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Abstract
Invasive species often cause enormous economic and ecological damage, and this is especially true for invasive plants in the
Asteraceae family. Arbuscular mycorrhizal fungi (AMF) play an important role in the successful invasion by exotic plant species
because of their ability to promote growth and influence interspecific competition. However, few studies have evaluated the
effects of invasive Asteraceae species on AMF diversity and how feedback mechanisms during competition with native species
subsequently affect the accumulation of nutrient resources. Two exotic Asteraceae, Ambrosia artemisiifolia and Bidens pilosa,
were monitored during competition with a native grass species, Setaria viridis, which is being replaced by these exotic species in
natural areas around the study site. From these species continuously maintained in a field plot for 5 years, we collected the
rhizosphere soil and cloned and identified soil AMF. Furthermore, AM fungal spores were isolated from rhizosphere soil of the
two invasive species and used as inoculum in greenhouse experiments, to compare growth and nutrient accumulation during
competition. The results indicate that although the AMF diversity in the rhizosphere soil of A. artemisiifolia and B. pilosa
differed, the three most abundant species (Septoglomus viscosum, Septoglomus constrictum,Glomus perpusillum) were identical.
The addition of AMF inoculum changed the competition between the plants, increasing the competitive ability of the invasives
and decreasing that of the native. The results show a similar AMF community composition between A. artemisiifolia and B.
pilosa, increased AMF root colonization of the invasive species during competition, AMF-enhanced N accumulation, and AMF-
facilitated competitive growth of the invasive species.
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Introduction

With the rapid development of Chinese economic trade and
increased frequency of cultural exchanges, more and more
exotic species have been introduced in China (Wan et al.
2009). Some of them, especially plants in the Asteraceae fam-
ily, have become successful invasive plants and cause enor-
mous economic and ecological damage (Wan et al. 2017).
There are 29 invasive plant species that are designated for
national key management measures for invasive plant species,
according to the information reported by the Chinese Ministry
of Agriculture and the Ministry of Environmental Protection,
and ten of these species belong to the Asteraceae (Wan et al.
2017). Many characteristics, such as strong reproductive ca-
pacity, high capacity to adapt to the environment, and allelop-
athy towards native plant species, may be involved in the suc-
cessful invasion by plants in the Asteraceae family (Lockwood
et al. 2005; Murrell et al. 2011; Gallagher et al. 2014).
Recently, an increasing number of reports have demonstrated
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that invasive plants may change the soil biota community to
facilitate the plants’ invasion (Stinson et al. 2006; Sun et al.
2013), which is known as the Bplant-soil feedback hypothesis^
(Klironomos 2002). This hypothesis suggests that the facilitat-
ing effect could be achieved through strong mutualism
(Richardson et al. 2000; Sun and He 2010; Kiers et al. 2011;
Spence et al. 2011).

Arbuscular mycorrhizal fungi (AMF) are common root
symbionts that are crucial to the functioning of ecosystems
(Smith and Read 2008; Willis et al. 2013; Torrez et al.
2016). Many invasive plants are mycorrhizal plants (Bunn
et al. 2015). The interaction between the invading plant and
the native mycorrhizal fungi, and dynamics among communi-
ties of plants and fungi, can influence the trajectory and impact
of a plant’s invasion (Mummey and Rillig 2006; Shah et al.
2009; Rúa et al. 2016). First, plant invasions may affect the
abundance of the arbuscular mycorrhizal networks (Hawkes
et al. 2006) or support different mycorrhizae than native spe-
cies do (Zhang et al. 2007, 2010; Sun et al. 2013; Day et al.
2015). Second, different AMF taxa vary in their ability to
influence plant competition (Smith et al. 2000; Van Aarle
et al. 2002). AMF communities that are changed by invasion
may modify the nutrient acquisition of the invasive plant spe-
cies (Van Der Heijden et al. 2003; Lekberg and Koide 2005;
Zhang et al. 2010), or aid in pathogen protection, and possibly
aid the invasive plant through other mechanisms (Willis et al.
2013; Torrez et al. 2016). Third, invasive species may increase
their competitiveness through exploitation of beneficial inter-
actions with mutualists (Moeller et al. 2015). While the inter-
action still remains shrouded in mystery, the extent to which
AMF mediate exotic species invasions needs to be urgently
elucidated in view of the unprecedented increase in the intro-
duction and spread of invasive plants in areas well outside
their historical range. In addition, it is well known that AMF
diversity is affected by many factors, such as climate, soil, and
plant species. Therefore, experiments should be carried out in
a common garden to compare the effect of different exotic
plant species on AMF diversity. However, few studies have
used consistent field conditions for a long interaction time to
determine the resulting AMF communities. The question
therefore is what is the feedback effect of an invasive plant’s
changed AMF community on competitive growth with native
plants? In order to answer this question, it is necessary to
identify and compare the AMF communities, their host plant
colonization, and their feedback effects on growth between
exotic species and native competitors.

Two invasive plants, Ambrosia artemisiifoliaL. and Bidens
pilosa L., are annuals and belong to the family Asteraceae.
They originate in North America and Central America, re-
spectively, and are now widely distributed in China (Li and
Xie 2002; Xu and Qiang 2004; Wan et al. 2005). Their inva-
sions pose serious threats to biodiversity, result in agricultural
losses (Ozaslan et al. 2016), and cause human health problems

due to the allergenic pollen of A. artemisiifolia (Ghiani et al.
2012). The two invasive plant species are able to dominate the
early stages of vegetative succession in disturbed areas
(Fumanal et al. 2008; Connelly 2009). Their invasion changes
the soil microbial structure (Yu et al. 2010; Liang et al. 2011;
He et al. 2013; Yan et al. 2016). However, the AMF commu-
nities associated with A. artemisiifolia and B. pilosa during
their invasion are unknown. The results of a study by Chen
et al. (2015) demonstrated that the invasion of three different
invasive Asteraceae all increased the soil AM fungal diversity
and species richness. As such, we hypothesized that the AMF
species hosted by the two exotic plantsA. artemisiifolia and B.
pilosa are similar to each other, but different from those hosted
by the native plant Setaria viridis (L.) Beauv. An annual grass
(Poaceae) native to China, S. viridis, is most ecologically rel-
evant as the native competitor because it naturally occurs in
areas being invaded, and therefore competes with A.
artemisiifolia and B. pilosa. Further, we hypothesized that
the altered AMF communities facilitate growth of the invasive
Asteraceae plants and diminish the growth of the native spe-
cies when these plants are involved in interspecific competi-
tion. To test our hypotheses, we conducted two experiments.
We evaluated AMF colonization and diversity in the rhizo-
sphere soils of exotic (A. artemisiifolia and B. pilosa) and
native (S. viridis) species (field experiment) and growth ef-
fects of AMF on the competitive abilities of A. artemisiifolia
and B. pilosa grown with S. viridis (greenhouse experiment).

