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Oikos Within-species genetic diversity is shaped by multiple evolutionary forces within the
2023: ¢10116 confines of geography, and has cascading effects on the biodiversity of other taxa and
doi: 10.1111/0ik. 10116 levels. Invasive species are often initially limited in genetic diversity but still respond
T : rapidly to their new range, possibly through ‘pre-adapted’ genotypes or multiple

Subject Editor: James Bullock sources of genetic diversity, but little is known about how their genetic structure differs
Editor-in-Chief: from that of native species and how it alters the genetic-species diversity relationship.
Gerlinde B. De Deyn Here, we selected a widespread native species Phragmites australis and its co-occurring
Accepted 27 September 2023 invasive competitor Spartina alterniflora as our model plant species. We investigated

the genetic structure of P awustralis using two chloroplast fragments and ten nuclear
microsatellites in 13 populations along the Chinese coastal wetlands. We discovered a
distinct geographical differentiation, showing that the northern and southern popu-
lations harbored unique genotypes. We also found a significant increase in genetic
diversity (allelic richness and expected heterozygosity) from south to north. Combined
with previous studies of S. alterniflora, the Mantel tests revealed a significant correla-
tion of genetic distances between P australis and S. alterniflora even when control-
ling for geographic distance, suggesting that the invasive species S. alterniflora might
exhibit a phylogeographic pattern similar to that of the native species to some extent.
Furthermore, our results suggest that the S. alterniflora invasion has altered the rela-
tionship between the genetic diversity of the dominant native plant and the associ-
ated species richness of soil nematodes. The reason for the alteration of genetic-species
diversity relationship might be that the biological invasion weakens the environmental
impact on both levels of biodiversity. Our findings contribute to understanding the
latitudinal patterns of intraspecific genetic diversity in widespread species. This work

NORDIC SOCIETY OIKOS

) ) © 2023 Nordic Society Oikos. Published by John Wiley & Sons Ltd
www.oikosjournal.org

Page 1 of 10


https://doi.org/10.1111/oik.10116
http://orcid.org/0000-0002-5980-0761
http://orcid.org/0000-0002-2203-1970
http://orcid.org/0000-0003-2268-5090
http://orcid.org/0000-0001-9265-8245
http://orcid.org/0000-0002-7091-3572
mailto:whguo_sdu@163.com
mailto:jurt@fudan.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1111%2Foik.10116&domain=pdf&date_stamp=2023-10-20

on the genetic diversity analysis of native species also provides significant implications for the invasion stage and ecological

consequences of biological invasions.

Keywords: biogeography, biological invasion, genetic structure, Spartina alterniflora, Phragmites australis

Introduction

Genetic diversity, as a basic level of biodiversity, is critical
for population persistence, species evolution and ecosystem
functioning (Hughes et al. 2008, Ellegren and Galtier 2016,
Abbott et al. 2017). Although geographic patterns of genetic
diversity are shaped by many evolutionary mechanisms, the
genetic structure of many invasive species is profoundly influ-
enced by a botdeneck effect (Estoup et al. 2016). Such spe-
cies can possess low genetic diversity and weak spatial genetic
structure in the early and middle stages of their introduction
(Qiao et al. 2019, Smith et al. 2020). High migration rates,
repeated introductions, and hybridization with native spe-
cies are among the factors identified in different systems that
have been proposed to resolve this lack of diversity (Uller and
Leimu 2011, Estoup et al. 2016). In both native and invasive
species, geographical and environmental changes contrib-
ute to genetic divergence in spite of some differences in the
life history, reproductive mode and genome characteristics
(Bock et al. 2015, Mounger et al. 2021). Therefore, simi-
lar geographical patterns of genetic diversity may eventually
emerge between native and invasive species (Avise et al. 1987,
Avise 1992, Miraldo et al. 2016).

Latitude is one of the most predictive factors of biodi-
versity gradients (Gaston 2000). A variety of studies ranging
from the tropics to the poles have demonstrated species diver-
sity and total genetic diversity across species at both neutral
and functional loci tend to decrease with increasing latitude
(Adams and Hadly 2013, Miraldo et al. 2016, Guo et al.
2021, Li et al. 2021). However, intraspecific genetic diversity
tends to increase with latitude (Lawrence and Fraser 2020),
implying a negative correlation between species-specific diver-
sity and associated species diversity along latitudinal gradients.
These patterns suggest that the response of these two levels
of biodiversity to the environmental gradient is in opposite
directions. Intraspecific genetic variation of dominant plant
species can also affect the structure and dynamics of associ-
ated biotic communities such as arthropods, nematodes and
microbes by releasing oxygen and root exudates below ground
and providing leaf litter above ground (Hersch-Green et al.
2011, Bowen et al. 2017, Yan et al. 2021). Furthermore,
invasive species can have different dispersal abilities, ecologi-
cal preferences and biological interactions than native species,
which impacts biodiversity at many levels (Young et al. 2017,
Stotz et al. 2019, Zhang et al. 2019). A lack of genetic data,
particularly over large latitudinal ranges, limits our under-
standing of latitudinal biodiversity gradients at different levels
and further assessment of ecological consequences of invasion.

Phragmites australis is a worldwide foundation plant
growing mainly in wetlands. The species has high genetic
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diversity and plays a significant role in maintenance of bio-
diversity and ecosystem functioning (Eller et al. 2017). The
distinct phylogenetic divergences of 2 australis were found in
North America (Saltonstall 2003, Lambertini et al. 2012a),
Europe (Lambertini et al. 2012b) and China (An et al. 2012,
Liu et al. 2022) as well as over the world (Saltonstall 2002,
Lambertini et al. 2006, Liu et al. 2018). Functional traits of
P australis in common gardens display a remarkable clinal
adaption (Ren et al. 2020). Genotypic identity and diversity
of P australis have been shown to shape soil biota communi-
ties (Bowen et al. 2017, Yan et al. 2021). Therefore, in its
native regions, P australis is useful as native counterpart in
ecological assessments of biological invasions in wetlands.
This is especially true on the eastern coast of China, where
the exotic grass Spartina alterniflora is heavily invading native
P, australis communities.

