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Abstract Studies of allelopathy in terrestrial systems have
experienced tremendous growth as interest has risen in
describing biochemical mechanisms responsible for struc-
turing plant communities, determining agricultural and for-
est productivity, and explaining invasive behaviors in
introduced organisms. While early criticisms of allelopathy
involved issues with allelochemical production, stability,
and degradation in soils, an understanding of the chemical
ecology of soils and its microbial inhabitants has been
increasingly incorporated in studies of allelopathy, and rec-
ognized as an essential predictor of the outcome of allelo-
pathic interactions between plants. Microbes can mediate
interactions in a number of ways with both positive and
negative outcomes for surrounding plants and plant commu-
nities. In this review, we examine cases where soil microbes
are the target of allelopathic plants leading to indirect effects
on competing plants, provide examples where microbes
play either a protective effect on plants against allelopathic
competitors or enhance allelopathic effects, and we provide
examples where soil microbial communities have changed
through time in response to allelopathic plants with known
or potential effects on plant communities. We focus primar-
ily on interactions involving wild plants in natural systems,
using case studies of some of the world’s most notorious
invasive plants, but we also provide selected examples from
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agriculturally managed systems. Allelopathic interactions
between plants cannot be fully understood without consid-
ering microbial participants, and we conclude with sugges-
tions for future research.
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Allelopathy and Soil Microbes

Allelopathy, generally, is considered as a form of negative
chemical communication between organisms, whereby one
participant (the donor) in an interaction produces a com-
pound(s) that is released in the environment in ecologically
relevant quantities that negatively impacts the fitness of
other participants (the receivers); the effect presumably
benefits fitness of the donor. While the concept of allelop-
athy extends back to at least Theophrastus in the third
century B.C., who invoked this phenomenon as an explan-
atory mechanism of plant growth, abundance, or community
structure in natural systems, the concept has fluctuated in
popularity over time (see Willis, 2007 for review). Allelop-
athy often has been subjected to criticisms of ecological
relevance that other phenomena, such as resource competi-
tion, have not, thus explaining why it has fallen out of favor
during certain time periods. However, studies of allelopathy
in terrestrial systems have experienced a tremendous “re-
birth” in the last 20 years as interest has risen in describing
biochemical mechanisms responsible for structuring plant
communities, determining agricultural and forest productiv-
ity, and explaining invasive behaviors in introduced organ-
isms. More rigorous observational and experimental
approaches, along with better analytical techniques, have
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been brought to bear on this issue yielding better data. As a
result, allelopathy as a significant ecological phenomenon
has now become firmly entrenched in the literature, with
entire books and journals devoted to the topic (e.g., Reigosa
et al., 2000).

In terrestrial systems, much emphasis has been placed on
allelopathic interactions that have focused on direct effects
(e.g., toxicity) of putative allelochemicals on plant growth.
In addition to agriculturally-focused studies with plants like
wheat, rye, and sorghum (e.g., Belz, 2007), one of the more
famous examples of a wild plant with direct allelopathic
effects is walnut, Juglans nigra, which produces the allelo-
pathic compound juglone (Jose, 2002). This compound is
released into the soil in measureable quantities and is be-
lieved to be largely responsible for the depauperate plant
community around walnut trees. The emphasis of many
recent studies has been on allelopathic invasive plants, in-
cluding the herbs Centaurea stoebe (aka C. maculosa)
(Callaway and Ridenour, 2004), Solidago canadensis
(Abhilasha et al., 2008), and Alliaria petiolata (Prati and
Bossdorf, 2004), the shrubs Lonicera maackii (Dorning and
Cipollini, 2006) and Artemisia spp. (Lydon et al., 1997), and
the trees Ailanthus altissima (Small et al., 2010) and Euca-
lyptus spp. (Sasikumar et al., 2001). While debate continues
for some of these species (e.g., Duke et al., 2009; Bais and
Kaushik, 2010), field or laboratory studies that use growing
plants, field- or laboratory-conditioned soils, and tissue
extracts have revealed that these plants and the compounds
that they produce can have direct biochemical effects on
other plants in some situations. Early criticisms of the eco-
logical relevance of allelopathy, however, involving issues
with allelochemical production, stability, and degradation in
soils, lead to the contention that allelochemicals rarely reach
concentrations with meaningful direct effects in the field
due to microbial degradation (Willis, 2007). To understand
these dynamics, an understanding of the chemical ecology
of soils and the organisms it contains is of paramount
importance (Romeo, 2000; Inderjit, 2005). This concern
has been increasingly incorporated in studies of allelopathy
(Kaur et al., 2009), and is being increasingly appreciated as
an essential predictor of the outcome of allelopathic
interactions.

