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Abstract Some introduced species become invasive

by releasing novel allelochemicals into the soil,

directly harming nearby plants and soil microbes.

Alliaria petiolata (garlic mustard) is an invasive plant,

well known to excrete a suite of phytotoxic and anti-

microbial allelochemicals, including allyl isothio-

cyanate (AITC) and benzyl isothiocyanate (BITC).

While the effects of these chemicals on plant-mycor-

rhizae mutualisms are well documented, the effects on

other plant-soil microbe interactions, such as the

legume-rhizobia mutualism, have not yet been tested.

Here, we performed laboratory and greenhouse exper-

iments with both synthetic chemicals and leaf extracts

to investigate the effects of allelochemicals in A.

petiolata on a native leguminous plant, Amphicarpaea

bracteata, and its rhizobia mutualists. We found that

BITC reduced rhizobia growth rate in the lab, but had

no effect on nodulation in the greenhouse when

rhizobia were grown in the presence of plants. AITC

did not directly harm either plants or rhizobia, though

plants and rhizobia grown in the presence of AITC

showed reduced nodulation, indicating that it dis-

rupted the formation of the mutualism itself. We found

no effects of A. petiolata allelochemical leaf extracts

on plant performance or nodulation. Our data suggest

that AITC causes mutualism disruption in this system

by preventing the formation of nodules, which reduces

plant growth and could threaten the long-term perfor-

mance of rhizobia. Our study shows that the allelo-

chemicals in A. petiolata disrupt the legume-rhizobia

resource mutualism, adding another impact of these

novel weapons in addition to their well-documented

role in disrupting plant-mycorrhizae symbioses.

Keywords Garlic mustard � Amphicarpaea
bracteata � Allelopathy � Plant invasion � Mutualism

disruption

Introduction

Invasion creates novel biotic interactions where both

the invading species and the native competitor,

herbivore, or mutualist are evolutionarily naı̈ve to
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one another (Verhoeven et al. 2009). Because of this

lack of a shared evolutionary history, antagonistic

traits of the invader, such as allelopathy, defensive

chemistry, or herbivore and predatory behaviors,

could prove very effective against native community

members that lack previous experience with such

tactics (the Novel Weapons Hypothesis, sensu Call-

away and Ridenour 2004).

Allelopathy, defined as chemically mediated plant

interactions (Rice 1974; Meiners and Kong 2012),

contributes to the success of numerous plant invasions

(Callaway and Aschehoug 2000; Hale et al. 2011;

Murrell et al. 2011; Yuan et al. 2012). An invader’s

allelopathic chemicals can harm plant competitors

both directly through phytotoxic effects, or indirectly

by reducing the competitor’s mutualists in the soil

microbial community or by disrupting the formation

of the mutualism (Mutualism Disruption Hypothesis;

Hale et al. 2011; Hale and Kalisz 2012). For example,

invasive Acacia dealbata is most successful in habitats

where its allelochemicals are most effective against

the native soil community (Lorenzo et al. 2013).

Compared to non-invasive exotic plants, invasive

plants are more likely to have novel chemistry not

previously recorded in native plants (Cappuccino and

Arnason 2006). These chemicals may function as

allelopathic and antimicrobial agents, suggesting that

allelopathy may be a key mechanism explaining the

success of some invaders.

Allelochemicals often have minimal effects on the

invader’s native community, but become ‘‘novel

weapons’’ once introduced to a new range, leading

to strong negative consequences for species with no

previous exposure to such chemicals (Callaway and

Ridenour 2004). Two lines of evidence provide

support for the novel weapons hypothesis. First,

allelochemicals produced by several invasive species

have much stronger effects on naı̈ve competitors in the

invaded range than on experienced competitors from

the invasive species’ native range. For example,

allelochemicals excreted into the soil by the invasive

plant, Centaurea diffusa, strongly reduce growth of

plants from its invasive range but have minimal effects

on plants from its native range (Callaway and

Aschehoug 2000). Second, allelopathymay be favored

during the invasion process because it is particularly

advantageous in invaded regions where invading

plants are competing against naı̈ve competitors. For

example, invasive genotypes of Solidago canadensis

produce increased amounts of allelochemicals com-

pared to native genotypes; this increased allelochem-

ical production causes a 46 % increase in competitive

ability against native plants (Yuan et al. 2012).

The success of the invasive plant, Alliaria petiolata

(garlic mustard), is partially attributed to novel

weapons and its production of allelopathic secondary

chemical compounds (Rodgers et al. 2008a). This

species produces a suite of allelochemicals, many of

which are novel in invaded habitats in the United

States (Cipollini and Gruner 2007; Callaway et al.

2008). These novel weapons have allelopathic effects

on plant competitors in their invasive range, both

directly through phytotoxic effects (Cipollini et al.

