaf tissue from 35 to 40 individuals from the
end of July to early September of 2016. About 10-20 young healthy leaves were collected
from each individual and transferred to mesh bags containing dry silica gel. The dry leaf
samples were then stored at —18°C until used for DNA extraction. E. canadensis is an annual
species and reproduces only by seeds, so individuals were sampled at least >10 m apart to
reduce the possibility of sampling related (and therefore more genetically similar) samples
within a kinship deme. However, some samples failed in DNA extraction and SSR

amplification and 24-36 individuals per population were used in the final analysis.

DNA extraction and SSR amplification - For the genetic diversity study, genomic DNA from
individual samples was extracted from dry leaf samples using the TIANGEN plant genomic
DNA extraction kit (Tiangen Biotech, Beijing, China) following the manufacturer's protocol.

Amplification reactions for each sample were carried out in a total volume of 20 ul in Vapo
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Protect Mastercycler Pro (Eppendorf) containing 20 ng template DNA, 1X PCR buffer
(TaKaRa, Takara Bio, Dalian, China), 10 mM dNTP mix (TaKaRa), and 1 U Tag DNA
polymerase (TaKaRa). Each reaction also contained 0.8 uM of reverse and M13 primer
labelled with one fluorescent dye (6-FAM/ROX/JOE/TAMRA) (Sangon Biotech, Shanghai,
China) along with 0.2 uM of forward primer containing M13 tail at its 5' end (Supplementary
Table 2) (Schuelke 2000). Conditions of the PCR amplification were as follows: 94°C (5 min),
then 30 cycles at 94°C (50 s) / 55°C (45 s)/72°C (1 min), followed by 15 cycles at 94°C (50 s)/

52°C (45 s)/ 72°C (1 min), and a final extension at 72°C for 10 mins.

We conducted a preliminary screening with 12 pairs of microsatellite primers
previously reported for E. canadensis (Wang et al. 2009) with 24 samples randomly chosen
from the 10 populations. Primer pairs that generated clear, well defined amplified products
were sent to a company (Genesky Bio-Tech Co. Ltd., Shanghai, China) and analysed in an
ABI3730xI fragment analyser (Applied Biosystem, Foster City, California, USA) using LIZ-500
as the internal standard. For each individual, the amplified fragment sizes or alleles were
coded either as homozygous (having two equally sized alleles), or heterozygous (having two
different sized alleles). All SSR allele sizing and scoring was performed using Gene-Mapper
ver. 4.0 (Applied Biosystems). To analyze the polymorphic loci, polymorphic information
content (PIC) was estimated using Cervus ver. 3.07 (Kalinowski et al. 2007). Finally, ten
microsatellite primers with clear, consistent peaks and with a high PIC value (> 0.5) were

selected for the genetic diversity study (see, below, Supplementary Table S2).

Genetic diversity analysis - We estimated the genetic diversity for each population-locus
combination in native and invaded regions using GenAlEx 6.4 (Peakall and Smouse 2012)

with the following indices: number of alleles (Na), number of effective alleles (Ng), private
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alleles (P,), expected heterozygosity (He), and observed heterozygosity (Ho). We used FSTAT
2.9 (Goudet 1995) to calculate allelic richness (Agr) and inbreeding coefficient (Fis) for each
population averaged across all 10 loci and the significance was tested with 10000
randomization using Bonferroni corrections. Selfing rate (s) was estimated as 2 Fs /(1+Fs),
following Okada et al. (2013). In addition, to test the overall genetic difference between
native and invaded regions, we compared the diversity parameters Ag, Ho, He, and Fs values

with an independent t-test using SPSS 16.0 (IBM SPSS Statistics).

Genetic structure and gene flow analysis - We performed an analysis of molecular variance
(AMOVA) to find out how much genetic diversity was partitioned within and among
populations and between regions. Genetic differentiation (Fst) and gene flow from pair-wise
migrants per generation (Nm) in the invasive and native populations were also calculated.
To examine whether there was any isolation-by-distance pattern, we used the Mantel test
to examine the correlation between genetic (pairwise Fsy) and geographic distances.
Patterns of isolation by distance in the native and invaded regions were separately tested
based on 999 permutations. Principal coordinate analysis (PCoA) was performed from
genetic distances calculated for individuals and populations. All the above analyses were
performed using GenAlEx 6.5. A dendrogram based on an unweighted pair-group method
with arithmetic averages (UPGMA) clustering method was constructed using Nei’s genetic
similarity matrix for all 10 populations. The cluster analysis was performed using XLSTAT
2018 (https://www.xIstat.com/). To further analyze the genetic structure, we used a
Bayesian clustering based software, STRUCTURE v.2.3.4 (Pritchard et al. 2000). Twenty
independent runs for each K value ranging from 1 to 10 were performed using the allele