Material and methods

Experiment I: long-term field experiment: effects
of invasive plants on soil AM fungi

The influence of the two invasive species on the AM fungal
communities of the invasion site were tested with a long-term
field experiment that determined how much the AM fungal
communities changed and how much they colonized all three
species’ plant roots.

Study area

The field experiment was conducted at the Chinese
Academy of Agricultural Science (CAAS) Experimental
Station in Langfang, P.R. China (39° 30′ 42″ N, 116° 30′
42″ N). Mean annual rainfall and average temperature in
2013 were 712.8 mm and 11.2 °C, respectively. The soil
was classified as a sandy clay loam Ferric Acrisol according
to the FAO/UNESCO classification. Chemical properties of
soil were measured. Organic matter was 15.36 g kg−1, avail-
able nitrogenwas 56.07mgNg−1, available phosphoruswas
9.38mgP g−1, and available potassiumwas 214.58mgKg−1

(Table S1).
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Experimental design

Wild genotype seeds of the three test species were collected
from natural areas around the Langfang Experiment Station in
Langfang, China. Experimental plots, 3 m × 2 m, were pre-
pared in May 2008 with six treatments. The six treatments
contrasted mixtures and monocultures: (1) monoculture of A.
artemisiifolia (Am), (2) mixture of A. artemisiifolia and S.
viridis (1:1; A:S), (3) monoculture of B. pilosa (Bm), (4) mix-
ture ofB. pilosa and S. viridis (1:1; B:S), (5) monoculture of S.
viridis (Sm), and (6) control (no plant, bare soil). Each treat-
ment had six replicates. A total of 100 seeds (50 seeds of each
species in the mixture) were sown in each plot in May 2008 to
initiate the experiment. The composition of the plant species
in each plot was maintained during the experiment by hand
weeding every 2 weeks for 6 years to retain the target species
according to the treatments. There was a 1-m wide buffer strip
of bare soil maintained between adjacent plots to avoid edge
effects. Each winter after leaf abscission, the shoots were
pulled up and discarded elsewhere to reduce the shading effect
of the old shoots on the next season’s seed germination and
seedling growth. Each spring, the plots were reseeded with
another 100 seeds of the appropriate type, obtained from the
same plots during the previous fall. This was done to ensure
the target plants would be re-set to the desired treatment con-
ditions each year. No fertilizer was applied. The plots were
arranged in a randomized complete block design. All experi-
ments reported here were taken from samples in 2014, after
6 years of continuous plot maintenance. Although the annual
seeding re-set the desired treatment conditions each year, after
8 years, the resulting abundance of each species varied. It was
measured as aerial cover since canopies overlapped: All three
monoculture plots had 95% cover, the mixture of A:S had A.
artemisiifolia = 45% and S. viridis = 50% cover, and the mix-
ture of B: S had B. pilosa = 65% and S. viridis = 35% cover. In
the mixture plots, the competing species were evenly
intermixed.

Soil and root sampling

In the field experiment, the growth of the three species was not
uniform in percentage cover of each species in individual
treatments. The number of replicates was initially six but
was later reduced to three in which the cover of plants was
similar and abundant. We followed the recommendation of
Huber (1981) to identify outliers and thinned samples to have
a sample that represents the mean robustly. Soil samples (6
treatments × 3 replicates = 18 samples) were collected to
quantify AM fungal species diversity in October 2016 by
DNA analysis. Soil was collected from the rhizosphere of A.
artemisiifolia, B. pilosa, and S. viridis at 12 random locations
in each plot, sieved (first through a 2-mm sieve, then through a
0.83-mm sieve to exclude roots) and combined to prepare one

composite sample per plot. Soil samples were stored at field
moisture content (23%) at − 80 °C until DNA extraction.

Roots (with intact cortex) of A. artemisiifolia (2 treat-
ments × 3 replicates = 6 samples), B. pilosa (2 treatments × 3
replicates = 6 samples), and S. viridis (3 treatments × 3 repli-
cates = 9 samples) were collected to determine the coloniza-
tion rate of AMF. Roots from these plants were then washed
with sterile dH2O, retaining all the fine roots, which were then
placed in formalin-alcohol-acetic acid solution until process-
ing (FAA is 89 mL of 50% ethanol, 6 mL glacial acetic acid,
and 5 mL formaldehyde).

Rate of AMF colonization of roots

The fine roots of A. artemisiifolia, B. pilosa, or S. viridis
were assayed for percent colonization of AMF using the
magnified intersections method (Biermann and Linderman
1981). Specifically, fresh roots were chopped into 1–2 cm
segments, then cleared with 10% KOH at 90 °C for 30 min,
rinsed with sterile water, and acidified with 2% HCl at
room temperature for 10 min. The treated root materials
were stained in 1% acid fuchsin solution at room temper-
ature for 30 min (0.1 g acid fuchsin dissolved in 63 mL
sterile dH2O, add 63 mL glycerin, and 875 mL lactic acid,
stored at room temperature). A total of 100 root segments
were examined for each replicate, and the percentage col-
onization of each segment was determined by scoring pos-
itive colonization in that region if any fungal structure was
visualized: hyphae, vesicles, or arbuscules. No distinction
was made between intra-radicle and extra-radicle hyphae
since this difference was obscured by the need to slightly
crush the roots to be thin enough for visualization under
the compound microscope, but the extraradical hyphae
were removed before entering the fixative when the roots
were carefully washed with a squirt bottle of sterile water.
The AM fungal colonization was examined using an
Olympus BX43 compound microscope (Olympus, Tokyo,
Japan). The same procedure was used to assay percent
colonization later in the greenhouse AMF inoculum exper-
iment. All stained root segments were randomly selected
for the microscopic observation to calculate the coloniza-
tion rate according to the method of Biermann and
Linderman (1981).

