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Abstract The allelopathic potential of the Eurasian inva-
sive plant Alliaria petiolata has been well documented,
with the bulk of the effects believed to be mediated by
arbuscular mycorrhizal fungi (AMF). We exposed the
herbaceous annual Impatiens pallida, which is native to
North America, to fractionated A. petiolata extracts at four
developmental stages (germination, presymbiosis growth,
symbiosis formation, and symbiosis growth) by using
exposure levels expected to be similar to field levels.
Surprisingly, we found strong direct effects on I. pallida
germination and growth, but no indirect effects on I. pallida
growth mediated by AMF. We also observed strong
synergistic effects with a complete A. petiolata extract that
inhibited I. pallida germination and presymbiosis root
growth more than either a glucosinolate or flavonoid
enriched fraction alone. In fact, the flavonoid enriched
fraction tended to stimulate germination and presymbiosis
root growth. In contrast to these strong direct effects, I.
pallida plant growth during both the symbiosis formation
and symbiosis growth phases was unaffected by A.
petiolata extracts. We also found no inhibition of AMF

colonization of roots or soils by A. petiolata extracts. We
show that AMF can actually ameliorate allelopathic effects
of an invasive plant, and suggest that previously observed
allelopathic effects of A. petiolata may be due to direct
inhibition of plant and fungal growth before symbiosis
formation.
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Introduction

Allelopathy has historically been defined as direct inhibi-
tion of plant growth by organic compounds produced by a
donor plant (Choesin and Boerner 1991; Barkosky et al.
1999). These compounds act through several mechanisms
that include causing DNA mutations (Hashimoto et al.
1984; Hashimoto and Shudo 1996; Wu et al. 2000),
blocking photosynthesis (Einhellig et al. 1993; Gonzalez
and Estevez-Braun 1997), and/or triggering programmed
cell death (Bais et al. 2003). While these mechanisms
clearly act directly on the target plants, many potential
mechanisms of indirect inhibition exist as well (Inderjit and
Weiner 2001). For example, compounds released by a
donor plant can influence nutrient availability in a way that
is more beneficial for the donor plant (Inderjit and Mallik
1999). Also, microbial populations supported by a donor
plant can selectively inhibit growth of surrounding plants
(Kaminsky 1981), or microbes that benefit surrounding
plants can be inhibited by a donor plant (Stinson et al.
2006). Such beneficial microbes include the arbuscular
mycorrhizal fungi (AMF), with which more than 80% of
plants surveyed associate (Smith and Read 2008). AMF are
obligately symbiotic and provide their host plants with
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mineral nutrients and water in exchange for photosynthate
(Smith and Read 2008). Many plants depend on AMF for
normal growth, and any inhibition of AMF, therefore,
would also indirectly slow plant growth.

Alliaria petiolata (M. Bieb.) Cavara and Grande (garlic
mustard), a Eurasian native that is invasive in North
America, can inhibit seed germination and growth of native
plant species, and AMF and ectomycorrhizal germination
and growth (Vaughn and Berhow 1999; Roberts and
Anderson 2001; Prati and Bossdorf 2004; Stinson et al.
2006; Callaway et al. 2008; Wolfe et al. 2008; Barto and
Cipollini 2009b), although inhibition does not always occur
(McCarthy and Hanson 1998; Cipollini et al. 2008; Barto
and Cipollini 2009a). Many of these results are based on
seed and spore germination assays, or exposures that began
before seed and spore germination. Stinson et al. (2006)
observed reductions in colonization of woody species
exposed to A. petiolata during the symbiosis formation
phase, but a herbaceous plant exposed during the symbiosis
formation phase was unaffected (Barto and Cipollini
2009a). Allelopathic effects of A. petiolata have been
attributed to glucosinolates and isothiocyanates (Vaughn
and Berhow 1999), but extracts enriched in alliarinoside
and several flavonoid glycosides, known anti-herbivory
compounds from A. petiolata (Haribal and Renwick 1998;
Haribal et al. 2001), reduced AMF spore viability more
than a glucosinolate enriched fraction (Callaway et al.
2008). Plant responses to alliarinoside and the flavonoid
glycosides before symbiosis formation have not yet been
determined.