data matrix of all 10 native and invasive populations with a burn-in length of 200,000
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followed by 500,000 MCMC iterations. The admixture model was applied with correlated
allele frequency (Falush et al. 2003). We also performed the STRUCTURE analysis separately
for the native and invasive populations, where K values from 1 to 10 were tested with a
burn-in length of 200,000 followed by 500,000 MCMC iterations and replicated 20 times.
The value of K was estimated using STRUCTURE HARVESTER and CLUMPP in a web-based
program, CLUMPAK server (Kopelman et al. 2015). We inspected plots for each value of K
following the approach by Janes et al. (2017). The final graphs were viewed using a web-

based program, CLUMPAK server (Kopelman et al. 2015).

Results

Genetic diversity in invasive alien and native populations

Ten microsatellite primers that generated high PIC values (0.517 - 0.881) were used
successfully to genotype 312 individuals from the 10 native and invasive populations. From
the ten microsatellite loci we detected a total of 655 alleles among the E. canadensis
populations (Table 1). The number of alleles per population ranged from 52 to 84 (Table 1).
The average number of alleles detected per locus ranged from 5.20 to 7.50 in the invaded
region and from 5.30 to 8.40 in the native region (Table 1). The number of effective alleles
ranged from 2.14 to 3.68 in the invaded region and 2.42 to 4.65 in the native regions, and
the number of private alleles from 5 to 14 in the invaded region and 5 to 21 in the native
region (Table 1). The invasive population with the highest number of private alleles was XY
(Pa= 14), while the native populations HV, BH, and COS, showed the highest number of

private alleles as well as greater allelic richness (Table 1). As expected for self-fertilizing
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species, observed heterozygosity (Ho) showed overall low values (Ho < 0.1 in eight out of 10
populations), but two native populations (EP and HV) showed unusually higher values (Table
1). The inbreeding coefficient (Fis) was high and ranged from 0.87 to 0.94 in the introduced
area and 0.73 to 0.90 in the native region (Table 1). Selfing rate (s) ranged from 0.88 to 0.96
in the invaded region and from 0.81 to 0.95 in the native region (Table 1) and there was no
significant difference between ranges (t= 0.848, df= 8, p= 0.421). The t-test showed no
significant difference between native and invaded regions for expected heterozygosity He
(t= -1.417, df= 8, p= 0.194), allelic richness Ag (t=-1.153, df=8, p= 0.282), and inbreeding

rates Fis (t= 1.650, df= 5.616, p= 0.153) (Supplementary Table S3).

Genetic structure and gene flow in invasive alien and native populations

AMOVA indicated significant genetic structure in invaded (Fsr= 0.169; P < 0.01)
and native areas (Fst = 0.146; P < 0.01) (Table 2). Overall, 76% of genetic diversity was
distributed within populations while 14% was distributed among populations within
regions (China and USA) (Table 2). Only a small portion (10%) of genetic diversity was
explained by differences between the two regions, indicating narrow genetic
differentiation between the two continental regions (Table 2). Pairwise Fst between
populations ranged from 0.012 (CS-JY) to 0.48 (CS-TR) (Table 3). The mean Fsr was slightly
higher in the invaded than in the native region (0.204 vs. 0.173) but this difference was
not statistically significant (Supplementary Table S4). Mantel test revealed no significant
correlations between spatial and genetic distances either in the invaded (Rxy = 0.53; P =

0.117) or the native region (Rxy= 0.42; P = 0.109) (Fig. S1). .

