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In the process of applying exotic plants to wetland ecological restoration,
insufficiently evaluated alien species may exhibit strong competitiveness and
fecundity. Once introduced, they can displace native flora, disrupt the original
ecological balance, diminish biodiversity, and even induce ecosystem
dysfunction. Furthermore, exotic plants have the potential to alter soil
microbial community structure, including the composition and activity of
beneficial symbiotic microorganisms such as arbuscular mycorrhizal fungi
(AMF), thereby impacting soil nutrient cycling and interplant nutrient
competition. Here, we conducted three consecutive years of sampling
experiments to investigate the succession of AMF communities associated with
the invasive plant Spartina alterniflora along an initial introduction
chronosequence, and to identify the key environmental factors influencing its
response to S. alterniflora invasion. Our findings reveal that early-stage invasion
by S. alterniflora alters the composition of soil AMF communities with
unclassified_c__Glomeromycetes and Glomus-viscosum-VTX00063
consistently dominating. Additionally, as the duration of introduction increases,
the diversity of rhizosphere soil AMF significantly decreases, while its evenness
remains relatively stable. It's indicated that soil ®, AN, AK and N/P ratio were the
main influencing factors of the integral AMF community. Notably, soil available
phosphorus (AP) emerges as a positive influence on the important AMF taxa. The
results confirm the mutual feedback effect between the invasion of the perennial
herb S. alterniflora and AMF, in which specific AMF assist in nutrient absorption to
promote S. alterniflora growth, potentially facilitating its rapid and successful
invasion of new habitats. Given the likely differential effects of AMF communities
on various plant species, our findings could contribute to anticipating future
AMF-mediated effects during the introduction of alien plants.
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1 Introduction

Coastal wetlands are highly ecologically vulnerable, and the
superimposed effects of global climate change and human activities
have led to severe degradation of natural wetlands (Osland et al,
2022), an urgent issue that requires global focus and response.
Vegetation plays a crucial role in wetland water purification,
preservation, and regulation (Bhatia and Goyal, 2014). In wetland
ecological restoration, it is imperative to rationally screen and utilize
exotic plants (Herron et al., 2007). If the invasive potential of an
introduced species is not properly assessed before it is introduced, it
may become an invasive species in its new habitat, causing potential
disruptions to ecosystems and economies (Pysek and
Richardson, 2010).

Nevertheless, the current studies are lacking in comprehensive
case analyses and sufficient data, resulting in the uncertainty of the
effectiveness of vegetation restoration strategies in enhancing the
wetland ecological roles. Plant invasion has emerged as a driving
force for global transformation, reshaping the structure and
function of native ecosystems worldwide (Herron et al., 2007;
Bunn et al,, 2015). Evidence suggests that the penetration of
plants across various ecosystems profoundly influences the
microbial communities living beneath the surface and their
associated ecosystem mechanisms (Fahey et al., 2020). Given that
soil microbial communities can rapidly respond to external
environmental changes (e.g., plant invasion) and are critical to
soil nutrient dynamics, they can act in dual roles as drivers and
responders for plant invasion (Dawson and Schrama, 2016). Lately,
the mutual feedback between plant communities and soil
microorganisms in coastal wetlands has received more attention.
For instance, a study investigated the impact of different plant
species on fungal changes in the coastal wetland of the Minjiang
River Estuary (Ye et al, 2023), demonstrating that non-native
species can increase fungal diversity, and the relative abundance
of saprophytic and pathogenic fungi. Yu et al. (2012) and Li et al.
(2021) examined the response of soil microbial communities to
wetland vegetation succession in the Yellow River Delta, and
revealed an obvious interaction between aboveground and
underground components, demonstrating that wetland plants
enhance the diversity of soil microorganisms.

Arbuscular Mycorrhizal Fungi (AMF) is capable of establishing
symbiotic relationships with more than 80% of terrestrial plants
(Smith, 2009). This mechanism sustains the equilibrium of the
ecosystem by enhancing plant development through improved
nutrient accessibility, thereby changing the competitive dynamics
within plant communities (Chen et al., 2020). Many introduced
plant species rely on mutualistic interactions to get over the
obstacles in their new habitats and become naturalized, and even
turn into invasive ones (Richardson et al., 2000). Mycorrhizal
associations themselves, as along with fungal diversity and
mycorrhizal types, directly or indirectly influence plant dispersal
and competition, shaping plant populations and communities and
regulating plant coexistence and diversity at local scales (Tedersoo
et al., 2020). The response of soil AMF communities to alien plant
invasion and the feedback of intrinsic soil AMF communities to
plant invasion success have garnered increasing attention (Lekberg
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et al, 2013; Sun et al, 2022a). Some studies showed that AMF
colonization rates and the average growth patterns remained similar
in both native and invasive plant species, but AMF was more
possible to affect invasion trajectories when native and invasive
plants belong to different functional groups (Bunn et al., 2015). It is
controversial whether there is a specificity regarding the
associations between AMF and plants. Some researchers think
there is low specificity, while specific research has indicated that
the presence of host plant predilections could be critical in
maintaining the diversity and abundance of AMF (Torrecillas
et al., 2012).

Recent advances in extensive sampling and sequencing methods
indicate that seasonality and temporal effects contribute to forming
the AMF community (Davison et al., 2011; Han et al., 2016). The
impact of plant invasion on ecosystems varies over time, and the
initial advantage of invasive species may diminish in the later stages
of the invasion (Dostal et al, 2013). Specifically, the effects of
invasive species on soil properties and microbial structure and
function do not necessarily remain constant or accumulate during
the invasion process (Strayer, 2012; Souza-Alonso et al., 2015).
Besides that, seasonality can be defined as periodic and cyclical
changes in conditions over an annual time scale (Williams et al.,
2017). Its impact on ecological processes has been fully recognized,
but its role in ecosystems has not been fully valued (White and
Hastings, 2020). Notably, previous research has demonstrated
significant seasonal variations in soil microbial communities and
their functional categories of invasive plant (Zhang et al., 2023).
Consequently, given the critical role of AMF, disentangling the
dynamics of soil AMF communities along the chronological
sequence of invasion and seasonal changes can help to
understand the interactions between invasive plants and AMF.