We explored the effects of A. petiolata extracts on the
four major developmental stages of a plant-mycorrhizae
association (1. germination, 2. presymbiosis growth, 3.
symbiosis formation, and 4. symbiosis growth), each in a
separate experiment. The germination phase includes any
stratification requirement up to and including emergence of
the radicle from the seed. Growth of the plant before
colonization by AMF is included in the presymbiosis
growth phase. Although the non-mycorrhizal condition is
usually rare in the field, sites with a long invasion history
are likely to have low AMF colonization potential (Roberts
and Anderson 2001), and this experiment demonstrates
how well a re-introduced native grows when exposed to A.
petiolata extracts without the benefit of AMF. During the
symbiosis formation phase, contact between AMF and the
plant is initiated and fungal structures begin to form inside
the plant root. Allelopathic compounds could interfere with
signaling between host plants and AMF, thereby limiting
the formation of the symbiosis. Finally, the symbiosis
continues to operate throughout the remainder of the plant’s
lifetime in the symbiosis growth phase. Once a symbiosis is
formed, fungal structures inside the root are likely to be
somewhat insulated from allelopathic effects. However,

fungal hyphae in the soil will still be exposed, and limited
growth of fungal hyphae would compromise the ability of
the fungus to absorb water and nutrients for its plant host.
Plants can reject such parasitic associations (Smith and
Read 2008), killing the fungus, but also slowing plant
growth to less than that found in a mutualistic association.

The objectives of this experiment were to assess the
effects of glucosinolate and flavonoid glycoside enriched
fractions of A. petiolata, alone and in concert, on growth of
a North American native plant and its associated AMF.
These effects were assessed across multiple life stages in
order to determine the importance of AMF in mediating any
observed allelopathic effects. We expected glucosinolate
and flavonoid enriched fractions to inhibit growth of I.
pallida, primarily indirectly through inhibition of AMF in
later life stages.

Methods and Materials

Extracts were prepared from first year A. petiolata plants
randomly collected from the Wright State University Nature
Preserve (39o48.0′N, 84o1.0′W) during late Spring, when the
establishment of mycorrhizal symbioses with host plants is
occurring actively. Plant tissues, leaves and roots, either were
extracted immediately after collection, or flash frozen and
stored at −20°C to maintain a standard lot of material for
extract preparation. It is unclear whether secondary metab-
olites produced by A. petiolata enter the environment as root
exudates, leaf leachates, or both, so we used both leaves and
roots to prepare our extracts. Glucosinolates were separated
from the flavonoid glycosides by using a butanol/water
fractionation as described in Callaway et al. (2008), yielding
glucosinolate enriched and flavonoid enriched fractions. The
glucosinolates and flavonoids were by far the most abundant
compounds in their respective fractions, but it was not our
intention to purify these compounds because we wanted the
combined treatment of glucosinolate and flavonoid enriched
fractions to represent the complete A. petiolata phytochem-
ical profile. All experiments were dosed at a rate equivalent
to 3.3 mg A. petiolata tissue equivalents per g assay media, a
dose that was estimated by assuming equivalent transfer
rates of glucosinolates from plants to soils for A. petiolata as
reported for Brassicaceae used as biofumigants (Callaway et
al. 2008).

Impatiens pallida Nutt. (pale jewelweed) was chosen as
the target plant because it grows in the same woodland
habitats invaded by A. petiolata and is dependent on AMF
for normal growth (K Barto, personal observation). While
AMF generally are not thought to be host specific, certain
plant-fungus associations are more effective than others
(Stampe and Daehler 2003; Johnson et al. 2004), so we used
naturally associated AMF of I. pallida. Mycorrhizal inocu-
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lum consisted of finely chopped I. pallida roots collected
from a population in Yellow Springs, Ohio (39 o47.0′N,
83 o52.5′W). Impatiens pallida seed were collected from the
same population for all experiments. Inoculum was prepared
in the fall and stored at 5°C until needed.

