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Fungal endophytes increase biomass production in pale
swallow-wort (Vincetoxicum rossicum (Kleopow) Barbar.)
Richard B. Dickinson, Robert S. Bourchier, Roberta R. Fulthorpe, Shu Yi Shen, Ian M. Jones,
and Sandy M. Smith

Abstract: Pale swallow-wort, Vincetoxicum rossicum (Kleopow) Barbar., is an invasive weed in the lower Great Lakes
Basin of North America. We investigated the relationship between V. rossicum productivity and several environmen-
tal variables across 54 established V. rossicum populations in southern Ontario. Variables included climate measure-
ments, soil characteristics (pH, texture, and nutrient status), habitat type, plant community, and the diversity of
root-associated fungi. Vincetoxicum rossicum roots were collected at all 54 sites, and associated fungi were compared
using terminal restriction fragment length polymorphism. Aboveground biomass of V. rossicum was measured at
23 sites with similar light regimes, allowing comparison between populations. Results suggested that abiotic soil
variables, and habitat type have little effect on V. rossicum productivity. Aboveground biomass production was sig-
nificantly correlated with precipitation, and the presence of fungal pathogens and dark septate endophytes. An-
nual precipitation and soil clay content were also positively correlated with the abundance of soil pathogens.
Accumulation of these microbes may negatively affect co-occurring native plants and associated fungal partners.
The presence of these fungal species in soil could be used as an indicator of site susceptibility to invasion by V. rossicum
and assist in the development of management plans for this exotic vine.

Key words: Vincetoxicum rossicum, Cynanchum rossicum, arbuscular mycorrhizal fungi, fungal pathogens, dark
septate endophytes.

Résumé : Le dompte-venin de Russie, Vincetoxicum rossicum (Kleopow) Barbar., est une mauvaise herbe envahissante
du bassin inférieur des Grands Lacs en Amérique du Nord. Les auteurs ont étudié la relation entre la productivité
de V. rossicum et un certain nombre de variables environnementales sur 54 populations établies de V. rossicum dans
le sud de l’Ontario. Les variables comprenaient des mesures climatiques, les caractéristiques du sol (pH, texture et
état en nutriments), le type d’habitat, la communauté végétale et la diversité des champignons associés aux
racines. Les racines de Vincetoxicum rossicum ont été récoltées sur les 54 sites, et les champignons associés ont été
comparés en utilisant le polymorphisme de longueur de fragment de restriction terminal. La biomasse aérienne de
V. rossicum a été mesurée sur 23 sites ayant des régimes lumineux similaires, ce qui a permis de comparer les popu-
lations. Les résultats suggèrent que les variables abiotiques du sol et le type d’habitat ont peu d’effet sur la produc-
tivité de V. rossicum. La production de biomasse aérienne était significativement corrélée aux précipitations et à la
présence de champignons pathogènes et d’endophytes septés foncés. Les précipitations annuelles et la teneur en
argile du sol étaient aussi positivement corrélées avec l’abondance des agents pathogènes du sol. L’accumulation
de ces microbes peut avoir un effet négatif sur les plantes indigènes et les champignons associés. La présence de
ces espèces fongiques dans le sol pourrait être utilisée comme un indicateur de la sensibilité du site à l’invasion
par V. rossicum, et aider à l’élaboration de plans de gestion pour cette vigne exotique. [Traduit par la Rédaction]

Mots-clés : Vincetoxicum rossicum, Cynanchum rossicum, champignons mycorhiziens à arbuscules, agents pathogènes
fongiques, endophytes septés foncés.
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Introduction

Every year, invasive species cause over 1.4 trillion dol-
lars of damage to natural and cultivated ecosystems
around the world (Secretariat of the Convention on
Biological Diversity 2010). While these estimated costs are
largely associated with agriculture, forestry, and human
health, the effects of invasive species on native habitats,
flora, and fauna are more difficult to quantify (Pimentel
et al. 2005). The mechanisms by which exotic plants
become invasive have been the subject of intense debate
(Catford et al. 2009). Enemy-release theory recognises
that invasive species often gain a competitive edge over
native species due to the relative reduction in natural
enemies than found in their native range (Keane and
Crawley 2002). Several studies, however, have suggested
that the role of enemy release in invasiveness has been
overstated (Agrawal et al. 2005; Schultheis et al. 2015). A
more recent theory of invasiveness, “the novel weapons
hypothesis”, suggests that some plants become invasive
because biochemicals that they produce function as
unusually strong allelopathic agents in their intro-
duced range, and thus mediate novel plant-microbe
interactions (Callaway and Ridenour 2004). Certainly, it
seems that the role of plant–soil microbe interactions
in plant invasions may have been underestimated (Hierro
et al. 2005). Here, we investigate the role that environ-
mental factors including climate variables, soil chemis-
try, and fungal communities have played in invasions
of pale swallow-wort, Vincetoxicum rossicum (Kleopow)
Barbar. (Apocynaceae), in North America.
Recent research has shown that exotic plant species

can fundamentally change soil microbe diversity, with
detrimental effects for native plants. Several invasive
plant species form strong associations with native
arbuscular mycorrhizal fungi (AMF), changing fungal di-
versity and abundance in the soil, and preventing native
plant species from forming associations with specific
AMF required for their survival (Wolfe and Klironomos
2005; Batten et al. 2008). While AMF are an important
component of soil microbe diversity, other non-arbuscular
endophytic fungi (nAM) such as symbionts and patho-
gens also play a critical role in community structure.
These nAM affect their host plants in a range of ways
along a mutualism–parasitism continuum (Mandyam
and Jumpponen 2015). The “accumulation of local patho-
gens theory” suggests that invasive species may harbour
such pathogens with no ill effects, causing damaging spill-
back onto co-occurring native plants (Eppinga et al. 2006;
Nijjer et al. 2007; Callaway et al. 2011; Flory and Clay 2013;
Crocker et al. 2015). Siam weed, Chromolaena odorata (L.)
R.M.King & H.Rob., for example, is an invasive plant
species of tropical areas and accumulates the fungal
pathogen Fusarium Link. Mangla and Callaway (2008)
have shown that the resulting abundance of Fusarium in
the soil negatively affects native plants growing nearby.
Previous studies of nAM colonizing V. rossicum roots have

revealed a high proportion of pathogenic species (Bongard
et al. 2013; Day et al. 2016). We, therefore, explored
the effects of soil pathogens on the performance of
V. rossicum among invaded sites in Ontario. The effects
of altering soil microbial diversity on native plants
should not be underestimated. Several recent studies
even suggest that, as non-native plants become more
pervasive, native plants are more negatively affected by
changes in microbial diversity than they are by increased
competition for resources (Daszak et al. 2000; Beckstead
et al. 2010).
Soil comparisons have been used in several invasive