2012a) and indirectly by reducing the abundance of

mycorrhizal soil mutualists (reviewed in Cipollini

et al. 2012b). Because A. petiolata is a non-mycor-

rhizal member of the Brassicaceae, it is unaffected by

the loss of mycorrhizal mutualists from the soil, while

declines in mycorrhizae reduce the performance of

competing native plants (Stinson et al. 2006, 2007;

Callaway et al. 2008; Lankau 2011). For example, the

release of allelochemicals into the soil by A. petiolata

has been shown to reduce hyphal abundance and spore

germination of mutualistic mycorrhizal fungi (Roberts

and Anderson 2001; Cantor et al. 2011), reducing

performance of native plants (Stinson et al. 2006,

2007; Callaway et al. 2008; Lankau 2011). The

evolutionary naivety of the fungi is key; allelochem-

icals found in A. petiolata are not as harmful to

mycorrhizae in its native range as they are in its

introduced range (Callaway et al. 2008).

Negative effects of A. petiolata on local microbial

communities are well documented (Klironomos 2002;

Burke 2008; Wolfe et al. 2008; Cantor et al. 2011;

Lankau 2011), but to the best of our knowledge, its

allelopathic effects on rhizobia, important mutualistic

bacteria, have not been studied (Cipollini et al. 2012b).

Nitrogen-fixing bacteria, including rhizobia, supply

the majority of terrestrial biologically-fixed nitrogen

(Cleveland et al. 1999), and disruptions to this

mutualism could have both biogeochemical and

community wide consequences (Weidenhamer and

Callaway 2010). In this mutualism, legumes provide

rhizobia with photosynthetic carbon and protection in

nodules. In exchange, rhizobia provide the plant with

fixed atmospheric nitrogen, ammonium (NH4
?). Rhi-

zobia growing in nodules experience increased fitness

compared to rhizobia in the soil (Bergersen 1982;
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West et al. 2002; Denison and Kiers 2004; Heath and

Tiffin 2007). Sanctions from plants can prevent

cheating by rhizobium strains that do not produce

nitrogen for the plant (Kiers et al. 2003; Denison and

Kiers 2004; Oono et al. 2011), increasing the stability

and maintenance of the mutualism (West et al. 2002).

Here, we test whether, and by what mechanism, the

allelochemicals of A. petiolata inhibit the performance

of rhizobia and their legume hosts. Using the combi-

nation of a laboratory experiment where we exposed

rhizobia to two major allelochemicals of A. petiolata

in culture, and a greenhouse experiment where

rhizobia were grown with their plant host in the

presence and absence of the allelochemicals of A.

petiolata, we tested the following questions (Figure

A1): (1) Do the allelochemicals of A. petiolata directly

affect rhizobia? (2) Do the allelochemicals of A.

petiolata directly affect the leguminous plant Amphi-

carpaea bracteata? (3) Do the allelochemicals of A.

petiolata indirectly affect either mutualist partner (i.e.,

the legume host or the rhizobia) by disrupting the

legume-rhizobium mutualism?

Materials and methods

Study species

The invasive biennial plant, Alliaria petiolata, was

introduced to the United States from Europe in the

mid-1800s as a medicinal herb and garlic substitute

(Grieve 1959; Nuzzo 1993). While it exists in small

populations throughout its native range (Blossey et al.

2001), in its invasive range A. petiolata spreads

quickly and can form persistent, dense stands (Nuzzo

1999; Rodgers et al. 2008a) and reduces native

biodiversity (Anderson et al. 1996; McCarthy 1997;

Lankau et al. 2009). A. petiolata produces allelopathic

chemicals that harm native plants and soil biota

(Cipollini and Gruner 2007; Callaway et al. 2008).

Two of its most studied allelochemicals are allyl

isothiocyanate (AITC) and benzyl isothiocyanate

(BITC) (Vaughn and Berhow 1999). AITC is the

breakdown product of sinigrin, a type of glucosinolate

and a parent compound that is produced in A. petiolata

leaf tissue and released into the soil where it is

hydrolyzed (Larsen 1981; Larsen et al. 1983; Brown

et al. 1991; Fahey et al. 2001; Gimsing and Kirkegaard

2009). BITC results from the degradation of

glucotropaeolin and is mainly produced in A. petiolata

roots (Vaughn and Berhow 1999; Lankau 2011).

We tested the allelopathic effects of AITC and

BITC on Bradyrhizobium sp. (hereafter referred to as

rhizobia) and performance of the native annual

legume, Amphicarpaea bracteata (hog peanut) (Sch-

nee and Waller 1986; Parker 1996). This plant species

grows commonly in forest understories in southwest

Michigan, and its range and habitat use overlap with

that of invasive A. petiolata (Reznicek et al. 2011).