The seed germination experiment was conducted in
small glass dishes (9 cm diam), which were stored at 3°C
throughout the experiment. The presymbiosis growth
experiment and the symbiosis formation and symbiosis
growth experiments were conducted in root-viewing cham-
bers made of 13×30×0.15 cm glass plates held ½ cm apart
by silicon on 3 sides (Friese and Allen 1991). All
experimental chambers, glass dishes, and root-viewing
chambers, were filled with a 1:1 mix of field soil and
sterile coarse sand or the same mix with activated carbon
(AC) added at a rate of 20 ml/l soil, as has been used in
other experiments with A. petiolata (Prati and Bossdorf
2004). Activated carbon sorbs organic compounds and
serves as an additional experimental control to verify that
effects are due to allelochemicals (Inderjit and Callaway
2003). Field soil, collected from an A. petiolata free area of
the Wright State University Nature Preserve, has a high
proportion of clay, and forms impenetrable bricks in the
chambers without the addition of sand (K. Barto, personal
observation). Root-viewing chambers were covered with
foil and stored at a slight angle to encourage root and
hyphal growth along one glass plate (Friese and Allen
1991). With the exception of the seed germination
experiment, all chambers were placed under fluorescent
grow-lights (130 µmol PAR/m2/sec) at ∼22°C in a growth
room. Four separate experiments were conducted, examin-
ing one developmental stage per experiment.

Germination We examined the effects of treatments on
germination by concurrently adding test fractions and
ungerminated seeds to glass dishes. Seed germination was
assessed by placing 5 I. pallida seeds on the soil surface, and
applying doses every other week. Dishes were covered but
not sealed to allow oxygen to circulate. Germination was
scored weekly for 6 mo. We used 4 extracts (glucosinolate
enriched fraction, flavonoid glycoside enriched fraction,
combined fraction, and water control) crossed with 2
activated carbon treatments (with or without). There were 5
replicate chambers for each treatment combination. Final
percent germination was analyzed using ANOVA with
activated carbon and extract as fixed factors, followed by
Tukey’s HSD test where indicated. Data did not need to be
transformed to meet assumptions of normality and homoge-
neity of variances, and were analyzed using R 2.7.1 (R
Development Core Team 2008).

Presymbiosis Plant Growth We examined the presymbiosis
growth stage by simultaneously adding test fractions and

germinated seeds to root-viewing chambers. Impatiens
pallida seeds were germinated in sterile water at 3°C (Leck
1979). Preliminary experiments showed that seedlings
quickly became colonized with AMF in field soils, so
chambers were treated with 190 mg/l of the fungicide
chlorothalonil (Daconil®, Syngenta Crop Protection, Inc,
Greensboro, NC, USA) every other day to maintain the
uncolonized status of seedlings in this experiment. Chlor-
othalonil can inhibit plant growth at high does, so we
conducted preliminary experiments and determined that this
dosage schedule would block mycorrhizal colonization of
seedlings without directly impacting I. pallida growth (K.
Barto, unpublished data). Presymbiosis seedling growth
was assessed by placing one newly germinated I. pallida
seed on the soil surface while adding test compounds.
Doses were applied once a week throughout the experiment
by injecting 5 ml of extract into the chamber through each
of three injection sites, located 7.5, 15, and 23 cm from the
top of the chamber, along the 30.5 cm side. This volume
was sufficient to wet the entire soil volume without forcing
water out of the base of the chamber. The roots were traced
onto transparency film and digitized every 3 d until a root
reached the bottom of the chamber.

Total root length and area of the root system were
quantified using ImageJ (NIH: http://rsb.info.nih.gov/ij/).
We also measured the box-counting fractal dimension (FD),
which quantifies exploration efficiency of the system
independently of rhizosphere size (Walk et al. 2004), using
the FracLac plugin for ImageJ (http://rsb.info.nih.gov/ij/
plugins/frac-lac.html) (Barto and Cipollini 2009b). Height
of the aboveground portion of I. pallida also was recorded
once a week. Many plants died before the end of the
experiment, so we also recorded life span. Growth rates for
plant height, root length, and rhizosphere area, along with
the box-counting fractal dimension of the root system and
the life span of the plants, were analyzed using PROC
GLM and ANOVA with activated carbon and extract as
fixed factors followed by Tukey’s HSD test where
indicated. Data were transformed as necessary to meet
assumptions of ANOVA and analyzed with SAS Version
9.1 (SAS Institute Inc., Cary, NC, USA).