species systems to estimate range potential (Richardson
and Thuiller 2007; Otfinowski et al. 2007; Chai et al.
2014); however, abiotic soil conditions alone have not
proved to be particularly useful predictors of plant inva-
sions (Hallett 2006). Many invasive plant species grow
easily across a wide range of abiotic soil conditions
(Rejmanek and Richardson 1996). Indeed, invasive plants
themselves may modify soil conditions, rendering them
less suitable for native vegetation. For example, two exotic
plant species, Berberis thunbergii DC. (Berberidaceae) and
Microstegium vimineum Trin. (Poaceae), have been associ-
ated with elevated soil pH in deciduous forests in the
northeastern United States. This altered soil chemistry
may, itself, have influenced plant diversity, with fewer
native oaks and understory shrubs found in invaded
sites (Kourtev et al. 1998). The ability to alter soil charac-
teristics may be an important avenue through which
invasive plants gain a foothold in intact habitats, with
increased domination facilitated through positive feed-
back loops (Ehrenfeld et al. 2001). Here, we explored
that idea by determining which soil variables corre-
lated with weed performance in V. rossicum.
The genus Vincetoxicum sensu lato is known to tolerate

a wide range of climatic conditions (Liede-Schumann
et al. 2016). Additionally, invasive plants on the whole
tend to exhibit greater plasticity in the face of varying
climates than their native counterparts (Davidson et al.
2011). Nevertheless, we explored the effects of climate
variables on V. rossicum infestations, as well as interac-
tions between climate and soil fungal communities.
Vincetoxicum rossicum is a twining herbaceous vine

native to eastern Ukraine and south western Russia
(Sheeley 1992; Sheeley and Raynal 1996). Introduced
into North America in the 1880s, it is currently estab-
lished in two Canadian provinces and 21 American
states (Di Tommaso et al. 2005), and it is recognized as
one of the most invasive plants in northeastern North
America (Catling and Mitrow 2005). Invasive traits
exhibited by V. rossicum include wind-dispersed poly-
embryonic seeds, production of anti-feedant and anti-
fungal compounds, light-limiting twining stems that
smother adjacent vegetation, and regenerative root
crowns (Di Tommaso et al. 2005; Ladd and Cappuccino
2005; Mogg et al. 2008).
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The objective of this study was to determine which
abiotic and biotic variables (climate, soil, habitat, and
mycorrhizal abundance/diversity) are important drivers
in the spread of V. rossicum. We examined climate
records, analysed soil samples, observed plant commu-
nity structure, measured aboveground biomass produc-
tion, and performed terminal restriction fragment
length polymorphism (T-RFLP) analysis of small subunit
ribosomal and interspacer gene amplicons derived from
V. rossicum roots to compare the endophytic fungal com-
munities. By increasing our understanding of how
much the measured factors promote V. rossicum inva-
sions, we hope to contribute to improving available
management strategies for the weed.

Materials andmethods

Study area
The study area, over 80 000 km2, included 54 estab-

lished V. rossicum sites between Ottawa (45.29697222,
�77.15538889) and Port Franks (43.2275, �81.89713889),
south of Orillia (44.58591667, �79.45316667) to the
northern shores of Lake Ontario and Lake Erie (Fig. 1).
The study area is confined to the Great Lakes-St. Lawrence
and Deciduous Forest Regions (http://ontario.ca/pages/
forest-regions, accessed 6 December 2017), an area

dominated by agricultural and urban land use. The
study sites themselves varied in size, and only those
plant species found inside the V. rossicum population
were included in plant community data. During the
2013 growing season, all 54 V. rossicum populations
included in the study were surveyed. Plant biomass
sampling was done at 23 of the sites in 2014.

Classification of environmental conditions

Climate
Climate data (2013–2014) for each site was obtained

from Environment Canada Climate Normals (climate.
weather.gc.ca) using the nearest weather station. Data
includedminimum andmaximum temperature, annual
precipitation, growing degree days, and snow cover for the
coldest temperature period. For comparison, climate data
from Kharkiv, Ukraine (50.004444, 36.231389), near the
northern native range limit of V. rossicum, was obtained
from the Russian Weather Service (http://pogoda.ru.net/
climate/34300.htm, accessed on 1 July 2016).

Soil
At each site, 1 kg of soil (9 soil cores to a depth of

20 cm) was collected from a 1 m2 plot near the centre of
the population. Analyses of soil samples for pH, nitrogen,

Fig. 1. Regional survey (~) and biomass measurement sites (n). Figure was created using ArcGIS version 10.6. Base map
from Esri: HERE Garmin open street maps.
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phosphorus, potassium, magnesium, manganese, and
zinc were conducted by the Agriculture and Food Labora-
tory, University of Guelph, Guelph, ON (guelphlabservices.
com). Soil texture was determined at the University of
Toronto, Faculty of Forestry, using protocols set by the
Colorado Master Gardener Program, Colorado State
University (cmg.colostate.edu/gardennotes/214.pdf). The
“jar-test” uses 300 g of dried homogenized soil, 750 mL
water and 5 g detergent, to determine the percentage of
sand, silt, and clay.

Habitat
During the preliminary survey, habitat description and

co-occurring vascular plant species were documented at
each site. The sites included deciduous and coniferous for-
ests, plantations, transportation corridors (roadsides and
railway), openmeadows andwaste (disturbed) areas.

DNA analysis of fungal endophytes associated with
V. rossicum

Vincetoxicum rossicum root collection and preparation
At each of the 54 sites, three mature V. rossicum roots

were collected from a 1 m2 plot near the centre of the
population. Roots from mature V. rossicum plants were
extracted from the ground ensuring that fine roots
remained intact. Samples were transported to the lab
and stored at 4 °C until they were processed the follow-
ing day. To remove soil, roots were washed in distilled
water. A pooled subsample of fine root sections from
each sample was then washed with a solution of 0.1% so-
dium dodecyl sulfate (SDS) and 0.1% Triton X (octylphe-
nol ethoxylate), followed by distilled water, to ensure
that no external soil particles were included in the DNA
extraction process. Washed roots were stored at �20 °C.
Fine root subsamples were also stored at �20 °C until
they were processed for DNA extraction.

DNA extraction from roots
The FastDNAVR SPIN Kit (Q-Biogene, Carlsbad, California,

USA) was used for all DNA extractions. Total community
genomic DNA was extracted from approximately 200 mg
of fine root tissue. Modifications to the process included
(i) an extra bead for added tissue maceration, (ii) 100 lL of
protein precipitation solution added to the step involving
1 mL of cell lysis solution for yeast and fungi, and (iii) two
additional SEW-SM washes. Following extraction, total
DNA concentrations were estimated spectrophotometri-
cally using the NanoDropTM ND-1000 V3.7.0 (Thermo
Fisher Scientific Inc., Wilmington, USA). DNA concentra-
tions were also assessed visually by gel electrophoresis on
agarose gel containing ethidium bromide. DNA samples
were stored at�20 °C until submitted for T-RFLP analysis.