Soil DNA extraction of AM fungi

Genomic DNA of each rhizosphere soil sample was extracted
from 0.3 g of undried soil using E.Z.N.A.™ Soil DNA Kit
(Omega Bio-tek, Hibind, Germany) according to the instruc-
tions of the manufacturer. DNA extracts were stored at −
20 °C and DNA quality was tested using 1% agarose gel
electrophoresis.
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Nested-PCR of AM fungi

There were two PCR amplifications of small subunit rRNA
genes, the first with general fungal primers and the second
with specific AMF primers, following the methods of Zhang
et al. (2017). To begin, SSU rRNA genes were amplified using
primers that overlap with the universal primers GeoA2 (5′
CCAGTAGTCATATGCTTGTCTC3 ′) and Geol1 (5′
ACCTTGTTACGACTTTTACTTCC3′) (Schwarzott and
Schüßler 2001). PCR was performed in a final volume of
20 μL, containing 10 × buffer 2 μL, dNTPs (10 mmol L−1)
0.4 μL, GeoA2 (10 μmol L−1) 0.5 μL, Geol1 (10 μmol L−1)
0.5 μL, Taq polymerase 0.2 μL (5 U μl−1), template DNA
1 μL, and ddH2O 15.4 μL. The temperature profile was pro-
grammed for 4 min at 95 °C, 30 s at 95 °C, 30 s at 55 °C, 60 s
at 72 °C for 35 cycles, and 7 min at 72 °C and cooled to 4 °C.
Control reactions contained no template DNA. The first PCR
products were used as templates for a second PCR with sub-
sequent rounds of asymmetric amplifications. The genes were
amplified with the specific primers NS31 (5′TTGGAGGG
CAAGTCTGGTGCC3 ′) and AM1 (5 ′GTTTCCCG
TAAGGCGCCGAA3′) (Simon et al. 1992) to designate the
SSU sequences of the mycorrhizal fungi. The reactionmixture
of the second round of PCR was the same as that of the first
round of PCR. Positive PCR products were ligated into a
pEASY-T1 vector (pEASY-T1 Simple Cloning Kit,
TransGen Biotech, Beijing, China) according to the instruc-
tions of the manufacturer (Zhang et al. 2017). Each plant
treatment had three separate samples, each producing a library
of about 50 positive clones with inserts of the correct size.
Then, about 150 positive clones for each plant treatment were
sequenced by Beijing Branch Biological Engineering Co.,
Ltd. (Shanghai, China) in a single direction using the universal
primer T7. Forward and reverse sequences were aligned, and
the vector sequences were removed with the program MEGA
version 6 (Tamura et al. 2013).

Sequence similarities were determined using the Basic
Local Alignment Search Tool (BLASTN), a sequence-
similarity search tool provided by GenBank for Trace
Archive databases using a nucleotide query. Phylogenetic
analysis was conducted for representative sequences obtained
in this study and those corresponding to the closest matches
from GenBank. Sequences were aligned with other published
AMF sequences and neighbor-joining (NJ) phylogenetic anal-
yses were performed using MEGA software version 6.
Distances for the NJ tree were computed using the default
parameters. A total of 1000 independent bootstrap analyses
were performed to provide nodal support. Scutellospora
alterata was used as the out-group.

Eight representative sequences of the clones generated in
this study were deposited at the National Centre for
Biotechnology Information (NCBI) GenBank (http: //www.
ncbi. nlm.nih.gov) under accession numbers KX154250-

KX154257. The relative abundance (RA) of all AM fungal
species in our total sample (which includes DNA amplified by
the AMF primers that was not AMF DNA) was calculated
according to the following formula:

RA ¼ A=Nð Þ � 100%

A represents the number of sequences of one AM fungal
sequence type andN represents the total number of sequences.

Experiment II: greenhouse AMF inoculum
experiment: effect on competition between invasive
and native plants

Potted plants in the greenhouse were used to determine the
effect of AMF inoculum on the growth of invasive and native
plants under monoculture or mixture conditions. For one in-
vasive species, the treatments were organized into three
groups with the invasive plant in monoculture, the native plant
in monoculture, and both plants in combination. Each of these
three groups was inoculated with AMF spores from the inva-
sive (isolated from soil of the long-term monoculture plots) or
heat-inactivated spores that were alsomade from the inoculum
for the control.

Experimental design

The first set of treatments used the invasive A. artemisiifolia
inoculum in pots of the following: (1) monoculture of A.
artemisiifolia (Am), with and without AM fungal spores col-
lected from the rhizosphere soil of A. artemisiifolia (AMF-
Am); (2) monoculture of S. viridis (Sm), with and without
AMF-Am inoculum; (3) mixture of A. artemisiifolia and S.
viridis (1:1; A:S), with and without AMF-Am. The second set
of treatments used the invasive B. pilosa inoculum in pots of
the following: (4) monoculture of B. pilosa (Bm), with and
without AM fungal spores collected from the rhizosphere soil
of B. pilosa (AMF-Bm); (5) monoculture of S. viridis (Sm),
with and without AMF-Bm; (6) mixture of B. pilosa and S.
viridis (1:1; B:S), with and without AMF-Bm.

The AM fungal spores were obtained from the same field
experimental plots as above, using rhizosphere soil of mono-
cultures ofA. artemisiifolia orB. pilosa grown for 6 years. The
AM fungal spores were separated from the soil using the
method of wet sieving followed by sucrose centrifugation
(Daniels and Skipper 1982). AM fungal spore density was
measured following the method of wet-sieving decantation
(Liu and Chen 2007). The spore density of the two invasive
plants was 38 and 21 spores per 100-g soil, respectively.