Across Chinese coastal wetlands, S. alterniflora, native to
North America, has become widespread along the coastal
wetlands of China following its first introduction in 1979
(Xia et al. 2020). Due to genetic admixture occurring in
Luoyuan Bay of China among three populations isolated from
the native range (Morehead City in North Carolina, Sapelo
Island in Georgia and Tampa Bay in Florida), the introduced
populations in China have very high levels of genetic diver-
sity (Qiao etal. 2019, Shang et al. 2019). However, the native
populations of S. alterniflora have strong phenotypic, haplo-
typic and genotypic structure that is associated with latitude
while the invasive ones only have such structure in some
reproductive traits (Liu et al. 2020a, b, Chen et al. 2021).
The invasion of S. alterniflora has resulted in biotic homoge-
nization of soil biota communities (Zhang et al. 2019, 2020).
Phragmites australis and S. alterniflora are wind pollinated
grasses that share similar coastal wetland habitats over a wide
latitudinal range (approx. 20°) in China. However, it remains
unknown to what extent the biological invasion (dominant
vegetation species turnover from P australis to S. alterniflora)
has changed the pattern of genetic diversity within P australis
populations or the association of genetic diversity with spe-
cies diversity.

Here, we analyzed the biogeographical patterns of haplo-
type composition, genetic diversity, and genetic structure of 22
australis across coastal saltmarshes of China. We also assessed
the ecological consequences of S. alterniflora invasion into P
australis communities, by comparing our study with the pub-
lished genetic data of S. alterniflora as well as associated soil
nematode diversity data. In our framework, we hypothesized
that: 1) the native P australis has a stronger genetic structure
along the coast than the invasive S. alterniflora; 2) there is a
weak correlation of genetic structure between the two species
along a large latitudinal range; 3) the S. alterniflora invasion
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alters the relationship between genetic and species diversity
in coastal wetlands. This study provides novel insights into
the evolutionary mechanisms and ecological consequences of
genetic diversity of native and invasive species.

Material and methods

Sampling, genotyping and sequencing of Phragmites
australis

We collected 194 individuals of P australis from 13 sites along
the Chinese coast (Table 1, Fig. 1). To avoid collecting the same
clone and to get enough genetic variation, we selected five 2
australis reed populations within each site, with a distance of
at least 1 km between stands. We collected three individuals
from each population. All individuals were transplanted with
rhizomes in a common garden at Jiangwan Campus of Fudan
University in Shanghai (31°16'48"N, 121°28'48"E). After
the plants regrew, we collected and dried young leaves from all
individuals, and stored them in zip-lock plastic bags with silica
gel at room temperature until DNA isolation. We extracted
total DNA from the dried leaves according to a modified cet-
yltrimethylammonium bromide (CTAB) method. We exam-
ined the quality and quantity of extracted DNA with 1%
agarose gels and a microscope spectrophotometer, and stored
DNA at —20°C until later genotyping and sequencing,.

To measure genetic variation, we used 10 microsatellite
primer pairs previously designed for P australis (Saltonstall
2003, Yu et al. 2013) (Supporting information). Forward
primers were labeled at the 5" end with the fluorescent dyes
FAM, HEX or TAMRA. We performed polymerase chain
reaction (PCR) as described by Liu et al. (2022), and sepa-
rated the PCR products by capillary electrophoresis using an
ABI 3730XL DNA capillary sequencer (Applied Biosystems)
after confirming the PCR product on a 2% agarose gel. We
scored fragment profiles and carefully check the stutter peaks
and the low-frequency alleles with GeneMarker ver. 2.2.0 to
reduce the potential effect of null allele. We did not discover
the null alleles with Hardy—Weinberg equilibrium-based
method, since there is no reliable approach to elimination

of allele dosage for our polyploid data. The same clones were
detected by the function assignClones in R package ‘poly-
sat (www.r-project.org, Clark and Jasieniuk 2011). The
duplicated genotypes were removed for the further genetic
estimates.

To determine the haplotype, we amplified two non-cod-
ing chloroplast regions by PCR in one sample of each stand,
using the primer pairs [#r#T (UGU) @-z7nL (UAA) ‘b’ and
rbcL-psal] as described previously (Saltonstall 2002). We
sequenced the PCR products in both directions on an ABI
3730XL DNA sequencer (Applied Biosystems). We assem-
bled and checked the sequencing with SeqMan ver. 7.7.0
(Lasergene) and identified haplotypes to the naming scheme
of P australis described by Saltonstall (2016).

Data analysis of genetic diversity and structure of
Phragmites australis

To estimate the genetic diversity level of P australis, we cal-
culated the number of alleles per locus or allelic richness
(Na), and the expected heterozygosity (He) with R package
‘polysat’ (Clark and Jasieniuk 2011). We assessed the rela-
tionship between genetic diversity and latitude using linear
regression.

To assess the genetic structure of P australis, we calculated
genetic differentiation (Fst) with the R package ‘polysat’.
We also calculated Pairwise Bruvo distances based on micro-
satellite variation, and used the genetic distance matrix for
principal coordinates analysis (PCoA) and hierarchical clus-
ter analysis using the unweighted pair-group method with
arithmetic means (UPGMA). We applied Bayesian cluster-
ing with Structure ver. 2.3.4 (Pritchard et al. 2000) to detect
the genetic structure of P australis. We performed 20 repli-
cates of the clustering analysis at each value of K from 1 to 10
under the admixture model with 50 000 burn-in steps and
500 000 Markov chain Monte Carlo repeats. We calculated
Delta K using the online program Structure Harvest (Earl
and vonHoldt 2012) to determine the most likely cluster
number (K value) for our genetic data, grouped replicates in
CLUMPP ver. 1.1.2b (Jakobsson and Rosenberg 2007) and
visualized in DISTRUCT ver. 1.1 (Ramasamy et al. 2014).