Symbiosis Formation We examined the symbiosis formation
stage by injecting compounds into inoculated root-viewing
chambers with one growing I. pallida seedling. Impatiens
pallida seeds were stratified in water at 3°C to stimulate
germination, then planted in chambers. Mycorrhizal inocula,
which consisted of chopped roots of field-collected I.
pallida, was mixed with the soil at a rate of 1 g inocula/
100 g soil before filling chambers. Injections began as soon
as seeds were added, and doses were applied once a week
throughout the experiment. Mycorrhizal structures were
identified non-destructively in the chambers by their
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fluorescence after excitation with 460 nm light (Friese and
Allen 1991). Observations were made with an Eclipse TE
2000-S microscope with a B-2E/C filter cube.

Chambers were observed along horizontal 6 cm transect
lines centered at the middle of the chamber and spaced
vertically 5 cm apart. The first transect line was 2.5 cm
below the top of the chamber, and additional lines were
observed as the roots grew down through the chamber. In
order to quantify AMF abundance inside roots, we scanned
along each transect line and scored uncolonized and
colonized roots. Then, we calculated the percentage of
colonized roots observed in each chamber. In order to
quantify AMF abundance outside of plant roots, we also
scanned along each transect line, but due to time constraints
we could not quantify hyphal abundance along the entire
transect line. Instead, in every third field of view that did
not contain a root, we scored for presence of absence of
AMF hyphae. Only non-septate hyphae were counted as
AMF. Then we calculated the percentage of fields of view
containing AMF hyphae.

Height of the above ground portion of I. pallida also was
recorded each week. Plants were harvested at the end of the
experiment, dried at 30°C to constant mass, and root and
shoot dry mass were measured. There were 4 treatments
(glucosinolate enriched fraction, flavonoid glycoside
enriched fraction, combined fraction, and water control)
for each of two carbon amendments (with or without).
There were ten replicate chambers per treatment combina-
tion yielding 80 chambers total. Data were analyzed as
described for the presymbiosis growth experiment, exclud-
ing life span. Also, dry mass of the root, shoot, and the root
to shoot ratio were analyzed by ANOVA with activated
carbon and extract as fixed factors followed by Tukey’s
HSD test where indicated. Data did not need to be
transformed and were analyzed with SAS Version 9.1
(SAS Institute Inc., Cary, NC, USA). In addition, percent
colonization of the root and soil (untransformed) were
analyzed using a repeated measures ANOVAwith activated
carbon and extract as fixed factors using STATISTICA
Version 8.0 (StatSoft, Inc.).

Symbiosis Growth We examined the symbiosis growth
stage by injecting compounds into chambers with already
established symbioses between I. pallida and its associated
mycorrhizal fungi. Established symbioses were generated
by growing I. pallida seedlings in root-viewing chambers in
field soil containing mycorrhizal inoculum. When seedlings
were 4 wk old, colonization was verified by fluorescence
microscopy before beginning injections of compounds.
Injections were repeated weekly thereafter until the end of
the experiment. Fungal development characteristics were
monitored as in the symbiosis formation experiment. Plates
were monitored weekly with observations beginning when

plants were 3 wk old. Plants were harvested at the end of
the experiment, dried at 30°C to constant mass, and root
and shoot dry mass were measured. There were 4 treat-
ments (glucosinolate enriched fraction, flavonoid glycoside
enriched fraction, combined fraction, and water control) for
each of 2 carbon amendments (with or without). There were
10 replicate chambers per treatment combination yielding
80 chambers total. Growth rate for plant height, percent
colonization of roots and soil, dry mass of the root, shoot,
and the root to shoot ratio were analyzed as for the
symbiosis formation experiment.

Results

Germination Impatiens pallida seeds began to germinate
after 20 weeks of stratification, and no additional seed
germinated after 24 weeks. Exposure to a flavonoid or
glucosinolate enriched fraction alone had no significant effect
on germination. However, germination was lower in dishes
dosed with a combined extract than either control dishes or
those receiving a flavonoid enriched fraction (Fig. 1, F3,32 =
3.71, P=0.021). Activated carbon did not affect germination
rates (F1,32 = 0.08, P=0.779), and there was no interaction
between AC and extract (F3,32 = 1.36, P=0.273).