The seeds of A. artemisiifolia, B. pilosa, and S. viridis to
begin the inoculum experiments were collected from the pre-
vious field experimental plots at the Experiment Station of the
CAAS, Langfang, China. The seeds were surface-sterilized in
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5%H2O2 for 10 min and rinsed five times with sterile distilled
water before being sown in pots (15 × 13 × 12 cm). The soil
consisted of a mixture of autoclaved (121 °C, 1 h, three times)
sandy clay soil and vermiculite (purchased from Ke Da Plant
and Flower Co., Ltd., Langfang, China) (v/v, 1:1). The sandy
clay soil was collected from the open area near the field ex-
periment, which was not covered with any plant species for
the previous 3 years. Every week, 100 mL of 30% Hoagland
nutrient solution (Hoagland and Arnon 1950) was applied to
each pot.

To initiate the experiment, the soil (0.5 kg), seeds, and
inoculum (38 spores per 100-g soil for A. artemisiifolia and
21 spores per 100-g soil for B. pilosa) were placed in pots
at the same time. After germination, each pot was weeded
to finally contain only four plants (four of one species in
monoculture and two of each species in mixtures in a sub-
stitution design) and each treatment was replicated ten
times (6 treatments × 10 replicates = 60 pots). The pots
were placed in a greenhouse for 90 days under a 10-h
L:14-h D photoperiod at 25 °C and were arranged in a
completely randomized design.

Measurements

The greenhouse plants were harvested after 90 days of growth.
All plants were washed free of soil and were oven-dried at
80 °C for 48 h before specific measurements were taken. Dry
biomass was measured using the entire plant, including roots.
The corrected index of relative competition intensity (CRCI)
was used to test the plant’s competitive ability, which was
fairly linear within the observed ranges of competition and
facilitation. This index was calculated following the method
of Oksanen et al. (2006).

CRCI = arcsin [(X-Y)/max (X, Y)], where X is the average
biomass of plants grown in monoculture and Y is the average
biomass of plants grown in a mixture. CRCI values > 0 indi-
cate that interspecific competition is stronger than intraspecif-
ic competition (growing in a mixture has a negative effect),
and values < 0 indicate that interspecific competition is less
than intraspecific competition (growing in a mixture has a
positive effect).

The species differ in their response to N or P in terms of
their capacity to produce biomass. Photosynthetic nitrogen-
use efficiency (PNUE) and photosynthetic phosphorus-use
efficiency (PPUE) are important parameters in determining
photosynthetic capacity per unit N or P. They were calculated
following the method of Hidaka and Kitayama (2009).

PNUE ¼ Amax=Nconc PPUE ¼ Amax=Pconc

where Amax was the maximum net photosynthetic rate, and
Nconc and Pconc were the concentrations of nitrogen and
phosphorus.

Amax was determined using a portable photosynthesis sys-
tem (LI 6400XT, LI-COR, USA). The net photosynthetic rate
was measured with an open gas-exchange system at several
photosynthetic photon flux densities of 2000, 1500, 1000,
800, 500, 300, 200, 100, 50, and 0 μmol m−2 s−1.
Measurements were taken after gas-exchange parameters
reached the steady state. All measurements were determined
from 9:00 AM to 11:00 AM in a temperature-controlled room
(32 °C, 12 h day, 800–1000 μmol (photon) m−2 s−1, relative
humidity of 50%). Five plants from separate pots whose
heights and branch numbers were similar were chosen from
each treatment for the experiment. From each plant three top
mature leaves were measured.

The areas of leaves were measured by an AM-300 Area
Meter (ADC, Hudson, USA). Then, leaves were dried,
weighed, and assayed for N and P. The specific leaf area
(SLA) was calculated following by the method below:

SLA cm2=g
� � ¼ leaf area=leaf biomass

The same leaves were used to determine the Nconc and Pconc
values. N concentration was determined following the micro-
Kjeldahl procedure (Nelson and Sommers 1973). P concen-
tration was determined using inductively coupled plasma
spectroscopy (Isaac and Johnson 1983). Then, Nconc was g
nitrogen/m2 dry leaf, and Pconc is g phosphorus/m2 dry leaf.

Statistical analyses

For the field experiment, Student’s t test was used to detect
differences in AMF colonization rates when growing in
monocultures and mixtures. To detect different AMF phylo-
types in those treatments, one-way analysis of variance
(ANOVA) was used followed by the LSD test in SPSS 19.0
(SPSS Inc., Chicago, IL). Multiple comparisons between the
groups were performed using S-N-Kmethod (DeMuth 2006).
A nonmetric multidimensional scaling (NMDS) ordination
was used to visualize the composition of the AMF community
in different soil treatments using the Vegan package of R soft-
ware version 2.5.2 (RDevelopment Core Team, R Foundation
for Statistical Computing, Vienna, Austria). Bray-Curtis dis-
similarities were employed with maximum number of random
starts set at 100 with k = 2 stress value. The presence or ab-
sence of AMF phylotypes in each soil sample was used to
construct rarefaction curves (with 95% confidence intervals)
using the software PAST (Paleontological Statistics) version
3.11 (Øyvind Hammer, Natural History Museum, University
of Oslo, Norway).

For the greenhouse experiment, the variables in the treat-
ments were expressed as mean ± standard error. Student’s t
test was used to determine the effect of inocula on CRCI and
also for the percent colonization rate. The one-way analysis of
variance (ANOVA) followed by the LSD test was used to
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determine significant differences of the biomass, root to shoot
ratio, the N or P content, N/P ratio, Amax, PNUE and PPUE
for inocula (+ vs. −), and competition (monoculture vs. mix-
ture) for each plant variable. Also, a two-way ANOVA was
used to determine the differences between means for each of
these variables with the factors AMF inoculum (±) and neigh-
bor (self/other). We used Pearson correlations (two-sided test)
to determine r and P value of linear correlations between
colonization rate variables and plant growth indicators (bio-
mass, the N or P content, PNUE and PPUE, the comparative
number was 5) in the same treatment group. We did a
Bonferroni correction to control the cumulative probability
at 0.05, the Bonferroni corrected value = 0.05/5 = 0.01. All
these analyses were conducted using SPSS 19.0 (SPSS Inc.,
Chicago, IL).

