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Abstract Introduced, non-native organisms are of

global concern, because biological invasions can

negatively affect local communities. Arbuscular my-

corrhizal (AM) fungal communities have not been

well studied in this context. AM fungi are abundant in

most soils, forming symbiotic root-associations with

many plant species. Commercial AM fungal inocula

are increasingly spread worldwide, because of poten-

tially beneficial effects on plant growth. In contrast,

some invasive plant species, such as the non-mycor-

rhizal Alliaria petiolata, can negatively influence AM

fungi. In a greenhouse study we examined changes in

the structure of a local Canadian AM fungal commu-

nity in response to inoculation by foreign AM fungi

and the manipulated presence/absence of A. petiolata.

We expected A. petiolata to have a stronger effect on

the local AM fungal community than the addition of

foreign AM fungal isolates. Molecular analyses

indicated that inoculated foreign AM fungi success-

fully established and decreased molecular diversity of

the local AM fungal community in host roots.

A. petiolata did not affect molecular diversity, but

reduced AM fungal growth in the greenhouse study

and in a in vitro assay. Our findings suggest that both

introduced plants and exotic AM fungi can have

negative impacts on local AM fungi.Alexander M. Koch and Pedro M. Antunes contributed equally

to the work.
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Introduction

Invasive species are an increasing phenomenon at a

global scale and represent range expansions into non-

native habitats. Invasions can lead to changes in

community structure, decrease diversity of native

species and alter ecosystem functioning (Hooper

et al. 2005). Several mechanisms have been proposed

to explain why certain species are successful invad-

ers, including release from natural enemies (Agrawal

et al. 2005), novel weapons (Callaway and Ridenour

2004), propagule pressure (Lockwood et al. 2005) or

specific life-history traits such as high growth rates or

resource-use efficiency (Funk and Vitousek 2007).

Invaders may also profit from multiple beneficial

traits, but often the most important mechanisms of

invasiveness remain elusive. Invasive macroorgan-

isms have been relatively well studied, but only

recently have we begun making progress in our

understanding of microbial invasions (Desprez-Lous-

tau et al. 2007; van der Putten et al. 2007). This is

especially true for soil microorganisms, which either

directly or through differential feedbacks alter growth

and success of native and invasive plants (Callaway

et al. 2004; Klironomos 2002). Here we focus on

arbuscular mycorrhizal (AM) fungi (phylum Glom-

eromycota), widespread root symbionts that form

associations with the majority of plant species (Smith

and Read 2008).

The promise of potentially beneficial effects of AM

fungi on plant growth and nutrition has lead to an

increase in the use of commercial AM fungal inocula

applied as bio-fertilizers (Schwartz et al. 2006). Such

inocula often consist of a single AM fungal genotype

and are deliberately introduced to locations where they

may either not be native or be present at an abundance

that would allow co-existence with other native AM

fungi. In most instances it remains unclear whether

these inoculants successfully establish, and if so,

whether they impact the local AM fungal communi-

ties. On the other hand, there is also increasing

evidence that invasive plant species alter AM fungal

communities (Hawkes et al. 2006; Mummey and

Rillig 2006), possibly through allelopathic chemicals

produced by roots or other tissues (Zhang et al. 2007).

Native to Europe, Alliaria petiolata Bieb. Cavara &

Grande (Brassicaceae) is an aggressive biennial

invader of forest understories and edge habitats

throughout North America. Studies using A. petiolata

plant tissues, extracts or soils conditioned by A. petio-

lata have shown that A. petiolata may be allelopathic

to some North American plants and AM fungi

(Callaway et al. 2008; Meekins and McCarthy 1999;

Prati and Bossdorf 2004; Roberts and Anderson 2001;

Vaughn and Berhow 1999). Being non-mycorrhizal,

the inhibitory effects of A. petiolata on ectomycorrhi-

zal and AM fungi may negatively affect mycorrhizal-

dependent native plants thereby facilitating the prop-

agation and success of A. petiolata (Stinson et al. 2006;

Wolfe et al. 2008). Negative effects of introduced

organisms on AM fungal diversity may be ecologically

important, because changes in AM fungal composition

may alter plant diversity and ecosystem productivity

(Grime et al. 1987; van der Heijden et al. 1998). AM

fungi are ancient plant symbionts (Remy et al. 1994)

and several AM fungal species, including Glomus

intraradices Schenk & Smith (a species commonly

used as a commercial inoculant), have global distri-

butions (Opik et al. 2006).