Presymbiosis Growth Impatiens pallida plants in chambers
with AC grew faster than plants in chambers without AC
(Fig. 2a, Table 1). Alliaria petiolata extracts had no effect
on I. pallida height (Table 1). Total root length of I. pallida
plants increased more quickly in plants grown in soil
containing AC than in plants grown without AC (Fig. 2b,
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Fig. 1 Percent germination of Impatiens pallida seeds exposed to
Allairia petiolata extracts during stratification, means ± 1 SE. Control—
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nolate enriched fraction. Combined—Chambers treated with both
flavonoid and glucosinolate enriched fractions. with AC—Chambers
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Table 1). Root growth varied with extract treatment, and
only the combined extract significantly reduced root growth
(Fig. 2b, Table 1). Since these plants were not yet colonized
by AMF, these impacts represent direct effects of A.
petiolata extracts on root growth. Patterns for growth of
rhizosphere area followed those of root length (Table 1).

Root structure of I. pallida plants also was affected by A.
petiolata extracts. The planar box-counting fractal dimen-
sion, which quantifies the exploration efficiency of the root
system, was significantly higher in chambers with AC than
in chambers without (Fig. 2c, Table 1). As for root length
and rhizosphere area, the fractal dimension was highest in
chambers that received a flavonoid enriched fraction and
lowest in chambers treated with a combined extract
(Fig. 2c, Table 1). The interaction between AC and extract
also was significant (Table 1), with AC increasing the

fractal dimension significantly only in chambers dosed with
a glucosinolate enriched fraction (Fig. 2c).

Impatiens pallida plants grown in soil with AC lived
longer than plants in soil without AC (Fig. 2d; Table 1).
The glucosinolate enriched fraction and the combined A.
petiolata extract significantly shortened I. pallida life span,
while a flavonoid enriched fraction had no effect (Fig. 2d;
Table 1). This inhibition was seen only in chambers without
AC (Fig. 2d; Table 1).

Symbiosis Formation During the symbiosis formation
phase, growth rates of I. pallida height, root, and
rhizosphere area were unaffected by AC or A. petiolata
extract (Table 2). Root structure of I. pallida plants was
unaffected by AC (Table 2). However, regardless of AC
treatment, root systems of plants exposed to a glucosinolate
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ria petiolata extracts during the
presymbiosis growth phase,
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Table 1 Results of ANOVA for growth rates of height, root length, rhizosphere area, and final box-counting fractal dimension, and life span of
Impatiens pallida plants exposed to Alliaria petiolata extracts during the presymbiosis phase, with AC (activated carbon) and extract as factors.
Bold text indicates P<0.05

Source Height Root length Rhizosphere area FD Life span

df F P F P F P F P F P

AC 1 6.12 0.016 59.49 <0.001 51.10 <0.001 54.51 <0.001 43.43 <0.001

extract 3 2.12 0.108 7.12 <0.001 6.71 <0.001 6.35 <0.001 7.64 <0.001

AC*extract 3 1.28 0.292 2.56 0.062 1.68 0.180 2.79 0.047 12.35 <0.001

Error df: 54 Error df: 68 Error df: 68 Error df: 68 Error df: 68

Table 1 Results of ANOVA for growth rates of height, root length,
rhizosphere area, and final box-counting fractal dimension, and life
span of Impatiens pallida plants exposed to Alliaria petiolata extracts

during the presymbiosis phase, with AC (activated carbon) and extract
as factors. Bold text indicates P<0.05
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enriched fraction had significantly higher fractal dimen-
sions (mean ± SE; 1.24±0.015) than those exposed to a
combined fraction (1.18±0.020; Table 2). Root systems of
control plants (1.21±0.011) or those exposed to a flavonoid
enriched fraction (1.19±0.013) had fractal dimensions
indistinguishable from either extreme. Shoot and root dry
masses of plants at the end of the experiment, and the root
to shoot ratio, were unaffected by AC or A. petiolata
extracts (Table 2).

Arbuscular mycorrhizal colonization of I. pallida roots
was higher in chambers containing AC than those without
throughout the experiment, even though colonization
declined with time in all chambers (Fig. 3a, Table 3).
Hyphal abundance in the soil was unaffected by A.
petiolata extract, but increased with time in chambers
containing AC while remaining relatively constant in
chambers without AC (Fig. 3b, Table 3).