Results

Experiment I: long-term field experiment: effects
of plants on soil AM fungi

AM fungal colonization rates

After 6 years of continuous cultivation, the AM fungal colo-
nization rates differed between species, but were mostly less
than 50% of the root length (Fig. 1). The lowest AM fungal
colonization rates were recorded in the native plant, S. viridis,
when grown in a mixture with either invasive plant, and this
was significantly less than the monoculture (Student’s t test,
monoculture vs. mixture with A. artemisiifolia, p = 0.029;
monoculture vs. mixture with B. pilosa, p < 0.001). The two
invasive plants responded similarly to being grown together
with the native plant, both having increased AM fungal colo-
nization rates in the mixture over the monoculture (Student’s t
test, mixture compared to monoculture, A. artemisiifolia: p =
0.009; B. pilosa: p = 0.345).

Sequencing, phylogenetic analysis, and identification of AM
fungal communities

Rhizosphere soil samples of A. artemisiifolia, B. pilosa, and S.
viridis yielded PCR products used to construct SSU rDNA
libraries. Subsequently, using PCR primers specific for AMF
sequences, 856 sequences were obtained. BLAST analyses re-
vealed that 490 sequences had a high similarity (97–100%
identity) to AMF phylotypes, but 366 sequences aligned with
non-AMF phylotypes, principally in the genera Isaria and
Beauveria (data not shown) (Table S2). The rarefaction curves
of different treatment soils indicated that a sufficient number of
clones were sequenced to characterize the AMF taxa in the
samples collected. This is evident from the very stable plateaus
in Fig. S1a, indicating that our sample of 490 sequences was

sufficient to detect all the AMF phylotypes present, despite the
high number of non-AMF sequences found in this experiment.
The sampling effort curves show that the three samples collect-
ed were probably a sufficient number to detect all the AMF
phylotypes, because the curves show plateaus (Fig. S1b).

The composition of AMF phylotypes was sorted by non-
metric multidimensional scaling (NMDS) (Fig. S2). Each
treatment was well differentiated, and the replicates of each
treatment were grouped together. NMDS ordination showed
that the distribution of sample points was similar to the com-
munity structure of AMF phylotypes (Fig. S2, Table S3). The
control plots appear separated from the plant-covered plots in
the ordination and were strongly related to the AMF phylo-
type G5. The plots with plants grown in monoculture (inva-
sive plants: Am, Bm; native plant: Sm) were separated from
each other, and the invasive plant plots had the same trend;
both were strongly related to the AMF phylotypes G6, G7,
and G1. However, the native plant plots Sm were related to
G4, G7, and G6. The mixture plots (A:S and B:S) were dis-
tinct from the monoculture plots and different from each other.
B:S plots were strongly correlated with G2 and G4, whereas
A:S plots were strongly correlated with G6 and G3.

The rarefaction curves allowed us to obtain seven repre-
sentative sequences to compare with published AMF se-
quences for phylogenetic analysis. Two sequences belong
to one phylotype (G7 in Fig. 2) allowing the following seven
species identifications:G1 forRhizophagus intraradices,G2
forRhizophagus irregularis, G3 forFunneliformismosseae,
G4 for Glomus perpusillum, G5 for Rhizophagus iranicus,
G6 for Septoglomus viscosum, and G7 for Septoglomus
constrictum (Fig. 2).
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AM fungal species in soil

Overall, the most abundant phylotypes of AMF found in the
rhizosphere soil were similar between the two invasive plant
species (Fig. 2). The most abundant fungal species among all
the treatments was S. viscosum (Fig. 2). The other fungi dif-
fered in their relative abundance in each treatment. The mono-
culture of the invasive A. artemisiifolia contained six fungal
species, S. viscosum (52.03%), S. constrictum (5.69%), R.
intraradices (4.07%), R. iranicus (1.63%), G. perpusillum
(1.63%), and R. irregularis (1.63%). The monoculture of the
other invasive species, B. pilosa, contained five of the same
fungal species, and at similar abundances, as follows: S.
viscosum (49.32%), S. constrictum (21.92%), R. intraradices
(10.96%), R. iranicus (4.11%), G. perpusillum (4.11%). The
AMF species of the bare soil used for the control treatment
was reduced to only two species, S. viscosum (9.27%) and R.
iranicus (8.61%).

Experiment II: greenhouse experiment: feedback
effects of AMF inoculum

Total biomass, CRCI, and root to shoot ratio

We determined the biomass, the corrected index of relative com-
petition intensity (CRCI), and the root to shoot ratio to quantify
the impact of added AM fungal spores on the growth of A.
artemisiifolia, B. pilosa, and S. viridis (Fig. 3, Fig. S3). AM
fungal addition decreased the biomass of A. artemisiifolia in

the monoculture (Student’s t test, p = 0.003), while it had no
effect in the mixture treatment. The biomass of A. artemisiifolia
in the mixture was significantly higher than in the monoculture
with or without AM fungal addition (Student’s t test, pAMF- <
0.001; pAMF+ < 0.001). The root to shoot ratio ofA. artemisiifolia
did not change in monoculture or in mixture even with AM
fungal addition. With regard to B. pilosa, AMF addition in-
creased the biomass of B. pilosa in the mixture treatment
(Student’s t test, p = 0.002) while it had no effect in the mono-
culture treatment. Then, AM fungi increased the competitive
ability of the invasive species, A. artemisiifolia and B. pilosa
(CRCI was more negative in AMF+ treatments, Student’s t test,
p = 0.01, Fig. 3). The native S. viridis was different: competition
had positive effects on its growth when grown together with the
invasive A. artemisiifolia, but negative effects when grown to-
gether with the other invasives, B. pilosa. However, the AMF
addition significantly decreased the growth of the native S. viridis
when grownwith either invasive plant, since the CRCIwasmore
positive in AMF addition treatments (Student’s t test, with A.
artemisiifolia, p= 0.012, with B. pilosa, p = 0.013, Fig. 3). The
root to shoot ratio of S. viridis in response to the inoculation of
AMF was different when it grew with each invasive species
(two-way ANOVA, Fig. S3).