The two species can co-occur in the field, and thus A.

bracteata is likely exposed to A. petiolata allelochem-

icals. A. bracteata forms symbiotic relationships with

nitrogen-fixing bacteria, rhizobia. Initial field obser-

vations indicate that nodulation on A. bracteata is

reduced in invaded sites (T. Suwa, personal

observation).

Direct allelochemical effects on rhizobia

To test for direct effects of the allelochemicals of A.

petiolata on rhizobium population growth (Question

1), we isolated nine rhizobium strains, grew them in

culture, and exposed them to field concentrations of

AITC and BITC. To isolate rhizobium strains, we

collected nine A. bracteata plants, each from a

different population (Electronic Supplementary Mate-

rial, Table A1), in late May 2013 and isolated rhizobia

from belowground nodules the same day.We removed

nodules from the root, surface sterilized them with

commercial bleach (5.25 % NaOCI) for 1 min, and

then triple rinsed them with sterile water. To isolate

single colonies of rhizobia, we plated nodules on

modified arabinose gluconate media (MAG media;

van Berkum 1990) following standardized techniques

(Somasegaran and Hoben 1994). The following

experiments utilize these nine rhizobium strains, each

isolated from a single nodule from a single plant,

representing an individual strain from each of nine

populations.

We prepared the allelochemical concentrations by

diluting commercial AITC and BITC (Sigma–Aldrich,

St. Louis, MO, USA) with MAG media. We included

four concentrations of each allelochemical (1 9 10-6

mM, 1 9 10-5 mM, 1 9 10-4 mM, 1 9 10-3 mM) in

the experiment. We also included a combination of

AITC ? BITC treatment (AITC ? BITC = 6.5 9

10-5 mM for AITC and 7.5 9 10-6 mM for BITC),

and a control containing no allelochemicals. We chose
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concentrations for the combined AITC and BITC

treatment based on the lower estimates of previously

published natural field concentrations (Cantor et al.

2011) and agricultural soil concentrations (Wolfe et al.

2008) of AITC and BITC. Even though higher

concentrations of these allelochemicals are sometimes

present in soils, we opted for the use of lower

concentrations for this experiment in order to capture

the minimum concentrations at which AITC and BITC

in soils would affect rhizobia. Each treatment combi-

nation was replicated three times. In the analysis

presented here, we only included the AITC and BITC

concentrations closest to realistic field concentration

and combined AITC ? BITC treatment (AITC =

1 9 10-4 mM; BITC = 1 9 10-5 mM; AITC ?

BITC = 6.5 9 10-5 mM for AITC and 7.5 9 10-6

mM for BITC). The results based on the full concen-

tration series are very similar to the results presented

here and are available in Electronic Supplementary

Material (Figure A2, Table A2). The nine rhizobium

strains, plus an uninoculated control, were grown in

glass test tubes containing 3 mL of MAG media with

the appropriate allelochemical in a shaking incubator

at 28 �C, 180 ppm. To estimatemaximum growth rate,

we measured Optical Density (600 nm) using a

spectrophotometer every 6 h for an eight-day period

and calculated maximum growth rate (lmax) for each

rhizobium strain in each allelochemical treatment as

the slope of the growth curve during the exponential

growth phase using a modified Gompertz equation

(Lennon et al. 2007).

Effects of allelochemicals on native legumes

and nodulation

To test direct effects of the allelochemicals of A.

petiolata on native legume growth (Question 2), and

whether these allelochemicals disrupt the legume-

rhizobium mutualism (Question 3), we added allelo-

chemicals to greenhouse grown plants in the presence

and absence of rhizobia in a 6 9 2 factorial design

experiment at the Kellogg Biological Station, Hickory

Corners, MI.A. bracteata seeds used in the experiment

are the greenhouse-reared progeny of seeds that had

been collected from four naturally occurring popula-

tions in southwest Michigan in 2012. Seeds were

surface sterilized with commercial bleach (5.25 %

NaOCI), physically scarified, and germinated in a petri

dish in the dark. After one week, we transplanted

seedlings into 12.4 cm pots containing *215 g of a

soil mixture: potting soil (Sunshine Mix #5; SunGro

Horticulture Canada Ltd., Alberta, Canada), peat moss

(Pro-Moss Hort, Premier Tech Ltd, Pennsylvania

USA), sand (Tubesand Quikrete International, Inc,

Georgia, USA) and perlite (Horticultural Perlite,

Midwest Perlite, Wisconsin, USA) in a 3:3:3:1 ratio.

Prior to planting, the soil mixture was homogenized

and autoclaved twice to minimize rhizobium contam-

ination. We bottom watered as needed (every

3–5 days). We grew plants on four greenhouse

benches under a 40 % shade cloth (Gempler’s,

Madison, WI) to simulate forest canopy cover.