The aim of the present work was to study the

interplay of two introduced G. intraradices isolates

(and their mixture), the invasive plant A. petiolata,

and a native Canadian AM fungal field community

naı̈ve to A. petiolata. We chose to study this topic in a

controlled greenhouse setting and not in the field,

because of the potential risks associated with the

release of non-native microbes (Schwartz et al. 2006).

Two closely related, yet distinct G. intraradices

genotypes from Switzerland and Québec were used

(Croll et al. 2008; Koch et al. 2004), the latter being

widely used for commercial inoculation purposes.

Both strains originate from within the native and

invaded range of A. petiolata, respectively. Based on

the findings of Callaway et al. (2008), differentiation

in resistance to A. petiolata may not only be present

among areas that vary in A. petiolata invasion

history, but also among closely related fungal geno-

types from within the current range of A. petiolata.

We also tested whether synergistic effects between

these two related strains could be detected, by

comparing their mixture to the effects of the two

strains as monocultures. We expected that A. petio-

lata would have more detrimental effects on the
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diversity and abundance of AM fungi from a native

Alliaria-naı̈ve Canadian field community than addi-

tion of potentially non-native G. intraradices geno-

types, because G. intraradices has previously been

documented to frequently occur at this field site (Hart

and Klironomos 2002). We also hypothesized that in

the presence of Alliaria or its extracts, the growth of

the Canadian G. intraradices isolate is more nega-

tively affected than that of its Swiss counterpart.

Materials and Methods

Two isolates of the AM fungal species G. intraradices

were used. Both cultures (DAOM 197198 [named

DAOM 181602 in Koch et al. (2004)] and B3) were

started from single spores. The Swiss isolate (B3)

originates from an agricultural field near Tänikon

(Switzerland) and was obtained from the laboratory of

Prof. Ian R. Sanders (University of Lausanne). The

Canadian isolate (DAOM 197198) originates from an

Ash forest near an agricultural field in Pont-Rouge

(Quebec) and its genome is currently being sequenced

(Martin et al. 2008). We obtained in vitro cultures of

this isolate from Premier Tech Biotechnologies

(Rivière-du-Loup, Quebec, Canada), who uses this

strain as the active ingredient in their commercial

inocula Myke�-Pro. Both isolates had previously

been cultured in axenic root organ cultures (ROCs) on

M-medium for over 6 years (Becard and Fortin 1988)

and were clonally re-cultured under standardized

conditions (on Petri dishes containing M-Medium

and transformed carrot host roots) at least two times at

the University of Guelph prior to any experiments.

The axenic culture procedures and the isolation

history of the Swiss isolate are described in detail in

Koch et al. (2004). A. petiolata has not been observed

in the native field of the Swiss isolate (T. Anken,

personal communication), but this site lies within the

native range of A. petiolata in Europe. We do not

know whether A. petiolata has occurred at the field

site where the Canadian isolate originates from, but

the invaded A. petiolata range in eastern Canada

includes that area.

Experiment 1: Greenhouse study

We collected field soil from one location at an old-

field meadow, the long-term mycorrhizal research

site (LTMRS), on the campus of the University of

Guelph in October 2006. Sieved field soil (5 mm

mesh width) was stored in an open 50 L plastic

container at room temperature for drying until it was

used in the experiment. While G. intraradices has

been documented at the LTMRS, to date A. petiolata

has not been observed there (Hart and Klironomos

2002; Klironomos 2002). A. petiolata frequently

occurs in and around Guelph, locally forming dense

stands of almost pure monocultures (A.M. Koch,

personal observations).

Fifty 1-L pots with saucers were used in full

factorial design with the following three factors,

(1) soil type (sterilized or unsterilized field soil), (2)

A. petiolata (exposed or unexposed), and (3) G. intra-

radices inoculation type (the Swiss isolate B3, the

Canadian isolate DAOM 197198, their mixture, or no

inoculation). We prepared inocula for each of the two

isolates by pooling and thoroughly homogenizing

(with a spoon) eight 15-week-old ROC plates (9 cm

diameter, containing M-medium, transformed carrot

roots, hyphae and spores). The mixed inoculum con-

sisted of a 1:1 (v:v) mixture of the two G. intraradices

inocula-types. We added 15 ml of inoculum to each

pot. The non-mycorrhizal treatments received 15 ml

of inoculum also obtained from ROC plates but

containing uncolonized carrot roots and no AM fungi.