Terminal fragment analysis of total fungal and arbuscular
mycorrhizal communities
Fluorescently labelled primers designed to amplify

sequences from the inter-transcribed spacer (ITS) region

of the ribosomal operon (ITS1F FAM 5 0-CTT GGT CAT
TTA GAG GAA GTA A-30 and ITS4 HEX 50-TCC TCC GCT TAT
TGA TAT GC-30) were used for generating amplicons from
all fungi present in individual plants. Amplicons were
digested following the manufacturer’s instructions using
restriction enzymes EcoRII and FspBI for 2 hours at 37 °C
(Fermentas Canada Inc., Burlington, ON, Canada) (iso-
schizomers for MaeII and BstNI, respectively; Alvarado
andManjón 2009).
Fluorescently labelled small subunit (SSU) primers

AML1 and AML2 (AML1 FAM 5 0-ATC AAC TTT CGA TGG
TAG GAT AGA-3 0 and AML2 HEX 5 0-GAA CCC AAA CAC
TTT GGT TTC C-30) were used to amplify AMF. Amplicons
were digested following the manufacturer’s instructions
using restriction enzymes AluI and HinfI for 2 hours at
37 °C (Fermentas Canada Inc.) (Querejeta et al. 2009).
Analysis of the terminal fragments on fluorescently

labelled amplicons was conducted at the Agriculture
and Food Laboratory, University of Guelph, Guelph, ON,
with protocols available at guelphlabservices.com.
Samples containing 20 lL of extracted DNA with a
specific concentration of 20–40 ng were submitted for
analysis. Terminal restriction fragment length poly-
morphism data displayed individual phylotypes with
terminal fragment sizes ranging from 50–1200 base
pairs (bp). Data fragments less than 60 bp in size were
omitted in the analysis. The total number of phylotypes
were used as an estimate of the diversity and complexity
of the fungal community.
Peak height data for phylotypes were normalized to a

percentage of total fluorescence per sample to account
for differences. Normalized T-RFLP data were then
aligned in Excel 2010 (Microsoft Corporation), and then
subsequently used in downstream analyses. The normal-
ized dataset was exported to R open source statistical
analysis software using the vegan package and MASS
package (R Core Team 2019), and Statistica version 7.1
(StatSoft Inc.) was also used for analyses.

DNA sequencing
Pooled total community DNA was made based on the

similarity of T-RFLP profiles found in individual root
samples. Fragment abundances from the T-RFLP profiles
were used to generate (fungal or AMF) community simi-
larity matrices for each of the root samples. These were
then subjected to a principal component analysis (PCA)
to visualize the similarities between samples. DNA from
roots that comprised each of the resulting four quadrats
of the PCA plot were pooled (using equal masses of DNA
from each sample) and used for direct sequencing of
amplicons. We used all samples in each of the four cor-
ners of the plots to determine what samples were
in each pool. The pooled samples were submitted for
454 pyrosequencing using a Roche 454 FLX titanium
instrument at MR DNA (Molecular Research LP, Shallo-
water, Texas; mrdnalab.com) where they were amplified
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using primers ITS1F and ITS4 as well as AML1 and AML2
(as described previously). The amplicon sequences
were then submitted to BLAST (National Center for
Biotechnology Information; ncbi.nlm.nih.gov) to determine
the identity of the fungal species based on a minimum
90% similarity to 18S rRNA sequences. Amplicon terminal
fragment sizes were determined using a custom Python
program to digest the sequences in silico. Fragment
sizes were used to assign probable identities to the
phylotypes found in the T-RFLP analyses. This approach
reduced the sequencing cost and allowed for comparison
of phylotype fragment sizes to a database of taxa that
were known to be present in the samples.

Vincetoxicum rossicum biomassmeasurements
In August 2014, following the T-RFLP analysis (see

below), aboveground biomass was collected from 23 of
the original survey sites. Biomass was collected from
eight 0.33 m2 quadrats surrounding the 2013 sampling
point (Fig. 2), dried at 60 °C for 48 hours (Ernst and
Cappuccino 2005), and weighed. Tangled and twining
stems were separated to ensure that only biomass orig-
inating inside the quadrat was included in each sam-
ple. Selection of sites for biomass measurements was
based on the following criteria: (i) sites larger than
50 m2 in area, (ii) abundance and diversity of endophytic
fungi determined by the T-RFLP analysis, (iii) open areas
with similar light conditions, (iv) management practices
at the site (sites at which V. rossicum had been treated or
removed were excluded), and (v) time constraints (sam-
pling could only be conducted from the appearance of
fruit until commencement of senescence to ensure
maturity of stems).

Data analyses
Range, mean, and standard error were determined for

all soil variables, and data were confirmed to be nor-
mally distributed using the Shapiro–Wilks Test and Q–Q
plot. To test for difference in performance measures
between soils, we used analysis of variance (ANOVA)
followed by Tukey’s (HSD) tests.
To determine which variables correlated to biomass,

we performed Pearson’s correlation coefficient analysis
followed by PCA. The data included over 550 independ-
ent variables: climate (n = 5); soil pH (n = 1); soil nutrients
(n = 6); soil texture (n = 3); AMF (n = 22); total endophytic
fungi (n = 516). Significant variables were then tested by
multivariate linear regression to determinewhich varia-
bles significantly correlated to biomass production.
After we had identified individual fungal phylotypes

that correlated with V. rossicum biomass, we used linear
regression analyses to determine whether diversity, or
percentage community composition of these phylotypes,
could be used to predict V. rossicum biomass. These anal-
yses were conducted using all phylotypes correlating
with V. rossicum biomass (n = 30), and just those known
to be fungal pathogens (n = 12).
Finally, we used multivariate linear regression to

identify any relationships between climate variables,
and the diversity and percentage community composi-
tion of those fungal phylotypes that correlated with
V. rossicum biomass. Again, these analyses were con-
ducted for all phylotypes correlating with V. rossicum
biomass combined (n = 30), and just those known to be
fungal pathogens (n = 12).

Results

Classification of environmental conditions

Climate
Climate measurements were more variable, and incor-

porated greater extremes, than those previously reported
in North America and those experienced by V. rossicum in
its native range. Sites in the study area had colder win-
ters, warmer summers, more precipitation, and more
snow cover than sites in the native range (Table 1).

Soil
Soil pH from the study area ranged from 5.2 to 8.2. Nu-

trient status did not differ significantly from previously
published literature (Table 1). We determined that 95%
of the surveyed V. rossicum populations were established
on relatively light textured soils such as sandy loam
(37%), loamy sand (33%), silt loam (18%), and sand (7%).
The remaining sites (5%) demonstrated the potential of
V. rossicum to establish and survive on heavier textured
soils.