AM fungal colonization rates

All the root colonization rates of the greenhouse AMF inocu-
lum experiment were less than 50% (Fig. 4), which is slightly
lower than for the long-term field experiment (Fig. 1). As in
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the long-term field experiment, the lowest AM colonization
rates were in the native plant, S. viridis, when grown together
with either invasive plant, and AM colonization rates were
lower than in monocultures with A. artemisiifolia (Student’s
t test, p = 0.001) or with B. pilosa (Student’s t test, p = 0.001,
Fig. 4). Furthermore, the magnitude of the reduction was sim-
ilar to that in the field experiment. Mirroring the results of the
field experiment, the root colonization levels of invasive A.
artemisiifolia and B. pilosa were significantly higher when
grown together with the native plant, than when grown in
monocultures (Student’s t test, A. artemisiifolia, p = 0.010;
B. pilosa, p = 0.042). Thus, our field and greenhouse experi-
ment results both demonstrate that AM colonization levels
were higher when plants were grown together than when they
were grown in monocultures for both invasive species, but
lower for the native species.

Photosynthetic efficiencies with nitrogen and phosphorous

A. artemisiifolia and S. viridis Overall, the interaction be-
tween AM fungi and competition showed a significant effect
on the photosynthetic nitrogen-use efficiency (PNUE) of A.
artemisiifolia (two-way ANOVA, p = 0.043). The photosyn-
thetic nitrogen-use efficiency (PNUE) of A. artemisiifolia in-
creased with the addition of AM fungi, whether it was grown
in a monoculture (ANOVA, p = 0.002) or together with S.
viridis (ANOVA, p < 0.001). Our results show that AM fungi
benefit the invasive A. artemisiifolia in terms of nitrogen ac-
cumulation when grown with S. viridis (Fig. S4). For S.
viridis, the addition of AMF to the monoculture did cause an
increase in PNUE for S. viridis (ANOVA, p < 0.001, Fig. 5).
However, when grown with A. artemisiifolia, the addition of
AM fungi had the opposite effect and reduced the PNUE of S.
viridis (Student’s t test, p = 0.014). Similarly, growing togeth-
er with A. artemisiifolia with AM fungi also reduced the

PPUE (ANOVA, p < 0.001, Fig. 5). Then, the interaction be-
tween AM fungi and competition had significant effect on the
PNUE of S. viridis (two-way ANOVA, p < 0.001), and it had a
significant effect on the PPUE of S. viridis (two-wayANOVA,
p = 0.004, Fig. 5).

The result indicates that the symbiosis of S. viridis has a
different consequence with AM fungi in monocultures than it
does in mixtures. Inmixtures, AM fungi reduce N/P ratio (Fig.
S5) and nutrient use efficiency, which accounts for the re-
duced biomass of CRCI (Fig. 3) for S. viridis with AMF
added.

B. pilosa and S. viridis The interaction between AM fungi and
competition showed a significant effect on the PNUE (two-
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way ANOVA, p < 0.001) and PPUE (two-way ANOVA,
p < 0.001) of B. pilosa. When B. pilosa was grown in a mix-
ture with the native S. viridis, AM fungi increased both the
PNUE (ANOVA, p < 0.001, Fig. 5), which mirrored the AM
fungi increased in CRCI (Fig. 3). However in monocultures of
B. pilosa, AM fungi decreased both the PNUE (ANOVA,
p < 0.001) and PPUE (ANOVA, p < 0.001, Fig. 5).

In the native competitor S. viridis, S. viridis received less of
N when it was grown in mixtures with B. pilosa when AM
fungi were added (ANOVA, p < 0.001, Fig. S4). The nutrient
accumulation followed the same pattern as in B. pilosa. S.
viridis had a greater PNUE with AM fungi in monocultures,
but a lower PNUE when grown together with B. pilosa
(ANOVA, p < 0.001, Fig. 5). Overall, both nutrient (N and
P) use efficiencies of S. viridis increased when it was grown
in monocultures and decreased when it was grown in mixtures
with B. pilosa when AM fungi were added.

Correlation between root colonization of AMF and plant
growth indicators

A. artemisiifolia and S. viridis There was a significant positive
correlation between AMF root colonization and PNUE
(Pearson correlation, r = 0.973, p = 0.001, Table S4) and N
concentration (Pearson correlation, r = 0.927, p = 0.008) in
A. artemisiifolia observed in mixture. In S. viridis, the AMF
colonization had a significant positive correlation with leaf
concentration of N (data shown in Fig. S4) (Pearson correla-
tion, r = 0.935 p = 0.006) and P (data shown in Fig. S4)
(Pearson correlation, r = 0.953, p = 0.003) when growing in
the mixture with A. artemisiifolia and had a significant

positive correlation with PNUE in monoculture (Pearson cor-
relation, r = 0.991, p < 0.001) and leaf P concentration
(Pearson correlation, r = 0.934, p = 0.006) when grown both
in monoculture.

B. pilosa and S. viridis Significant positive correlations were
observed between AMF root colonization and concentrations
of N (Pearson correlation, r = 0.994, p < 0.001) and P
(Pearson correlation, r = 0.957, p = 0.003) and PNUE
(Pearson correlation, r = 0.999, p < 0.001) in the leaves of B.
pilosawhen grown in mixture with S. viridis (Table S4). With
regard to S. viridis, the colonization rate of AMF showed a
significant negative correlation with PNUE (Pearson correla-
tion, r = − 0.965, p = 0.002) in the mixture with B. pilosa
while had a positive correlation (Pearson correlation, r =
0.960, p = 0.002) in the monoculture.