Symbiosis Growth During the symbiosis growth phase,
plant height increased more quickly in chambers without
AC (mean ± SE; 6.63±0.42 cm/week) than in chambers
with AC (5.41±0.25 cm/week; Table 4). Growth rate was
unaffected by A. petiolata extracts, and there was no
interaction between AC and extract (Table 4). Since I.
pallida were given a month in the chambers before dosing
began, roots had filled the chambers to such an extent that it
would have been extremely difficult to track further
development. Root morphology data, therefore, was not
collected.

Arbuscular mycorrhizal fungal colonization was
higher in roots of plants grown in soils containing AC
than in soils without (Fig. 4a, Table 5), but fewer hyphae
were found in soils containing AC than in soils without
(Fig. 4b, Table 5). Root colonization declined over time
(Fig. 4a, Table 5). Root dry mass was higher in chambers
without AC (mean ± SE; 0.19±0.026 g) than in chambers
with AC (0.15±0.032 g), as was shoot dry mass (without
AC: 0.11±0.0076 g, with AC: 0.08±0.0047 g; Table 4).
Both were unaffected by A. petiolata extracts (Table 4).
The root to shoot ratio was not affected by A. petiolata
extracts (Table 4).

Discussion

As expected, glucosinolate and flavonoid enriched fractions
from A. petiolata extracts inhibited the growth of I. pallida.
Synergistic effects of the flavonoid and glucosinolate
enriched fractions were observed in the germination and
presymbiosis growth phases, but not in either symbiosis
phase. The flavonoid-enriched fraction had no effect alone,
but appeared to enhance the slight toxicity of the
glucosinolate enriched fraction, leading to the very low
germination or growth rates observed after exposure to a
combined fraction. These effects likely are due to the
glucosinolates and flavonoids themselves, given their
abundance in the extracts, but it is possible that unidentified
compounds in the extracts also contributed to effects.
Synergistic interactions among allelopathic compounds also
occur in Triticum, where phenolic compounds increase cell
permeability in root tips, allowing greater uptake of
mutagenic benzoxazinoids (Blum et al. 1992; Hashimoto
and Shudo 1996). Synergistic mechanisms also operate in
Desmodium and Sorghum, which block parasitism by
Striga plants by concurrently stimulating germination of
Striga seeds while inhibiting further root growth (Chang et
al. 1986; Weston et al. 1989; Yoder 2001; Tsanuo et al.
2003). While the specific mechanism of action remains to
be elucidated, synergistic effects among compounds pro-
duced by A. petiolata clearly limited plant and AMF growth
during the early stages of development.

We frequently observed declines in root colonization
over time, potentially because as the plants aged and their
roots filled the soil volume, assistance from AMF became
less necessary. Plants have some control over intraradical
fungal growth (Smith and Read 2008) and could have
limited fungal development as the plants became root
bound. This is supported by the decline in root colonization
values in chambers containing AC, as well as control
chambers receiving only water. Soil colonization values
remained relatively constant throughout the symbiosis
growth phase, and even increased in chambers containing
AC during the symbiosis formation phase, suggesting that
extraradical fungal structures are less dependent on the age

Table 2 Results of ANOVA for growth rates of height, root length, and rhizosphere area, final box-counting fractal dimension (FD), root and
shoot dry masses, and root to shoot ratio of Impatiens pallida plants exposed to Alliaria petiolata extracts during the symbiosis formation phase,
with AC (activated carbon) and extract as factors. Bold text indicates P<0.05

Source Height Root length Rhizosphere area FD Shoot Root Root:Shoot

df F P F P F P F P F P F P F P

AC 1 0.57 0.454 0.22 0.637 1.55 0.217 0.22 0.642 0.35 0.555 0.30 0.584 0.05 0.819

extract 3 0.82 0.486 2.59 0.059 0.06 0.982 3.11 0.032 0.76 0.522 0.13 0.942 0.40 0.750

AC*extract 3 0.91 0.442 0.40 0.756 0.82 0.489 0.41 0.744 0.13 0.944 0.81 0.493 0.95 0.423

Error df: 72 Error df: 72 Error df: 72 Error df: 72 Error df: 72 Error df: 72 Error df: 72

Table 2 Results of ANOVA for growth rates of height, root length,
and rhizosphere area, final box-counting fractal dimension (FD), root
and shoot dry masses, and root to shoot ratio of Impatiens pallida

plants exposed to Alliaria petiolata extracts during the symbiosis
formation phase, with AC (activated carbon) and extract as factors.
Bold text indicates P<0.05
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or status of the symbiosis than intraradical fungal struc-
tures. The plant likely has more control over intraradical
fungal structures than extraradical, and the continued
growth of extraradical structures may represent growth by
the fungus away from its host in the face of decreasing
support, via intraradical structures.