Table 1. Sampling sites and sample sizes of Phragmites australis in Chinese coastal marshes

Latitudinal gradient Site Site ID Sample size Latitude (N) Longitude (E)
High Panjin PJ 15 40°53'52" 121°47'21"
Tangshan TS 15 39°01'31” 118°20'8”
Dongying DY 13 37°49'19” 119°05"18”
Lianyungang LYG 15 34°49'52" 119°11'25”
Middle Yancheng YC 15 33°38'11" 120°34"2"
Shanghai SH 16 31°41'4” 121°39'8”
Cixi CX 15 30°22'5" 121°13'52"
Taizhou 17 15 28°42'13" 121°25'15"
Wenzhou A4 15 28°00'19” 120°47'1"
Low Fuzhou FZ 15 26°01'45" 119°37'34"
Zhangzhou /7 15 23°56"2" 117°24'5"
Zhuhai ZH 15 22°25'51" 113°37'24"
Beihai BH 15 21°34'47" 109°07'52"
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85U80| 7 SUOLIIOD BAIea1D) 3|edldde 8y} Aq peusenob e sajole O ‘88N 4O Sa|nJ 10} Afeiq|8UIUO AB]IM UO (SUORIPUD-PUR-SWLBHLIOD A8 |IM"Ale1d 1 |BUI|UO//SARL) SUORIPUOD PUe SWiS | 8U} &8s *[£202/TT/.0] Uo Ariqiauluo AB|im ‘AiseAlun uepnd Aq 9TTOT I0/TTTT 0T/I0p/w00" A3 |im"Akeiqjuluoy/sdny wiouy papeojumod ‘0 ‘9020009T


www.r-project.org

Latitude

110 115 120 125
Longitude

Figure 1. Sampling sites of Phragmites australis along the east coast
of China, and their haplotype compositions. The haplotype net-
work of P australis in China was from Liu et al. (2022).

Correlation analysis between geographical and
genetic distances of Phragmites australis and
Spartina alterniflora

We used the previously published nuclear microsatellites
and chloroplast sequences data of S. alterniflora in China
(Qiao et al. 2019, Shang et al. 2019, Xia et al. 2020). We
extracted the geographical coordinates (Supporting infor-
mation) and the diversity indices (i.e. allele number, Na;
expected heterozygosity, He) of surveyed populations of S.
alterniflora from Shang et al. (2019) and Xia et al. (2020)
for further comparisons. For genetic analysis of S. alterni-
flora, we used the raw data of 11 nuclear microsatellites from
Qiao et al. (2019). We removed three loci from the raw data-
set because there were many missing values or null alleles in
loci 5, 7 and 9. We calculated geographic distances using the
function distm in R package ‘geosphere’ and used pairwise Fst
for genetic distance.

We used Mantel test and multiple matrix regression with
randomization (MMRR) (Wang 2013) to examine relation-
ships between geographic and genetic distance matrices at the
site level. We ran correlation analyses between geographical
and genetic distance matrices using the function mantel in
R package ‘vegan’, and regression analyses using the function
MMRR written by Wang (2013) with genetic distance as the
dependent matrix and geographical distances as the inde-
pendent (predictor) matrices with 9999 permutations. The
correlation of genetic distances between the two species were
also performed with partial Mantel test while controlling the
geographical distance for seven common sites.
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Correlation between genetic variation and
nematode community

We used the geographic records of nematode genera from a
published work (Zhang et al. 2019). These nematode data
were investigated to reveal the biotic homogenization of
nematode communities by exotic S. alterniflora in China.
This study found a clear latitudinal cline (nematode diversity
increased with increasing latitude) and a strong correlation
of nematode diversity to environmental variables in soils for
P australis, but weak for S. alterniflora (Zhang et al. 2019).
Because the T] and TS sites were located within a very short
distance (approx. 54 km; see the northernmost red circles in
the Supporting information) around the same bay, we consid-
ered them as one site when comparing the variation in geog-
raphy, genetics and community. Thus, we had seven common
sites with both genetic and nematode information. We esti-
mated the Jaccard distances between nematode communities
using the function dist with a method binary parameter. We
used these Jaccard distances to perform PCoA of nematodes.
Matrix correlation analyses between geographic, genetic and
nematode distance matrices for seven common sites were per-
formed using both Mantel test using the function mantel in
R package ‘vegan’ and MMRR using the function MMRR
written by Wang (2013) with nematode distance matrices as
the dependent variable using 9999 permutations.

Results

Latitudinal pattern of genetic diversity

We found a moderate diversity of Phragmites australis popula-
tions in the saltmarsh wetlands of China (He=0.68), slightly
lower than our previous results of the riverine wetlands in
China (e.g. He=0.71 in the Ningxia Plain; He=0.79 in
the Xiaoging River; He=0.73 in the riverine habitats of the
Yellow River Delta), but similar to the previous survey in the
saltmarsh of the Yellow River Delta (He=0.67) (Liu et al.
2021). The averaged Na across all ranged from 3 in BH
to 9.2 in PJ, and the He ranged from 0.55 in BH to 0.78
in PJ. The linear model analysis displayed that the genetic
diversity of P australis decreased significantly with decreas-
ing latitude (Fig. 2, Na: slope=0.17, R*=0.48, p=0.01; He:
slope=0.01, R*=0.40, p=0.02). There was no significant
relationship between the genetic diversity of Spartina alterni-
flora and latitude for any diversity indices in any applied data-
set (all p values > 0.05) (Fig. 2). The Pearson’s tests showed
no significant correlation of genetic diversity between 2 aus-
tralis and S. alterniflora (Na: r=0.16, p=0.57; He: r=0.59,
p=0.16).

