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Abstract: Microbial symbionts are gaining attention as crucial drivers of invasive species spread
and dominance. To date, much research has quantified the net effects of plant-microbe interactions
on the relative success of native and invasive species. However, little is known about how the
structure (composition and diversity) of microbial symbionts can differ among native and invasive
species, or vary across the invasive landscape. Here, we explore the structure of endosphere and soil
fungal communities associated with a monoculture-forming widespread invader, Phragmites australis,
and co-occurring native species. Using field survey data from marshes in coastal Louisiana, we tested
three hypotheses: (1) Phragmites australis root and soil fungal communities differ from that of
co-occurring natives, (2) Phragmites australis monocultures harbor distinct fungal communities at
the expanding edge compared to the monodominant center, and (3) proximity to the P. australis
invading front alters native root endosphere and soil fungal community structure. We found that
P. australis cultivates root and soil fungal communities with higher richness, diversity, and pathogen
abundances compared to native species. While P. australis was found to have higher endosphere
pathogen abundances at its expanding edge compared to the monodominant center, we found no
evidence of compositional changes or pathogen spillover in native species in close proximity to the
invasion front. This work suggests that field measurements of fungal endosphere communities in
native and invasive plants are useful to help understand (or rule out) mechanisms of invasion.

Keywords: invasion; microbes; endosphere; endophytes; pathogens; fungi; Phragmites; haplotype I;
gulf haplotype; coastal marsh

1. Introduction

Globally, plant invasions reduce biodiversity and alter ecosystem function. Thus, the investigation
of patterns and processes underlying invasion is a central theme in ecological research. Plant-microbe
interactions are increasingly recognized as key drivers of invasion success [1,2]. Plants cultivate
two distinct communities of microbial symbionts that may influence their expansion: the soil
community (pool of microbes in the surrounding soil) and the endosphere (microbes within plant
tissues) [3]. To date, most research on microbially mediated invasion mechanisms has focused on
plant—soil interactions [4-6]. The plant-soil feedback framework posits that plants cultivate soil
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microbes in a species-specific fashion [7], which in turn influences plant growth and plant—plant
competition [8] through a variety of possible mechanisms, including release from natural enemies [9],
novel weapons [10], biotic resistance [11], accumulation of local soil pathogens [12], and disruption of
mutualistic associations [13].

Despite this depth of knowledge on the role of plant-soil interactions in promoting invasion,
little is known about how plant microbiome compartments (i.e., the endosphere and soil community)
are structured during the process of invasion. Traditionally, plant-soil feedback research regarding
invasion has quantified net effects of soil and endosphere communities on native and invasive
performance [7,14,15]. However, a few studies have characterized the composition of invasive and
native microbiomes in situ. Rodriguez-Caballero et al. [16] found that invasive Nicotiana glauca cultivated
a specific thizosphere microbial community with distinct metabolic functions. Gomes et al. [17]
observed that three invasive tree species increase richness, but did not alter composition, of arbuscular
mycorrhizal fungi. Additional previous work characterizing the soil and endosphere composition
of invasive plant species [18-20] and among native and invasive genotypes [21-23] has shown
that understanding patterns of microbial composition (i.e., putative pathogen abundance) in the
field can point to relevant microbial invasion mechanisms, such as enemy release or pathogen
accumulation [23-25].

While invasive and native plants have been shown to have different microbiomes [21-23,25],
little is known about how an invader’s microbiome varies across an invasion landscape. Many invasive
species expand in an invading front; thus, individuals of the invading population interact with distinct
plant assemblages at different stages of invasion. In the early stages of invasion, the invasive species
is rare and surrounded by a diverse community of heterospecifics, while as the invasion progresses,
the invader is surrounded by conspecifics. These very different biotic contexts likely influence
the invasive species’ endosphere and surrounding soil communities [25]. Comparing microbial
communities at the invader’s expanding edge with its monodominant core allows us to identify groups
of taxa that potentially influence spread at early stages of invasion.