Discussion

The invasion success of certain exotic species depends on
their association with AM fungi (Marler et al. 1999;
Klironomos 2002; Shah et al. 2009; Grilli et al. 2014; Zhang
et al. 2017), but the mechanism of that association, the poten-
tial for plant-soil feedbacks, and alterations in nutrient acqui-
sition are unclear. Here, we used monocultures and mixtures
of the invasive plants A. artemisiifolia and B. pilosa with the
native S. viridis, to demonstrate that inoculum with AM fungi
changed their competitive growth. Using a relative measure,
we found that both invasive species gained more biomass
when grown together in a mixture with the native species than

Am A:S Sm A:S Bm B:S Sm B:S

Ambrosia artemisiifolia
(Invasive)

Setaria viridis
(Native)

Bidens pilosa
(Invasive)

Setaria viridis
(Native)

b
c

c

a

a b

a b

0

20

40

60

80

100

P
h

o
to

sy
n

th
et

ic
 n

it
ro

g
en

-u
se

 

ef
fi

ci
en

cy
 μ

 m
o

l
/ 

(g
 ·

 s
)

AMF-

AMF+
AMF                         P < 0.001

Competition              P < 0.001

AMF*competition    P = 0.043
AMF                         P < 0.001

Competition              P < 0.001

AMF*competition    P < 0.001

a

b

c

a

a
b

c

b

0

200

400

600

800

1000

P
h

o
to

sy
n

th
et

ic
 p

h
o

sp
h

o
ru

s-
u

se
 

ef
fi

ci
en

cy
 μ

 m
o

l
/ 

(g
 ·

 s
)

AMF                         P = 0.298

Competition              P < 0.001

AMF*competition    P = 0.427

AMF                         P = 0.003

Competition              P < 0.001

AMF*competition    P = 0.004

a

c
c

a

b
a

b b

0

20

40

60

80

100

P
h

o
to

sy
n

th
et

ic
 n

it
ro

g
en

-u
se

 

ef
fi

ci
en

cy
 μ

 m
o
l 

/ 
(g

 ·
 s

)

AMF                         P < 0.001

Competition              P < 0.001

AMF*competition    P < 0.001

AMF                         P = 0.005

Competition              P < 0.001

AMF*competition    P < 0.001

a

b
c

a

b b

c

b

0

100

200

300

400

500

600

700

800

P
h
o
to

sy
n

th
et

ic
 p

h
o
sp

h
o
ru

s-
u
se

 

ef
fi

ci
en

cy
 μ

 m
o
l 

/ 
(g

 ·
 s

)

AMF                         P = 0.011

Competition              P = 0.001

AMF*competition    P = 0.001
AMF                         P = 0.048

Competition              P < 0.001

AMF*competition    P = 0.026

Spores from BmSpores from Am

Fig. 5 Effects of AMF on the
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when grown in a monoculture and that AM fungi increased
the biomass gain. The effects of the two invasive plants on the
native plant can be explained by congruent changes in AMF
colonization rate. The main finding is that invasive and native
plants grown close together in mixed pots respond differently
to AMF colonization, with the competition benefiting the in-
vasive plant, but diminishing the native plant, with similar
patterns observed for the two invasive plants.

The strength of this study is the long-term continuous
maintenance of a field plot with the test plants growing in
monocultures or mixtures. After 6 years, soil samples show
that the community composition of AMF species is very sim-
ilar: The three fungal species that make up most of the sample
were identical among plant treatments, Septoglomus
viscosum, S. constrictum, and Rhizophagus intraradices
(Fig. 2). Other works have shown that the benefits of associ-
ation with AM fungi can be context specific (Hoeksema et al.
2010), since different AMF taxa vary in their ability to supply
plants with nutrients (Smith et al. 2000; VanAarle et al. 2002).
Our results showed that AM fungal addition increased the leaf
N and P concentrations, PNUE, and PPUE of two invasive
species when grown with a native species, which then pro-
moted the competitive ability of the invasive species. Invasive
Asteraceae are an important group of plants and might have
universal impacts on invaded ecosystems. We speculate that
they may accumulate similar AM fungi to promote their suc-
cessful invasion (Hiiesalu et al. 2014; Chen et al. 2015).
Besides the species composition of the AMF community, the
extent of association can vary. A recent meta-analysis has
shown that when grown in direct competition with each other,
AM fungal colonization of native plants was lower when
grown with invasive plants (n = 7, Bunn et al. 2015). Our
results are in agreement with this, since in both the greenhouse
experiment and the field experiment, species grown in mix-
tures followed the same pattern: percent colonization of the
invasive roots with AM fungi was greater in the mixtures
compared to the monocultures (Figs. 1 and 4). It has been
shown that this difference could reflect legacy effects on the
soil microbial community, as a plant can condition soil to
promote an AMF community to favor itself (Lankau and
Nodurft 2013; Menzel et al. 2017). The legacy effects would
be relevant for our greenhouse experiment, since the sterile
soil in pots was inoculated with AMF spores isolated from soil
of invasive species monocultures maintained for 6 years in the
field. Still, the same trend holds, and the differences were even
larger, for the plants growing in mixtures, i.e., the invasive
species had a greater extent of AM fungal colonization in
mixture than in monoculture, while native S. viridis had less
extent of AM fungal colonization in mixture than that in
monoculture (Fig. 4). Thus, the difference in colonization
may be tightly related with the difference in plant growth.