Spatial similarity of genetic structure

We found four haplotypes in P australis, of which haplo-
type P was found in eleven sites, BJ in two (ZZ and ZH),
O in one (TS) and AS in one (CX) (Fig. 1). In PCoA of P
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Figure 2. The latitudinal variation of genetic diversity based on nuclear microsatellite data of Phragmites australis (PA) and Spartina alterni-
Slora (SA). Solid lines indicate a significant correlation, while dashed lines are non-significant.

australis, increasing values of the first coordinate were associ-
ated with decreasing latitude except for BH which had the
lowest latitude but was found on the far left. The second axis
showed that this same population (BH) separated from the
rest (Fig. 3A). In the UPGMA tree, the sites BH, TS, ZH and
ZZ were divided into new branches in sequence (Supporting
information). According to delta K statistics, the optimal K
value for Bayesian clustering was five (Supporting informa-
tion), and BH, TS and ZH were clustered as three distinct
groups at K=5 (Fig. 3C). Specifically, TS, BH and ZH were
separated from K=2, 3 and 4, respectively (Fig. 3C).
Among all surveyed populations of S. alterniflora, we
found a positive correlation between geographic and genetic
distances (Mantel test: r=0.37, p=0.01; MMRR: R*=0.14,
p=0.02), while this was not significant in P australis (Mantel
test: 1 =0.26, p=0.07; MMRR: R*=0.07, p=0.13) (Fig. 3B).
However, there was a significant correlation of genetic dis-
tances between P australis and S. alterniflora (Mantel test:
r=0.63, p=0.01; MMRR: R*=0.63, p=0.02) (Supporting
information) even when accounting for geographic distances

(partial Mantel test: r=0.53, p=0.03).

Correlation between genetic variation and
nematode community

In the PCoA of the nematode community, the first coordinate
was generally associated with latitude, and the second with
plant species identity. The exceptions were the two southern
sites (SH and ZH) (Fig. 4). The nematode communities were
not correlated with geographical or genetic distances in habi-
tats of 2 australis or S. alterniflora, regardless of whether all
surveyed sites or the seven common sites were used (all p val-
ues > 0.10; Supporting information). The nematode richness
was not significantly correlated to the genetic diversity (He)
of 8. alrerniflora (Pearson test: r=0.15, p=0.75), but it was
negatively correlated to P australis (Pearson test: r=—0.78,
p=0.05) (Fig. 4). Among feeding groups of nematodes, the
carnivore richness was most correlated to genetic diversity of
P australis (Pearson test: r=—0.81, p=0.02).

Discussion

Lower latitudes have been reported to have higher species
diversity (Schluter and Pennell 2017, Guo et al. 2021) and
total genetic diversity across animal species (Adams and
Hadly 2013, Miraldo et al. 2016, Li et al. 2021) than higher
latitudes. However, this latitudinal gradient of biodiversity
may result from shorter generation times, higher mutation
rates and higher metabolic rates under higher temperature in
animals living at the lower latitudes (Rohde 1992, Allen et al.
2006, Lawrence and Fraser 2020), while plants may have dif-
ferent characteristics. Here, we found a positive association
between latitude and nuclear genetic diversity in P australis
(Fig. 2). This suggests that conclusions drawn from animal
haplotypic information, such as mitochondrial sequences, is
not appropriate for polyploid plants with frequent hybridiza-
tion between intraspecific lineages and even among species.
Stressful environments (e.g. drought) are often associated
with increased levels of genetic diversity in plant populations
(De Kort et al. 2021). Compared with wild grasses in the
tropics, the same or related species at higher latitudes usu-
ally have early flowering dates, high seed fecundity and high
shoot density, typical of a ‘weedy’ or r-strategy, which could
contribute to higher genetic diversity (Qiao et al. 2019,
Ren et al. 2020, Liu et al. 2020b). This strategy is congruent
with the higher genetic diversity in P australis populations
from the higher latitudes. On the other hand, strong selec-
tion in higher latitudes (e.g. low temperature) may reduce the
genetic diversity in some species (Thomas et al. 2017).

The spatial genetic structure of native species could gen-
erally reflect the geography, including physical barriers and
habitat conditions. For P australis, we found strong genetic
structure in the coastal saltmarshes of China. We found that
haplotype P was the most common and made up the major-
ity of our samples while O and AS were mostly found in a
single population and BJ was found in two. Our previous
research unveiled the existence of two major chloroplast
haplotypes (O and P) within temperate China (An et al.
2012), and this divergence was further substantiated by
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nuclear microsatellites where each haplotype was assigned
to a separate group according to STRUCTURE (Liu et al.
2022). This concordance between chloroplast and nuclear
variation is common in P awustralis (Saltonstall 2003, 2016,
Lambertini et al. 2012b, Liu et al. 2022). Haplotype P sig-
nifies an octoploid lineage and exhibits wide distribution
in eastern China (Liu et al. 2022), particularly prevalent in
coastal salt marshes as indicated by this study. Conversely,
haplotype O represents a tetraploid lineage predominantly
found in the inland regions of northern China (Liu et al.
2022). The introduction of haplotype O from inland areas
to the coastal regions might account for the presence of
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haplotype O in coastal salt marshes, including the TS pop-
ulation. The haplotypes AS and BJ were derived from the
haplotype P by one nucleotide substitution and one repeat
insertion, respectively (Liu et al. 2022), but we found that the
individuals with haplotype BJ in our studies were genetically
differentiated from those with haplotype P. Unexpectedly, we
found that the haplotype P from the southernmost site (BH)
was extremely different in nuclear variation from the other
individuals. We suspect the individuals from BH might be
related to the subtropical lineage of P australis in southwest
China (e.g. the haplotypes U and I) or the congeneric species
P, karka (Lambertini et al. 2006, Liu et al. 2022, Tanaka et al.
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Figure 4. Soil nematode diversity associated with Phragmites australis and Spartina alterniflora. (A) Principal coordinates analysis (PCoA) of
nematode data from Zhang et al. (2019). (B) Correlation between nematode richness and plant genetic diversity (expected heterozygosity).
Genetic data of S. alterniflora is from Qiao et al. (2019). Solid line indicates a significant correlation, while dashed lines are

non-significant.

2017). In general, it seems that the Chinese coast supports
strong genetic structure of native P australis.