S. alterniflora, a perennial grass native to the Atlantic coast of
North America and the Gulf of Mexico, was initially introduced to
China as an ecological engineering solution to enhance wetland soil
quality and foster ecological rejuvenation (Li et al., 2022). However,
it has been one of the most serious invaders in salt marshes globally
(Ning et al,, 2019). Specifically, in China, the largest colonization of
S. alterniflora to date has been observed in coastal wetlands between
18°N and 41°N (Li et al., 2022). S. alterniflora invades the ecological
niche of native species, leading to a sharp decline in native plant
diversity and ecosystem functions (Wan et al., 2009; Dou et al.,
2022; Li et al, 2022), and strongly altering the structure and
composition of soil microbial communities (Fahey et al., 2020).
While some studies have highlighted shift in microbial
communities associated with S. alterniflora invasion, the function
of mutualists (AMFs) in promoting or inhibiting its invasions (i.e.,
the capability of AMFs to affect the invasion process) remains
uncertain (Richardson et al.,, 2000). Given the variability in how
host plants affect distinct AMF (Smilauer et al., 2020), it is crucial to
comprehend how S. alterniflora modifies AMF communities in
invaded soil.

In summary, it is of major value to elucidate the shifts in AMF
communities during S. alterniflora’s invasion chronosequence and
the coupling relationship between these changes and soil
environmental factors. So, we assessed alterations of soil AMF
communities following S. alterniflora invasion in a growing
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invasive saltmarsh habitat. The composition and structure of soil
AMF communities were determined via 18S rRNA gene high-
throughput sequencing technology. This study proposes and tests
the following hypotheses: (1) S. alterniflora invasion will change the
AMF diversity and community structure of coastal salt marshes
over a short-term period of continuous invasion with seasonal
differences; (2) the significant differences in AMF community
structure and composition in the early stage of the invasion are
closely tied to changes in soil characteristics.

2 Materials and methods
2.1 Study sites and soil sample collection

The invaded territory in the salt marshes (37°16'N, 118°59'E) of
S. alterniflora, situated in the coastal region of Laizhou Bay, the
Yellow River Delta of China, was chosen as the study location. It
features a temperate continental monsoon climate, whose average
annual temperature is 11.9°C, with approximately 592 mm of
precipitation and more than 1900 mm of evaporation yearly. The
main vegetation types include S. alterniflora, Tamarix Chinensis,
Suaeda salsa and so on. Based on field surveys, reviews of the
literature and remote sensing photos of the region, it was concluded
that S. alterniflora invaded the sample site around 2017. A 5 mx5 m
sample plot was set up in the invasion area for soil sampling, and
samples were obtained using a five-point sampling method. Before
sampling, the soil was manually removed of plant residues and
visible stones. Based on the above determined locations, surface
layer (0~20 cm) soil samples were gathered in April and November
2017, April and June 2018, and April and November 2019, for a
total of 18 samples. Each sample was put in a sterile polyvinyl
chloride bag and kept cold in an ice-filled refrigerator. For microbial
community analysis, one component of each composite sample was
brought to the lab and kept in a fridge maintained at -80°C. The
other component was allowed to air dry at room temperature and
sieved for soil physicochemical analysis.

2.2 Soil physicochemical analysis

Soil physical and chemical features were analyzed using
established procedures. Soil moisture (®) was calculated based on
the water content loss after drying 10 g wet soil at the oven with
105°C (Gardner, 1986). Briefly, the supernatant of the soil sample
(derived from a soil-water blend with a 1:5 weight ratio) was
analyzed to determine its pH level and electrical conductivity (Ec,
indicating soil salinity). Soil available phosphorus (AP) was
measured by treatment with 0.5 mol/L NaHCO; followed by
molybdenum blue colorimetry. Soil available nitrogen (AN) was
measured by the alkaline hydrolysis diffusion method. Soil available
kalium (AK) was determined by ammonium acetate extraction with
the flame photometry method. The wet combustion analysis of soils
by chromic acid digestion was used to determine soil organic
carbon (SOC) (Nelson and Sommers, 1996). Soil total nitrogen
(TN) was determined by the micro-Kjeldahl method (Bremner,
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1965). Soil C/N ratio and N/P ratio was calculated based on the SOC
and TN molar content, and the AN and AP molar
content, respectively.

2.3 DNA extraction, amplification and
MiSeq sequencing

Following the manufacturer’s protocol, soil microbial genomic
DNA was extracted from 0.5 g fresh soil using the E.ZN.A.® Soil
DNA Kit (Omega Bio-Tek),. The measurement of DNA length and
impurities was conducted on a 1% agarose gel, while the NanoDrop
2000 UV-vis spectrophotometer was employed to evaluate the
DNA’s concentration and purity (Thermo Scientific, Wilmington,
Delaware, USA). To assess AM fungal communities, the 18S rRNA
gene fragment were nested polymerase chain reaction (PCR)
amplified with the primer pair AML1 (5-ATC AAC TTT
CGATGG TAG GAT AGA-3’) and AML2 (5'-GAA CCC AAA
CACTTT GGT TTC C-3") (Lee et al., 2008), and the second round
primers were AMV4.5NF (5'-AAG CTC GTA GTT GAA TTT CG-
3’) and AMDGRR (5'-CCC AAC TAT CCC TAT TAA TCA T-3')
(Sato et al.,, 2005). PCR results were further purified and paired-end
sequencing was carried out using an Illumina MiSeq PE300
platform (Illumina, San Diego, CA, USA) in Majorbio Bio-Pharm
Technology (Shanghai, China).

2.4 Bioinformatic analyses

Initial AMF sequencing outcomes underwent demultiplexing,
quality standardization through fastp version 0.20.0 (Chen et al,
2018), and were combined using FLASH version 1.2.7 (Magoc and
Salzberg, 2011). Using UPARSE version 7.1.1090 (Edgar, 2013),
sequences that met the criteria were categorized into operational
taxonomic units (OTUs) based on 97% similarity level, succeeded
by pinpointing and omitting chimeric sequences. Each OTU
representative sequence’s classification was scrutinized using the
MaarjAM database (https://maarjam.botany.ut.ee/). To standardize
the survey effort, we conducted a random resampling of 2434 reads
in each sample and the diversity indices were determined based on
this standardized data set.

2.5 Statistical analyses

Soil microbial alpha diversity was determined through the
“vegan” software in the R (version 4.0.2). The assessment of
microbial beta diversity utilized the weighted UniFrac distance,
alongside a non-metric multidimensional scaling (NMDS)
ordination to explore the fluctuations in microbial populations
over various years or seasons. The impact of yearly and seasonal
variations on the physicochemical characteristics of soil was
analyzed using two-way ANOVA. To assess the variance in alpha
diversity across different years or seasons, a one-way ANOVA with
Tukey’s test was utilized. PERMANOVA was employed to evaluate
how plant invasion timelines and seasonal patterns affect microbial
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FIGURE 1

Soil AMF alpha diversity at invaded sites, including diversity (A, C) and evenness (B, D) of inter-annual sequence and seasonality, respectively. The
differential representation between them was assessed by one-way ANOVA: * p <0.05.