The soil microbial community is diverse, and its composi-
tion varies greatly in space and time. Among the more impor-
tant types of soil biota with relevance to allelopathy are the
many free-living and symbiotic bacteria and fungi that are
found in the plant rhizo- and mycorrhizosphere (Johansson et
al., 2004, Fig. 1). The presence of a live soil microbial com-
munity can greatly modify allelopathic effects of some plants,
and sometimes beneficial microbes themselves appear to be
directly negatively affected by allelopathic compounds
(Table 1). It is widely known that plant species will culture
somewhat specific microbial populations in their rhizospheres

that have subsequent feedbacks on conspecific and heterospe-
cific individuals grown in the same soil. This effect can be due
to such factors as the amount and form of carbon and other
nutrients that the plant provides to the soil, but is also due to
allelochemicals with direct positive and negative effects on
microbes (Reinhardt and Callaway, 2006). In this review, we
examine cases where microbes are directly affected by allelo-
pathic plants leading to indirect effects on competing plants,
provide examples where microbes either protect plants from
allelopathic competitors or enhance allelopathic effects, and
provide examples where soil microbial communities have
changed through time in response to allelopathic plants with
potential effects on plant communities. We focus primarily on
interactions involving wild plants in natural systems, exploiting
the emerging literature on invasive plants, while providing
selected examples from studies on agricultural plants in man-
aged systems. We use the term “microbe” throughout to refer to
both bacteria and fungi.

Allelopathic Effects on Beneficial Microbes

From an ecological and evolutionary perspective, allelo-
pathic effects of plants on soil microbes may have indirect
effects on competing plants that are just as important as
direct effects. Such effects on soil microbes could arise from
direct selection for this effect, or could be a side-effect of
allelochemicals selected for their phytotoxic effects. Either
way, effects on the microbial community on which compet-
ing plants rely for nutrient and water uptake, nutrient cy-
cling, and other services, could promote fitness of an
allelopathic plant as long as it does not harm itself in the
process. This possibility is exemplified by allelopathic
plants that inhibit mutualistic bacteria or fungi that other
plants require for optimal growth, but that the donor plant
does not require. It is also likely most apparent in environ-
ments lacking an evolutionary history with the allelopathic
plant and the allelochemicals that it produces (Callaway and
Ridenour, 2004).