The bottom of each pot consisted of a 200 ml layer of

Turface (a montmorillonite clay, Turface Athletics

MVP, Profile Products LLC, Buffalo Grove, IL,

USA), which was covered with 200 ml of sterilized

(steam autoclaved twice at 121�C for 60 min 2 weeks

before the start of the experiment) or unsterilized field

soil. In pots containing A. petiolata, we transplanted

single, flowering second-year A. petiolata plants of

approximately equal size into this soil layer, with the

A. petiolata main root centered in each pot. All

A. petiolata plants used were collected in a 5 9 5 m

patch next to the Greenhouse of the Axelrod Building

of the University of Guelph, approximately 1.5 km

away from the LTMRS.

On the first day of the experiment (13 May 2007)

second year A. petiolata plants of similar size were

carefully dug up. Their roots were washed with water

to remove all visible soil particles and then placed

into pots. G. intraradices inoculum was equally

distributed on top of the soil layer and all soils were

then covered with 200 ml Turface. One hundred

eighty Sorghum vulgare var. sudanense seeds
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(variety CADAN 99B, Browning Seed Inc., Plain-

view, TX, USA) were added to each pot and covered

by a 2 cm layer of Turface. We chose S. vulgare as

host species due to its capacity to establish symbioses

with a wide range of AM isolates across the entire

Glomeromycota (i.e. the INVAM culture collection,

see http://invam.caf.wvu.edu/index.html, represent-

ing all major AM taxa). As such mycorrhizal

responses to inoculations and/or A. petiolata intro-

duction with this host may underestimate responses in

other, more specialized, mycotrophic hosts. Three

pots were established for each soil/A. petiolata/AMF

treatment combination with the following exceptions.

We set up four pots for both A. petiolata treatments

with unsterilized field soil to which no G. intrara-

dices was added. A. petiolata blend (see below)

was accidentally added to one pot containing no

A. petiolata plant. This pot was subsequently con-

sidered as ?A. petiolata resulting in four pots of

unsterilized field soil with isolate B3 and A. petiolata,

and only two pots containing sterilized field soil, the

isolate B3 and no A. petiolata. Each pot also received

2 ml of a microbial filtrate (made from a 200 ml vol :

200 ml vol mixture of field soil and soil recovered

from the patch where A. petiolata plants and roots

were sampled, stirred in 800 ml of sterile H2O, and

passed through a 20 lm mesh), to minimize differ-

ences in non-AM microorganisms. The pots were then

randomly arranged on a greenhouse bench and

watered three times per week as needed. Temperature

in the greenhouse ranged from 23 to 35�C. Day length

was a minimum of 16 h, supplemented with artificial

lights from 6 am to 10 pm when necessary. Because

A. petiolata plants started wilting within 2 weeks after

transplantation, probably due to the transplant shock

or natural senescence, we added additional A. petio-

lata extract to each pot that contained an A. petiolata

plant on 7 June 2007. For this, we sampled and

washed the roots of 30 s-year A. petiolata individuals

from the same A. petiolata population, blended 109 g

fresh weight (fw) A. petiolata roots in 1.7 L water and

added 60 ml of the resulting filtrate to each pot. This

equates to approximately 3.2 mg A. petiolata tissue

equivalents per g soil, which has been estimated to

represent expected exposure levels in the field (Call-

away et al. 2008).

Plants were harvested on 11 July 2007. For each

pot, we counted and excised all Sorghum shoots.

Shoots where dried for 3 days at 70�C and weighed.

Roots where washed and representative subsamples

of about 3 g fw were collected from each pot and

stored in 50% ethanol and subsequently used for

staining and quantification of AM fungal colonization

(McGonigle et al. 1990). Root subsamples of about

0.5 g (fw) were collected into 1.5 ml Eppendorf tubes

and immediately placed on ice. These subsamples

were then stored at -80�C before being freeze-dried

for use in terminal restriction fragment length poly-

morphism (T-RFLP) analysis. This method enables

AM fungal communities to be fingerprinted by

analyzing gene polymorphism in a *380 bp long

section of the large subunit (LSU) rDNA (Mummey

and Rillig 2007). Each subsample was individually

shredded and a sub-sample of 20 mg weighed into

each well of a 96 well block for DNA extraction

(NucleoSpin� 96 Plant, Macherey–Nagel Inc., Beth-

lehem, PA, USA). A nested PCR protocol was used to

amplify DNA from the AM fungi. The fungal

community was amplified with LR1/FLR2 primers

(Trouvelot et al. 1999; Van Tuinen et al. 1998). The

PCR product was then used as template for a second

PCR using the 50-labeled primer pair FLR3-FAM/

FLR4-VIC (Applied Biosystems, Foster City, CA,

USA) to amplify AM fungi (Gollotte et al. 2004).