Habitat and plant/fungal community
Vincetoxicum rossicumwas found growing in several dif-

ferent habitats: open meadows, shady coniferous and

Fig. 2. Sample collection design: root and soil sample
collection site surrounded by biomass collection
quadrats A–H (0.33 m2).
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deciduous forests, staghorn sumac (Rhus typhina L.)
stands, transportation corridors, and plantations. During
the survey, the weed was also observed growing alongside
common reed (Phragmites australis (Cav.) Trin. ex Steud.)
and broad-leaved cattail (Typha latifolia L.), species often
associated withmoist to wet soils.
During the preliminary survey, over 150 vascular

plant species were observed growing with V. rossicum.
Commonly encountered species were Canada golden-
rod (Solidago canadensis L.), ground juniper ( Juniperus
communis L.), buckthorn (Rhamnus cathartica L.), stag-
horn sumac (Rhus typhina L.), eastern red cedar (Juniperus
virginiana L.), riverbank grape (Vitis riparia Michx.), and
Tatarian honeysuckle (Lonicera tatarica L.). Correlation
analysis indicated that four non-native species demon-
strated weak positive correlation with the presence of
V. rossicum: buckthorn (Rhamnus cathartica; r(115) = 0.31,
p = 0.0007); garlic mustard (Alliaria petiolata (M. Bieb.)
Cavara & Grande; r(115) = 0.24, p = 0.008); Tatartian hon-
eysuckle (L. tatartica; r(115) = 0.22, p = 0.019); and teasel
(Dipsacus fullonum L.; r(115) = 0.20, p = 0.025).

Fungal endophytes associated with V. rossicum
Across the study area, 22 phylotypes of AMF were

found to colonize mature V. rossicum roots. We observed a
range of 1–8 phylotypes per site, and a mean diversity of
3.260.39 phylotypes. Two species, Rhizoglomus intraradices
(N.C. Schenck & G.S. Sm.) Sieverd., G.A. Silva & Oehl and
an unknown Glomus species (terminal restriction frag-
ment (TRF) 65) were present at all sites. At 21 of the sites

(38.8%), these were the only two species observed.
Another unidentified Glomus species (TRF 309) was found
at 10 (18.5%) sites, while the remaining phylotypes were
observed at less than 5% of the sites.
A total of 516 phylotypes of non-arbuscular mycorrhi-

zal fungi were found in V. rossicum roots collected at the
54 survey sites. We observed a range of 38–235 phylo-
types per site, and amean diversity of 127.260.27 phylo-
types. The phylotypes belonged to the following fungal
divisions: unknown fungi (n = 288), Ascomycota (n = 175),
Basidiomycota (n = 31), Chytridiomycota (n = 4) and Glom-
eromycota (n = 18). Several fragments of different base
pair lengths were determined to be the same operational
taxonomic units (OTU) resulting in the identification of
113 OTU. These taxa included 58 reported pathogens and
dark septate endophytes (DSE), 49 OTU of unknown asso-
ciation, and 6 mutualists/symbionts. Over 90% of the
pathogens and DSE belonged to the Ascomycota orders
Hypocreales, Helotiales, Pleosporales, and Glomerellales.
Mutualists/symbionts were from Glomerales (Glomero-
mycota) and Sebacinales (Basidiomycota).
Thirty-eight phylotypes were found at more than 50% of

the sites. These phylotypes were identified as unknown
fungi (n = 10), Ascomycota (n = 26), Basidiomycota (n = 1) and
Glomeromycota (n = 1). Ascomycota taxawere dominated by
the orders Hypocreales (n = 11), Helotiales (n = 5), Pleospor-
ales (n = 2), Glomerellales (n = 2), and Diaporthales (n = 2).
Members of the order Hypocreales were dominated by the
familyNectriaceae,which are knownplant pathogens.

Table 1. Comparison of climate and soil variables between the study area, the native range of V. rossicum, and
previous North American published literature.

Study area
Native range
(Kharkiv, Ukraine)

North American
literature

Climate variables
Meanminimum temperature (°C) –35.0160.68 –28.8 n/a
January mean (°C) –12.5 –6.9 –10.8a

Meanmaximum temperature (°C) 37.2960.19 30 n/a
July mean (°C) 21.5 20.3 26.4a

Mean annual precipitation (mm) 908.15610.95 519 776a

Growing degree days 2103.27630.81 n/a n/a
Mean January snow cover (cm) 33.262.89 18.1 n/a

Soil variables
pH range 5.2–8.2 Calcareousa 4.7–8.08
Nitrogen (% dry) 0.29 n/a n/a
Phosphorus (ppm) 16.1 n/a 4.6b

Potassium (ppm) 113.2 n/a 73b

Magnesium (ppm) 182.6 n/a 122.9b

Manganese (ppm) 11.6 n/a 16.5b

Zinc (ppm) 8.5 n/a 4.53b

Texture Sandy loam, loamy sand,
silt loam, sand

Stonya Sandy loam,a loamy
sand,a silt loama

Note: Climate variables for the study area are presented as mean 6 standard error. Climate data for the study area was
obtained from the Canadian Climate Normals, while climate data for the native range was obtained from the Russian
Weather Service.

aDi Tommaso et al. (2005).
bMagidow et al. (2013).
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Correlation between environmental variables and
aboveground biomass production
Aboveground biomass of V. rossicum ranged from 257.3

to 833.8 g/m2 (547.36 16.78). We observed significant dif-
ferences in above ground biomass among V. rossicum
populations (F(22, 161) = 8.31, p< 0.001) (Fig. 3).
Correlation analysis identified no relationship between

soil characteristics (pH, texture, and nutrients), the pres-
ence of a particular plant species, AMF, and aboveground
biomass production in established V. rossicum populations
across southern Ontario. Furthermore, there was no cor-
relation between biomass production and the number of
AMF phylotypes (t(21) = �0.1377, p = 0.89) or nAM phylo-
types (t(21) = 0.5319, p = 0.60).
Among the abiotic variables, only precipitation was

correlated to aboveground biomass production in
V. rossicum. A linear regression revealed that precipita-
tion was a significant predictor of V. rossicum biomass
across the 23 study sites (F(1,22) = 4.875, p = 0.038) with an
R2 value of 0.188 (Fig. 4).
The abundance of 30 endophytic fungi (Table 2)

were correlated to aboveground biomass production in
V. rossicum. These endophytic fungi included 4mutualists,
12 pathogens, and 14 of unknown association. Ten of
the pathogens belonged to the Hypocreales families
Nectriaceae and Bionectriaceae. Four of these patho-
gens are also reported to be DSE.
The diversity of fungal phylotypes that significantly

correlated with V. rossicum biomass (hereafter referred
to as key phylotypes) was not, itself, an effective predic-
tor of V. rossicum biomass among study sites. A linear
regression yielded a non-significant regression equation
(F(1,22) = 0.316, p = 0.580) with an R2 value of 0.015. Similarly,
the cumulative percentage of the fungal community made

up of those key phylotypes was not an effective predic-
tor of V. rossicum biomass. A linear regression yielded
a non-significant regression equation (F(1,22) = 0.001,
p = 0.972) with an R2 value of 0.000 (Fig. 5A).
The diversity of phylotypes known to be pathogenic

in nature that correlated with V. rossicum biomass (here-
after referred to as key pathogenic phylotypes) at a given
site, however, had a significant positive relationship with
V. rossicum biomass (F(1,22) = 4.587, p = 0.044) (R2 = 0.179).
Additionally, the percentage of the fungal community

Fig. 3. Mean aboveground biomass production (g/m2) at mature V. rossicum sites (n = 23) across the study area. Error bars
represent standard error.