Two independent PCoAs were performed, the first to analyze the genetic

relationship among individuals (using all samples from both invaded and native regions)
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and the second to analyze the mean genetic differences among populations. In the first
PCoA, we observed overall low population structure (Fig. 2A), especially within regions.
PCoA 1 explained 11.8% of the total variation and separated all the native populations
from the Southern and Central invasive populations (JY, CS, and HY; Fig. 2A, 2B). PCoA 2
explained 7.1% of the total variation and separated native populations from the northern
invasive populations (XY and JH; Fig. 2A, 2B). A similar pattern was observed when
individuals were assigned to populations. Native and invasive populations were well
separated between each other (Fig. 2C). For invasive populations, two genetic clusters
were found (Fig. 2C), one with three Central and Southern populations (JY, CS, HY; Fig. 2C)
and the other with the two Northern populations (XY and JH; Fig. 2C). Similar results were
obtained in the UPGMA dendrogram where the cluster analysis divided the ten
populations into two major clusters corresponding to their native or invaded regions (Fig.
3). STRUCTURE identified K= 2 when all individuals from invaded and native regions were
analyzed together (Fig. 4A, Supplementary Fig. S2). The invasive and native populations
were each represented by a single major genetic component, which agrees with the PCoA
and UPGMA analyses. When we analyzed invasive and native individuals separately,
STRUCTURE identified K= 2 in both invasive (Fig. 4B, Supplementary Fig. S3) and native
populations (Fig. 4C, Supplementary Fig. S4). At K= 2, invasive individuals were clearly
distinguished into two groups with a clear geographic pattern: Northern populations (XY
and JH) were separated from the Central and Southern populations (JY, CS, and HY). The
HY populations had individuals from both genetic clusters, and all populations contained
admixed individuals (Fig. 4B). In the native populations, individuals were also assigned to
two clusters (Fig. 4C) with some level of admixture between individuals in the BH, COS,

and TR population, while in the EP population there were low levels of admixture.
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The estimated gene flow across population pairs indicated moderate to high
gene flow existing between invasive (overall N,= 3.435) and native (overall N,= 1.537)
populations. No significant difference (t= 1.31, df=18, p= 0.204) was detected for migrants
(Nm) among pairwise populations in the native and introduced regions (Supplementary
Table S4). A high level of genetic exchange was detected between invasive populations:
XY-JH (Nm= 2.699), HY-JY (Nm= 2.488), HY-CS (Nm= 2.791) and CS-JY (Nm= 20.795).
Similarly high genetic exchange was found across native populations: EP-TR (Nm= 2.337)

and BH-EP (Nm=2.157) (Table 4).

Discussion

Comparative studies utilizing genetic markers across native and invaded regions
provide the necessary information for understanding the amount of genetic variation
introduced to the invaded range, and the major demographic factors underlying the
invasion process (Zhu et al. 2017). In this study we used molecular markers to compare the
genetic diversity and population. structure of native and invasive populations of E.

canadensis.

In our study, we found overall high genetic diversity in both native and introduced
ranges. High genetic diversity in E. canadensis has been previously reported by Okada et al.
(2013; 2015) with populations sampled across native populations of California. In contrast,
Rosche et al. (2019) reported overall low genetic diversity for this species, but also found
that genetic diversity largely varied geographically, with some populations from either the
native or the invaded ranges showing high genetic diversity. Therefore, it is not surprising

that both native and invasive populations from our study harbor high genetic diversity.
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The breeding system is a main determinant of patterns of genetic variation in plants,
and self-pollinating species typically have reduced genome-wide diversity, with a tendency
to be more homogeneous (Nybom 2004; Glémin et al. 2006; Barrett 2010). E. canadensis is
self-pollinating, with 1 to 4% outcrossing occurrence (Davis et al. 2010). However, selfing
rates estimated in our study suggest that outcrossing may be more frequent (4% to 19%). In
line with this, we observed admixed individuals in every population, suggesting that
admixture is common, both in the native and invaded regions. Admixture may catalyze
invasiveness by increasing the genetic diversity of the invaders, creating novel genetic
variants on which selection can act, and generating heterozygosity-fitness correlations

(Ellstrand and Schierenbeck 2000; Sziics et al. 2017; van Kleunen et al. 2018).

Demographic bottlenecks are often associated with unintentional introductions, but
many other processes may help to counteract genetic bottlenecks, such as multiple
introductions, admixture, and high propagule pressure (Dlugosch and Parker 2008; Keller et
al. 2012; Dlugosch et al. 2015; Hernandez et al. 2019b). Here, we found no evidence of
genetic bottlenecks during introduction, as native and invasive populations showed similar
(and high) genetic diversity. Similar results have been observed in other studies comparing
native and invasive populations in a diverse range of taxa, e.g., Ambrosia artemisiifolia
(Genton et al. 2005) and Helianthus annuus (Herndndez et al. 2019b). In E. canadensis,
Rosche et al. (2019), found no differences in genetic diversity between native and invasive

populations, but large differences within both native and invaded ranges.