Both PCRs were comprised of a 30 ll reaction mix

containing final concentration of 19 Green GoTaq�
Reaction Buffer (Promega, Madison, WI, USA),

1.7 mM MgCl2, 0.13 mM of each dNTP, 0.33 mM

of each primer and 1.25 u GoTaq� DNA Polymerase

and 1.5 ll of template DNA. Products of the first

PCR were diluted 1/100 for the second PCR. Both

PCRs consisted of an initial denaturation step at 93�C

for 3 min followed by 35 cycles (93�C for 1 min,

58�C for 1 min, 72�C for 1 min) and a final exten-

sion step of 10 min at 72�C in a Mastercycler�ep

thermocycler (Eppendorf, Hamburg, Germany). PCR

product sizes were verified by gel electrophoresis

with a 1 kb GeneRulerTM DNA ladder (Fermentas,

Burlington, ON, Canada) as a standard. After the

second PCR, products were purified using a QIA-

quick96� cleanup kit (Qiagen Inc.), before being

separately digested with the restriction enzymes AluI

and MboI (Invitrogen Inc., Burlington, ON, Canada).

The restriction digestion, comprised of a 20 ll

reaction mix containing 8 ll of purified PCR product

(total of 60 ng DNA), 19 REact�1 and 2 buffer (AluI

and MboI, respectively) and 2 U of enzyme, was

incubated for 4 h at 37�C. T-RF sizes in each sample

1630 A. M. Koch et al.
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were determined using an ABI 3730 DNA Analyzer

with LIZ-500 (Applied Biosystems, Foster City,

California, U.S.A.) as the size standard.

Experiment 2: In vitro study

We also used ROCs for an in vitro assay (Becard and

Fortin 1988; Koch et al. 2004) and manipulated the

concentrations of A. petiolata extract in the

M-Medium to test responses of the two G. intrara-

dices isolates. In the control treatment, no A. petiolata

extract was added. The A. petiolata extract consisted

of a 1:1 (v:v) mixture of extracts enriched in

flavonoids and glucosinolates isolated from first year

A. petiolata plants as in Callaway et al. (2008). We

used M-medium with five different A. petiolata

extract concentrations (AECs), 0, 1.8, 3.6, 5.4 and

7.2 ll A. petiolata extract per ml M-Medium,

respectively, to test whether different AECs affect

growth of AM fungi. The second highest concentra-

tion used in our experiment (5.4 ll A. petiolata

extract per ml M-Medium) corresponded approxi-

mately to the concentrations of the combined flavo-

noid and glucosinolate fractions used by Callaway

et al. (2008) that was shown to negatively affect spore

germination of AM fungi. For each isolate we

inoculated five 25 ml Petri dish plates containing

M-Medium with each of the five AECs, for a total of

50 plates. Thus, we had a factorial experimental

design with two AM isolates and five AECs. We

measured AM hyphal densities of each plate 21, 34,

46, 55, 69, 84 and 99 days after inoculation; lengths

of carrot roots were measured 21, 34, 46, 69 and

105 days after inoculation as described previously

(Koch et al. 2004, 2006).

Statistical analyses

In Experiment 1 AM community analysis consisted of

determining the profile (sizes, peak heights and areas)

of terminal restriction fragments (T-RFs) in each

sample using GeneMapper� software v. 3.5 (Applied

Biosystems, Foster City, California, U.S.A.). The

Microsoft-Excel macro Treeflap (Rees et al. 2004),

available at http://www.wsc.monash.edu.au/*cwalsh/

treeflap.xls, was used to convert fragment sizes to the

nearest integer, aligning them with their respective

peak heights side by side in two columns. We then

developed an R script (R Development Core Team

2007; available upon request from the authors) that

standardizes the amount of total fluorescence among

sample profiles (Dunbar et al. 2001) and binary codes

T-RFLP fingerprints. Presence/absence matrices for

each enzyme/primer combination were combined into

a single matrix. We used the pooled total number of

detected T-RFs per sample as a surrogate of molecular

diversity (i.e., T-RF richness, indicative of AM fungal

ribotype richness) and compared treatments by anal-

ysis of variance (ANOVA, see below). Only T-RF

richness was considered in this study and not the

height or area of peaks, because the latter parameters

may not be indicative of relative abundance of ribo-

types. The influence of inoculation and A. petiolata

treatments and their interactions on community com-

position was tested by distance-based redundancy

analysis (db-RDA) (Legendre and Anderson 1999).

Bray Curtis’ coefficients of similarity were first cal-

culated between samples and used to compute prin-

cipal coordinates in PrCoord 1.0 (part of Canoco

version 4.51, Biometris, Wageningen, The Nether-

lands). All the principal coordinate axes (PCAs) were

then exported to Canoco and treated as ‘‘species’’ data.