Ten days after transplanting seedlings, we applied

two types of allelochemical treatments: direct addition

of commercially available allelochemicals (AITC,

BITC, AITC ? BITC), and fresh leaf tissue extracts

(A. petiolata leaf extract [AP], Trifolium pratense leaf

extract [TP]), and a control containing no allelochem-

ical addition. We applied our commercial chemical

allelochemical treatments as 30 mL aqueous solutions

containing AITC and BITC in order to mimic the

following concentrations previously detected in field

(Cantor et al. 2011) and agricultural (Wolfe et al.

2008) soils: AITC (0.017 lg g-1 soil), BITC

(1.19 lg g-1 soil), AITC ? BITC (AITC = 0.017

lg g-1 soil, BITC = 1.19 lg g-1 soil), or DI water

(negative control). Leaf tissue is a source of allelo-

chemical release into the environment, and our extract

treatments allowed us to apply a biologically realistic

level of allelochemicals without the confounding

factor of adding competition from A. petiolata. The

TP treatment was used because T. pratense is a non-

allelopathic legume plant, which we used as a control

for the AP treatment and the effects of leaf tissue

addition. Methods for leaf extractions were modified

from Callaway et al. (2008). We collected fresh leaves

from live plants growing in local field populations,

performed and added extractions to experimental pots

that same day to reduce chances of chemicals degrad-

ing once tissues were harvested. For A. petiolata, we

used leaves from first year rosettes, and for T. pratense

we used haphazardly sampled leaves from several

individuals. We used 42.5 g of leaf tissue for the

extraction to reach the 0.0033 gle (grams per leaf

extract per gram of soil) that was previously used to

achieve biologically relevant levels of A. petiolata

allelochemicals in the soil (Callaway et al. 2008). For

our calculations, we assumed a sinigrin concentration
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of 49.6 lmol/gram of leaf of A. petiolata (Blažević

and Mastelić 2008) and a 35 % release efficiency of

AITC, as this falls within the range of isothyocyanate

release estimated by Gimsing and Kirkegaard (2006)

for other Brassica species. We applied 30 ml of

allelochemical treatments (both commercially avail-

able allelochemicals and leaf tissue extracts) each

week to mimic a steady release of chemicals by A.

petiolata, and because the chemicals break down

quickly in the soil (*47 h half-life; Borek et al. 1995,

reviewed in Gimsing and Kirkegaard 2009).

On the day following the first allelochemical

treatment application, we inoculated half of the plants

in each treatment with a 4 ml mixture of the nine

rhizobium strains used in the laboratory experiment

described above diluted to OD600 of 0.5 (approxi-

mately 5 9 1010 cells). The remaining plants were

inoculated with an equal amount of sterilized media as

a procedural control. After 8 weeks, we assayed

chlorophyll content using a SPAD-502 plus chloro-

phyll meter (Spectrum Technologies, Aurora, IL,

USA) in the three newest fully grown leaves, which is

highly correlated with leaf nitrogen content and

photosynthetic performance (Yoder and Pettigrew-

Crosby 1995; Bullock and Anderson 1998; Swiader

and Moore 2002; Gáborčı́k 2003), and harvested

above- and belowground biomass of each plant. After

harvest, we counted the number of seeds and

measured average axillary shoot length. A. bracteata

produces both subterranean and aerial seeds, and

aerial seed production is highly correlated with plant

size, while subterranean seed production is highly

correlated with the axillary shoot length (Schnee and

Waller 1986). We then counted and collected all

rhizobia nodules on each plant. The harvested nodules

and plant biomass was dried at 65 �C for 3 days and

weighed.

Statistical analysis

Effects of allelochemicals on rhizobia (Question 1)

We tested the effect of allelochemicals on the

maximum growth rate of rhizobia (lmax) using

ANOVA. Allelochemical treatments (AITC, BITC

and AITC ? BITC and Control) were included as a

fixed factor, and strains were treated as a random

factor. To determine which treatments had signifi-

cantly different effects on rhizobia growth, compared

to the control, we conducted post hoc contrasts

(Control vs. AITC, Control vs. BITC and Control vs.

AITC ? BITC). Uninoculated controls were not

included in the analyses because they showed no

evidence of microbial growth, suggesting that there

was no contamination.

Effects of allelochemicals on native legumes

and nodulation (Questions 2 & 3)

Nodulation To test the effects of allelochemicals on

nodulation (number of nodules and nodule mass), we

used mixed model ANOVAs (lme4 Package in R),

including allelochemical treatments as a fixed factor

and greenhouse bench as a random blocking factor.

Only pots that received the rhizobium inoculation

were included in this analysis. Nodule mass was

analyzed using lmer, while nodule number was

analyzed using mixed effects logistic regression

(glmer, lme4 Package in R). Because the nodule

number was not normally distributed, we used a

Poisson distribution.We then used log-likelihood ratio

tests to compare our models with and without fixed

effects.