An expanding invasive front also creates distinct community contexts for the resident native
species. Itis well established that invasive species can influence the composition of soil biota, which can
hinder the growth of native plants [8,13]. However, the degree to which an invader’s presence actually
alters native microbiomes has not been quantified. Investigating how the microbiomes of native plants
are influenced by their proximity to the invading front can inform us about the likelihood of pathogen
spillover or other microbial mechanisms contributing to native decline and invasive spread.

Here, we specifically investigate fungal root endosphere and soil assemblages of an invasive
wetland grass, Phragmites australis (Cav.) Trin. ex Steudel (common reed), and neighboring native
species. Phragmites australis is considered a model invasive species that aggressively spreads in both
inland and coastal systems worldwide [26-28]. The majority of research regarding P. australis invasion
success examines physiological traits [29-31], but recent studies have explored the potential role
that microbial communities play in P. australis invasion. Previous work has shown that P. australis
associates with a wide range of fungal endophytes [18,22,32], the composition of which can vary across
environmental gradients [19,21]. Despite a growing body of literature on P. australis fungal symbionts,
little is known about how P. australis’ endosphere and soil communities influence its invasion dynamics.

We focus on P. australis invasion in Gulf Coast marshes, which harbor a diverse and understudied
array of P. australis haplotypes [33,34]. We examine fungi associated with the most abundant haplotype
in the region, haplotype I, or the “Gulf haplotype” [34]. A hybrid between P. australis and P. mauritianus,
haplotype I is either an introduction to North America from Africa, or possibly of North America
origin [34,35]. Haplotype I is spreading in the Gulf Coast [36], where it reduces plant diversity and
alters soil microbial composition [37]. For these reasons, we refer to haplotype I as an invasive species
but recognize the need for further research into its historical range and natural history.

Here, we examine field patterns in soil and root endosphere community structure (composition and
diversity) of fungi associated with P. australis and native plants using data from six invaded marsh
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sites in coastal Louisiana. We test three hypotheses: (1) Phragmites australis root and soil fungal
communities will differ from that of co-occurring natives, (2) Phragmites australis roots will harbor
distinct fungal microbial community structure at the expanding edge compared to the monodominant
center, and (3) proximity to the P. australis invading front will alter native root and soil fungal structure.
For clarity, we refer to the P. australis monoculture and native community as “community types”,
whereas we refer to differences in plant composition (“center” and “edge”) within a P. australis
monoculture and the native community as “biotic contexts”. For each of these community types
and biotic context comparisons, we assess differences in root and soil fungal composition, richness,
diversity, and putative plant pathogen abundances.

2. Materials and Methods

2.1. Study Sites

Samples were collected from six freshwater to brackish marsh sites in southeast Louisiana
(see Supplementary Figure S1). At each site, 21 permanent 1 m by 1 m plots were established in three
transects: monoculture center, edge, and native center, each with seven plots spaced roughly 10 m apart.
The monoculture center transect plots were placed through the center of a P. australis monoculture
stand. The native center plots ran parallel to, but outside of, the P. australis stand, roughly 10 m from the
edge of the stand, and contain only native plants representing the native marsh community. The edge
plots ran along the edge of the P. australis stand, capturing the interface of the native community and
the invading P. australis front. Plots in each transect were spaced 10 m apart from the neighboring plots
within the same transect. The distance between the monoculture center and edge transect depended
on the size of the P. australis stand, ranging from 5-10 m apart.