Factors (A. petiolata, AMF addition and soil sterili-

zation) were entered as dummy binary variables (one

level per column) and their effects tested by using the

combined levels of a factor as the explanatory variable

in the model while removing the variance explained

by the other factors by entering their levels as covar-

iates. The significance of such models was tested with

a Monte-Carlo test based on 999 permutations. Where

appropriate we used forward selection of environ-

mental variables and conducted Monte-Carlo permu-

tation tests based on 999 permutations. The results of

the ordination of the AM fungal community compo-

sition, as assessed by PCR-T-RFLP, were displayed as

a PCA ordination diagram.

Growth traits of plants (total shoot dry weight of

hosts, number of host shoots) and AM root coloni-

zation traits (percent root lengths colonized by

arbuscules, vesicles and hyphae) were analyzed

separately by multivariate analysis of variance

(MANOVA), followed by univariate ANOVA using

fully factorial three-way models and planned contrast

analyses (CoA). Additionally, since Callaway et al.

(2008) found that A. petiolata affects North American

AM fungi more negatively than their European

counterparts, we compared these two G. intraradices

isolates in a separate analysis to investigate whether a
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similar pattern could be detected. MANOVA and

ANOVA results gave overall qualitatively similar

results. For simplicity, we present only significant

F-statistics of (M)ANOVAs and CoAs in the result

section. To meet the requirements of the statistical

tests, variables were transformed if necessary (Zar

1984). In Experiment 2, we used the repeated

measures of extraradical hyphal density (H) for each

plate to estimate hyphal growth rates (gr) for

consecutive measures at days y and z after the start

of the experiment, as

gr Hyz

� �
¼ Hz � Hy

� �
� z� yð Þ�1:

From these growth rates, the maximum hyphal gr

and time when maximal growth occurred (estimated

by the average of days y and z) were calculated for

each of the 50 replicate plates. Response variables

were analyzed by ANOVA and repeated measures

ANOVA. Repeated measures ANOVA was per-

formed on the last four dates only, because of non-

normality of data (many zero-values) for the previous

dates. In both experiments correlations among vari-

ables were assessed by Pearson’s correlation coeffi-

cient R and (M)ANOVAs were performed with the

statistical software JMP 5.0 (SAS Institute Inc. Cary,

NC, USA).

Results

Experiment 1: AM fungal community responses

assessed by T-RFLP

The detected T-RF richness in roots differed among

AM inocula types (F3,42 = 3.67, P \ 0.05, Fig. 1a).

The highest T-RF richness was found in field soil, when

no G. intraradices inoculum was added. Sterilizing the

field soil reduced T-RF detection (F1,42 = 21.23,

P \ 0.0001), especially in the absence of G. intrara-

dices addition. Removal of T-RFs belonging to

G. intraradices profiles (corresponding to the samples

from sterile soil) from T-RFLP profiles of G. intrara-

dices inoculated field soil samples eliminated all

detected T-RFs in three samples. Overall no direct

effect of A. petiolata on T-RF richness was observed,

except in sterilized field soil without G. intraradices

addition where T-RF-richness was lower in presence of

A. petiolata. However, the T-RF sizes present in these

non-inoculated sterile controls were highly variable in

quantity and sizes and inconsistent among replicates

(data not shown). When analyzing field soil samples

only, inoculation by G. intraradices significantly

reduced overall T-RF richness (CoA, F1,27 = 8.30,

P \ 0.01), irrespective of presence or absence of

A. petiolata or inoculum type. Db-RDA of AM

fungal community assemblage in field soil showed

that the inoculation treatments accounted for a signif-

icant proportion of the variance (Trace = 0.44,

F = 5.84, P \ 0.001, Fig. 1b), whereas the presence

of A. petiolata did not have a significant effect

(Trace = 0.08, F = 0.79, P \ 0.88). The analysis of

G. intraradices treatments indicates that there was an

overlap between soil sterilization treatments

(Trace = 0.095, F = 1.25, P \ 0.15), giving further

support to the hypothesis that G. intraradices became

dominant upon inoculation of field soil (Fig. 1b). In

field soil, a significant proportion of the variance was

explained by the different G. intraradices inocula

(Trace = 0.17, F-ratio = 2.26, P \ 0.05, Fig. 1b). As

in sterilized soils, the two isolates of G. intraradices

also formed separate clusters in field soil, whereas the

samples of the mixture of the two isolates were

clustered between the individual isolates (Fig. 1b).