Plant performance To test the effects of allelo-

chemicals and rhizobium inoculation treatments on

plant survival, we used mixed effects logistic regres-

sion (glmer, lme4 Package in R), and included

allelochemical, rhizobia treatment, and the allelo-

chemical 9 rhizobia interaction as fixed factors and

greenhouse bench as a random factor. Effects of

allelochemicals and rhizobia on biomass and chloro-

phyll content were tested using mixed model ANOVA

(trait * treatment*rhizobia, random = *1 bench),

including allelochemical and rhizobia as fixed effects

and bench as a random effect. We log transformed

above- and belowground biomass data to meet

normality assumptions. To estimate allelochemical

effects on plant fitness, we tested effects of allelo-

chemical and rhizobia treatments on seed production

and axillary shoot production using mixed effects

logistic regression because few plants produced seed

or axillary shoots. Our seed and axillary shoot

productions may be underestimating total plant fitness

since we harvested after 8 weeks; we harvested about

one month early in order to collect nodules, which tend

to senesce before plants. Although contamination was

minimal (3.1 % of pots), six ‘‘rhizobia absent’’ control

pots were excluded from the above analyses because

A novel impact of a novel weapon 2783
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they were contaminated and produced nodules. When

we found significant effects of allelochemical treat-

ments and rhizobia inoculation, we performed

Tukey’s honestly significant difference test (HSD) to

evaluate differences among treatments. All analysis

was performed in R (Version 3.0.2, 2015).

Results

Effects of allelochemicals on rhizobia (Question 1)

Allelochemical treatments significantly influenced

rhizobia maximum growth rate (Table 1). BITC

decreased, while AITC increased, rhizobia maximum

growth rate under realistic field concentrations (Fig. 1;

Control vs. AITC; t = 3.257, P = 0.001, Control vs.

BITC; t = -3.443, P\ 0.001). The combined AITC

and BITC treatment did not significantly alter rhizobia

maximum growth rate (Fig. 1; Control vs. AITC ? -

BITC; t = 0.2245, P = 0.807), likely because the

positive effects of AITC on rhizobium population

growth cancelled out the negative effects of BITC.

The growth rate of rhizobium strains differed, but

strain response to chemical treatment did not (Table 1:

non-significant strain 9 allelochemical interaction).

Effects of allelochemicals on native legumes

and nodulation (Questions 2 & 3)

Direct and indirect effects of allelochemicals on plant

performance

Averaged across all chemical treatments, rhizobia

significantly increased plant aboveground biomass by

60 % and tended to increase belowground biomass by

23 % (Table 2; Fig. 3c, d), and we found a significant

correlation between plant size and nodule number and

nodule mass (nodule number: r = 0.61,

F1,78 = 47.89, P\ 0.001; nodule mass r = 0.84,

F1,78 = 183.90, P\ 0.001). Rhizobia increased leaf

chlorophyll content, except when AITC ? BITC was

added (significant rhizobium 9 allelochemical treat-

ment, F5,141 = 3.79, P = 0.003). The AITC ? BITC

treatment tended to reduce chlorophyll content for

plants inoculated with rhizobia, although the pattern

was not statistically significant (Fig. 2).

Averaged across both rhizobium treatments, the

AITC ? BITC treatment significantly reduced plant

survival by 30 %, aboveground biomass by 44 %, and

belowground biomass by 47 % (Table 2; Fig. 3).

However, neither AITC nor BITC alone significantly

reduced these plant performance traits (Fig. 3;

Table 2). No rhizobia 9 allelochemical treatment

Table 1 Analysis of variance (ANOVA) testing the effects of chemical treatments (Chemical; Control, AITC, BITC and

AITC ? BITC) on the maximum growth rate (lmax) of nine rhizobium strains (Strain) in a laboratory

Treatment df MS F v2 P

Chemical (C) 3 1.494 9 10-4 10.668 <0.001

Strain (S) 0.168 0.70

S 9 C 2.27 9 10-13 1

Statistically significant (P\ 0.05) effects are shown in bold. Chemicals were treated as a fixed factor and Strains and interactions

between strains and chemicals were treated as random factors

Fig. 1 Average maximum growth rate per hour (lmax h-1) of

nine rhizobium strains grown under approximate field concen-

trations of AITC (1 9 10-4 mM), BITC (1 9 10-5 mM) and,

AITC and BITC combination (AITC = 6.5 9 10-5 mM,

BITC = 7.5 9 10-6 mM). Maximum growth rates were

estimated by measuring Optical Density (600 nm) every 6 h

for an eight-day period and calculated maximum growth rate

(lmax) for each rhizobium strain in each allelochemical. Error

bars are standard error of the means (SEM). Asterisks indicate

statistical difference between control and each of the chemical

treatment (P\ 0.05, A priori contrast)
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interactions were detected for survival, above- and

belowground response variables, suggesting that

AITC ? BITC reduced plant performance regardless

of rhizobium presence. The T. pratense and A.

petiolata tissue treatments did not affect any plant

performance traits (Fig. 2).