Glomus-viscosum-VTX00063 are the dominant taxa in April and
November, while the proportion of Glomus-sp.-VTX00304 can reach
more than 30% in June, and the proportion of
unclassified_g__Paraglomus increases significantly in November
(Figure 2D).

Difference significance test analysis was used to compare groups
of dominant species (Figures 3A, B) and dominant OTUs
(Figures 3C, D) in order to determine the inter-annual (2017,
2018, and 2019) and seasonal (April, June, and November)
differences in rhizosphere AMF of S. alterniflora. Findings
indicated a notable reduction and subsequent rise in the quantity
of unclassified_c__Glomeromycetes in S. alterniflora annually
during the initial phases of invasion. The abundance of Glomus-
Douhan3-VTX00212 and unclassified_g _Glomus_f__Glomeraceae
both increased significantly by nearly 2 times in 2018 compared to
2017 and fell to 8% -20% in 2019 compared to 2018,
and the abundance of Glomus-sp.-VTX00304 in 2018 was
significantly higher than other years (Figure 3A). Seasonally,
the abundance of unclassified_g_Glomus_f__Glomeraceae
significantly decreased by approximately 80% in November, and
unclassified_g__Acaulospora appeared in April (Figure 3B).
Additionally, there are notable variations in the S. alterniflora soil
AMF between years, in which the abundance of OTU2591,
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OTU2744, and OTUI1332 dropped sharply in 2018, while the
abundance of OTU2071 decreased directly year by year
(Figure 3C). From the perspective of seasonal changes, OTU7940,
OTU2909 and OTU7916 appeared in April (Figure 3D).

NMDS plots based on Bray-Curtis and weighted UniFrac
distances showed differences in AMF community structure in
invaded site soils across years and seasons (Figure 52). Soil AMF
communities were significantly separated in different years and
seasons, and this separation was confirmed by permutation
tests (Table 2).

3.3 Microbial key drivers under the invasion

Redundancy analysis (RDA) outcomes reveal that the study
attributes 30.75% of the total fluctuation in soil AMF communities
to 10 pertinent environmental elements (Figure 4A). The results
showed that soil ®, AN, AK and N/P ratio were the main
influencing factors of the integral AMF community (Table 3).
Additionally, the heatmap revealed that soil environmental
variables impacted the 15 most prevalent AMF species
(Figure 4B), where soil AP all showed significantly positive
correlations with unclassified_g__Acaulospora, Glomus-Wirsel-
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The bold value indicates that p is less than 0.05 and is significant.
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OTU6-VTX00202, Glomus-Yamato09-E-VTX00270 and Glomus-
Douhan3-VTX00212.

On account of the correlation heatmap of soil physicochemical
factors, the Mantel test showed that soil AN was the main factor
controlling the soil AMF community in 2017 in terms of
interannual changes, and there was less connection between the
AMF community and soil parameters in the following 2 years (p >
0.05; Figure 5A). Based on seasonal variations, soil ®, AN, TN, AP
and N/P ratio were the main factors controlling the soil AMF
community and had significantly positive effects in April; while only
soil AP controlled the community significantly in
November (Figure 5B).

In order to elucidate the changing patterns of soil AMF
communities, a PLS-SEM model was established to quantitatively
compare the causal relationship between multiple environmental
variables and AMF communities. The PLS-SEM determined the
direct and indirect effects of soil chemical properties (Ec, TN, AN
and AP) on AMF communities (including all species) (Figure 6).
TN demonstrated a notable positive association with AN and AP,
respectively. AP was significantly positively correlated with soil
AMF communities.

4 Discussion

4.1 Dynamic changes in soil physical and
chemical properties

Plant invasion can change the biotic and abiotic properties of
soil through positive or negative plant-soil feedback effects, thereby
affecting the soil physical and chemical properties of the invaded
habitat (Liao et al., 2006; Sun et al., 2022b). Under S. alterniflora
invasion, the results of this study showed that some soil variables
changed in an orderly manner during the invasion time series
(Table 1). For example, with the growth of S. alterniflora, soil AN
and AP significantly decreased, while pH and N/P ratio increased
significantly. In the context of global change, the success of invasive
plant species will also have an impact on the ability of wetlands to
store and release nitrogen and phosphorus (Wang et al., 2014,
Wang et al, 2018), and changes in nitrogen to phosphorus ratios
have been shown to be associated with changes in plant
performance and vegetation species composition (Giisewell,
2004). It is worth noting that S. alterniflora invasion is considered
a key event affecting sediment P availability and storage, and
changes in P content corresponding to S. alterniflora invasion
depend on the invasion time (Li et al., 2018; Xie et al,, 2019). For
example, in the first stage of invasion, S. alterniflora mainly
consumes organic phosphorus in sediments (Li et al., 2018). The
similar phenomenon about AP was also observed in the study of Lin
et al. (2024), in which a significant decreasing trend in AP was
observed in the Minjiang estuary wetland invaded by S. alterniflora.
The results of this investigation showed that more soil AP was lost
in S. alterniflora soil than AN, with the soil N/P ratio rising and
both AN and AP declining. According to the study of Wang et al.
(2018), after S. alterniflora replaced Phragmites australis, soil
phosphorus storage generally increased, but nitrogen storage did
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FIGURE 4

(A) Redundancy analysis (RDA) of soil AMF communities and soil physicochemical properties invaded by S. alterniflora. (B) Correlation heatmap of
the influence of different environmental factors on the Species level community composition of soil AMF. w, soil water content; pH; Ec, soil electrical
conductivity; AN, alkaline nitrogen; TN, soil total nitrogen; AP, soil available phosphorus; AK, soil available potassium; SOC, soil dissolved organic
carbon; C/N, carbon to nitrogen ratio; N/P, nitrogen to phosphorus ratio. * p <0.05; ** p < 0.01.