Mycorrhizal Fungi as Targets of Allelopathic Effects One
well-studied example of the effect of an allelopathic plant on
mutualistic microbes is that of the widespread Eurasian
invader, Alliaria petiolata (Alliaria), on arbuscular and ecto-
mycorrhizal fungi (AMF and EMF; Fig. 1). This plant
belongs to the family (Brassicaceae) well-known for its lack
of association with mycorrhizal fungi (Shreiner and Koide,
1993). This may contribute to the ability of plants from this
family to be rapid colonizers of disturbed habitats world-
wide where depauperate mycorrhizal communities could
limit colonization by mycorrhizal-dependent plants. How-
ever, it also permits plants from this family to inhibit my-
corrhizal fungi of neighboring plants without the possibility
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Fig. 1 Sources of
alleochemical inputs and routes
of transport (red arrows) and
microbes that are targets and
mediators of allelopathy in
plants (grey boxes) Uy
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of harming themselves in the process, which might provide
them with a competitive advantage. Studies of the biochem-
ical basis of the effect have focused historically on the
glucosinolates, a class of compounds produced by Brassica-
ceous plants that have been proposed as a mechanism of
resistance to either pathogenic or beneficial fungi (Shreiner
and Koide, 1993). Vaughn and Berhow (1999) first raised
the possibility that allyl isothiocyanate (AITC) and benzyl
isothiocyanate (BzITC), toxic degradation products of the
two major glucosinolates that Alliaria produces, sinigrin and
glucotropaeolin, respectively, could have effects on mycor-
rhizal fungi. Roberts and Anderson (2001) revealed this
potential when they showed that aqueous leaf extracts of
Alliaria could inhibit spore germination of AMF in addition
to having some direct effects on plant performance in labo-
ratory studies. Alliaria density in the field also negatively
correlated to mycorrhizal inoculum potential of field soils.
Stinson et al. (2006) followed these studies by showing that
tree seedlings exposed to aqueous Alliaria extracts or Allia-
ria-conditioned soils had reduced AMF infection rates, with
indirect negative effects on growth. Wolfe et al. (2008) later
showed similar effects of Alliaria on EMF of pine trees in
the field. Callaway et al. (2008) demonstrated that the extent
of allelopathic effects of Alliaria depended on the degree of
mycorrhizal dependence of target plant species, and that the
allelopathic effects of Alliaria on AMF spore germination
and infection rates had a biogeographical basis. Specifically,
AMF from soils lacking an evolutionary history with Alliaria
were more susceptible to allelopathic effects of its extracts,
supporting predictions of the “Novel Weapons Hypothesis”
(Callaway and Ridenour, 2004). Moreover, they showed that
both glucosinolate and flavonoid-enriched extracts of Alliaria
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leaves were partly responsible for allelopathic effects on AMF
spores, and that this mixture worked synergistically to inhibit
spore germination in Alliaria-naive soils. Koch et al. (2011)
later showed that this combination of allelochemicals from
leaves could inhibit colony growth of a single AMF species in
vitro. Lankau et al. (2009) showed that allelopathic potential
of Alliaria appeared to decline with the age of the population,
which correlated with declining root glucosinolate levels with
population age. In turn, Barto et al. (2012) showed that AMF
infection rates of sugar maple were reduced and AMF com-
munity composition was affected by the presence of Alliaria
in the field, an effect most noticeable in an area with a
presumably younger population of Alliaria. Lankau (2011a)
showed that effects of Alliaria populations on mycorrhizal
richness and community structure in the rhizosphere of Quer-
cus rubra were correlated with concentrations of glucosino-
lates and the hydroxynitrile glucoside, alliarinoside, in their
roots. Importantly, as Alliaria pushed mycorrhizal community
structure increasingly away from the native condition, growth
of Q. rubra and another native tree increasingly declined.
However, correlations with Alliaria population age were not
as apparent.

While studies like Callaway et al. (2008) attempted to
expose AMF to ecologically realistic concentrations of pu-
tative allelochemicals from Alliaria through soil condition-
ing or extract dilution, one missing link from these studies
was the assessment of field concentrations of putative alle-
lochemicals. Barto and Cipollini (2009b) were unable to
extract glucosinolates from field soils under Alliaria, but
did detect some potentially bioactive flavonoid derivatives
through biomimetic extraction that were related to those that
showed negative effects on AMF. However, half lives of
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Table 1 Examples of cases where microbes of different taxonomic groups are the target of allelopathic effects, experience community shifts, and

degrade or enhance allelopathic effects of plants

Plants involved Type of microbe Identity Reference
Targets of Allelopathy

Centaurea stoebe PGPR?* mixed® Pollock et al., 2011

Polygynum avuncular PGPR Azotobacter spp. Alsaadawi and Rice, 1982

Polygynum avuncular Rhizobacteria Rhizobium spp. Alsaadawi and Rice, 1982

Several weed species Rhizobacteria Bradyrhizaobium japonicum Mallik and Tesfai, 1988