Experiment 1: Fungal and plant growth responses

Our AM fungal inoculation treatments significantly

differed (F9,102 = 6.51, P \ 0.0001, Fig. 2). In ster-

ilized soils, no AM-specific structures (i.e. vesicles

and arbuscules) were observed in the roots of control

plants that received no addition of G. intraradices

inoculum (Fig. 2a, b). Overall fungal root coloniza-

tion was lower in pots where the Canadian isolate

was added compared with pots where the Swiss

isolate was present either as a pure culture or a

mixture (CoA, F3,32 = 3.82, P \ 0.05). However,

inoculation by G. intraradices in field soil did not

significantly alter root colonization by AM fungi

compared to non-inoculated samples (CoA, F3,16 =

0.31, P = 0.81). A. petiolata negatively affected

levels of root colonization by AM fungi (F3,32 =

3.16, P \ 0.05, Fig. 2). When analyzing only the

effect of adding the Swiss and the Canadian isolate as

pure cultures, A. petiolata significantly reduced

fungal growth (F3,14 = 5.01, P \ 0.05). Addition of

the Swiss isolate resulted in higher root colonization

1632 A. M. Koch et al.

123



than inoculation by the Canadian isolate (F3,14 =

4.88, P \ 0.05), and we detected a significant three-

way interaction between the two AM fungal isolates,

A. petiolata and the sterilization of soil (F3,14 = 3.85,

P \ 0.05). In field soil A. petiolata reduced root

colonization of both isolates similarly, whereas in

sterilized soils, A. petiolata had a negative effect on

growth of only the Canadian isolate.

Plant growth was significantly altered by steriliza-

tion and G. intraradices treatments (F2,33 = 607.96

and F6,68 = 4.51, P \ 0.001 in both cases, respec-

tively, Fig. 3). Sterilization of soils almost doubled

plant shoot dry weight and tended to increase the

number of shoots (F2,33 = 607.96, P \ 0.0001,

Fig. 3). There was a significant interaction

between soil sterilization and AM fungal inoculation

(approximate F6,68 = 5.01, P \ 0.001, Fig. 3). Add-

ing G. intraradices to sterilized soils significantly

reduced plant shoot weight overall relative to controls

(no G. intraradices inoculum added; CoA, F1,34 =

10.33, P \ 0.01). In field soil, addition of the isolate

mixture resulted in the highest shoot dry weights

and number of shoots. This interaction remained
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significant when the controls (no G. intraradices

addition) were removed from the analysis (F4,48 =

2.83, P \ 0.05). Neither did we detect a significant

effect of A. petiolata on host growth (F2,33 = 0.39,

P = 0.68) nor a significant A. petiolata interaction

with any of the other main factors (P [ 0.58 for all

interactions, Fig. 3).

Experiment 2: In vitro study

Final hyphal lengths did not significantly differ

between the two isolates (F1,40 \ 0.01, P = 0.96),

but significantly decreased with increasing concentra-

tion of A. petiolata extract in the growth medium

(F4,40 = 3.81, P \ 0.01; Fig. 4a). Maximal hyphal

growth rates were positively correlated with the final

hyphal density (R = 0.74, P \ 0.0001) and the two

isolates differed significantly when maximal hyphal

growth occurred (F1,40 = 12.82, P \ 0.01; Fig. 4b).

The Canadian isolate had a delayed maximal growth

relative to the Swiss isolate, especially at intermediate

AECs. However, when no A. petiolata extract was

added and at high AECs, responses of the two isolates

were similar. These trends explained the significant

3-way interaction among measurement date,

A. petiolata treatment and isolate in a repeated

measures ANOVA on hyphal lengths (approximate

F12,120 = 1.97, P \ 0.05). The Swiss isolate had

transiently higher hyphal densities than the Canadian

isolate after 55 and 69 days of growth, especially at

low AECs (data not shown). Final root lengths were

not significantly altered by any of the treatments (data

not shown) and were negatively correlated with hyphal

densities at the last measurement (R = -0.3020,

P \ 0.05).

Discussion

AM fungal community and host plant responses

to inoculation by G. intraradices

We used T-RFLP to characterize AM fungal commu-

nities in host plant roots. In our greenhouse study,

addition of G. intraradices inocula to a native

Canadian field soil resulted in a drastic decrease of

detected T-RFs obtained from roots (Fig. 1). Since we

also characterized T-RFLP profiles of G. intraradices

in sterilized substrates, we were able to estimate to

which extent the shift in community assemblage was

toward the introduced profiles. We found that addition

of G. intraradices to field soil clearly had a negative

effect on native AM diversity. However, due to

limitations of the technique (Avis et al. 2006), we

cannot conclude that G. intraradices outcompeted all

native AM fungi. Fungi occurring at low frequency

may have not been detected, and some G. intraradices

specific T-RFs were also present in the field soil.