Table 2 Results from a mixed model ANOVA testing the

effects of rhizobia and chemical and leaf tissue treatments

(Control, AITC, BITC, AITC ? BITC, Trifolium pratense and

Alliaria petiolata) on A. bracteata survival, above- and below-

ground biomass, and chlorophyll content

Survival Aboveground biomass Belowground biomass Chlorophyll content

df Resid. dev P (Chi) df F P df F P df F P

Intercept 185 161.01 1142 308.122 <0.001 1142 169.143 <0.001 1141 1895.472 <0.001

Rhizobia 1184 160.86 0.696 1.142 13.859 0.0403 1142 2.283 0.133 1141 25.551 <0.001

Treatment 5179 136.65 <0.001 5142 2.397 <0.001 5142 3.243 0.008 5141 0.376 0.865

R 9 T 5174 133.54 0.684 5142 0.569 0.724 5142 0.782 0.564 5141 3.786 0.003

Statistically significant (P\ 0.05) effects are shown in bold
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Fig. 2 Amphicarpaea bracteata survival (a), chlorophyll con-
tent (b), aboveground biomass (c), and belowground biomass

(d) in the presence (grey bars) and absence (white bars) of

rhizobia. Plants were grown in the presence of six alelochemical

treatments: three chemical treatments (AITC, BITC, AITC ? -

BITC) and two leaf extract treatments (TP, AP). Error bars are

Standard Error of the means (SEM). Different letters above bars

in a, c and d indicate that allelochemical treatment differed

statistically (P\ 0.05, Tukey post hoc test). There was no

significant allelochemical treatment 9 inoculation treatment

interactions (Table 1). Different letters above bars in b indicate

that chlorophyll content in the treatment combinations differed

statistically (P\ 0.05, Tukey post hoc test)
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Allelochemical treatments had significant effects

on seed production (allelochemical: v5
2 = 35.71,

P\ 0.001). Post hoc contrasts revealed that only

plants from AITC and AITC ? BITC treatments had

significantly lower seed production compared to the

control (Tukey HSD test; a = 0.05). Rhizobia treat-

ment significantly increased seed production (rhizo-

bia: v21 = 4.55, P = 0.033). However, neither

treatment affected axillary shoot production (allelo-

chemical: v25 = 7.36, P = 0.20; rhizobia: v21 = 90.25,

P = 0.62). No significant interactions between rhizo-

bia and allelochemical treatments were detected (seed

production: v25 = 6.19, P = 0.29; axillary shoot pro-

duction: v25 = 4.22, P = 0.52). None of the leaf

extract treatments differed significantly from the

control (Tukey HSD test; a = 0.05).

Effects of allelochemical treatments on nodulation

The rhizobium inoculation treatment was effective,

with 100 % of the inoculated plants in the control (no

chemical) treatment producing nodules. AITC and

AITC ? BITC treatments significantly reduced nod-

ule number and total nodule mass (Fig. 3; nodule

number: v25 = 658.\ 0.001 (log-likelihood ratio test

for glmer), nodule mass: F5,73 = 5.945, P\ 0.001,

Fig. 3). BITC alone did not affect nodulation, in

contrast to results from the laboratory experiment,

which showed strong negative effects of BITC on

rhizobium population growth (Fig. 1). Nodulation was

not affected by the leaf extract treatments (Fig. 3).

Discussion

Our study demonstrates a novel mechanism by which

the invasive plant, A. petiolata, affects a native plant

species and its microbial mutualist. In our greenhouse

experiment, we found that AITC disrupts the legume-

rhizobiummutualism by significantly reducing nodule

numbers by 85 % (Fig. 3). The combination

AITC ? BITC treatment significantly reduced plant

aboveground biomass by 39 and 46 % in the presence

and absence of rhizobia, respectively. When rhizo-

bium strains were studied in isolation the allelochem-

ical BITC directly reduced rhizobia population growth

rates.

Our findings align with previous studies testing

whether the legume-rhizobia mutualism is susceptible

to disruption by allelopathy. In an agricultural system,

allelopathic effects were observed when soybean

seedlings were exposed to water extracts of common

weed species’ tissues—they experienced reduced

rhizobia nodulation and reduced performance (Mallik

and Tesfai 1988). Though our study represents

perhaps the first time the allelochemicals of A.

petiolata have been studied in relation to their effect

Fig. 3 Number of nodules (a) and total nodule weight (b) of
rhizobia-inoculated A. bracteata grown under six different

allelochemical treatments. AITC (0.017 lg g-1 soil), BITC

(1.19 lg g-1 soil), and AITC ? BITC (AITC = 0.017 lg g-1

soil, BITC = 1.19 lg g-1 soil) were all applied at approximate

field concentrations. TP and AP indicate leaf exract treatment

from Trifolium pratense and Alliaria petiolata respectively.