TABLE 3 Environmental explanation of the changes in soil AMF

community by RDA analysis. not increase, resulting in a decrease in the N/P ratio of soil and
5 plants. The reasons for the inconsistency with our study may be the
RDAL RDA2 R p differences in native plants, the possibility of removal and
) -0.820 0.572 0.505 0.005 replanting of S. alterniflora (Wang et al., 2015), or the invasion
oH 0987 0. 160 0.198 0.19 history of this site for 7-15 years. In addition, AMF is also one of the
important driving factors affecting phosphorus components under
Fe 0698 0716 0105 0426 S. alterniflora invasion (Zhang et al., 2024).
AN -0.285 0.959 0.340 0.041 S. alterniflora is a polyploid grass (Ainouche et al., 2009), and its
™ 0428 0.904 0314 0.063 impact is likely to increase over time (Strayer, 2012). In addition, we
surmise that the AN, TN, AP, AK and SOC contents of salt marsh
AP 0620 0785 0269 0.097 soil showed a downward trend from April to June, and then
AK 0418 0.908 0.385 0.028 increased again in November, with significant changes (Table 1).
soC 0,403 0915 0211 0177 S. alterniflora produces overwintering ramets in autumn and
winter, so this phenological difference provides S. alterniflora with
C/N 0.132 -0.991 0.071 0.580 a competitive advantage (Li et al., 2009), and in spring and summer,
N/P 0981 -0.195 0.390 0.024 higher stem densities are observed due to the germination of new
The bold value indicates that p is less than 0.05 and is significant. Seedhngs (Wan etal, 2009) It can be prediCted that . alternlﬂora is
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FIGURE 5

The relationship between soil AMF community turnover and soil parameters revealed by Mantel test. (A) The relationship between AMF beta diversity
and soil variables in interannual sequences; (B) The relationship between AMF beta diversity and soil variables in seasons. Microbial and soil
dissimilarity was assessed by Bray-Curtis distance. Edge width is proportional to Mantel's p-value, and edge color indicates statistical significance.
Pairwise correlations of soil variables were evaluated by Spearman correlations and visualized by heat maps with color gradients (correlation
coefficients from -1 to 1 and colors from yellow to dark blue, respectively). * p < 0.05; ** p < 0.01; *** p < 0.001.
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FIGURE 6

Partial least squares path modeling (PLS-SEM) was used to investigate the direct and indirect effects of soil physicochemical properties on soil AMF
communities. The numbers on the arrows are standardized path coefficients. Solid arrows indicate significant effect sizes (p < 0.05, dashed lines p >
0.05), and blue and green colors indicate positive and negative relationships, respectively. The path coefficients and coefficients of determination
(R?) were calculated after 999 bootstraps. * p < 0.05, ** p < 0.01, *** p < 0.001. R?, variance explained by the model.

nutrient-dependent in the early stage of invasion and absorbs more
nutrients during the greening period in spring (April) to the
vigorous growth period (June) than in other periods of the year.
In autumn, stems become stable and vegetation reaches top height
(Wan et al.,, 2009), thus soil nutrients accumulate. In conclusion, the
invasion of S. alterniflora leads to significant alterations in soil
nutrient dynamics and plant-soil interactions, with implications for
wetland ecosystem functioning and the success of the invasive
species, especially considering its nutrient-dependent growth
patterns and phenological advantages.

4.2 AMF community succession over the
invasion time

The direction and extent of how plant invasion affects soil
microbial variety and the makeup of communities depends on
various elements such as the type of invasive plants, invasion
intensity, invasion history and soil nutrient substrate (Strayer,
2012; Fahey et al., 2020; Bickford et al., 2022). The effectiveness of
plant species invasions may be linked to their mutualistic associations
with mycorrhizal fungi. In general, the thicker the root, the weaker its
own absorption capacity, and it mainly relies on symbiotic
mycorrhizal fungi to obtain nutrients. In this study, the Shannon
index decreased slightly in the time series, but the Shannon evenness
index did not change much (Figure 1), and the AMF community
composition OTU gradually decreased (Figure S1). Previous studies
have shown that significant AMF community changes and diversity
reduction will occur after Centaurea maculosa invasion (Mummey
and Rillig, 2006). Fungal richness, particularly symbiotic ones,
decreased after two grass species (Bromus and Oats) invaded
native shrubland in southern California, possibly by increasing

Frontiers in Plant Science

09

their enhanced nutrient absorption in the soil compared to
indigenous plants (Phillips et al, 2019). The above studies are
consistent with ours (Figure 1). Such changes in AMF diversity
could have significant impacts on above- and below-ground
biodiversity. One study observed that invasion by Reynoutria
Japonica reduced AMF spore numbers, species richness, and
biomass over time (Zubek et al., 2022). Additionally, Lekberg et al.
(2013) pointed out that compared with invasion species Centaurea
Stoebe and Euphorbia esula, the enrichment of AMF in invasive
Bromus Tectorum is low. This may be due to the reduced AMF
richness in grass-dominated communities. AMF diversity varies in
response to invasion, and some of the differences in these studies may
be due to the mycorrhizal status of invaders. Additionally, 78% of
meta-analyses (including wetland, grassland, and forest ecosystems,
etc.) showed that invasive species harbored unique AMF
communities (Bunn et al., 2015). Our study also found that the
soil AMF community structure under S. alterniflora invasion exhibits
significant interannual and seasonal changes (Figure S2, Table 2),
which suggests changes in AMF composition and abundance are
important for the ecosystem processes it mediates. Day et al. (2015)
showed that for each site under Vincetoxicum rossicum invasion, the
invasion explained a significant proportion of the variation in AMF
composition over time, potentially leading to specific AMF
communities. This study is consistent with our findings, but it does
not rule out the possibility that different plant species have varied
needs and responses to mutualistic communities, as well as the
impact of plot history or soil texture on AMF communities.
Consequently, S. alterniflora invasion influences soil AMF
communities, and more research is needed to reveal whether AMF
community changes during the early stages of growth contribute to S.
alterniflora’s ability to compete relative to native plants when
colonizing new areas.
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Potential mechanism of early S. alterniflora invasion reshaping soil AMF communities.

4.3 Relationship between soil parameters
and AMF communities

The dynamic turnover of microorganisms caused by plant invasion
is intricately linked with the time series changes in soil characteristics,
leading to significant shifts in microbial-driven ecological activities. S.
alterniflora invasion can affect the soil microbial community structure
by altering the available nutrients and soil physicochemical properties
(Yang et al, 2016; Zhao et al, 2019). Our findings suggest that the
primary determinants of alterations in AMF communities could be the
soil ®, AN, AK and the N/P ratio (Figure 4A, Table 3). Variations in
nutrient levels, particularly phosphorus and nitrogen, critically affect
2017; Treseder et al., 2018),
potentially leading to shifts in the competitive edge of mycorrhizal

the AMF communities (Piischel et al.,

invasive plants (Lin et al., 2015). Furthermore, evidence suggests that
the balance between N and P is a more important factor in controlling
fungal colonization than the effects of N or P alone (Miller et al., 2002).
Wu et al. (2023) discovered a significant association between the
composition of the soil AMF community and metrics like soil w,
AP, TN, and AN: AP, etc. The PLS-SEM we conducted further showed
that AP showed a significant positive effect (0.783) on the AMF
community (Figure 6). Liu et al. (2021) proved that under the
invasion of the alien plant Galinsoga quadriradiata, soil AP
concentration has a positive effect on root AMF colonization. If
grown in soils under competition, fungal biomass and functional
responses often depend on soil P and N:P, and it has been
confirmed that AP changes the impact of AMF on native and
invasive plants, which in turn affects their competition (Chen et al,
2020). These results support the findings that nutrient sources,
temperature and moisture status interactions indirectly drive the
distribution of soil AMF abundance and diversity nutrient source
(Sun et al,, 2018). Consequently, a comprehensive understanding of the
ways in which AMF communities respond to and interact with their
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abiotic environment, specifically the availability of key soil nutrients, is
indispensable for accurately predicting the trajectory of microbial
community transitions and their wide-ranging ecological
implications. This finding enables to inform targeted interventions to
mitigate the impacts of invasive species, and ultimately foster more
resilient native ecosystems in the face of ongoing biotic invasions.