2.2. Sample Collection

Samples were collected in October and November 2017, during the time of year in which the
majority of local native plant species are identifiable by flowers or fruits. In the center of each plot,
soils samples were collected with a sterilized soil corer (10 cm depth and 5 cm diameter), homogenized,
and stored in cryovial sample tubes. Root samples were collected from one individual of the dominant
plant species in P. australis and native plots, and both P. australis and the dominant native in the edge
plots. In native plots, we collected samples from a total of 8 species: Spartina patens, Eleocharis sp.,
Schoenoplectus americanus, Polygonum punctatum, Juncus roemarinus, Paspalum dissectum, Sacciolepis striata,
and Ipomoea saggitata. See Supplementary Table S2 for information about the number of species collected
from each transect at each site. In the field, fine roots were randomly cut from 5 different root sections
in each individual plant into 1-2 cm segments and rinsed in a sterile water bath. From this sterile water
bath, a random selection of root segments were collected for processing. Roots were then surfaced
sterilized by submerging segments into 70% ethanol, 3% bleach, and autoclaved, deionized water for
1 min each. Soil and root samples were placed directly into a liquid nitrogen container and transferred
to a —80 °C freezer upon returning to the lab. At each plot, soil porewater was collected at a depth of
15 cm using soil sippers (a plastic tube with perforations in one end attached to a syringe). Soil sippers
can be inserted into the soil to collect porewater specifically and avoid surface water, allowing for a
more accurate measure of soil parameters. Soil porewater salinity and pH were measured with a probe
(YSI). Bulk soil samples were sent to Louisiana State University’s Agricultural Center (Baton Rouge,
LA, USA) for analysis, including pH, phosphorus, organic nitrogen, potassium, and carbon content.

2.3. Molecular Methods

DNA was extracted from the soil samples with Qiagen DNeasy PowerSoil Kit and root samples
with DNeasy PowerPlant Pro Kit (Qiagen Inc.) following the manufacturer’s protocol. Extractions were
standardized to 10 pg/uL and amplified in duplicate using the primers F-ITS1F and ITS2 to sequence
the fungal ITS region. Duplicate amplicons were pooled and indexed. Negative controls were
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also amplified and sequenced. All samples were visualized with gel electrophoresis after each
PCR to confirm amplification and identify potential contamination. Soil samples were purified with
Sequalprep (Invitrogen Inc.,USA) and root samples were purified with AMPure beads (Beckman Coulter,
Indianapolis, IN, USA). Samples were pooled to create three libraries and were sequenced on three
lanes of an Illumina Miseq v3 (300 bp PE) by Duke Sequencing Core (Duke University, Durham,
NC, USA).

After receiving demultiplexed sequences, the DADA2 pipeline was used for filtering, dereplication,
chimera identification, merging pair-end reads, and taxonomic assignment [38]. We rarefied samples
to 5500 reads per sample. We checked for and removed fungal contaminants using the decontam
function in the decontam R package, using the “prevalence” option.

Putative functional categories were assigned to each amplicon sequence variant (ASV) using the
FunGUILD database [39]. FunGUILD classifies fungal ASV’s by trophic mode and functional guilds,
which are assigned at the fungal genus level. Plant pathogen abundance for each sample was
calculated by summing relative abundances of ASVs classified as plant pathogens within each sample.
For this, we included fungal taxa classified as plant pathogens, even if they were assigned multiple
functional classifications. If no functional grouping could be identified for a particular ASV, this ASV
was excluded from functional analyses. Thus, “pathogen abundance” represents the proportion of
sequences per sample that were identified as pathogens.

Hill’s diversity indices, including richness, the antilogarithm of Shannon’s entropy index
(hereafter referred to as ‘antilogarithm Shannon’), and the inverse of Simpson’s concentration index
(hereafter referred to as ‘inverse Simpson’) [40] were calculated for each root and soil fungal sample using
the hilldiv package in R [41]. Hill numbers are recommended for characterizing the diversity of samples
in molecular datasets, partially because they can be intuitively interpreted as the “effective number”
of ASVs [42]. Additionally, Hill’s series of diversity indices represent a range of sensitivity toward rare
and abundant ASVs [40,41].

2.4. Statistical Analysis

We tested our three hypotheses with a combination of constrained ordinations and linear models
that fall under three primary plant community comparisons: (1) monoculture vs. native community
types, (2) center vs. edge biotic contexts within a P. australis monoculture, and (3) center vs. edge biotic
contexts within a native community. For each of these primary comparisons, we contrasted root and
soil fungal composition, diversity indices, and putative plant pathogen abundances. All analyses were
conducted using R statistical software [43]. We performed constrained ordinations (distance-based
redundancy analysis (AbRDA)) to assess differences in fungal composition using the capscale() function
in the package vegan [44]. In each dbRDA model, site was included as a condition term to remove
variation due to differences among sites. Permutation tests (PERMANOVAs) were done using the
anova() function with the “by margin” option to assess the marginal significance of explanatory
variables. Mixed effect linear models were used to analyze the effect of community type or biotic
context on diversity indices and putative plant pathogen abundances. Linear models were fit using
the package nlme [45] and each included site as a random effect. Species identity was not included in
models because some of our species were only sampled once or twice (see Table S2), making some
of our species groups too small to be used as a random effect category. The significance of effects of
individual variables in linear models was assessed using type IIl ANOVA.