Sysimbrium loeselii AMF® mixed Bainard et al., 2009

Alliaria petiolata AMF, EMF¢ mixed; Glomus intraradices e.g., Stinson et al., 2006;
Wolfe et al., 2008;
Callaway et al., 2008;
Koch et al., 2011

Brassica nigra AMF mixed Lankau et al., 2011

Allelochemicals Cause

Microbial Community Shifts

Alliaria petiolata AMF mixed Barto et al., 2012

Alliaria petiolata AMF and soil bacteria mixed Lankau, 2011b

Cunninghamia lanceolota Pathogenic fungi mixed Zhang, 1997

Oryza sativa mixed mixed Kong et al., 2008

Degraders of Allelopathic

Compounds
Cucumis sativus Fungus Trichoderma harzianum SQR-T037 Chen et al., 2011

Bambusa chungii, Pinus Gram negative bacteria

massoniana, Oryza sativa

Fungus
Enhancers of Allelopathy
Secale cereale Gram negative bacteria
AMF CMN®

Endophytic fungi

Herbaceous Plants

Festuca rubra

Lolium arundinaceum Endophytic fungi

Pseudomonas putida 4CD1 Zhang et al., 2010

Pseudomonas nitroreducens
Pseudomonas putida 4CD3
Rhodotorula glutinis

Chase et al. 1991
Barto et al., 2011

Vasquez-de-aldana
et al., 2011

Rudgers and Orr, 2009

Actinetobacter calcoaceticus
mixed
Epichloe festucae

Neotyphodium coenophialum

2 PGPR plant growth promoting rhizobacteria, ® mixed mixture of species, °AMF arbuscular mycorrhizal fungi, ¢ EMF ectomycorrhizal fungi,

¢ CMN common mycorrhizal network

most of these compounds were exceedingly short in non-
sterile field soils. In contrast, Cantor et al. (2011) were able
to detect AITC in field soils at levels that were sufficient to
inhibit a single AMF species in laboratory bioassays. This
was an important find, as Alliaria produces lower levels of
glucosinolates than many of its weedy relatives, and levels
also vary in concentration in leaves and roots through the
season (Vaughn and Berhow, 1999). If glucosinolates or
their degradation products are partly responsible for its
allelopathic effects, then they must generally work in low
concentrations and would be expected to vary in importance
throughout the season.

Despite the evidence that Alliaria or its extracts can affect
AMF spore germination, growth, infection rates, and com-
munity structure, some studies have not found major allelo-
pathic effects of Alliaria on these variables. For example,

Burke (2008) found little effect of Alliaria presence on
either AMF infection rates of three forest herbs or AMF
community structure in a field study. Barto and Cipollini
(2009a) and Barto et al. (2010a) showed direct effects of
Alliaria extracts on germination and growth of Impatiens
pallida in pots or in glass chambers, but no effect on AMF
infection rates if the 1. pallida plants were colonized before
exposure to Alliaria extracts (Barto et al., 2010a). Despite
finding direct effects of Alliaria extracts on AMF colony
growth, Koch et al. (2011) found little effect of Alliaria on
AMEF species richness or community structure in a pot study
with field soils. Lankau (2011b) showed that effects of
Alliaria on AMF community composition in the field appear
to change with the age of Alliaria populations, showing
declines in AMF species richness and shifts in community
structure as you move from young to medium-aged
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populations, followed by a rebound in richness and in the
number of Alliaria-sensitive AMF species in older popula-
tions of Alliaria. Thus, different conclusions about the effect
of Alliaria on mycorrhizae and subsequent indirect effects
on plant competitors can be reached at different field sites
that could be related to variation in “toxicity” of particular
Alliaria populations (Lankau, 2011b).