Human activities promote long-distance dispersal,
repeated introductions, and habitat disturbance of invasive
species. Therefore, some invasive plant species can simply mix
genetics from multiple populations, gain an adaptive advan-
tage, and develop genetic structure (Smith et al. 2020). For
S. alterniflora, the current genetic structure might be the con-
sequence of the recent rapid population expansion from a
single origin (Luoyuan) but high genetic diversity due to the
intentional genetic mixture among three native populations
from North America (Shang et al. 2019, Xia et al. 2020).
In addition, the inidal introductions and subsequent long-
distance dispersal might also contribute to the current genetic
structure (Xia et al. 2020). In our analysis, we found isolation
by distance in both P australis and S. alterniflora, and there
was a significant correlation in genetic differentiation (Fst)
between P australis and S. alterniflora even when accounting
for the effects of geographic distance. The spatial similarity of
genetic structure implied the invasion of S. alterniflora might
have been restricted by some geographical or environmen-
tal factors, which also play a significant role in the evolu-
tion of P australis. Our results demonstrate the potential to
gain insight into the evolutionary processes of native species
through the study of biological invasion.

The biotic community (e.g. soil nematode) associated with
the vegetation of an ecosystem is shaped by the plant species
(or genotypic) identity and plant species (or genetic) diver-
sity, as well as the abiotic conditions (Hersch-Green et al.
2011, van den Hoogen et al. 2019, Zhang et al. 2019,
Yan et al. 2021). Among the nematode communities along
the Chinese coast, we identified two geographic clusters (the
northern cluster: T], TH, DY and CX; the southern cluster:
YC, SH, QZ, ZZ and ZH) by PCoA (Fig. 4), but we did not
detect isolation by distance for the nematode communities in
the habitats of either P australis or S. alterniflora (Supporting
information). Our results indicated that environmental fac-
tors instead of dispersal limitation, were the major drivers of

community assembly of soil nematodes, consistent with pre-
vious analyses (Yan et al. 2021) and a global scale study (van
den Hoogen et al. 2019). Plant species identity also affected
the nematode community, but the effect might depend on
the environmental context. For example, the effect of spe-
cies identity in SH and ZH was very different from that in
other sites (Fig. 4), and we found no geographical correla-
tions of related nematode communities between two plant
species (NT (PA) versus NT (SA) in the Supporting infor-
mation). Therefore, the geographic pattern in nematode
species diversity is explained more by environmental effects
than neutral processes (e.g. long-distance dispersal), which is
very different from the driving mechanisms of plant genetic
diversity discussed above. Opposite impacts by environmen-
tal factors on different biodiversity levels could contribute to
the negative correlation between genetic and species diver-
sity (Marchesini et al. 2018). Our study suggests that plant
invasion can alter the genetic-species diversity relationship by
impairing these environmental impacts on both biodiversity
levels.

Previous analyses revealed a clearer latitudinal cline in
nematode diversity and a stronger correlation with the abi-
otic environment in P australis communities than in S. a/ter-
niflora, which was attributed to the biotic homogenization
by the S. alterniflora invasion (Zhang et al. 2019, Yan et al.
2021). We found that a negative correlation between 2 aus-
tralis genetic diversity and nematode species diversity, but no
correlation for S. alterniflora (Fig. 4). A meta-analysis showed
that variation in genotypes within species (including plants
and animals) is an important positive driver of community
and ecosystem dynamics (Raffard et al. 2019). This is not
consistent with our results. It is possible to speculate that our
observed pattern is more due to the variation in the back-
ground environment along latitude, rather than pure ecosys-
tem processes (i.e. the interaction between P australis genetic
diversity and nematode species diversity in the context of
our study ecosystem). Furthermore, our results suggest that
S. alterniflora genetic diversity has a stronger effect on soil
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nematode diversity than native 2 australis, homogenizing the
latitudinal pattern of nematode diversity. Therefore, our evi-
dence did not support that the effect of S. alterniflora is much
more homogeneous due to less genetic variation among sites,
and the stronger effect of S. alterniflora than native coun-
terpart 2 australis could be the main reason for the biotic
homogenization. However, some plant functional traits
associated with nematode diversity might not be conserved
in the phylogeographic history inferred from neutral DNA
markers, due to local adaptation (Zerebecki et al. 2021) or
rapid evolution (Qiao et al. 2019). Hence, the phenomenon
of biotic homogenization should be further tested by correla-
tion analysis with relevant adaptive traits by combining the
field survey and the common garden experiment.

Conclusion

In this study, we found a strong genetic structure of P aus-
tralis with four haplotypes (P, O, AS, PJ) across the coastal
saltmarshes of China. The results indicated a significant posi-
tive association of genetic diversity with increasing latitude
in P australis while such an association was only weak or
absent in S. alterniflora. However, we observed isolation by
distance in both species, and discovered a significant correla-
tion of genetic variation between the two species even when
controlling for the geographical distance. This suggests that
the genetic diversity of the invasive S. alterniflora has been
shaped by both dispersal limitation and natural selection in a
similar way that variation across this environmental gradient
affecting P australis. It could be that the invasion of S. alter-
niflora has already begun to evolve in a way that recapitulates
the patterns found in the native. Finally, we found a negative
genetic-species diversity correlation (i.e. the negative associa-
tion of genetic diversity in plant species with species diversity
of soil community) in the native species but not in the inva-
sive one. Our finding suggests that biotic homogenization
resulting from biological invasion might be due to stronger
effects of the invasive species than laticudinal factors, rather
than homogencous effects due to less intraspecific genetic
variation among populations.

Acknowledgements — We thank Prof. Gerlinde De Deyn and Prof.
James Bullock for thoughtful comments and suggestions. We thank
Youzheng Zhang for improving our manuscript.

Funding — This work is supported by the National Natural Science
Foundation of China (no. 32100304; U22A20558; 32171661),
Open Project Fund of Key Laboratory of Ecological Prewarning,
Protection and Restoration of Bohai Sea, Ministry of Natural
Resources (no. 2022101), and CSC program (no. 202106225004;
202106100115).

Author contributions

Lele Liu and Yaolin Guo share first authorship. Lele Liu:
Conceptualization (lead); Funding acquisition (lead); Project
administration (equal); Writing — original draft (lead); Writing

Page 8 of 10

— review and editing (lead). Yaolin Guo: Conceptualization
(equal); Methodology (lead); Project administration (lead);
Resources (lead); Writing — original draft (equal); Writing —
review and editing (lead). Yiming Wu Methodology (sup-
porting); Writing — original draft (supporting). Meiqi Yin:
Methodology (supporting); Writing — original draft (sup-
porting). Xiao Guo: Writing — original draft (supporting).
Franziska Eller: Writing — original draft (supporting);
Writing — review and editing (equal). Christina L. Richards:
Writing — original draft (equal); Writing — review and editing
(equal). Hans Brix: Writing — original draft (equal); Writing
— review and editing (equal). Rui-Ting Ju: Conceptualization
(equal); Funding acquisition (equal); Writing — original draft
(equal); Writing — review and editing (equal). Weihua Guo:
Conceptualization (equal); Funding acquisition (equal);
Project administration (equal); Writing — original draft
(equal); Writing — review and editing (equal).