Fig. 4. Linear regression shows a significant positive
correlation (F(1,22) = 4.875, p = 0.038) between annual
precipitation (mm) and V. rossicum biomass (g/m2)
across 23 study sites (R2 = 0.188). Regression equation:
x = –372.823+ 0.95*y.
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Table 2. Phylotype taxa significantly correlated to aboveground biomass production of V. rossicum.

Taxa (p value)

Division
Terminal
fragment
length (bp)

Accession
number

Sequence
similarity
(%)

Nature of association as
reported in literature

Order

Family

Cadophora orchidicola (Sigler &
Currah) M.J. Day & Currah

(p = 0.0093)

Ascomycota
Helotiales
Incertae sedis

69 KX611558.1 99 Pathogen (Cadophora spp.):
Di Marco et al. (2004);
Travadon et al. (2015) Dark
septate endophyte: (Sieber
and Grunig 2013)

Clonostachys spp. Corda
(p = 0.0259)

Ascomycota
Hypocreales
Bionectriaceae

75 KX845687.1 98

Cortinariaceae
(p = 0.0322)

Basidiomycota
Agaricales

106 AY748859.1 98

Thielaviopsis basicola (Berk. &
Broome) Ferraris

(p = 0.0078)

Ascomycota
Microascales
Ceratocystidaceae

111 KC305138.1 99

Glomeromycota
(p = 0.043)

Glomeromycota 119 JX096608.1 92

Unknown
(p = 0.0067)

128

Exophiala spp.
(p = 0.0001)

Ascomycota
Chaetothyriales
Herpotrichiellaceae

135 KU315322.1 95

Ambisporaceae
(p = 0.0001)

Glomeromycota
Archaesporales
Ambisporaceae

166 KF206543.1 92

Glomeromycota
(p = 0.0001)

Glomeromycota 182 KU878910.1 94

Unknown
(p = 0.0002)

183

Phialophora mustea Neerg.
(p = 0.0001)

Ascomycota
Chaetosphaeriales
Chaetosphaeriaceae

193 KX000265.1 96

Cadophora orchidicola (Sigler &
Currah) M.J. Day & Currah

(p = 0.0001)

Ascomycota
Heliotaales
Insertae sedis

193 KX611558.1 96 Pathogen (Cadophora spp.):
Di Marco et al. (2004);
Travadon et al. (2015)

Podospora spp.
(p = 0.0001)

Ascomycota
Sordariales
Lasiosphaeriaceae

194 KX100398.1 96

Unknown
(p = 0.0001)

212

Unknown
(p = 0.0001)

219

Dactylonectria torresensis (A. Cabral,
Rego & Crous) L. Lombard &
Crous

(p = 0.0001)

Ascomycota
Hypocreales
Nectriaceae

225 KR019360.1 99 Pathogen: Cabral et al.
(2012)

Ilyonectria spp.
(p = 0.0001)

Ascomycota
Hypocreales
Nectriaceae

225 KT268973.1 99 Pathogen: Cabral et al.
(2012)

Nectriaceae
(p = 0.0001)

Ascomycota
Hypocreales
Nectriaceae

225 GU327438.1 99 Pathogen: Cabral et al.
(2012)

Dactylonectria alcacerensis A. Cabral,
Oliveira & Crous

(p = 0.0001)

Ascomycota
Hypocreales
Nectriaceae

225 NR121498.1 99 Pathogen: Cabral et al.
(2012)
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Table 2 (continued).

Taxa (p value)

Division Terminal
fragment
length (bp)

Accession
number

Sequence
similarity
(%)

Nature of association as
reported in literature

Order

Family

Ilyonectria radicicola Gerlach &
L. Nilsson) Chaverri & C. Salgado

(p = 0.0001)

Ascomycota
Hypocreales
Nectriaceae

225 JN129416.1 99 Pathogen: Cabral et al.
(2012)

Ilyonectria macrodidyma (Halleen,
Schroers & Crous) P. Chaverri &
C. Salgado

(p = 0.0001)

Ascomycota
Hypocreales
Nectriaceae

225 JN859422.1 99 Pathogen: Cabral et al.
(2012)

Plectosphaerella cucumerina (Lindf.)
W. Gams

(p = 0.0001)

Ascomycota
Glomerellales
Incertae sedis

226 LN809023.1 99 Pathogen: Andrade-Linares
et al. (2011); Carlucci et al.
(2012)

Glomeromycota
(p = 0.0001)

Glomeromycota 266 KT378083.1 100

Dactylonectria torresensis (A. Cabral,
Rego & Crous) L. Lombard &
Crous

(p = 0.027)

Ascomycota
Hypocreales
Nectriaceae

321 KR019360.1 100 Pathogen: Cabral et al.
(2012)

Ambispora fennicaWalker, Vestberg
& A. Sch€ussler

(p = 0.034)

Glomeromycota
Archaesporales
Ambisporaceae

322 NR121285.1 92

Dactylonectria torresensis (A. Cabral,
Rego & Crous) L. Lombard &
Crous

(p = 0.034)

Ascomycota
Hypocreales
Nectriaceae

322 KR019360.1 97 Pathogen: Cabral et al.
(2012)

Dactylonectria anthuriicola (A. Cabral
& Crous) L. Lombard & Crous

(p = 0.034)

Ascomycota
Hypocreales
Nectriaceae

324 NR121494.1 100 Pathogen: Cabral et al.
(2012)

Cylindrocarpon spp.
(p = 0.0414)

Ascomycota
Hypocreales
Nectriaceae

324 KC759504.1 100 Pathogen; Kang et al. (2014)

Fusarium spp.
(p = 0.0414)

Ascomycota
Hypocreales
Nectriaceae

324 FJ179466.1 97 Pathogen: Mangla and
Callaway (2008)

Ilyonectria spp.
(p = 0.002)

Ascomycota
Hypocreales
Nectriaceae

328 KX095157.1 99 Pathogen: Cabral et al.
(2012)

Dactylonectria torresensis (A. Cabral,
Rego & Crous) L. Lombard &
Crous

(p = 0.002)

Ascomycota
Hypocreales
Nectriaceae

328 KR019360.1 99 Pathogen: Cabral et al.
(2012)

Nectriaceae
(p = 0.002)

Ascomycota
Hypocreales

328 GU327438.1 99 Pathogen: Cabral et al.
(2012)

Dactylonectria alcacerensis A. Cabral,
Oliveira & Crous

(p = 0.002)

Ascomycota
Hypocreales
Nectriaceae

328 NR121498.1 99 Pathogen: Cabral et al.
(2012)

Ilyonectria radicicola (Gerlach &
L. Nilsson) Chaverri & C. Salgado

(p = 0.002)

Ascomycota
Hypocreales
Nectriaceae

328 JQ846089.1 99 Pathogen: Cabral et al.
(2012)

Ilyonectria macrodidyma (Halleen,
Schroers & Crous) P. Chaverri &
C. Salgado

(p = 0.002)

Ascomycota
Hypocreales
Nectriaceae

328 JN859422.1 99 Pathogen: Cabral et al.
(2012)

Ilyonectria spp.
(p = 0.0178)

Ascomycota
Hypocreales
Nectriaceae

330 KX095157.1 99 Pathogen: Cabral et al.
(2012)
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made up of the 12 known pathogen species was a highly
effective predictor of V. rossicum biomass. A linear regres-
sion yielded a significant regression equation (F(1,22) =
22.090, p< 0.001) with an R2 value of 0.513 (Fig. 5B).