Activated carbon sorbs organic compounds and should
rescue plants from allelopathic inhibition when incorporat-
ed into soils (Inderjit and Callaway 2003). Surprisingly, AC
had no effect on germination. Extracts were added to test
soils every other week since A. petiolata metabolites
generally are not stable in non-sterile soils (Gimsing et al.
2006, 2007; Barto and Cipollini 2009c), but sinigrin has a
half-life in excess of 120 d in non-sterile soil water (Tsao et
al. 2000). Although low temperatures did not limit
degradation of flavonoids (Barto and Cipollini 2009c), it

is possible that compounds accumulated over the course of
the six month experiment to levels that saturated the AC
present in the soils. As expected, AC additions in the
presymbiosis experiment rescued plants exposed to A.
petiolata extracts. Plants exposed to extracts that were also
growing in soils containing AC were not distinguishable
from control plants receiving only water. Activated carbon
effects during the symbiosis formation and symbiosis
growth stages were less consistent, further suggesting that
allelopathic inhibition was not as important in these life
stages.

We found extensive evidence of inhibition of seed
germination and presymbiosis plant growth in the absence
of AMF. The lack of these non-AMF mediated inhibitory
effects during the symbiosis formation and growth phases
suggests that the AMF may actually be protecting the plant
from the allelopathic compounds. This is not simply an age
effect, where a larger plant is more able to resist inhibition
than a small plant, because the presymbiosis and symbiosis
formation experiments both began with germinated seed.
The only difference was that the soil for the symbiosis
formation experiment also contained AMF inocula with no
previous exposure to A. petiolata.

In contrast to prior work that demonstrated inhibition of
AMF by A. petiolata (Roberts and Anderson 2001; Stinson
et al. 2006; Callaway et al. 2008; Barto and Cipollini
2009b), we found no evidence for impacts on AMF.
However, earlier research monitored AMF that were not
associated with a host plant (Roberts and Anderson 2001;
Stinson et al. 2006; Callaway et al. 2008), or began dosing
AMF in the presymbiosis phase (Barto and Cipollini
2009b), where we saw inhibition also. When exposures
began in the symbiosis formation phase, Barto and
Cipollini (2009a) did not see inhibition of I. pallida growth

with AC

no AC

0

10

20

30

40

50

60

70

1 2 3

Time (weeks)

R
oo

t c
ol

on
iz

at
io

n 
(%

)

0

2

4

6

8

10

12

14

1 2 3

Time (weeks)

S
oi

l c
ol

on
iz

at
io

n 
(%

)

b

a

Fig. 3 Responses of Impatiens pallida plants exposed to Alliaria
petiolata extracts during the symbiosis formation phase, means ± 1
SE. with AC—Chambers contained activated carbon. no AC—
Chambers did not contain AC. a Percentage of root length colonized
by AMF over time (N=9–10). b Percentage of soil area containing
AMF hyphae over time (N=9–10)

Table 3 Results of repeated measures ANOVA for percent root and
soil AMF colonization in chambers exposed to Alliaria petiolata
extracts during the symbiosis formation phase, with AC (activated
carbon), and extract as factors. Bold text indicates P<0.05