5 Conclusion

The introduction of exotic plants poses potential risks and
challenges. In our study, soil physicochemical variables and soil
AMF communities were investigated for initial introduction
chronosequence of S. alterniflora in Chinese coastal salt marshes.
The present results highlight the rapid and seasonal variation in
short-term venation sequences of soil microbial communities to S.
alterniflora introduction and support our hypothesis. Due to
alternating seasons, AMF communities associated with S.
alterniflora may be modified to some extent each year. During the
3-year introduction history, changes in soil AMF communities were
closely related to changes in soil ®, AN, AK and N/P ratio, resulting
in strong changes in microbial-mediated ecological functions.
Research revealed that soil AMF underwent considerable dynamic
succession along the time series process during the initial stage of S.
alterniflora invasion. The introduction of S. alterniflora during the
early stages of colonization triggers a homogenization of the AMF
community, a phenomenon characterized by a notable reduction in
soil AMF diversity without substantial alteration in evenness. The
dominance of unclassified_c__Glomeromycetes and Glomus viscosum-
VTX00063 is observed to incrementally rise in the newly
homogenized AMF assemblage. These shifts in AMF dominance
patterns are indicative of the species’ adaptive response to S.
alterniflora invasion, suggesting that the reshaped AMF community
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serves to bolster the competitive prowess of S. alterniflora amidst the
surrounding vegetation (Figure 7). Soil available phosphorus (AP)
positively affected important taxa of the early invading AMF
community. Such alterations could be linked to S. alterniflora’s
need for soil nutrients and its ability to adapt to the environment,
potentially impacting the wetland ecosystem’s overall wellbeing and
stability. Consequently, analyzing the dynamic succession of soil
AMEF, especially when introducing exotic plants, is vital for
formulating efficient strategies for wetland conservation
and rejuvenation.

Data availability statement

The data presented in the study are deposited in the GenBank
repository, accession number SAMN36708110-SAMN36708178,
BioProject PRINA998605.

Author contributions

YJ: Writing - review & editing, Writing — original draft,
Visualization, Validation, Software, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. MW: Writing
- original draft, Software, Investigation. XY: Writing - original
draft, Supervision, Investigation. ML: Writing - original draft,
Methodology, Investigation. XG: Writing - original draft, Writing
- review & editing, Validation, Supervision, Resources, Project
administration, Methodology, Funding acquisition, Data curation.

References

Ainouche, M. L., Fortune, P. M., Salmon, A., Parisod, C., Grandbastien, M.-A.,
Fukunaga, K., et al. (2009). Hybridization, polyploidy and invasion: lessons from
Spartina (Poaceae). Biol. Invasions 11, 1159-1173. doi: 10.1007/s10530-008-9383-2

Bhatia, M., and Goyal, D. (2014). Analyzing remediation potential of wastewater
through wetland plants: A review. Environ. Prog. Sustain. 33, 9-27. doi: 10.1002/ep.11822

Bickford, W. A., Goldberg, D. E., Zak, D. R,, Snow, D. S., and Kowalski, K. P. (2022).
Plant effects on and response to soil microbes in native and non-native Phragmites
australis. Ecol. Appl. 32, €2565. doi: 10.1002/eap.2565

Bremner, J. M. (1965). “Total nitrogen,” in Methods of soil analysis (John Wiley &
Sons, Ltd), 1149-1178. doi: 10.2134/agronmonogr9.2.c32

Bunn, R. A, Ramsey, P. W., and Lekberg, Y. (2015). Do native and invasive plants
differ in their interactions with arbuscular mycorrhizal fungi? A meta-analysis. J. Ecol.
103, 1547-1556. doi: 10.1111/1365-2745.12456

Chen, E,, Liao, H., Chen, B., and Peng, S. (2020). Arbuscular mycorrhizal fungi are a
double-edged sword in plant invasion controlled by phosphorus concentration. New
Phytol. 226, 295-300. doi: 10.1111/nph.16359

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, 1884-i890. doi: 10.1093/bioinformatics/bty560

Davison, J., Opik, M., Daniell, T. J., Moora, M., and Zobel, M. (2011). Arbuscular
mycorrhizal fungal communities in plant roots are not random assemblages. FEMS
Microbiol. Ecol. 78, 103-115. doi: 10.1111/j.1574-6941.2011.01103.x

Dawson, W., and Schrama, M. (2016). Identifying the role of soil microbes in plant
invasions. J. Ecol. 104, 1211-1218. doi: 10.1111/1365-2745.12619

Day, N. J., Antunes, P. M., and Dunfield, K. E. (2015). Changes in arbuscular
mycorrhizal fungal communities during invasion by an exotic invasive plant. Acta
Oecol. 67, 66-74. doi: 10.1016/j.actao.2015.06.004

Dostal, P., Miillerova, J., Pysek, P., Pergl, J., and Klinerova, T. (2013). The impact of
an invasive plant changes over time. Ecol. Appl. 16, 1277-1284. doi: 10.1111/ele.12166

Frontiers in Plant Science

11

10.3389/fpls.2024.1410009

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was supported by the National Natural Science
Foundation of China (Grant No. 32171649 and No. 31800421).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1410009/

full#supplementary-material

Dou, Z., Cui, L., Li, W., Lei, Y., Zuo, X., Cai, Y., et al. (2022). Effect of freshwater on
plant species diversity and interspecific associations in coastal wetlands invaded by
Spartina alterniflora. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.965426

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nat. Methods 10, 996-998. doi: 10.1038/nmeth.2604

Fahey, C., Koyama, A., Antunes, P. M., and Dunfield, K. (2020). Plant communities
mediate the interactive effects of invasion and drought on soil microbial communities.
L. ISME J. 14, 1396-1409. doi: 10.1038/s41396-020-0614-6