Correlation between abiotic variables and endophytic fungi
We observed no correlation between any of the abiotic

variables [climate (n = 5); soil pH (n = 1); soil nutrients (n = 6);
soil texture (n = 3)] and the total diversity of soil fungi, the

Table 2 (concluded).

Taxa (p value)

Division Terminal
fragment
length (bp)

Accession
number

Sequence
similarity
(%)

Nature of association as
reported in literature

Order

Family

Dactylonectria torresensis (A. Cabral,
Rego & Crous) L. Lombard &
Crous

(p = 0.0178)

Ascomycota
Hypocreales
Nectriaceae

330 KR019360.1 99 Pathogen: Cabral et al.
(2012)

Nectriaceae
(p = )

Ascomycota
Hypocreales

330 GU327438.1 99 Pathogen: Cabral et al.
(2012)

Dactylonectria alcacerensis A. Cabral,
Oliveira & Crous

(p = 0.0178)

Ascomycota
Hypocreales
Nectriaceae

330 NR121498.1 99 Pathogen: Cabral et al.
(2012)

Ilyonectria radicicola (Gerlach &
L. Nilsson) Chaverri & C. Salgado

(p = 0.0178)

Ascomycota
Hypocreales
Nectriaceae

330 JN129416.1 99 Pathogen: Cabral et al.
(2012)

Ilyonectria macrodidyma (Halleen,
Schroers & Crous) P. Chaverri &
C. Salgado

(p = 0.0178)

Ascomycota
Hypocreales
Nectriaceae

330 JN859422.1 99 Pathogen: Cabral et al.
(2012)

Fusarium spp.
(p = 0.0121)

Ascomycota
Hypocreales
Nectriaceae

336 KU556573.1 96 Pathogen: Mangla and
Callaway (2008)

Penicillium spinulosum Thom
(p = 0.0273)

Ascomycota
Eurotiales
Trichocomaceae

360 KX451146.1 99

Ilyonectria spp.
(p = 0.0242)

Ascomycota
Hypocreales
Nectriaceae

378 KX095157.1 99 Pathogen: Cabral et al.
(2012)

Dactylonectria torresensis (A. Cabral,
Rego & Crous) L. Lombard &
Crous

(p = 0.0242)

Ascomycota
Hypocreales
Nectriaceae

378 KR019360.1 99 Pathogen: Cabral et al.
(2012)

Dactylonectria alcacerensis A. Cabral,
Oliveira & Crous

(p = 0.0242)

Ascomycota
Hypocreales
Nectriaceae

378 NR121498.1 99 Pathogen: Cabral et al.
(2012)

Ilyonectria radicicola (Gerlach &
L. Nilsson) Chaverri & C. Salgado

(p = 0.0242)

Ascomycota
Hypocreales
Nectriaceae

378 JN129416.1 99 Pathogen: Cabral et al.
(2012)

Ilyonectria macrodidyma (Halleen,
Schroers & Crous) P. Chaverri &
C. Salgado

(p = 0.0242)

Ascomycota
Hypocreales
Nectriaceae

378 JN859422.1 99 Pathogen: Cabral et al.
(2012)

Fusarium oxysporum Schltdl.
(p = 0.0198)

Ascomycota
Hypocreales
Nectriaceae

387 KU847855.1 99 Pathogen: Mangla and
Callaway (2008)

Helotiales
(p = 0.0162)

Ascomycota 424 HG936807.1 98

Unknown
(p = 0.0382)

503

Unknown
(p = 0.0233)

586

Unknown
(p = 0.0475)

713

Note: Accession numbers based on best BLASTmatches: https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed 16 December 2019).
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diversity of key fungal phylotypes, or the percentage of the
fungal community thatwas comprised of key fungal phylo-
types. However, a multiple regression analysis revealed
that both clay (R2 change = 0.426) and precipitation (R2

change = 0.218) were significant predictors of the percent-
age of the fungal community that was comprised of key
pathogenic phylotypes. A significant regression equation
was found (F(1,22) = 18.096, p < 0.001) with an R2 value of
0.644. Individual linear regression analyses showed that
both soil clay content (F(1,22) = 15.611, p = 0.001) (R2 = 0.426)
and annual precipitation (F(1,22) = 8.585, p = 0.008) (R2 =
0.290) were positively correlated with the percentage of
the fungal community that was comprised of key patho-
genic phylotypes (Fig. 6).

Discussion

Our study demonstrated differences in aboveground
biomass production among 54 V. rossicum invaded sites
across the study area. We identified a significant posi-
tive correlation between V. rossicum biomass production
and precipitation, along with 30 individual fungal
pathogens and dark septate endophytes. Both the diver-
sity of fungal pathogens present, and the percentage of

the soil fungal community that was made up by patho-
genic phylotypes, correlated positively with V. rossicum
biomass. Finally, both soil clay content and annual pre-
cipitation correlated positively with the presence of
pathogenic fungi in the soil.
We observed a mean aboveground biomass of

547.33446 16.78 g/m2 for V. rossicum under high light
conditions. In a two year study, Smith et al. (2006)
determined mean V. rossicum biomass production, under
similar light conditions, to be 460 6 28.8 g/m2 and
472.86 27.2 g/m2, in years one and two respectively. Var-
iation in biomass between the two studies, and indeed
among sites, may be explained by the different sam-
pling times [June–July (Smith et al. 2006) versus August]
and differences in abiotic and biotic conditions.
Investigation of climatic variables revealed that

V. rossicum, across our study sites, was exposed to
greater extremes of climate than are experienced by
V. rossicum in its native range (Table 1) (Di Tommaso
et al. 2005). While minimum and maximum tempera-
tures and growing degree-days were not correlated
with biomass production, precipitation accounted for
a small portion of the model. Given that precipitation

Fig. 5. Relationships between key aspects of the fungal community and V. rossicum biomass across the 23 study sites.
(A) Linear regression shows no relationship between the number of key fungal phylotypes present and V. rossicum biomass;
(B) linear regression shows no relationship between the percentage of the fungal community made up of key fungal phylotypes
and V. rossicum biomass; (C) linear regression shows a positive correlation between the number of key pathogenic fungal phylotypes
present and V. rossicum biomass (F(1,22) = 4.587, p = 0.044) (R2 = 0.179). Regression equation: y = 392.09 + 28.56*x. (D) Linear
regression shows a strong positive correlation between the percentage of the fungal community made up of key fungal
phylotypes and V. rossicum biomass (F(1,22) = 22.090, p < 0.001) (R2 = 0.513). Regression equation: y = 399.65 + 43.305*x.
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is the most important factor determining plant pro-
ductivity in terrestrial environments (Wu et al. 2011),
the correlation between V. rossicum abundance and
precipitation is not surprising, and while the weed
might be less productive at sites with lower rainfall,
this is unlikely to prove a barrier to infestation at sites
in Ontario. Although we observed no relationship
between snow cover and biomass production, this may
have been because snow cover was relatively homoge-
nous above a threshold required to provide insulation
across sites. It is difficult to discount the insulative
effects of snow cover, and the absence of snow cover
may ultimately affect survival of V. rossicum roots, with
transformative effects on biomass production and range
limits. In a snow removal field experiment, Kreyling
et al. (2012) demonstrated a significant decline in ground
vegetation due to frost damage to forest understory plant
roots. Future research should explore the role of snow
cover in V. rossicum survival.
No soil variables correlated to V. rossicum biomass pro-