Data availability statement

Data are available from the Dryad Digital Repository: hteps://
doi.org/10.5061/dryad.9zw3r22mt (Liu et al. 2023).

Supporting information

The Supporting information associated with this article is
available with the online version.

References

Abbott, J. M., Grosberg, R. K., Williams, S. L. and Stachowicz, J.
J. 2017. Multdiple dimensions of intraspecific diversity affect
biomass of eelgrass and its associated community. — Ecology 98:
3152-3164.

Adams, R. I. and Hadly, E. A. 2013. Genetic diversity within ver-
tebrate species is greater at lower latitudes. — Evol. Ecol. 27:
133-143.

Allen, A. P, Gillooly, J. E, Savage, V. M. and Brown, J. H. 2006.
Kinetic effects of temperature on rates of genetic divergence and
speciation. — Proc. Natl Acad. Sci. USA 103: 9130-9135.

An, ]J.-X., Wang, Q., Yang, J. and Liu, J.-Q. 2012. Phylogeographic
analyses of Phragmites australis in China: native distribution and
habitat preference of the haplotype that invaded North Amer-
ica. — J. Syst. Evol. 50: 334-340.

Avise, ]J. C. 1992. Molecular population structure and the biogeo-
graphic history of a regional fauna: a case history with lessons
for conservation biology. — Oikos 63: 62-76.

Avise, J. C., Arnold, J., Ball, R. M., Bermingham, E., Lamb, T.,
Neigel, J. E., Reeb, C. A. and Saunders, N. C. 1987. Intraspe-
cific phylogeography: the mitochondrial-DNA bridge between
population genetics and systematics. — Annu. Rev. Ecol. Syst.
18: 489-522.

Bock, D. G., Caseys, C., Cousens, R. D., Hahn, M. A., Heredia,
S. M., Hiibner, S., Turner, K. G., Whitney, K. D. and Riese-
berg, L. H. 2015. What we still don't know about invasion
genetics. — Mol. Ecol. 24: 2277-2297.

Bowen, J. L., Kearns, P. J., Byrnes, J. E., Wigginton, S., Allen, W.
J., Greenwood, M., Tran, K., Yu, J., Cronin, J. T. and Meyerson,
L. A. 2017. Lineage overwhelms environmental conditions in

85U80| 7 SUOLIIOD BAIea1D) 3|edldde 8y} Aq peusenob e sajole O ‘88N 4O Sa|nJ 10} Afeiq|8UIUO AB]IM UO (SUORIPUD-PUR-SWLBHLIOD A8 |IM"Ale1d 1 |BUI|UO//SARL) SUORIPUOD PUe SWiS | 8U} &8s *[£202/TT/.0] Uo Ariqiauluo AB|im ‘AiseAlun uepnd Aq 9TTOT I0/TTTT 0T/I0p/w00" A3 |im"Akeiqjuluoy/sdny wiouy papeojumod ‘0 ‘9020009T


https://doi.org/10.5061/dryad.9zw3r22mt
https://doi.org/10.5061/dryad.9zw3r22mt

determining rhizosphere bacterial community structure in a
cosmopolitan invasive plant. — Nat. Commun. 8: 433.

Chen, X., Liu, W., Pennings, S. C. and Zhang, Y. 2021. Plasticity
and selection drive hump-shaped latitudinal patterns of flower-
ing phenology in an invasive intertidal plant. — Ecology 102:
e03311.

Clark, L. V. and Jasieniuk, M. 2011. POLYSAT: an R package for
polyploid microsatellite analysis. — Mol. Ecol. Resour. 11:
562-566.

De Kort, H., Prunier, J. G., Ducatez, S., Honnay, O., Baguette,
M., Stevens, V. M. and Blanchet, S. 2021. Life history, climate
and biogeography interactively affect worldwide genetic diver-
sity of plant and animal populations. — Nat. Commun. 12: 516.

Earl, D. A. and vonHoldt, B. M. 2012. STRUCTURE HAR-
VESTER: a website and program for visualizing STRUCTURE
output and implementing the Evanno method. — Conserv.
Genet. Resour. 4: 359-361.

Ellegren, H. and Galtier, N. 2016. Determinants of genetic diver-
sity. — Nat. Rev. Genet. 17: 422-433.

Eller, F, Skdlov4, H., Caplan, J. S., Bhattarai, G. P, Burger, M. K.,
Cronin, J. T., Guo, W. Y., Guo, X., Hazelton, E. L., Kettenring,
K. M. and Lambertini, C. 2017. Cosmopolitan species as mod-
els for ecophysiological responses to global change: the common
reed Phragmites australis. — Front. Plant Sci. 8: 1833.

Estoup, A., Ravigné, V., Hufbauer, R., Vitalis, R., Gautier, M. and
Facon, B. 2016. Is there a genetic paradox of biological inva-
sion? — Annu. Rev. Ecol. Syst. 47: 51-72.

Gaston, K. J. 2000. Global patterns in biodiversity. — Nature 405:
220-227.

Guo, Q., Cade, B. S., Dawson, W., Essl, E, Kreft, H., Pergl, ]., van
Kleunen, M., Weigelt, P, Winter, M. and Pysek, P. 2021. Lat-
itudinal patterns of alien plant invasions. — J. Biogeogr. 48:
253-262.

Hersch-Green, E. I, Turley, N. E. and Johnson, M. T. 2011. Com-
munity genetics: what have we accomplished and where should
we be going? — Phil. Trans. R. Soc. B 366: 1453-1460.