The different plots sampled (monoculture, edge, and native) likely differ in abiotic characteristics
and are also arrayed in space (with some plots closer to one another than others), which can drive
differences in fungal composition. In order to remove the effect of abiotic factors and distance on
fungal composition so that we tease apart the effect of community type and biotic context per se,
for each dbRDA and linear model, we performed backwards model selection using community type
(or biotic context), abiotic variables (including pH, porewater salinity, and carbon, phosphorus and
nitrogen content), and their interactions as explanatory variables. All abiotic variable values were
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rescaled (normalized) between 0 and 1 before applying to models so that all variables would have
the same ranges and model coefficients would be the same order of magnitude. For linear models,
backwards model selection was performed following methods in Zuur et al. [46]. We started with
a model including all abiotic variables as fixed effects. During this selection process, models were
fit using maximum likelihood. Non-significant abiotic variables were removed from models in a
stepwise fashion, starting with fixed effects with the highest p-values. We compared models using
AIC values to ensure that removing each variable improved model fit. When removing fixed effects
no longer improved model fit, we included all two-way interactions between the focal fixed effect
(community type or biotic context), to test whether abiotic variables alter the effect of the focal fixed effect
on the response variables. Final models were fit using restricted maximum likelihood [46]. For dbRDA
models, backwards model selection was performed by hand in a similar stepwise fashion, and abiotic
variables were removed only if model fit was improved. In each dbRDA model, distance was modeled
using the first axis of principal coordinates of neighborhood matrix (PCNM) analyses for each site [47].
PCNM output values from each site were concatenated for use as a condition term (similar to a random
effect). For each linear model, exponential spatial correlation structure was included using the corExp
function in the package nlme if it improved model fit according to AIC values [45]. The explanatory
variables included after model selection for each model are reported in Supplementary Table S1.

Samples from each of the six sites were used for the three primary plant community comparisons.
For the “community type” comparisons (hypothesis 1) we used a total of 168 root samples (14 P. australis
and 14 native at each of 6 sites) and 84 soil samples (14 plots at each of 6 sites). To analyze root
endosphere differences between plants in the monoculture vs. native community types, we used
P. australis root samples (from both monoculture and edge transects) and native plant root samples
(from both the native and edge transects). Soil community differences between plant community
types were analyzed using samples from the monoculture transect and the native community transect.
For each “biotic context” comparison, a total of 84 samples were used (14 plots at each of 6 sites).
Divergence of root and soil fungal communities between biotic contexts (“center” and “edge”)
within monocultures (hypothesis 2) was analyzed using P. australis root samples and soil samples
from the monoculture and edge transects. Differences in root and soil composition between the native
community center vs. edge (hypothesis 3) were analyzed using native root samples and soil samples
from the native and edge transects.

To visualize differences in root microbial community composition, we created constrained dbRDA
ordination plots using ggplot2 [48] and phlyoseq packages [49]. Bar plots were created using ggplot2.
To visualize overall differences between diversity indices and plant pathogen abundances between
community types and biotic contexts (while including random effects and additional fixed effects),
we calculated estimated marginal means and standard errors across all six sites using the emmeans
package in R [50]. We identified the five most abundant individual ASVs classified as plant pathogens
for each community type by calculating the mean abundance for each ASV and ranking them by
highest mean abundance.