However, our findings suggest that, irrespective of the

identity of the isolate, introduced G. intraradices

successfully established and became dominant. This

finding is relevant since the Canadian isolate used in

our experiments is currently spread worldwide as

commercial inoculum. Our inoculum was obviously

very infective, demonstrating that some commercial

inocula have the potential to establish and (at least

temporarily) disrupt the diversity of local AM fungal

communities. To assess the impact of introduction of

exotic AM fungi to native AMF communities we call

for long-term studies and AM community surveys of

field sites where fungal inoculants have been applied

in the past. Potential benefits in plant growth should

be weighed with the possibility of irreversible long-

term alterations of soil microbial communities when

3

4

5

6

7

70

80

90

100

60

2

(a)

(b)

Field soil Sterilized soil

+CA +CH +MixNA NA +CA +CH+Mix

+ A. petiolata
- A. petiolata

G. intraradices  inoculum addition

To
ta

l n
um

be
r 

of
 s

ho
ot

s
To

ta
l s

ho
ot

s 
dr

y 
w

ei
gh

t (
g)

Fig. 3 Experiment 1. Effect of A. petiolata and AM fungal

inoculation on total shoot dry weight (a), and number of shoots

(b) of S. vulgare at harvest in field and sterilized field soil.

Figure captions are as in Fig. 1a

1634 A. M. Koch et al.

123



applying non-native inocula. Consistent with our

findings, pre-inoculation of plants with two Glomus

strains greatly decreased the detected ribotype rich-

ness of another native AM fungal community in roots

of hosts that were transplanted into field soil, relative

to plants that were not pre-inoculated (Mummey et al.

2009). In contrast, inoculation of an agricultural soil

with a commercial inoculant containing the Canadian

isolate of G. intraradices at the rate of application

recommended by the supplier did not affect the

resident AM fungal community in maize roots

(Antunes et al. 2009). These findings suggest that

successful establishment of an inoculant may depend

on the amount and type of inoculum and/or the

diversity and genotypic identities found in the target

community. Limited inoculum addition may reduce

both the inoculants initial rate of establishment and its

subsequent impact on native AM fungi. In a more

natural setting (i.e., unmanaged soils) where native

AM fungi may already have formed intact hyphal

networks and colonized most of the plant roots,

additional non-native AM fungi may be less likely to

become problematic invaders. Success of AM fungal

isolates also depends on the identity of host plants

(Ehinger et al. 2009; Klironomos 2003) and other

environmental factors such as the local climate, soil

properties, or the local AM community composition

(Maherali and Klironomos 2007). An AM fungal

inoculant could also directly interact with resident

genotypes of the same species, since closely related,

but genetically distinct AM fungi can anastomose and

exchange genetic information (Croll et al. 2009; Croll

and Sanders 2009). Whether or not the addition of an

inoculant is beneficial or harmful to its native

conspecifics remains to be explored. Our findings

highlight that, at least at high inoculum application

rates, introduced non-native AM fungi may negatively

impact resident AM fungi. Future experiments should

also investigate whether repeated inoculant-applica-

tions at lower rates would have similar effects.

Plant growth was strongly enhanced in sterilized

field soil, likely a result of combined effects of

nutrient release, or a reduced presence of soil biota

or pathogens. Relative to non-inoculated controls,

G. intraradices addition decreased host growth in

sterilized field soil, possibly by competition for

nutrients, similar to the negative correlation between

plant and fungal growth observed in Experiment 2. On

the other hand, in field soil where a native community

was already present, inoculation by G. intraradices

increased the number of shoots, possibly by enhancing

seed germination, seedling survival (van der Heijden

2004) or protection from root pathogens (Sikes et al.

2009; Wehner et al., 2010). Interestingly, we also

found that the combined mixture of both G. intrara-

dices isolates had different effects on plant growth

relative to separate effects of the two isolates, reveal-

ing an unexpected intraspecific synergism. This sug-

gests that functional complementarity may not only

occur among (Jansa et al. 2008; Maherali and Kliron-

omos 2007), but also within AM fungal species. Thus,

environmental factors, genotype identity and diversity

within AM species alter host plant performance from

antagonistic to beneficial (Koch et al. 2006), possibly

due to altered resource uptake or pathogen protection

(Johnson et al. 1997; Newsham et al. 1995).