Source Root Soil

df F P F P

AC 1 19.61 <0.001 0.29 0.589

extract 3 0.53 0.661 0.60 0.619

AC*extract 3 0.78 0.508 1.25 0.298

Error 72

time 2 14.65 <0.001 4.23 0.016

time*AC 2 1.58 0.209 3.66 0.028

time*extract 6 0.71 0.644 0.96 0.453

time*AC*extract 6 0.35 0.907 0.38 0.891

Error 144
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by the same A. petiolata extracts used here. Roberts and
Anderson (2001) relied on spore and seed germination
assays, and used a dose about eight times higher than that
used in our study, so results cannot be compared directly.
Stinson et al. (2006) used doses of A. petiolata extracts
twice as high as those used here, which could account for
the inhibition observed in that study. Ideally, allelopathy

studies should use exposure levels equivalent to those
found in the field. However, A. petiolata metabolites
degrade rapidly, and rarely reach detectable levels in natural
soils (Barto and Cipollini 2009c). This likely means that the
actual bioactive compounds are degradates of the com-
pounds produced by the plant. We, thus, used doses
estimated to be realistic field levels (Callaway et al.
2008). Soil levels under naturally occurring plants likely
are even lower than our estimated values, and any impacts
not seen at these doses are unlikely to be important in the
field.

Stinson et al. (2006) also observed reduced AMF
colonization of tree seedlings in conditioned soils, which
could be a legacy effect of very low inoculum potential due
to direct suppression of spore viability and germination
(Roberts and Anderson 2001; Stinson et al. 2006; Callaway
et al. 2008), rather than allelopathic inhibition of coloniza-
tion in the plant. Callaway et al. (2008) used a soil
conditioning approach, and found reduced AMF spore
viability and infectivity, and reduced emergence of plant
seedlings in soil conditioned by A. petiolata. However, all
of these endpoints occur before the symbiosis is estab-
lished. The final biomass of plants grown in conditioned
soil was lower than that of plants grown in control soil,
suggesting that even after the beneficial mycorrhizal
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Fig. 4 Responses of Impatiens pallida plants exposed to Alliaria
petiolata extracts during the symbiosis growth phase, means ± 1 SE.
with AC—Chambers contained activated carbon. no AC—Chambers
did not contain AC. a Percentage of root length colonized by AMF
over time (N=8–10). b Percentage of soil area containing AMF
hyphae over time (N=8–10)

Table 5 Results of repeated measures ANOVA for percent root and
soil AMF colonization in chambers exposed to Alliaria petiolata
extracts during the symbiosis growth phase, with AC (activated
carbon), and extract as factors. Bold text indicates P<0.05

Source Root Soil

df F P F P

AC 1 8.90 0.004 5.99 0.017

extract 3 1.11 0.350 1.11 0.350

AC*extract 3 0.58 0.629 0.69 0.564

Error 72

time 2 11.59 <0.001 0.83 0.439

time*AC 2 1.17 0.315 1.57 0.211

time*extract 6 1.47 0.191 1.21 0.306

time*AC*extract 6 1.28 0.269 1.92 0.081

Error 144

Source Height Shoot Root Root:Shoot

df F P F P F P F P

AC 1 5.41 0.023 5.83 0.018 4.42 0.039 2.87 0.095

extract 3 1.89 0.139 1.80 0.155 0.73 0.536 1.44 0.239

AC*extract 3 0.30 0.822 0.35 0.786 1.02 0.390 0.84 0.592

Error df: 70 Error df: 71 Error df: 71 Error df: 70

Table 4 Results of ANOVA for
height and dry mass of Impa-
tiens pallida plants exposed to
Alliaria petiolata extracts during
the symbiosis growth phase,
with AC (activated carbon), and
extract as factors. Bold text
indicates P<0.05
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symbiosis becomes established, the direct inhibition in-
curred during early life stages cannot be overcome.

We suggest that observed allelopathic inhibition by A.
petiolata is due to legacy effects of direct inhibition of plant
and fungal partners before the symbiosis is established,
rather than to inhibition of colonization during an estab-
lished symbiosis. This may seem like a purely mechanistic
distinction because the end result of reduced AMF
colonization and reduced plant growth is still the same,
but direct inhibition is more easily addressed during
restoration, especially when healthy AMF can ameliorate
allelopathic effects. The strongest allelopathic effects occur
during seed and spore germination and presymbiosis
growth, thus suggesting that bypassing these life stages
during restorations will be more successful than traditional
methods of sowing ungerminated seed. More work is
needed to determine whether or not other plant species,
especially the woody species used by Stinson et al (2006),
also are more sensitive to allelopathic inhibition before
associating with mycorrhizal fungi then after the symbiosis
has been initiated. Field studies that incorporate germinated
seed and fresh AMF inocula also could be used to
distinguish between legacy effects and ongoing allelopathic
inhibition.
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