3. Results

3.1. Do P. australis Monoculture Root and Soil Fungal Communities Differ from That of the Neighboring
Native Community?

Root endosphere composition strongly differed between P. australis and the native community
(Figure 1A). Richness, antilogarithm Shannon, and inverse Simpson were higher in P. australis roots
than in native roots (Figure 2A-C). Mean putative pathogen abundance was 3.3 times higher in
P. australis roots than in native roots (Figure 2D), and nitrogen independently increased pathogen
abundance (Supplementary Table S1). A total of 150 fungal genera in P. australis roots were classified
as pathogens, compared to 139 in native roots. The most abundant putative pathogen in P. australis
roots, Magnaporthe, a fungal genus that contains five widespread plant pathogens, including rice
blast fungus [51], accounted for 6.8% mean relative abundance (MRA) across the 84 P. australis root
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samples. Other abundant putative pathogens in P. australis roots included Giberella (2.5% MRA),
Marasmius (1% MRA), Curvularia (1% MRA), and Fusarium (1% MRA). The same plant pathogen taxa
were most abundant in native roots, but mean relative abundances were lower than in P. australis
roots: Magnaporthe (1.4% MRA), Curvularia (1% MRA), Marasmius (0.7% MRA), Fusarium (0.6% MRA),
and Giberella (0.5% MRA).
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Figure 1. Constrained ordinations showing the effect of community type and biotic context on fungal
root composition. Each point represents the root endosphere of an individual plant. Ellipses represent
a 95% confident interval for each group. Endosphere composition differed significantly between the
monoculture and native community types (A). Endosphere composition also differed between the
center and edge biotic contexts within the monoculture community (B). There was no difference in
endosphere composition between the center and edge biotic contexts within the native community (C).
P-values less than 0.1 are highlighted in bold and labeled with the following notation: t p < 0.1,
*p <0.05,**p<0.01, **p <0.001.

Soil fungal composition also differed between the P. australis monoculture and native community
(Supplementary Figure S2A). Soil pH had a significant but weaker impact on fungal composition
(Supplementary Table S1). Phragmites australis monoculture soils had slightly higher soil fungal
richness antilogarithm Shannon, and inverse Simpson than native soils, similar to the root endosphere
patterns (Figure 2E-G). Nitrogen increased both diversity and richness independently of community
type (Supplementary Table S1). Also similar to the endophyte results, pathogen abundance was
1.8 times higher in P. australis monoculture soils than in native soils (Figure 2H) and soil nitrogen
increased root pathogen abundance (Supplementary Table S1). Total pathogen abundances were
lower in soil samples than in root samples (Figure 2D,H). In P. australis monoculture soils, the most
abundant taxa identified as plant pathogens include Curvularia (1.3% MRA), Magnaporthe (0.8% MRA),
Fusarium (0.6% MRA), Chalara (0.3% MRA), and Giberella (0.3% MRA). In native community soils,
the most abundant putative plant pathogens were Curvularia (0.5% MRA), Fusarium (0.3% MRA),
Marasmius (0.3% MRA), Veronaea (0.2% MRA), and Magnaporthe (0.1% MRA).

3.2. Does P. australis Harbor Distinct Fungal Communities at Its Expanding Edge Compared to Its
Monodominant Center?

Phragmites australis endosphere fungal composition differed between the center of the monoculture
and the edge (Figure 1B). Biotic context had no effect on endosphere richness, antilogarithm Shannon,
or inverse Simpson (Figure 3A,B). Pathogen abundances were 1.4 times higher in P. australis roots at
the edge of the stand compared to roots in the monodominant center (Figure 3D). Similar to patterns
reported in the community type comparisons above, soil nitrogen content also significantly increased
pathogen abundance independent of biotic context (Supplementary Table S1).
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Figure 2. Fungal richness, antilogarithm of Shannon’s entropy index, inverse of Simpson’s concentration
index, and total putative plant pathogen abundance in P. australis monoculture (dark grey) and native
(light grey) community types. (A-D) display estimated marginal means and standard errors of root
fungal endosphere responses to community type. (E-H) show estimated marginal means and standard
errors of soil fungal community responses to community type. P-values less than 0.1 are highlighted in
bold and labeled with the following notation: tp < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001.