Host plant and AM fungal community responses

to A. petiolata

Allelochemicals produced by certain invasive plants,

including A. petiolata, have been reported to limit the
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growth of native plants (Bais et al. 2003; Dorning and

Cipollini 2006; Ridenour and Callaway 2001; Stinson

et al. 2006). However, A. petiolata did not signifi-

cantly alter the growth of host plants in our exper-

iments. Thus AM-inhibitory effects caused by

A. petiolata, as evidenced by an overall reduction in

levels of AM root colonization and hyphal growth,

corroborate previous reports of negative effects of

A. petiolata allelochemicals on mycorrhizal fungi

(Callaway et al. 2008; Roberts and Anderson 2001;

Stinson et al. 2006; Wolfe et al. 2008). Contrary to

our hypothesis, A. petiolata did not significantly

affect community composition and richness of local

AM fungi found in field soil in our greenhouse study.

This suggests that different native AM fungal taxa

were affected similarly by A. petiolata. Exposure to

actively growing first-year rosettes, which are

known to vary in chemistry from second year plants,

may have different effects. In sterilized substrates

A. petiolata altered TRF-composition only of non-

mycorrhizal controls, but these effects are likely

biologically meaningless resulting from unspecific

primer binding, since no AM fungi were visible in

these roots. On the other hand A. petiolata had a more

negative effect on the growth of the Canadian isolate

than on the Swiss isolate in both experiments. Even

though we have not tested replicate G. intraradices

isolates from Europe and North America, these

findings support the existence of transcontinental

divergence in A. petiolata-tolerance as suggested by

the findings of Callaway et al. (2008); random effects

are unlikely to produce such a predicted pattern.

However, in field soil without G. intraradices inoc-

ulation A. petiolata did not entirely suppress AM root

colonization by local AM fungi, which could reflect

sub-lethal concentrations of allelochemicals, possibly

due to microbial degradation of A. petiolata metab-

olites in field soil (Barto and Cipollini 2009; Gimsing

et al. 2006, 2007; Tsao et al. 2000) or a certain

inherent tolerance of local AM to A. petiolata. The

latter interpretation is consistent with findings of two

recent studies that analyzed AM communities in host

plants from patches that were invaded or uninvaded

by A. petiolata. First-year A. petiolata plants did not

affect AM fungal T-RF richness within roots of sugar

maple seedlings from eight sites in Ohio and

Massachusetts, but altered the AM fungal community

composition in half of the sites monitored (Barto E.

K., unpublished data). Similarly, A. petiolata did not

alter levels of AM root colonization of three plant

species at one site in Pennsylvania and only affected

AM communities in the roots of one plant species

(Burke 2008).

The potential role of soil microbes in

co-evolutionary outcomes for invasive species

In our short-term study, introducing non-native AM

isolates to a native AM community had much more

drastic effects than introducing A. petiolata. The

introduced G. intraradices isolates became dominant,

implying that drastic frequency shifts had occurred

within the native AM fungal community inside host

plant roots. Undoubtedly, long-term field studies are

required to test whether a successful short-term

establishment is also indicative of persistence. In

light of our results, however, current practices of

commercial AM fungal inocula applications to field

sites means accepting the risks of potentially irre-

versible microbial invasions of unknown conse-

quences (Schwartz et al. 2006).

Reported negative effects of A. petiolata on AM

fungi and AM-dependent plants may enhance the

success of A. petiolata in North America at some

invaded sites (Callaway et al. 2008; Stinson et al.

2006). Thus, invasive species act as a new selective

force altering above- and belowground native popu-

lations and communities in invaded sites. Selection

for more A. petiolata-tolerant soil microbes, decom-

posers of A. petiolata phytochemicals, native natural

enemies, or less toxic A. petiolata may counteract the

success of and spread of A. petiolata over time

(Burke 2008; Enright and Cipollini 2007; Lankau

et al. 2009). The numerous on-going biological

invasions around the globe offer possibilities to study

ongoing co-evolutionary dynamics of native commu-

nities. An analysis of invasions by various organisms

showed that many invasions become regulated at

some point in time (Arim et al. 2006). This does not

lessen the negative impacts that invaders cause

locally, but rather suggests that there are mechanisms

that regulate species in their new habitats. Invasive

species find themselves in a novel environment,

facing new selective pressures, which can result in

evolutionary changes or niche shifts (Broennimann

et al. 2007; Lee 2002; Schlaepfer et al. 2005).

However, for many soil microbes, and AM fungi in

particular, such investigations have rarely been

1636 A. M. Koch et al.
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undertaken. Even though these organisms escape our

direct sight, they do have important effects on

ecosystem function (Rillig 2004) and should not be

ignored.
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