Population genetic tools are useful to identify the major processes underlying
genetic diversity and structure of invasive species. Overall, we observed low population

differentiation in both native and introduced ranges. In the native range, Fsr ranged from
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0.097 to 0.198 (Table 3), which were much lower than those previously reported (Okada et
al. 2013; 2015; Rosche et al. 2019). In the invaded range, pairwise Fsr values ranged from
0.012-0.262, and were very low within both the Southern and Northern regions, but higher
between them (Table 3). This pattern of Fst variation is often associated with multiple
introductions, with genetic differences between clusters resulting from historical population
structure in the native range rather than to events associated with invasions (Hernandez et
al. 2019b; Keller et al. 2012). Multiple introductions may not only rescue invasive
populations from genetic bottlenecks by increasing the founding size (demographic effect),
but also can generate novel variability if introduced genetic clusters hybridize in the invaded
range (Keller et al. 2012; Dlugosch et al. 2015; Hernandez et al. 2019b). We observed
admixed individuals in every invasive population, but whether admixture occurred in the
invaded range or admixed individuals were introduced cannot be answered from our study.
A previous study with populations from the native range found that outcrossing occurs
more frequently than previously realized in E. canadensis and suggested that admixture may
play a role in creating novel variability and enhancing herbicide resistance (Okada et al.

2013).

Along with multiple introductions, other processes such as propagule pressure (the
simultaneous introduction of many individuals), adaptive divergence, and genetic drift may
affect the genetic diversity and structure of invasive populations (Dlugosch and Parker 2008;
Keller et al. 2012; Dlugosch et al. 2015). Propagule pressure (including number of colonists
and multiple introductions) is one of the best predictors of invasion success (Lockwood et al.
2005). High propagule pressure can alleviate genetic bottlenecks and drive a successful

invasion (Szlcs et al. 2017). The high diversity observed in the invasive populations from our
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study (especially in XY and JH) suggests multiple introductions and/or the introduction of
genetically diverse propagules during initial colonization. In addition, natural selection can
drive adaptive divergence post-introduction (Xu et al. 2010). Page et al. (2018) observed
that glyphosate-resistance largely explains genetic clustering of E. canadensis populations
from Ontario, demonstrating that local selection can rapidly drive population divergence.
Further studies are needed to test whether herbicide-resistance, or other factors such as
patterns of disturbance and cropping systems, are playing a role in population divergence in

Eastern China.

Another process that should be considered is gene flow via seed dispersal. Seed
dispersal is the major mechanism by which E. canadensis spreads (Wang et al. 2017).
Previous studies showed that seeds of E. canadensis may travel as far as 550 km (Shields et
al. 2006; Liu et al. 2018). In fact, at the end of the seed-shedding season, seeds were found
to spread further than 186 km under field conditions in Illinois (Liu et al. 2018). In addition,
human travel and transport may disperse seeds across larger areas than any natural
dispersal vector as foundin many invasive species (Pandolfo et al. 2018; Hernandez et al.
2019b). Admixture via seeds may play a role in creating novel variability and spreading
herbicide resistance alleles (Okada et al. 2013). Therefore, gene flow via seed dispersal
between invasive populations should be examined to prevent the introduction and dispersal
of herbicide-resistant individuals and to inform management practices. Further studies
investigating the presence, frequency, and geographic distribution of herbicide resistance in

the eastern China are needed.

The Yangtze River is a natural geographical barrier between the JY and CS

populations in the invaded region. Previous studies have shown that it plays a major role in
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the distribution of genetic diversity of plant species endemic to China, such as Parrotia
subaequalis (Geng et al. 2015) and Vitex negundo (Zhang et al. 2007). However, to our
knowledge, the Yangtze River has not been previously shown to be a major biogeographical
barrier for invasive species. In our study, we found that invasive populations belonged to
two major genetic clusters (the Northern: XY and JH, and the Southern and Central
populations: HY, CS, and JY). High levels of genetic exchange were detected between
Southern and Central populations, for example between JY-HY (Nm= 2.488) and JY-CS (Nm=
20.795). Migration across the Yangtze riversides has been demonstrated for endemic plant
species (Zhang et al. 2007; Geng et al. 2015), indicating that the Yangtze River limits but
does not prevent gene flow. Considering the highly developed transport network among
these areas, human-mediated transport of seeds is likely to be the reason for genetic

migration across the Yangtze River for E. canadensis.