Soil fungal composition within the P. australis stand was influenced by biotic context and soil
pH (Supplementary Table S1, Supplementary Figure S2B). There was no difference in soil richness,
antilogarithm Shannon, inverse Simpson, or pathogen abundance between biotic contexts (Figure 3E-H),
but soil nitrogen and pH increased soil richness and soil nitrogen increased inverse Simpson diversity
(Supplementary Table S1).
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Figure 3. Fungal richness, antilogarithm of Shannon’s entropy index, inverse of Simpson’s concentration
index, and total putative plant pathogen abundance in center (dark grey) and edge (light grey)
biotic contexts within Phragmites australis monocultures. (A-D) display estimated marginal means and
standard errors of root fungal endosphere responses to biotic context. (E-H) show estimated marginal
means and standard errors of soil fungal community responses to biotic context. P-values less than
0.1 are highlighted in bold and labeled with the following notation: t p < 0.1, * p < 0.05, ** p < 0.01,
*** p < 0.001.

3.3. Does Proximity to the P. australis Invasion Front Alter Native Root and Soil Fungal Community
Composition, Diversity or Pathogen abundances?

Proximity to P. australis did not affect native root endosphere composition (Figure 1C). Instead,
soil pH was a driver of root composition (Supplementary Table S1). Native root richness and
antilogarithm Shannon were higher in plants adjacent to the P. australis monoculture edge (Figure 4A,B).
Native root inverse Simpson and pathogen abundance were not influenced by biotic context
(Figure 4C,D).
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Figure 4. Fungal richness, antilogarithm of Shannon’s entropy index, inverse of Simpson’s concentration
index, and total putative plant pathogen abundance in center (dark grey) and edge (light grey)
biotic contexts within native communities. (A-D) display estimated marginal means and standard
errors of root fungal endosphere responses to biotic context. (E-H) show estimated marginal means
and standard errors of soil fungal community responses to biotic context. P-values less than 0.1 are
highlighted in bold and labeled with the following notation: tp < 0.1, * p <0.05, ** p < 0.01, *** p < 0.001.

Differences in biotic context within the native community did not affect soil fungal composition
(Supplementary Figure S2C). Instead, soil pH was a primary driver of composition (Supplementary
Table S1). Soil richness and inverse Simpson was slightly higher in edge plots (Figure 4E,G), compared to
native plots, but there was no difference in antilogarithm Shannon (Figure 4F) or pathogen abundance
(Figure 4H). Salinity decreased fungal richness, regardless of biotic context (Supplementary Table S1).

4. Discussion

Invasive monocultures likely transform local pools of plant symbionts and possibly alter the
endosphere compositions of nearby native species, but this has rarely been tested in the field. Here we
present evidence that P. australis’ root endosphere and soil fungal associates indeed differ from that
of native species and house endosphere assemblages with higher richness, diversity, and putative
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plant pathogen abundances. At the native community boundary, P. australis roots contain distinct
fungal compositions with higher pathogen loads. Despite this, we do not find evidence that native
endosphere composition or pathogen abundances are influenced by proximity to the invasion front.
However, we do find that native root endosphere richness and diversity increase at the P. australis
expanding edge. Below, we discuss how these results shape our understanding of P. australis” fungal
microbiome, its impact on neighboring native plants, and the process of invasion.

4.1. Contrasting Fungal Composition, Richness, and Diversity in P. australis Monocultures and
Native Communities

We find strong compositional differences in P. australis and native symbiont communities,
which aligns with previous findings that host plant species identity is a crucial determinant of both
soil [52] and endosphere composition [53,54]. Plant species cultivate distinct soil communities using
a number of mechanisms, including the production of root exudates that preferentially amplify or
exclude particular fungal taxa [55]. Individual plant species then act as a biotic filter by cultivating
a subset of the available microbial pool, resulting in an endosphere community distinct from the
background soil. While some endophytic colonization may be random, biotic filtering mechanisms
allow different species grown in the same soil to assemble distinct endosphere compositions [56,57].