Gardner, W. H. (1986). “Water content,” in Methods of soil analysis (John Wiley &
Sons, Ltd), 493-544. doi: 10.2136/sssabookser5.1.2ed.c21

Gusewell, S. (2004). N: P ratios in terrestrial plants: variation and functional
significance. New Phytol. 164, 243-266. doi: 10.1111/].1469-8137.2004.01192.x

Han, J. Y., Xiao, H., and Gao, J. (2016). Seasonal dynamics of mycorrhizal fungi in
Paphiopedilum spicerianum (Rchb. f) Pfitzer — A critically endangered orchid from
China. Glob. Ecol. Conserv. 6, 327-338. doi: 10.1016/j.gecc0.2016.03.011

Herron, P. M., Martine, C. T., Latimer, A. M., and Leicht-Young, S. A. (2007).
Invasive plants and their ecological strategies: prediction and explanation of woody
plant invasion in New England. Divers. Distrib. 13, 633-644. doi: 10.1111/j.1472-
4642.2007.00381.x

Lee, J., Lee, S., and Young, J. P. W. (2008). Improved PCR primers for the detection
and identification of arbuscular mycorrhizal fungi: PCR primers for arbuscular
mycorrhizal fungi. FEMS Microbiol. Ecol. 65, 339-349. doi: 10.1111/
fem.2008.65.issue-2

Lekberg, Y., Gibbons, S. M., Rosendahl, S., and Ramsey, P. W. (2013). Severe plant
invasions can increase mycorrhizal fungal abundance and diversity. ISME J. 7, 1424
1433. doi: 10.1038/ismej.2013.41

Li, B,, Liao, C., Zhang, X., Chen, H., Wang, Q., Chen, Z,, et al. (2009). Spartina
alterniflora invasions in the Yangtze River estuary, China: An overview of current status
and ecosystem effects. Ecol. Eng. 35, 511-520. doi: 10.1016/j.ecoleng.2008.05.013

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1410009/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1410009/full#supplementary-material
https://doi.org/10.1007/s10530-008-9383-2
https://doi.org/10.1002/ep.11822
https://doi.org/10.1002/eap.2565
https://doi.org/10.2134/agronmonogr9.2.c32
https://doi.org/10.1111/1365-2745.12456
https://doi.org/10.1111/nph.16359
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1111/j.1574-6941.2011.01103.x
https://doi.org/10.1111/1365-2745.12619
https://doi.org/10.1016/j.actao.2015.06.004
https://doi.org/10.1111/ele.12166
https://doi.org/10.3389/fpls.2022.965426
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/s41396-020-0614-6
https://doi.org/10.2136/sssabookser5.1.2ed.c21
https://doi.org/10.1111/j.1469&ndash;8137.2004.01192.x
https://doi.org/10.1016/j.gecco.2016.03.011
https://doi.org/10.1111/j.1472-4642.2007.00381.x
https://doi.org/10.1111/j.1472-4642.2007.00381.x
https://doi.org/10.1111/fem.2008.65.issue-2
https://doi.org/10.1111/fem.2008.65.issue-2
https://doi.org/10.1038/ismej.2013.41
https://doi.org/10.1016/j.ecoleng.2008.05.013
https://doi.org/10.3389/fpls.2024.1410009
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jiang et al.

Li, H., Mao, D., Wang, Z., Huang, X,, Li, L., and Jia, M. (2022). Invasion of Spartina
alterniflora in the coastal zone of mainland China: Control achievements from 2015 to
2020 towards the Sustainable Development Goals. J. Environ. Manage. 323, 116242.
doi: 10.1016/j.jenvman.2022.116242

Li, J,, Chen, Q. Li, Q, Zhao, C,, and Feng, Y. (2021). Influence of plants and environmental
variables on the diversity of soil microbial communities in the Yellow River Delta Wetland,
China. Chemosphere 274, 129967. doi: 10.1016/j.chemosphere.2021.129967

Li, J., Lai, Y., Xie, R., Ding, X., and Wu, C. (2018). Sediment phosphorus speciation
and retention process affected by invasion time of Spartina alterniflora in a subtropical
coastal wetland of China. Environ. Sci. pollut. Res. 25, 35365-35375. doi: 10.1007/
s11356-018-3447-3

Liao, J. D., Boutton, T. W., and Jastrow, J. D. (2006). Storage and dynamics of carbon
and nitrogen in soil physical fractions following woody plant invasion of grassland. Soil
Biol. Biochem. 38, 3184-3196. doi: 10.1016/j.s0ilbi0.2006.04.003

Lin, Y., Chen, Q,, Qiu, Y., Xie, R, Zhang, H., Zhang, Y., et al. (2024). Spartina
alterniflora invasion altered phosphorus retention and microbial phosphate
solubilization of the Minjiang estuary wetland in southeastern China. J. Environ.
Manage. 358, 120817. doi: 10.1016/j.jenvman.2024.120817

Lin, G., McCormack, M. L., and Guo, D. (2015). Arbuscular mycorrhizal funga.l
effects on plant competition and community structure. J. Ecol. 103, 1224-1232.
doi: 10.1111/1365-2745.12429

Liu, G, Liu, R, Zhang, W., Yang, Y., Bi, X,, Li, M, et al. (2021). Arbuscular mycorrhizal
colonization rate of an exotic plant, Galinsoga quadriradiata, in mountain ranges changes
with altitude. Mycorrhiza 31, 161-171. doi: 10.1007/s00572-020-01009-y

Magoc, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics 27, 2957-2963. doi: 10.1093/
bioinformatics/btr507

Miller, R. M., Miller, S. P., Jastrow, J. D., and Rivetta, C. B. (2002). Mycorrhizal
mediated feedbacks influence net carbon gain and nutrient uptake in Andropogon
gerardii. New Phytol. 155, 149-162. doi: 10.1046/j.1469-8137.2002.00429.x

Mummey, D. L, and Rillig, M. C. (2006). The invasive plant species Centaurea
maculosa alters arbuscular mycorrhizal fungal communities in the field. Plant Soil 288,
81-90. doi: 10.1007/s11104-006-9091-6

Nelson, D. W., and Sommers, L. E. (1996). “Total carbon, organic carbon, and
organic matter,” in Methods of soil analysis (John Wiley & Sons, Ltd), 961-1010.
doi: 10.2136/sssabookser5.3.c34

Ning, Z., Xie, T., Liu, Z., Bai, J., and Cui, B. (2019). Native herbivores enhance the
resistance of an anthropogenically disturbed salt marsh to Spartina alterniflora
invasion. Ecosphere 10, €02565. doi: 10.1002/ecs2.2565