Error bars are Standard Error of the means (SEM).Barswith the

different letters indicate statistical difference (P\ 0.05, Tukey

test). AITC and AITC ? BITC significantly reduced nodulation

compared to the other allelochemical treatments

2786 C. Portales-Reyes et al.

123



on the legume-rhizobia mutualism, other introduced

species have been shown to have allelopathic effects

on rhizobia as well. The introduced plant, Raphanus

sativus (cultivated radish), reduced nodulation on the

native plant, Lupinus nanus, in both field and green-

house conditions (Pearse et al. 2014). Similarly, the

invasive plant, Amaranthus viridis (green amaranth),

reduced rhizobia growth in culture and nodulation

when native Acacia legumes were grown in the

presence of tissue extracts (Sanon et al. 2009). In

some cases, nodulation may actually protect native

plants from allelopathic effects; legumes inoculated

with rhizobia were unaffected by (±)-catechin treat-

ments, while uninoculated plants experienced allelo-

pathic effects (Alford et al. 2009).

Two non-mutually exclusive hypotheses may

explain the observed mutualism disruption (reduced

nodulation) in our system: allelochemicalsmay disrupt

a mutualism by (1) reducing one or both mutualists’

performance thereby reducing resources available for

trade, or (2) preventing the formation of the mutualism

by potentially altering the communication between

partners (Hale and Kalisz 2012). We find support for

hypothesis (1) in both experiments—BITC reduced

rhizobium population growth rates in the laboratory

experiment, and the combined AITC ? BITC treat-

ment significantly reduced plant growth in the green-

house experiment. Interestingly, the effects of BITC

alone did not reduce nodulation or the performance of

plants grown in the presence of rhizobia in the

greenhouse experiment. Perhaps nodulation in plant

roots is able to protect rhizobia from the harmful

effects of BITC experienced by free-living rhizobia.

Although our lab experiment allowed us to examine

the direct effects of allelochemicals on rhizobia

fitness, in our greenhouse experiment we were unable

to determine the fitness effects of allelochemicals on

rhizobia in the absence of the plant mutualist. How-

ever, nodule size is a strong indicator of rhizobium

fitness (Heath and Tiffin 2007). Rhizobium growing in

nodules can reproduce up to 109 descendants inside

the nodules (Bergersen 1982; West et al. 2002;

Denison and Kiers 2004), much more than free-living

rhizobia in the soil. Therefore, it is expected that the

reduced nodulation on our experimental plants will

lead to a reduction in fitness for rhizobia, and

leguminous plants.

Additionally, the effects of the AITC ? BITC

treatment on plant growth could lead to long-term

effects on rhizobia population performance. In our

experiment, plant size was significantly correlated

with nodule number and nodule mass. Because nodule

number and size correlate with number of reproduc-

tive rhizobium cells within the nodule and perfor-

mance (Heath and Tiffin 2007; Oono et al. 2011), this

observed reduction in plant size, caused by allelopa-

thy, could lead to reduced rhizobia performance over

generations. Future studies can measure rhizobium

abundance in field sites invaded and un-invaded by A.

petiolata, and nodulation on co-occurring legume

species.

Our data also support hypothesis (2)—the allelo-

pathic effects of AITC appear to occur during the

formation of the mutualism itself, perhaps altering the

chemical communication between plant and rhizobia.

Given that our AITC and AITC ? BITC treatments,

chosen to represent realistic field concentrations of

these chemicals, reduced nodule numbers and nodule

mass in the greenhouse (Fig. 3) but did not directly

reduce rhizobia growth in the laboratory experiment

(Fig. 1), we hypothesize that allelochemicals may

influence nodulation either by inhibiting the ability of

rhizobia to form nodules, inhibiting the plant’s

cooperation in the mutualism, or preventing commu-

nication necessary to induce nodulation. Complex

chemical interactions between rhizobia and plants take

place during the formation of this symbiosis (Bottom-

ley and Myrold 2007), and AITC could potentially act

to disrupt these signals by reacting with sulphur-

containing protein groups (Brown and Morra 1997).

Mutualism disruption might explain why rhizobia had

minimal effects on plant performance in the AITC and

AITC ? BITC treatments (Fig. 2); for example, rhi-

zobia significantly increased leaf chlorophyll content

in the absence of allelochemicals, but when either

AITC or BITC was present, this rhizobia benefit was

minimized (Fig. 2b).