duction. These results corroborate a previous study that
showed weak correlations between the occurrence of
V. rossicum and its “preferred” soil type (pH and texture)
in North America (Magidow et al. 2013). In a greenhouse
study, Sanderson et al. (2015) also found that V. rossicum
grew equally well in acidic soils from northern Ontario
as it did in calcareous soils, similar to those found in its
native range, from southern Ontario. Based on these
findings, and the continued expansion of its introduced
range (Bourchier et al. 2019), it appears that soil condi-
tions will not be a major factor in limiting the spread of
V. rossicum. The majority of established V. rossicum popu-
lations in our study were found on light textured soils
with a pH 5.2 to 8.2. Future research should focus on
testing the establishment of V. rossicum in heavier

textured soils with pH outside the range of those
reported in this and other studies.
While habitat and plant community did not correlate

with V. rossicum biomass production, some individual
plant species did demonstrate a weak positive correla-
tion with the presence of V. rossicum. Not surprisingly,
buckthorn, garlic mustard, Tatarian honeysuckle, and
teasel, all considered invasive in the study area, demon-
strated weak correlation, suggesting that disturbed sites
are more prone to invasion by V. rossicum. Indeed, garlic
mustard, A. petiolata, is known to alter soil microbial
communities, in particular AMF, in ways that promote
its invasion success. Furthermore, it has been shown
that in three years after garlic mustard removal, soil
fungal communities do not recover and continue to
more closely resemble invaded rather than uninvaded
sites (Anthony et al. 2019). Future work should look at
the dynamics of soil biodiversity after V. rossicum re-
moval, and its impacts of plant community recovery.
Focusing on field sites containing multiple invasive
species, such as V. rossicum and A. petiolata, could also
provide useful information about the dynamics and
mechanisms of invasion. Such sites might provide fur-
ther support for the idea of “invasional meltdown”, an
important theory that has received considerable sup-
port, but that has rarely been conclusively demonstrated
in invasive plants (Simberloff 2006; but see Thiebaut et al.
2019).
We observed a relatively low diversity of AMF species

in V. rossicum roots, with only two species, Rhizoglomus
intraradices and an unknown Glomus species, occurring
across all sites. This was surprising given that V. rossicum
has been shown to interact with a diversity of AMF. Col-
onization of V. rossicum roots by AMF was first confirmed
by Greipsson and Di Tommaso (2006), and the dominant
species concerned was identified as the AMF generalist,

Fig. 6. Significant relationships between abiotic variables and the dominance of key pathogenic fungal phylotypes across
23 study sites. (A) Linear regression shows a significant positive correlation between soil clay content (%) and the percentage
of the fungal community made up of key pathogenic phylotypes (F(1,22) = 15.611, p = 0.001) (R2 = 0.426). Regression equation:
y = 1.163 +0.783*x. (B) Linear regression shows a significant positive correlation between annual precipitation (mm) and the
percentage of the fungal community made up of key pathogenic phylotypes (F(1,22) = 8.585, p = 0.008) (R2 = 0.290). Regression
equation: y = –15.470+0.020*x.
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Rhizoglomus intraradices. This species has since been
shown to be beneficial to the establishment and survival
of V. rossicum (Smith et al. 2008). Smith et al. (2008) deter-
mined that Rhizoglomus intraradices colonizes the roots
of V. rossicum, while others have demonstrated that this
generalist AMF species is important in the acquisition of
water and nutrients (Smith et al. 2008; Brundrett 2009;
Bongard et al. 2013). Other AMF species have also been
confirmed in V. rossicum. Bongard et al. (2013) isolated
seven Glomus species from the weed in the Toronto area
and determined that Rhizoglomus intraradices and Glomus
caledonium (T.H. Nicolson & Gerd.) Trappe & Gerd. were
present in this species. Our results suggest that Rhizoglomus
intraradices (TRF 271) and the two unknown Glomus species
(TRF 65 and TRF 309) are generalist AMF species, and
that they may be resistant to antagonism from other
fungal partners. Additionally, our results suggest that
Rhizoglomus intraradices and the two unknown Glomus
species may be resistant to phytocompounds and allelo-
chemicals produced by V. rossicum. Antofine is a phyto-
chemical produced by V. rossicum that has antifungal
properties (Mogg et al. 2008; Gibson et al. 2015). Our
data suggests that some endophytic and mycorrhizal
fungi are less susceptible to damage from antofine than
others.
In contrast to AMF, we encountered a diversity of nAM

colonizing V. rossicum roots. In total, we identified 113 taxa
across the study area. In a previous study, Day et al. (2016)
identified 18 fungal taxa colonizing V. rossicum roots, 15 of
which are genera known to harbour pathogens. Similarly,
Bongard et al. (2013) isolated 12 fungal endophytes
(8 known pathogens) from their study. Fungal patho-
gens in these studies were members of the orders
Hypocreales, Helotiales, Pleosporales, and Glomerellales.
While our study produced similar results, the majority of
pathogenic species were from Nectriaceae (Hypocreales),
a family of weak to virulent plant pathogens, many of
which produce mycotoxins (Lombard et al. 2016). It
should be noted that 56% of the DNA sequences submit-
ted to BLAST sequencing were identified as unknown
fungi, making determination of their classification,
and the nature of the association, impossible.
We identified 30 phylotypes of non-arbuscular endo-

phytes that were significantly correlated with V. rossicum
biomass production. While 40% of the phylotypes were
unknown or association indeterminant, 47% were path-
ogenic in nature. Few previous studies have addressed
the effects of colonization by nAM species on the growth
and establishment of invasive plants. In a laboratory
study, however, Day et al. (2016) determined that a combi-
nation of the fungal pathogens, Cadophora spp., Ilyonectria
radicicola (Gerlach & L. Nilsson) Chaverri & C. Salgado, and
Macrophomina phaseolina (Tassi) Goid., increased V. rossicum
biomass and reduced biomass of a native goldenrod
species, S. canadensis. In the present field study, Cadophora
spp. and members of Nectriaceae (Dactylonectria spp.,