We found admixed individuals in all of the E. canadensis populations sampled (Fig.
4A and 4B). Once distinct genetic clusters come into contact, admixture can produce
genetically diverse weeds with high evolutionary potential (Keller et al. 2014; van
Boheemen et al. 2017). The presence of admixed (i.e. heterozygous) individuals within
populations could be the result of long-distance pollen flow, or seed dispersal. The species is
highly self-compatible (Weaver 2001; Hao et al. 2011; Rosche et al. 2019), and uniparental
reproduction reduces gene dispersal via pollen, which for outcrossing populations can be
more extensive than gene flow via seed (Barrett et al. 2008). Given the major mechanism of
spreading for E. canadensis is via seeds, this is likely the most plausible reason for the
presence of admixed individuals within the population, resulting from cross-pollination

between incoming individuals (germinating from seeds from other regions) and individuals

2202 Yoel\ 20 uo 1senb Aq 1 1/£69/9109B1/8dl/E60 L 0 L/10P/BloNIe-00uBAPE/adl/WO0o"dNO" OIS PEDE//:SARY WO, PAPEOIUMOC



already present in the population. Unfortunately, the microsatellites we used in present
study can only identify admixed individuals, and cannot distinguish whether admixed
individuals are the result of seed or pollen-mediated gene flow. Further studies using
genome-wide markers (e.g., from genotyping by sequencing) and non-nuclear markers
(mitochondrial and chloroplast) are needed to evaluate the relative contribution of seed and
pollen-mediated gene flow in E. canadensis and to better understand the invasion history of

this weed in the eastern China.

Conclusions

In our study, we found no evidence of genetic bottlenecks associated with invasive E.
canadensis in Jiangsu and Zhejiang Provinces in China. We provide evidence supporting
multiple introductions of E. canadensis into eastern China. Our findings suggest that
subsequent gene flow and admixture between differentiated clusters has generated genetic
diversity similar to that in native range populations.. Seed and pollen-mediated gene flow
between invasive populations of E. canadensis should be examined in detail to aid in
controlling this noxious weed, and to prevent the introduction and dispersal of other

herbicide-resistant weeds.
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Figure legends
Figure 1: Diagram showing the Erigeron canadensis populations sampled in native

Alabama of the USA (A) and invasive Jiangsu and Zhejiang of China (B).

Figure 2. Principal coordinate analysis (PCoA) of 312 individuals from 10 populations
of Erigeron canadensis. Genetic distances were calculated for individuals (A and B)
and for populations (C). A: individuals labelled by population, squares and circles for
invasive and native populations, respectively. B: individuals labelled by range, red
and blue circles for invasive and native populations, respectively. C: PCoA with
genetic by spatial distance between sampled populations, red and blue represent

invasive and native populations, respectively.

Figure 3. UPGMA clustering showing the structure of the invasive and native
populations of Erigeron canadensis, constructed from Nei genetic similarity based on

ten SSR loci.

Figure 4. STRUCTURE clustering results for 312 individuals in 10 populations of
Erigeron canadensis based on ten nuclear microsatellite loci. Colours represent
distinct clusters (a) Genetic structure (K= 2) for joint analysis of invasive and native
populations. (b) Genetic structure (K= 2) of 162 individuals in five invasive
populations. (c) Genetic structure (K =2) of 150 individuals in five native populations.
All STRUCTURE plots for populations analyzed are shown in Supplementary

Figures S2-34.
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Table 1. Characterization of genetic variability in invasive and native populations of Erigeron canadensis estimated from ten nuclear microsatellite loci
from 312 individuals (mean % SE). N= number of individuals; Nt= number of alleles; Na= mean number of alleles per locus; Ng= mean effective number
of alleles per locus; Ag= allelic richness; Po- mean number of private alleles; He= expected heterozygosity; Ho=observed heterozygosity; Fis= inbreeding
coefficient; s= selfing rate estimated as 2 F;s/(F;s+1). * Significant differences (p < 0.001).