Hughes, A. R., Inouye, B. D., Johnson, M. T., Underwood, N. and
Vellend, M. 2008. Ecological consequences of genetic diversity.
— Ecol. Lett. 11: 609-623.

Jakobsson, M. and Rosenberg, N. A. 2007. CLUMPP: a cluster
matching and permutation program for dealing with label
switching and multimodality in analysis of population struc-
ture. — Bioinformatics 23: 1801-1806.

Lambertini, C., Gustafsson, M. H. G., Frydenberg, J., Lissner, J.,
Speranza, M. and Brix, H. 2006. A phylogeographic study of
the cosmopolitan genus Phragmites (Poaceae) based on AFLPs.
— Plant Syst. Evol. 258: 161-182.

Lambertini, C., Mendelssohn, I. A., Gustafsson, M. H. G., Olesen,
B., Riis, T., Sorrell, B. K. and Brix, H. 2012a. Tracing the
origin of Gulf Coast Phragmites (Poaceae): a story of long-dis-
tance dispersal and hybridization. — Am. J. Bot. 99: 538-551.

Lambertini, C., Sorrell, B. K., Riis, T., Olesen, B. and Brix, H.
2012b. Exploring the borders of European Phragmites within a
cosmopolitan genus. — AoB Plants 2012: pls020.

Lawrence, E. R. and Fraser, D. J. 2020. Latitudinal biodiversity
gradients at three levels: linking species richness, population
richness and genetic diversity. — Global Ecol. Biogeogr. 29:
770-788.

Li, Y., Wang, S., Cheng, C., Zhang, J., Wang, S., Hou, X., Liu, X.,
Yang, X. and Li, X. 2021. Latitudinal gradients in genetic diver-
sity and natural selection at a highly adaptive gene in terrestrial
mammals. — Ecography 44: 206-218.

Liu, L., Pei, C., Liu, S., Guo, X., Du, N. and Guo, W. 2018. Genetic
and epigenetic changes during the invasion of a cosmopolitan
species (Phragmites australis). — Ecol. Evol. 8: 6615-6624.

Liu, L., Yin, M., Guo, X,, Yu, X., Song, H., Eller, F., Ma, X,, Liu,
X., Du, N., Wang, R. and Guo, W. 2021. The river shapes the
genetic diversity of common reed in the Yellow River Delta via
hydrochory dispersal and habitat selection. — Sci. Total Environ.
764: 144382.

Liu, L., Yin, M., Guo, X., Wang, ]J., Cai, Y., Wang, C., Yu, X., Du,
N., Brix, H., Eller, F, Lambertini, C. and Guo, W. 2022. Cryp-
tic lineages and potential introgression in a mixed-ploidy species
(Phragmites australis) across temperate China. — J. Syst. Evol.
60: 398-410.

Liu, L., Guo, Y., Wu, Y., Yin, M., Guo, X., Eller, E, Richards, C.
L., Brix, H,, Ju, R.-T. and Guo, W. 2023. Data from: Revealing
biogeographic patterns in genetic diversity of native and inva-
sive plants and their association with soil community diversity
in the Chinese coast. — Dryad Digital Repository, https://doi.
org/10.5061/dryad.9zw3r22mt.

Liu, W., Chen, X., Strong, D. R., Pennings, S. C., Kirwan, M. L.,
Chen, X. and Zhang, Y. 2020a. Climate and geographic adap-
tation drive latitudinal clines in biomass of a widespread salt-
marsh plant in its native and introduced ranges. — Limnol.
Oceanogr. 65: 1399-1409.

Liu, W., Zhang, Y., Chen, X., Maung-Douglass, K., Strong, D. R.
and Pennings, S. C. 2020b. Contrasting plant adaptation strat-
egies to latitude in the native and invasive range of Spartina
alterniflora. — New Phytol. 226: 623-634.

Marchesini, A., Vernesi, C., Battisti, A. and Ficetola, G. E 2018.
Deciphering the drivers of negative species—genetic diversity
correlation in Alpine amphibians. — Mol. Ecol. 27: 4916-4930.

Miraldo, A., Li, S., Borregaard, M. K., Flérez-Rodriguez, A.,
Gopalakrishnan, S., Rizvanovic, M., Wang, Z., Rahbek, C.,
Marske, K. A. and Nogués-Bravo, D. 2016. An Anthropocene
map of genetic diversity. — Science 353: 1532-1535.

Mounger, J., Ainouche, M. L., Bossdorf, O., Cavé-Radet, A., Li,
B., Parepa, M., Salmon, A., Yang, J. and Richards, C. L. 2021.
Epigenetics and the success of invasive plants. — Phil. Trans. R.
Soc. B 376: 20200117.

Pritchard, J. K., Stephens, M. and Donnelly, . 2000. Inference of
population structure using multilocus genotype data. — Genet-
ics 155: 945-959.

Qiao, H., Liu, W., Zhang, Y., Zhang, Y. Y. and Li, Q. Q. 2019.
Genetic admixture accelerates invasion via provisioning rapid
adaptive evolution. — Mol. Ecol. 28: 4012-4027.

Raffard, A., Santoul, E, Cucherousset, J. and Blanchet, S. 2019.
The community and ecosystem consequences of intraspecific
diversity: a meta-analysis. — Biol. Rev. 94: 648-661.

Ramasamy, R. K., Ramasamy, S., Bindroo, B. B. and Naik, V. G.
2014. STRUCTURE PLOT: a program for drawing elegant
STRUCTURE bar plots in user friendly interface. — Springer-
Plus 3: 431.

Ren, L., Guo, X,, Liu, S., Yu, T., Guo, W., Wang, R., Ye, S., Lam-
bertini, C., Brix, H. and Eller, E 2020. Intraspecific variation
in Phragmites australis: clinal adaption of functional traits and
phenotypic plasticity vary with latitude of origin. —J. Ecol. 108:
2531-2543.

Rohde, K. 1992. Latitudinal gradients in species diversity: the
search for the primary cause. — Oikos 65: 514-527.

Saltonstall, K. 2002. Cryptic invasion by a non-native genotype of
the common reed, Phragmites australis, into North America. —

Proc. Natl Acad. Sci. USA 99: 2445-2449.