The negative effects of A. petiolata on rhizobia and

other soil microbes could lead to reduced plant

productivity, as nitrogen fixing bacteria and mycor-

rhizal fungi are responsible for up to 80 % of plant

nitrogen acquisition in temperate and boreal forests

(van der Heijden et al. 2008). Additionally, because A.

petiolata reduces the presence of many spring

ephemerals and other forest species (Anderson et al.

1996; McCarthy 1997; Meekins and McCarthy 1999;

Lankau et al. 2009), it may alter the availability and

phenology of nitrogen in ways detrimental to native
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species. For example, spring ephemerals can serve as a

temporary sink for nitrogen in deciduous forests

before trees have leafed out in the spring (vernal

dam hypothesis, Muller and Borman 1976), and the

loss of these species from the community could lead to

leaching of these nutrients from the ecosystem.

Conversely, invasive species have been shown to

modify habitats in ways that facilitate native species,

for example by increasing the availability of a limiting

resource, like nitrogen, in the system (Rodriguez

2006). A. petiolata can cause a significant increase in

soil nitrogen and other nutrients, due to the stimulation

of decomposition and nutrient cycling driven by its

nutrient-rich tissues (Rodgers et al. 2008b).

We were surprised to find no effect of A. petiolata

leaf extracts on plant performance and nodulation in

our greenhouse experiment. Though these fresh leaf

tissues would have contained AITC (Larsen 1981;

Larsen et al. 1983; Brown et al. 1991; Fahey et al.

2001; Gimsing and Kirkegaard 2009), they do not

align with our findings from our AITC chemical

treatment, potentially due to differences in AITC

concentrations between the treatments, or other leaf

chemicals and nutrients found in the extractions. We

attempted to achieve similar concentrations in our leaf

tissue extractions as those used by Callaway et al.

(2008) (0.0033 gle), who found that these concentra-

tions reduced AM fungal spore viability. This con-

centration is thought to be biologically realistic,

though it is difficult to estimate concentrations of

allelochemical in the soil, as concentrations can

change with time and soil moisture conditions (Blair

et al. 2005, 2006). Further, our estimated concentra-

tions were calculated based on previously recorded

sinigrin levels of 49.6 lmol/gram of A. petiolata leaf

tissue (Blažević and Mastelić 2008), as described in

our methods. However, it has been shown that

concentrations of these chemicals can evolve in

response to the density of non-A. petiolata plants in

the community (Lankau 2012) and will vary pre-

dictably based on the age of a particular A. petiolata

population (Lankau et al. 2009). Our estimate was in

line with previous measures of sinigin in nearby

Michigan populations, which found an average of

43.78 lmol/g in A. petiolata populations ranging from

21 to 67 years in age (R. Lankau, personal commu-

nication). Differing concentrations of allelochemicals

have been shown to differentially affect microbial

communities (Lankau 2011), so it is important to

acknowledge that leaf tissues were collected from

populations that represented one point along this range

of potential concentrations.

Previous studies on mycorrhizae have used con-

centrations ranging from 0.001 to 0.1 gle of A.

petiolata extracts (McCarthy and Hanson 1998;

Roberts and Anderson 2001; Stinson et al. 2006),

with varying results. Because no previous study has

looked at the effects of the allelochemicals of A.

petiolata on rhizobia, it is possible that higher leaf

extract concentrations could affect nodulation. Given

that our treatments were based on low estimates of

field allelochemical concentrations, it is possible that

the effects of A. petiolata on rhizobia are stronger in

different populations, particularly those with higher

leaf tissue glucosinolate content. For example, we

began to observe AITC and BITC effects on rhizobia

in our lab experiment only at the highest concentra-

tions tested (Supplemental Figure A2). Additional

investigations using higher allelochemical concentra-

tions based on field estimates from different popula-

tions will help demonstrate the full range of A.

petiolata toxicity on rhizobia in the field.

Conclusions

The use of novel weapons is hypothesized to play a

key role in the success of certain invaders. As a novel

member of a community, an invasive species enters

into a suite of new relationships with its neighbors, and

allelochemicals are sometimes more phytotoxically

effective in communities with no evolutionary history

with the invasive plant. Previous studies show that

novel weapons, and their effects on the native soil

community, partially explain the success of A. petio-

lata as an invader in the United States (Klironomos

2002; Stinson et al. 2006, 2007; Callaway et al. 2008;

Lankau 2011); its success is frequently attributed to

the effects of its allelochemicals on naı̈ve native plant

competitors and mycorrhizal mutualists (Rodgers

et al. 2008a). We found that additionally, these

allelochemicals disrupt the legume-rhizobium mutu-

alism, which plays an important role in replenishing

soil nitrogen (Simms and Taylor 2002). The disruption

of the mycorrhizal and legume-rhizobium mutualisms

by A. petiolata could have long-term effects for

conservation, even after A. petiolata removal, as it

adds an obstacle for native plant community recovery.
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