To date it is unclear whether the diversity of microbial associates of native and invasive plants
differs in a systematic way. Si et al. [58] report that soil fungal Shannon diversity increased with
the density of the invasive plant Wedelia trilobata. However, Lankau et al. [59] observes that soil
community richness declines in the initial stages of Alliaria petiolata invasion, but recovers overtime.
Bickford et al. [22] found no differences in root fungal endosphere richness or diversity among invasive
and native P. australis lineages. Here, we find that P. australis fosters more diverse root and soil
fungal communities compared to native species. Bowen et al. [23] proposed that release from natural
enemies allows invasive P. australis to devote fewer resources towards pathogen defense mechanisms.
We speculate that this reduction in biotic filtering mechanisms may allow invasive lineages of P. australis
to associate with a wider range of fungal taxa. Further examination of other invasive-native systems,
as well as biotic filtering mechanisms in invasive plants, could provide more generalized insight into
why invaders cultivate more or less diverse endophytic and soil fungi, compared to native species.

4.2. Phragmites australis Harbors Higher Putative Pathogen Abundances than Co-Occuring Native Species

Our observation that putative pathogen abundances are higher in P. australis soils is congruous with
previous work describing that invaders accumulate local soil pathogens [12,60,61]. Accumulation of
local pathogens in invaded soils has been well-documented; however, whether or not invasive species
amplify plant pathogens within their tissues has received less attention. It has been shown that
invasive Ageratina adenophora amplifies local pathogens in its leaf tissues asymptomatically [62].
Previous culture-based work found that fungal leaf pathogen abundances were higher in native and
European P. australis lineages than in Gulf and Delta lineages [21], while metagenomic work has shown
that there is no difference in pathogen abundance between native and invasive lineages [22]. To our
knowledge, this is the first study to report that putative pathogen abundances are higher in the internal
tissues of an invasive species compared to co-occurring native species. This suggests that fungal
pathogen accrual within P. australis” endosphere, in addition to accrual within its soils, is an important
pathway for pathogen accumulation in this system.

We found that P. australis amplifies plant pathogens in its tissues and soils, but the effect of this
process on the direction of invasion hinges on whether these putative plant pathogens are pathogenic
or asymptomatic in P. australis. Invasive species often benefit from enemy release in their invaded
range [9], but many invaders accrue local plant pathogens over time [63,64]. If pathogen accrual leads to
spillover of pathogens onto native plants with negative consequences for native growth (while invasive
plants are relatively asymptomatic), this could result in the exclusion of native species [12,60-62].
Conversely, if local enemies accumulate on invaders and cause relatively more harm to the invader than
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native plants, they can attenuate invasive expansion and generate biotic resistance to invasion [65,66].
A number of the most common putative pathogen genera identified in P. australis soils and tissues in
this study, including Curvularia, Fusarium, and Giberella, contain species that were found to reduce
growth of both European and native P. australis lineages [67]. Soil biota cultivated by invasive
lineages of P. australis was shown to have a negative impact on itself (and also on co-occurring native
species) [68]. This suggests that the local root pathogen accumulation we observe may be detrimental
to P. australis growth and spread in our system. However, other studies that have found that leaf
pathogen damage [21] and root pathogen abundance [22] in the field did not differ between native
and invasive P. australis lineages suggest that pathogens may not contribute to invasive success or
biotic resistance.

4.3. Phragmites australis Harbors Distinct Soil and Endosphere Fungal Communities at Its Expanding Edge

A number of papers have investigated variation in invader microbiomes across large geographic
areas [18,21,23], but this is the first study to our knowledge that tests whether an invader’s microbiome
changes at different stages of invasion. We find that root and soil composition differ between the center
and edge sections of the P. australis invasion front, suggesting that P. australis cultivates distinct fungal
assemblages at early stages of invasion. Additionally, P. australis harbors higher pathogen abundances
at its expanding edge, which indicates that these are local plant pathogens that originate from plants
within the native community. The difference in invader endosphere communities at early vs. late stages
of invasion may have implications for invader performance during expansion, but experimental work
would be necessary to test the implications for invasion.