Page 9 of 10

85U80| 7 SUOLIIOD BAIea1D) 3|edldde 8y} Aq peusenob e sajole O ‘88N 4O Sa|nJ 10} Afeiq|8UIUO AB]IM UO (SUORIPUD-PUR-SWLBHLIOD A8 |IM"Ale1d 1 |BUI|UO//SARL) SUORIPUOD PUe SWiS | 8U} &8s *[£202/TT/.0] Uo Ariqiauluo AB|im ‘AiseAlun uepnd Aq 9TTOT I0/TTTT 0T/I0p/w00" A3 |im"Akeiqjuluoy/sdny wiouy papeojumod ‘0 ‘9020009T


https://doi.org/10.5061/dryad.9zw3r22mt
https://doi.org/10.5061/dryad.9zw3r22mt

Saltonstall, K. 2003. Microsatellite variation within and among
North American lineages of Phragmites australis. — Mol. Ecol.
12: 1689-1702.

Saltonstall, K. 2016. The naming of Phragmites haplotypes. — Biol.
Invas. 18: 2433-2441.

Schluter, D. and Pennell, M. W. 2017. Speciation gradients and
the distribution of biodiversity. — Nature 546: 48-55.

Shang, L., Li, L. E, Song, Z. P, Wang, Y., Yang, J., Wang, C. C,,
Qiu, S. Y., Huang, J. X., Nie, M., Wolfe, L. M. and Li, B. 2019.
High genetic diversity with weak phylogeographic structure of
the invasive Spartina alterniflora (Poaceae) in China. — Front.
Plant Sci. 10: 1467.

Smith, A. L., Hodkinson, T. R., Villellas, J., Catford, J. A., Cserg6,
A. M., Blomberg, S. P, Crone, E. E., Ehrlén, J., Garcia, M. B.,
Laine, A. L. and Roach, D. A. 2020. Global gene flow releases
invasive plants from environmental constraints on genetic
diversity. — Proc. Natl Acad. Sci. USA 117: 4218-4227.

Stotz, G. C., Gianoli, E. and Cahill, J. E Jr. 2019. Biotic homog-
enization within and across eight widely distributed grasslands
following invasion by Bromus inermis. — Ecology 100: €02717.

Tanaka, T. S. T., Irbis, C. and Inamura, T. 2017. Phylogenetic
analyses of Phragmites spp. in southwest China identified two
lineages and their hybrids. — Plant Syst. Evol. 303: 699-707.

Thomas, L., Kennington, W. J., Evans, R. D., Kendrick, G. A. and
Stat, M. 2017. Restricted gene flow and local adaptation high-
light the vulnerability of high-latitude reefs to rapid environ-
mental change. — Global Change Biol. 23: 2197-2205.

Uller, T. and Leimu, R. 2011. Founder events predict changes in
genetic diversity during human mediated range expansions. —

Global Change Biol. 17: 3478-3485.

Page 10 of 10

van den Hoogen, J. et al. 2019. Soil nematode abundance and func-
tional group composition ata global scale. — Nature 572: 194-198.

Wang, I. J. 2013. Examining the full effects of landscape heteroge-
neity on spatial genetic variation: a multiple matrix regression
approach for quantifying geographic and ecological isolation.
— Evolution 67: 3403-3411.

Xia, L., Geng, Q. and An, S. 2020. Rapid genetic divergence of an
invasive species, Spartina alterniflora, in China. — Front. Genet.
11: 284.

Yan, J., Zhang, Y., Crawford, K. M., Chen, X, Yu, S. and W, J.
2021. Plant genotypic diversity effects on soil nematodes vary
with trophic level. — New Phytol. 229: 575-584.

Young, H. S., Parker, I. M., Gilbert, G. S., Sofia Guerra, A. and
Nunn, C. L. 2017. Introduced species, disease ecology, and bio-
diversity—disease relationships. — Trends Ecol. Evol. 32: 41-54.

Yu, S., Zhang, Y. X,, Ren, Y. L. and Sun, Q. X. 2013. Isolation and
characterization of microsatellite loci for Phragmites australis.
—J. Genet. 92: €89-92.

Zerebecki, R. A., Sotka, E. E., Hanley, T. C,, Bell, K. L., Gehring,
C., Nice, C. C., Richards, C. L. and Hughes, A. R. 2021.
Repeated genetic and adaptive phenotypic divergence across
tidal elevation in a foundation plant species. — Am. Nat. 198:
E152-E169.

Zhang, Y., Pennings, S. C., Li, B. and W, J. 2019. Biotic homog-
enization of wetland nematode communities by exotic Spartina
alterniflora in China. — Ecology 100: ¢02596.

Zhang, Y., Li, B., Wu, J., Pennings, S. C. 2020. Contrasting lati-
tudinal clines of nematode diversity in Spartina alterniflora salt
marshes between native and introduced ranges. — Divers. Dis-

trib. 26: 623-631.

85U80| 7 SUOLIIOD BAIea1D) 3|edldde 8y} Aq peusenob e sajole O ‘88N 4O Sa|nJ 10} Afeiq|8UIUO AB]IM UO (SUORIPUD-PUR-SWLBHLIOD A8 |IM"Ale1d 1 |BUI|UO//SARL) SUORIPUOD PUe SWiS | 8U} &8s *[£202/TT/.0] Uo Ariqiauluo AB|im ‘AiseAlun uepnd Aq 9TTOT I0/TTTT 0T/I0p/w00" A3 |im"Akeiqjuluoy/sdny wiouy papeojumod ‘0 ‘9020009T



	Introduction
	Material and methods
	Sampling, genotyping and sequencing of Phragmites australis
	Data analysis of genetic diversity and structure of Phragmites australis
	Correlation analysis between geographical and genetic distances of Phragmites australis and Spartina alterniflora
	Correlation between genetic variation and nematode community
	Correlation between genetic variation and nematode community

	Results
	Latitudinal pattern of genetic diversity
	Spatial similarity of genetic structure
	Correlation between genetic variation and nematode community
	Correlation between genetic variation and nematode community

	Discussion
	Conclusion
	References