Osland, M. J., Chivoiu, B., Enwright, N. M., Thorne, K. M., Guntenspergen, G. R,,
Grace, J. B., et al. (2022). Migration and transformation of coastal wetlands in response
to rising seas. Sci. Adv. 8, eabo5174. doi: 10.1126/sciadv.abo5174

Phillips, M. L., Weber, S. E., Andrews, L. V., Aronson, E. L., Allen, M. F., and Allen, E.
B. (2019). Fungal community assembly in soils and roots under plant invasion and
nitrogen deposition. Fungal Ecol. 40, 107-117. doi: 10.1016/j.funeco.2019.01.002

Piischel, D., Janouskova, M., Voriskova, A., Gryndlerova, H., Vosatka, M., and Jansa,
J. (2017). Arbuscular Mycorrhiza Stimulates Biological Nitrogen Fixation in Two
Medicago spp. through Improved Phosphorus Acquisition. Front. Plant Sci. 8.
doi: 10.3389/fpls.2017.00390

Pysek, P., and Richardson, D. M. (2010). Invasive species, environmental change and
management, and health. Annu. Rev. Ecol. Evol. S35, 25-55. doi: 10.1146/annurev-
environ-033009-095548

Richardson, D. M., Allsopp, N., D’antonio, C. M., Milton, S. J., and Rejmanek, M.
(2000). Plant invasions — the role of mutualisms. Biol. Rev. 75, 65-93. doi: 10.1111/
j.1469-185X.1999.tb00041.x

Sato, K., Suyama, Y., Saito, M., and Sugawara, K. (2005). A new primer for
discrimination of arbuscular mycorrhizal fungi with polymerase chain reaction-
denature gradient gel electrophoresis. Grassl. Sci. 51, 179-181. doi: 10.1111/j.1744-
697X.2005.00023.x

Smilauer, P., Kognar, J., Kotilinek, M., and Smilauerova, M. (2020). Contrasting
effects of host identity, plant community, and local species pool on the composition and
colonization levels of arbuscular mycorrhizal fungal community in a temperate
grassland. New Phytol. 225, 461-473. doi: 10.1111/nph.16112

Smith, J. E. (2009). Mycorrhizal symbiosis (Third edition). Soil Sci. Soc Am. J. 73,
694-694. doi: 10.2136/ss52j2008.0015br

Souza-Alonso, P., Guisande-Collazo, A., and Gonzalez, L. (2015). Gradualism in Acacia
dealbata Link invasion: Impact on soil chemistry and microbial community over a
chronological sequence. Soil Biol. Biochem. 80, 315-323. doi: 10.1016/j.s0ilbio.2014.10.022

Strayer, D. L. (2012). Eight questions about invasions and ecosystem functioning.
Ecol. Lett. 15, 1199-1210. doi: 10.1111/j.1461-0248.2012.01817.x

Sun, D, Bi, Q, Li, K, Dai, P,, Yu, Y., Zhou, W, et al. (2018). Significance of
temperature and water availability for soil phosphorus transformation and microbial

Frontiers in Plant Science

12

10.3389/fpls.2024.1410009

community composition as affected by fertilizer sources. Biol. Fertil. Soils 54, 229-241.
doi: 10.1007/s00374-017-1252-7

Sun, J., Rutherford, S., Saif Ullah, M., Ullah, 1., Javed, Q., Rasool, G., et al. (2022b).
Plant-soil feedback during biological invasions: effect of litter decomposition from an
invasive plant (Sphagneticola trilobata) on its native congener (S. calendulacea). J. Plant
Ecol. 15, 610-624. doi: 10.1093/jpe/rtab095

Sun, D,, Yang, X, Wang, Y., Fan, Y., Ding, P., Song, X,, et al. (2022a). Stronger
mutualistic interactions with arbuscular mycorrhizal fungi help Asteraceae invaders
outcompete the phylogenetically related natives. New Phytol. 236, 1487-1496.
doi: 10.1111/nph.18435

Tedersoo, L., Bahram, M., and Zobel, M. (2020). How mycorrhizal associations drive
plant population and community biology. Science 367, eabal223. doi: 10.1126/
science.abal223

Torrecillas, E., Alguacil, M. M., and Roldan, A. (2012). Host preferences of arbuscular
mycorrhizal fungi colonizing annual herbaceous plant species in semiarid mediterranean
prairies. Appl. Environ. Microbiol. 78, 6180-6186. doi: 10.1128/AEM.01287-12

Treseder, K. K., Allen, E. B., Egerton-Warburton, L. M., Hart, M. M., Klironomos, J.
N., Maherali, H., et al. (2018). Arbuscular mycorrhizal fungi as mediators of ecosystem
responses to nitrogen deposition: A trait-based predictive framework. J. Ecol. 106, 480—
489. doi: 10.1111/1365-2745.12919

Wan, S., Qin, P, Liu, J., and Zhou, H. (2009). The positive and negative effects of
exotic Spartina alterniflora in China. Ecol. Eng. 35, 444-452. doi: 10.1016/
j-ecoleng.2008.05.020

Wang, W., Sardans, J., Wang, C., Zeng, C., Tong, C., Chen, G,, et al. (2018). The
response of stocks of C, N, and P to plant invasion in the coastal wetlands of China.
Global Change Biol. 25, 733-743. doi: 10.1111/gcb.14491

Wang, W, Sardans, J., Zeng, C., Zhong, C,, Li, Y., and Pefiuelas, J. (2014). Responses
of soil nutrient concentrations and stoichiometry to different human land uses in a
subtropical tidal wetland. Geoderma 232-234, 459-470. doi: 10.1016/
j.geoderma.2014.06.004

Wang, W.-Q., Wang, C,, Sardans, J., Zeng, C.-S., Tong, C., and Pefiuelas, J. (2015).
Plant invasive success associated with higher N-use efficiency and stoichiometric shifts
in the soil-plant system in the Minjiang River tidal estuarine wetlands of China.
Wetlands Ecol. Manage. 23, 865-880. doi: 10.1007/s11273-015-9425-3

White, E. R., and Hastings, A. (2020). Seasonality in ecology: Progress and prospects
in theory. Ecol. Complex. 44, 100867. doi: 10.1016/j.ecocom.2020.100867

Williams, C. M., Ragland, G. J., Betini, G., Buckley, L. B., Cheviron, Z. A., Donohue,
K., et al. (2017). Understanding evolutionary impacts of seasonality: an introduction to
the symposium. Integr. Comp. Biol. 57, 921-933. doi: 10.1093/icb/icx122

Wu, H, Yang, J., Fu, W,, Rillig, M. C,, Cao, Z., Zhao, A., et al. (2023). Identifying
thresholds of nitrogen enrichment for substantial shifts in arbuscular mycorrhizal
fungal community metrics in a temperate grassland of northern China. New Phytol.
237, 279-294. doi: 10.1111/nph.18516