4.4. Does Invader Presence Influence Native Endosphere Fungal Composition, Richness, Diversity,
or Pathogen Abundance?

It is well established that invasive plants influence the composition of soil microbes, which can
hinder the growth of neighboring species [7,8,14,61]. In our system, it has been found that invasive
lineages of P. australis reduce biomass of a native dominant wetland plant via indirect plant-soil
feedbacks involving soil biota [68]. Although it is well-documented that invasive species can alter soil
biota, it is unknown whether this translates to changes in endosphere biota. This is a key knowledge gap
in invasion ecology, as the endosphere integrates fungal symbionts that are central to host immunity,
stress tolerance, and nutrient acquisition [69,70]. Previous work demonstrates that an aggressive
invader, Bromus tectorum, accumulates a pathogen that infects native seeds [11]. Contrary to our
hypotheses, we find that biotic context (native community “edge” and “center”) has no impact on root
fungal composition within the native community. However, we do find that native root endosphere
richness increases at the edge of the P. australis invasion front. Thus, higher native root fungal richness
and diversity at the monoculture interface may result from P. australis increasing the range of fungi
that native roots can draw from.

Despite the fact that P. australis harbors high pathogen abundance, we find no evidence of pathogen
spillover into native populations. Pathogen ‘spillover’ or ‘spillback” occur when pathogen abundances
in one host species are driven not by transmission within that species but by transmission from a
reservoir species [64,71]. Evidence that invasive species act as pathogen reservoirs that can impact
co-occurring native populations is found in a number of invaded systems [11,60,61,64]. These dynamics
can resultin a reduction in native growth, or in apparent competition, in which both natives and invasive
species are negatively impacted by increased pathogen presence [68,72]. Given that P. australis hosts
high pathogen abundances at its expanding edge, we expected that native roots in close proximity to the
P. australis invasion front would have higher pathogen loads. However, we do not find evidence that
proximity to the P. australis monoculture edge impacts root or soil pathogen abundance. This suggests
that P. australis needs to obtain high dominance before it can alter soil pathogen communities and
possibly subsequently modify native endosphere communities. While manipulative experiments are
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necessary to test this explicitly, our results challenge the relevance of plant-soil feedbacks in promoting
invasion at the expanding edge [66].

4.5. Limitations

The primary limitation to this study is that it is a non-manipulative field survey. Here we describe
patterns of fungal symbiont community structure among P. australis and native species, but we cannot
draw definitive conclusions about their impact on the direction of invasion. However, this type of
survey is critically important for capturing plant-microbe patterns in field settings. Thus, we call
for work combining surveys, manipulative experiments, and metagenomics to tease apart which
plant-microbe interactions are relevant and have consequences for invasion.

In this study we only focus on the fungal components of the invaded landscape. We suggest
that future work investigate other components of native and invasive symbiont communities,
including bacteria. Furthermore, our methods (ITS primers) do not adequately capture arbuscular
mycorrhizal fungi diversity and abundances [73], which likely exert strong influences on the outcomes
of native and invasive success.

Another important caveat is that the classification of pathogens using the FUNguild database
generalizes functional assignment at the genus level. Thus, it is possible that some fungal taxa reported
as plant pathogens here may not be pathogenic at all. Furthermore, endosphere fungi often exhibit
life-style switching, making it possible for a taxon to be pathogenic in one species, but symbiotic or
commensal in another [74]. Regardless, this is the most robust form of functional guild assignment
for fungi available to date and it provides useful information about the probability that fungal taxa
found in this system are pathogenic. However, future manipulative experiments that test levels of
pathogenicity of these taxa in native and invasive plant species are warranted.

5. Conclusions

Examining differences in endosphere and soil symbionts of invasive species and co-occurring native
species is an important first step in identifying potential microbial mechanisms underlying invasion
dynamics. Compared to native species, we find that P. australis harbors fungal endosphere communities
characterized by high richness, diversity, and pathogen loads. Although P. australis amplifies plant
pathogens in its own tissues at the invading front, we find no evidence of pathogen spillover or
alteration of endosphere composition in the adjacent native community. Understanding these field
patterns enriches our understanding of invasion in general and challenges the relevance of widely
accepted invasion mechanisms in P. australis invaded ecosystems.
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