Country Population N Nt Na Ne Ar Pa He Ho Fis s
China XY 31 75 7.50+1.30 3.40+0.51 6.23 14 0.62+0.07 0.08+0.03  0.87+0.05* 0.88
China JH 31 67 6.70+0.94 3.68+0.61 5.97 9 0.64+0.07 0.08+0.03  0.87+0.02* 0.91
China JY 32 57 5.70£0.70 2.22+0.17 4.93 9 0.53+0.02 0.05+0.02 0.91+0.03* 0.95
China CS 36 52 5.20+0.55 2.14+0.15 4.38 8 0.51+0.03 0.03+0.01  0.94+0.04* 0.96
China HY 32 59 5.90+0.70 2.68+0.33 5.20 5 0.5740.05 0.03+0.02  0.94+0.02* 0.96
China Mean 32.4 62 6.20+0.83 2.82+0.35 5.34 9.0+0.4 0.57+0.05 0.05%0.02  0.90+0.03* 0.93+0.02

USA HV 32 78 7.80+1.08 3.55+0.48 6.68 14 0.66+0.04 0.14+0.06  0.80+0.03* 0.89

USA BH 32 84 8.40+1.21 3.50+0.42 6.92 14 0.65+0.07 0.07+0.02  0.90+0.02* 0.95

USA COoS 24 76 7.60+0.79 4.65+0.61 7.13 21 0.74+0.03 0.08+0.02  0.90+0.08* 0.94

USA TR 30 53 5.30+0.71 2.42+0.19 4.78 5 0.55+0.05 0.06+0.03  0.89+0.03* 0.94

USA EP 32 54 5.40+0.80 2.67+0.36 4.80 12 0.5740.05 0.16+0.02  0.73+0.05* 0.81
USA Mean 30 69 6.90+0.91 3.36+0.41 6.06 13.2+0.5 0.63+0.05 0.10+0.03 0.84+0.04 0.90+0.03

Total 655
p value of t-test 0.386 0.317 0.282 0.191 0.194 0.080 0.153 0.421
between two
regions

USA+China Mean 31.2 6.55+0.87 3.09+0.38 5.70 11.1+0.4 0.60+0.05 0.07+0.02 0.87+0.03 0.92+0.02
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Table 2. Analysis of molecular variance (AMOVA) in invasive and native populations of Erigeron
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canadensis.
Source of Variation d.f SS Estimated variance % Variation Fst p-value*
Invaded region 0.169 <0.001
Among populations 4 169.930 0.610 17
Within populations 319 957.132 3.000 83
Native region 0.146 <0.001
Among populations 4 150.915 0.570 15
Within populations 295 991.072 3.360 85
Invaded + Native region
Among regions 1 171.479 0.42 10 0.242 <0.001
Among populations 8 320.844 0.59 14
Within populations 614 1.948.203 3.17 76
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Table 3. Pairwise Fst matrix across 10 populations of Erigeron canadensis genotyped using ten microsatellite loci.

Native region Invaded region

HV BH COos TR EP XY JH JY () HY
0.000 HV
0.123 0.000 BH
0.169 0.165 0.000 cos
0.198 0.157 0.157 0.000 TR
0.153 0.104 0.142 0.097 0.000 EP
0.155 0.181 0.221 0.295 0.235 XY 0.000
0.164 0.164 0.203 0.260 0.218 JH 0.085 0.000
0.276 0.276 0.237 0.315 0.258 Y 0.252 0.262 0.000
0.289 0.287 0.256 0.324 0.272 cs 0.250 0.247 0.012 0.000
0.226 0.202 0.201 0.272 0.216 HY 0.181 0.144 0.091 0.082 0.000
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Table 4. Pairwise N,, matrix across invasive and native populations of Erigeron canadensis genotyped using

Native region

Invaded region

HV BH COsS TR EP XY JH JY CS HY
0.000 HV
1.786 0.000 BH
1.227 1.263 0.000 CosS

ten microsatellite loci.
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1.014
1.383
1.366
1.272
0.656
0.615
0.859

1.344
2.157
1.132
1.277
0.655
0.621
0.985

1.347
1.512
0.879
0.981
0.803
0.726
0.992

0.000
2.337
0.597
0.713
0.544
0.521
0.668

0.000
0.813
0.897
0.720
0.668
0.908

TR
EP
XY
JH
JY
()
HY

0.000
2.699
0.740
0.748
1.133

0.000
0.704
0.762
1.490

0.000
20.795
2.488

0.000
2.791

0.000
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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