Xie, R., Zhu, Y., Li, J., and Liang, Q. (2019). Changes in sediment nutrients following
Spartina alterniflora invasion in a subtropical estuarine wetland, China. CATENA 180,
16-23. doi: 10.1016/j.catena.2019.04.016

Yang, W., An, S., Zhao, H., Xu, L., Qiao, Y., and Cheng, X. (2016). Impacts of
Spartina alterniflora invasion on soil organic carbon and nitrogen pools sizes, stability,
and turnover in a coastal salt marsh of eastern China. Ecol. Eng. 86, 174-182.
doi: 10.1016/j.ecoleng.2015.11.010

Ye, G, Chen, J., Yang, P., Hu, H., He, Z., Wang, D., et al. (2023). Non-native plant
species invasion increases the importance of deterministic processes in fungal
community assembly in a coastal wetland. Microb. Ecol. 86, 1120-1131. doi: 10.1007/
500248-022-02144-z

Yu, Y., Wang, H, Liu, J., Wang, Q., Shen, T., Guo, W,, et al. (2012). Shifts in
microbial community function and structure along the successional gradient of coastal
wetlands in Yellow River Estuary. Eur. J. Soil Biol. 49, 12-21. doi: 10.1016/
j.ejsobi.2011.08.006

Zhang, G, Jia, J., Zhao, Q., Wang, W., Wang, D., and Bai, J. (2023). Seasonality and
assembly of soil microbial communities in coastal salt marshes invaded by a perennial
grass. J. Environ. Manage. 331, 117247. doi: 10.1016/j.jenvman.2023.117247

Zhang, H., Yang, X,, Yin, Z., Wang, J., Wang, J., An, S., et al. (2024). Invasion of
exotic Spartina alterniflora alters the size, availability, and stability of the soil
phosphorus pool in the coastal wetlands of Eastern China. CATENA 239, 107909.
doi: 10.1016/j.catena.2024.107909

Zhao, M., Lu, X,, Zhao, H., Yang, Y., Hale, L., Gao, Q., et al. (2019). Ageratina
adenophora invasions are associated with microbially mediated differences in
biogeochemical cycles. Sci. Total Environ. 677, 47-56. doi: 10.1016/
j.scitotenv.2019.04.330

Zubek, S., Kapusta, P., Stanek, M., Woch, M. W., and Blaszkowski, J. (2022). and
stefanowicz, A Reynoutria japonica invasion negatively affects arbuscular mycorrhizal
fungi communities regardless of the season and soil conditions. M. Appl. Soil Ecol. 169,
104152. doi: 10.1016/j.apsoil.2021.104152

frontiersin.org


https://doi.org/10.1016/j.jenvman.2022.116242
https://doi.org/10.1016/j.chemosphere.2021.129967
https://doi.org/10.1007/s11356-018-3447-3
https://doi.org/10.1007/s11356-018-3447-3
https://doi.org/10.1016/j.soilbio.2006.04.003
https://doi.org/10.1016/j.jenvman.2024.120817
https://doi.org/10.1111/1365-2745.12429
https://doi.org/10.1007/s00572-020-01009-y
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1046/j.1469-8137.2002.00429.x
https://doi.org/10.1007/s11104-006-9091-6
https://doi.org/10.2136/sssabookser5.3.c34
https://doi.org/10.1002/ecs2.2565
https://doi.org/10.1126/sciadv.abo5174
https://doi.org/10.1016/j.funeco.2019.01.002
https://doi.org/10.3389/fpls.2017.00390
https://doi.org/10.1146/annurev-environ-033009-095548
https://doi.org/10.1146/annurev-environ-033009-095548
https://doi.org/10.1111/j.1469&ndash;185X.1999.tb00041.x
https://doi.org/10.1111/j.1469&ndash;185X.1999.tb00041.x
https://doi.org/10.1111/j.1744-697X.2005.00023.x
https://doi.org/10.1111/j.1744-697X.2005.00023.x
https://doi.org/10.1111/nph.16112
https://doi.org/10.2136/sssaj2008.0015br
https://doi.org/10.1016/j.soilbio.2014.10.022
https://doi.org/10.1111/j.1461-0248.2012.01817.x
https://doi.org/10.1007/s00374-017-1252-7
https://doi.org/10.1093/jpe/rtab095
https://doi.org/10.1111/nph.18435
https://doi.org/10.1126/science.aba1223
https://doi.org/10.1126/science.aba1223
https://doi.org/10.1128/AEM.01287-12
https://doi.org/10.1111/1365-2745.12919
https://doi.org/10.1016/j.ecoleng.2008.05.020
https://doi.org/10.1016/j.ecoleng.2008.05.020
https://doi.org/10.1111/gcb.14491
https://doi.org/10.1016/j.geoderma.2014.06.004
https://doi.org/10.1016/j.geoderma.2014.06.004
https://doi.org/10.1007/s11273-015-9425-3
https://doi.org/10.1016/j.ecocom.2020.100867
https://doi.org/10.1093/icb/icx122
https://doi.org/10.1111/nph.18516
https://doi.org/10.1016/j.catena.2019.04.016
https://doi.org/10.1016/j.ecoleng.2015.11.010
https://doi.org/10.1007/s00248-022-02144-z
https://doi.org/10.1007/s00248-022-02144-z
https://doi.org/10.1016/j.ejsobi.2011.08.006
https://doi.org/10.1016/j.ejsobi.2011.08.006
https://doi.org/10.1016/j.jenvman.2023.117247
https://doi.org/10.1016/j.catena.2024.107909
https://doi.org/10.1016/j.scitotenv.2019.04.330
https://doi.org/10.1016/j.scitotenv.2019.04.330
https://doi.org/10.1016/j.apsoil.2021.104152
https://doi.org/10.3389/fpls.2024.1410009
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Exotic plants introduction changed soil nutrient cycle and symbiotic relationship with arbuscular mycorrhizal fungi in wetland ecological projects
	1 Introduction
	2 Materials and methods
	2.1 Study sites and soil sample collection
	2.2 Soil physicochemical analysis
	2.3 DNA extraction, amplification and MiSeq sequencing
	2.4 Bioinformatic analyses
	2.5 Statistical analyses

	3 Results
	3.1 Soil physicochemical properties
	3.2 Soil AMF diversity and community
	3.3 Microbial key drivers under the invasion

	4 Discussion
	4.1 Dynamic changes in soil physical and chemical properties
	4.2 AMF community succession over the invasion time
	4.3 Relationship between soil parameters and AMF communities

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