Cylindrocarpon spp., Ilyonectria spp., and Fusarium spp.)
were abundant in the most productive V. rossicum
infestations across southern Ontario. Our field results,
therefore, support existing laboratory evidence that
colonization by fungal pathogens can promote inva-
sion success in V. rossicum.
We observed no correlation between V. rossicum bio-

mass production and the number of endophytic fungal
taxa identified in the roots. These results suggest that
the identity of fungal taxa are important for V. rossicum
growth rather than fungal diversity. Indeed, the num-
ber of pathogenic species present at each site, as well as
the percentage of the fungal community that these
pathogens comprised, correlated positively with V. rossicum
biomass production. These results offer support for the
“accumulation of local pathogens theory” (Eppinga et al.
2006) and suggest the possible existence of a positive
feedback loop whereby V. rossicum skews fungal commun-
ities towards pathogenic phylotypes, which increasingly
benefits the weed and places native plants at a disadvant-
age. These results provide an interesting comparison with
previous studies in this system. Day et al. (2015), for exam-
ple, found no evidence for pathogen accumulation at
V. rossicum infested sites ranging in age from 12–100 years
(since the arrival of V. rossicum). Our results suggest, there-
fore, that if pathogen accumulation is occurring, the
effects of the weed on the abundance of pathogenic fungal
phylotypes is happening at an early stage of the invasion,
i.e., within the first 12 years of infestation. Although
Sanderson et al. (2015) found no evidence for soil feed-
backs as a mechanism for V. rossicum invasion, they
focused only on the growth of the weed in greenhouse
conditions and did not consider the effects of soil feed-
back on plant competition. Our results, in combination
with these previous studies, suggest that any positive feed-
back associated with the impacts of V. rossicum on soil biota
result primarily fromnegative effects on competing plants.
In addition to fungal pathogens, five taxa found in our

samples, Cadophora orchidicola (Sigler & Currah) M.J. Day
& Currah, Exophiala spp., Phialophora mustea Neerg.,
Plectosphaerella cucumerina (Lindf.) W. Gams, and Cylindrocarpon
spp., are pathogens and known DSE. All five were posi-
tively correlated with biomass production in V. rossicum.
Dark septate endophytes are a group of endomycorrhizal
fungi with melanised septate hyphae and microsclerotia
that can affect their host plants positively or negatively
(Jumpponen 2001). Recent research has suggested that
DSE are common fungal endophytes in weed species,
and that these fungi may improve water and nutrient
uptake and facilitate colonization of stressed or dis-
turbed environments. (Mandyam and Jumpponen 2005,
2015; Scervino et al. 2009; Massenssini et al. 2014). In
this study, DSE outnumbered AMF in abundance and
diversity, suggesting that DSE may provide similar
associative functions to those of AMF. Indeed, DSE
may carry the further benefit of lacking seasonality
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(Bongard et al. 2013). Unlike AMF, DSE appear to pro-
vide their host with water and nutrients throughout
the growing season (Mandyam and Jumpponen 2008;
Knapp et al. 2012). Dark septate endophytes have
been observed to damage beneficial fungi and sus-
ceptible plant tissue by transferring allelochemicals
via a common mycorrhizal network (Mandyam and
Jumpponen 2008; Barto et al. 2011). The dominance
of these taxa in the present study, combined with
the lack of visible disease symptoms, suggest that
V. rossicum accumulates fungal pathogens and dark
septate fungi.
Across the study area, several common endophytes

and known pathogens (Cylindrium spp., Neonectria spp.,
Tetracladium spp., Phialocephala fortinii C.J.K. Wang &
H.E. Wilcox, Plectosphaerella cucumerina, and Periconia
macrospinosa Lefebvre & Aar.G. Johnson) found in mature
V. rossicum roots did not appear to affect biomass produc-
tion. The presence of these taxa cannot be ignored, how-
ever, as they may assist in nutrient acquisition, provide
protection against other pathogens and soil microbes, or
aid in the transfer of allelochemicals ormycotoxins via the
common mycorrhizal network. Several of these species
(Tetracladium spp., Phialocephala fortinii, Plectosphaerella
cucumerina, and Periconia macrospinosa) have been reported
to be DSE (Grunig et al. 2011; Knapp et al. 2015; Mandyam
and Jumpponen 2015).
The interaction between soil fungal communities and

V. rossicum productivity does not occur in isolation.
Rather, this interaction is likely influenced by a host of
other environmental variables. We observed no correla-
tion between any abiotic variables and fungal diversity;
however, both annual precipitation and soil clay con-
tent were positively correlated with the percentage of
the fungal community made up by key pathogenic phy-
lotypes. The impact of water availability on soil fungal
community composition appears to vary across ecosys-
tems. For example, several studies suggest that irriga-
tion does not affect soil fungal composition in semi-arid
(Bi et al. 2011; Zhang et al. 2013) or desert climates
(Huang et al. 2015); however, increased rainfall has been
associated with reduced soil fungal diversity and abun-
dance in California grassland habitats (Hawkes et al.
2011). Although we cannot determine why we observed
a positive correlation between precipitation and patho-
genic fungi, a recent study by Zheng et al. (2017)
observed a decoupling of soil and root fungal com-
munities in response to water and nutrient additions.
It is possible that elevated soil resources promote the
success of V. rossicum, not by altering soil fungal com-
munities, but by undermining the advantages that
native plants gain from their fungal symbionts. Future
work should compare fungal diversity and composition
in V. rossicum roots and the surrounding soil along a
resource gradient.

Soil texture is an important factor shaping soil fungal
communities. Indeed, fungal diversity has been shown
to be negatively correlated with soil clay content in ber-
mudagrass ecosystems (Xia et al. 2020). Little is known,
however, about the complex ways in which biophysical
soil properties influence fungal communities. A recent
meta-analysis, for example, found that biochar amend-
ments increased microbial biomass, but that their
effects on fungal diversity were dependent on a host of
other factors including soil pH and clay content (Li et al.
2020). The positive correlation observed in this study
between soil clay content and the dominance of key
pathogenic fungal phylotypes can contribute to an
improved understanding of these dynamics.
The results of this study highlight the role of fungal

pathogens and DSE in V. rossicum invasions. The domi-
nance of these taxa in V. rossicum invaded sites provide
support for the “enemy of my enemy hypothesis”, sug-
gesting that the weed acts as a pathogen reservoir, nega-
tively affecting co-occurring plants and susceptible
endophytic fungi. Although previous studies have shown
that V. rossicum infestations significantly impact both bacte-
rial (Bugiel et al. 2018) and fungal (Thompson et al. 2018)
soil community composition, only weak evidence exists
that these altered microbial communities have a negative
impact on native plant species (Dukes et al. 2019). Future
work should focus on the mechanistic role that soil biota
play in V. rossicum invasions. The combination of AMF
and DSE identified in V. rossicum roots in this study may
increase nutrient and water acquisition, especially in
disturbed and stressed environments, further enhanc-
ing the weed’s competitive ability. The observed impact
of V. rossicum on communities of endophytic fungi high-
light the fact that invaded sites are fundamentally
changed by the presence of the weed in ways that will
not be rectified even by its removal. The accumulation
of pathogens by V. rossicum is of particular concern
because the associated allelochemicals and mycotoxins
are potentially damaging to agricultural/commercial
crops. Understanding the soil microbiota that is posi-
tively associated with V. rossicum provides us with a use-
ful tool for its control. In the future, the presence of
these fungi could be used as an indicator of site suscep-
tibility, aiding in the early detection of new invasions.
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