The results suggest that the AM fungal colonization in the
roots might be a good indicator for plant growth, echoing

other studies (Bunn et al. 2015; Yin et al. 2015; Cortois
et al. 2016; Zhang et al. 2017) and that AMF benefit the
invasive A. artemisiifolia and B. pilosa. Such modifications
in the competitive interactions between AM fungi and plants
are known (Marler et al. 1999; Wagg et al. 2011). Flaveria
bidentis, an aggressive South American invader in China,
outcompeted native species when grown in association with
AM fungi (Yin et al. 2015; Zhang et al. 2017). Higher AM
fungal colonization in exotic F. bidentis than in native S.
viridis provides a competitive advantage to the invader over
the native species (Zhang et al. 2017). Previous work high-
lights the central role of nitrogen, as we know AM fungi can
transfer substantial amounts of nitrogen to their host plant
from organic material (Leigh et al. 2009). Nitrogen facilitates
the growth of exotic F. bidentis, and AM fungi enhance nitro-
gen absorption (Zhang et al. 2015a, b, 2017). A study on the
effect of nitrogen deposition on the competitive ability of A.
artemisiifolia and Artemisia annua showed that, with increas-
ing nitrogen levels, the competitive ability of A. artemisiifolia
was enhanced (Lu et al. 2012). AM fungi have great influence
on the soil nitrogen accumulation of A. artemisiifolia (Bajpai
and Inderjit 2013), which enhances A. artemisiifolia’s
resource-capture by increasing the specific leaf area
(Richardson et al. 2000; Fumanal et al. 2006). Chen et al.
(2016) also found that the superior photosynthetic character-
istics and higher energy utilization efficiency of B. pilosamay
contribute to its successful invasion when compared with their
co-occurring native species. In our study, the N/P ratio ranged
from 2.1 to 12.3 for both invasive and native species, with a
leaf N/P ratio of < 14 indicating N limitation (Güsewell et al.
2003). We might conclude that AM fungi promoted the com-
petitive ability of invasive species by enhancing nitrogen ab-
sorption and PNUE especially under N limitation (Zhang et al.
2015a, b, 2017).

It is interesting that for the native S. viridis, it matters a lot
whether it grows in competition with the invasive A.
artemisiifolia or the invasive B. pilosa since the biomass accu-
mulation is opposite. The different effects of the competition
may be due to allelochemicals in the roots and how they inter-
act. Previous studies have shown that A. artemisiifolia and B.
pilosa have different chemical compositions (Fischer and
Quijano 1985, Fischer et al. 1994; Zeng and Luo 1996; Yang
et al. 2004; Zhang et al. 2010), which may lead to different
allelopathic effects on the growth of the native S. viridis (Van
Kleunen et al. 2010; Bunn et al. 2015). Alternately, the different
effects of the competition may be due to nutrient accumulation,
which our data can partly inform. The difference of greatest
magnitude is PPUE for the native S. viridis (Fig. 5). It is very
low for monocultures, but increased for mixtures, with less of
an increase with AM fungi (Fig. 5). This is consistent with the
biomass results, showing an advantage to S. viridis growing in
the mixture with A. artemisiifolia, but less of an advantage with
AM fungi (Fig. 3). Then contrast this with how S. viridis grows
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with B. pilosa, S. viridis loses more biomass in mixtures and
even more loss with AM fungi (Fig. S3). One clue is provided
by how B. pilosa grows in monocultures. It has lower N con-
centration, PNUE, and PPUEwith addedAM fungi, suggesting
that the plant by itself does not effectively use its AM fungal
community in its invaded soil. But when growing in a mixture,
B. pilosa has greater PNUE and PPUE with added AM fungi,
suggesting that it is using the AM fungi connecting to its com-
petitor and gaining more nutrients.

The selection of invasive and native plants was based on
ecological relevance, because in natural areas around the
study site, the two invasive species are currently dominating
and replacing the native species. Our data show that AM fungi
help A. artemisiifolia or B. pilosa to outcompete the native S.
viridis (Fig. S3). The native S. viridis is a grass (Poaceae), and
the exotic A. artemisiifolia or B. pilosa are dicotyledonous
forbs (Asteraceae). There are basic physiological differences
between grasses and forbs that are co-mingled in this study
with native or invasive status. Other studies have looked at
biomass gain in the realistic situation where an invasive forb is
invading a native grassland and found that AMF enhanced the
forb invader (Marler et al. 1999; Zabinski et al. 2002; Zhang
et al. 2017) or lack of AMF enhanced the forb invader (Waller
et al. 2016). Meta-analyses determined that forb invaders had
positive feedback effects in their own soil in monocultures
(n = 20, Meisner et al. 2014) and in mixtures (n = 12, Bunn
et al. 2015). Grasses had negative feedback effects in mixtures
(n = 7, Bunn et al. 2015). Broadly, our results agree with these
previous studies, and similarly, our methods also focus on the
response within each species to competition with self
(monocultures) or other (mixtures) and how AMF are in-
volved. However, the present study is unique in that it further
extends the response variables measured to photosynthetic
efficiency, and N and P accumulation, to explore the mecha-
nism of enhanced biomass gain.

Some details were intended to conform to the active inva-
sion scenario. While 94% of studies assessing growth re-
sponses used whole soil inoculum from the native range
(Bunn et al. 2015), presumably with the intention of mimick-
ing the initial establishment, we used AMF from the invaded
soil to mimic the invasion. Our inoculum consisted of fungal
spores only, adding nothing to the control but heat-killed fun-
gal spores, as recommended by Lekberg et al. (2013) to
produce mycorrhizal and nonmycorrhizal plants that are
comparable in every way except for AMF status.

Conclusions

Our data demonstrate that AMF help the invasive plants A.
artemisiifolia and B. pilosa to outcompete the native plant S.
viridis. The AMF species composition similarity between A.
artemisiifolia and B. pilosa may lead to similar trends for the

effect of AM fungi on the growth of two invasive species. The
increased AMF colonization in invasive A. artemisiifolia and
B. pilosa compared to the decreased in native S. viridis in
mixture treatments provides a competitive advantage to the
invasive species over the native species. AM fungi help the
invasive A. artemisiifolia and B. pilosa outcompete the native
S. viridis through the accumulation of higher foliar levels of N
and PNUE and inhibit the growth of native S. viridis by accu-
mulation of lower foliar levels of N and PNUE compared to
those without AM fungal addition. This study therefore estab-
lishes that the invasion of A. artemisiifolia and B. pilosa af-
fects AMF communities, which in turn facilitate their growth
and provide competitive advantages for the two invasive spe-
cies when growing together with native species S. viridis.
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