From these studies, ecologically important effects of
Alliaria on AMF (and possibly EMF) in the field seem
clearly possible, but the magnitude of these effects depends
on plant density, age, and allelopathic potential of the Allia-
ria population, the evolutionary history of the soils and its
AMF community with Alliaria, the dependence of target
plants on AMF, and the timing of exposure to Alliaria
during the development of mycorrhizal symbioses. While
declines in AMF infection rates of native species would
seemingly have negative fitness effects, it is not always clear
that changes in AMF community composition, when seen,
will necessarily have negative effects on competing plants
(but see Lankau, 2011a). Providing additional support for
potentially important allelopathic effects are reports of the
impact of other weedy Brassicaceous species on mycorrhi-
zae, including that of Brassica nigra (Lankau et al., 2011)
and Sysimbrium loeselii (Bainard et al., 2009), but none of
these cases have been as fully developed as that of Alliaria,
and may be subject to the same limitations that intensive
study of this species has revealed. The role of glucosinolates
in effects of Brassicaceous species on mycorrhizae also
remains to be fully elucidated. By taking advantage of
several glucosinolate-containing, but mycorrhizal species,
along with several non-mycorrhizal Brassicaceous species,
Vierheilig et al. (2000) found that gluconasturtin (2-phenyl-
ethylglucosinolate) was the only glucosinolate that could
consistently be associated with non-mycorrhizal status in
these plants. Glucotropaeolin, a major glucosinolate in
Alliaria, was found in mycorrhizal species, was induced to
increase in both non-hosts and hosts by mycorrhizal inocu-
lation, and variation in its concentration in roots was unre-
lated to variation in mycorrhizal status (Ludwig-Muller et
al., 2002). Since Alliaria produces insignificant quantities of
gluconasturtin, if any, that seems to leave sinigrin and AITC
as the leading candidates if glucosinolates are involved in
allelopathic suppression of AMF by Alliaria. However, a
mechanism involving other chemical weapons of Alliaria
could be important, including flavonoids and their glycoside
derivatives, alliarinoside and other hydroxynitrile gluco-
sides, and cyanide (Callaway et al., 2008; Barto et al.,
2010b; Lankau, 2011b; Frisch and Moller, 2012). Phenolics
common in litter and humus, for example, have been shown
to have both direct effects on plants and to affect mycorrhi-
zal physiology (e.g., Boufalis and Pellisier, 1994). While
certain flavonoids can be stimulatory to AMF, some isolated
flavonoids that Alliaria contains, such as apigenin, inhibit
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AMF spore germination and hyphal growth (Becard et al.,
1992), in addition to having some direct phytotoxic effects
(Cipollini et al., 2008). When it occurs, allelopathic inhibi-
tion of mycorrhizae is likely multifaceted, and is not yet
fully understood even in a system as well studied as Alliaria.

Beneficial Bacteria as Targets of Allelopathy Other types of
mutualistic microbes, including free living and symbiotic
rhizobial bacteria, can differentially benefit plants and be
affected by allelopathic plants (Fig. 1). As for mycorrhizal
fungi, the ability to inhibit symbiotic rhizobia could provide
allelopathic plants an advantage when in competition with
plants that benefit strongly from these mutualists. This pos-
sibility has been studied extensively in weedy plants of
agricultural systems because of the importance of nitrogen-
fixing nodulating rhizobia to the success of Leguminous
crop species. Using one such system, Mallik and Tesfai
(1988) showed that shoot extracts of several weed species,
including Chenopodium album, Cyperus esculentus, and
Helianthus annuus, not only had direct effects on soybean
(Glycine max) seed germination and seedling growth, but
also severely reduced or eliminated nodulation by Bradyr-
hizobium japonicum. Effects of extracts were dose depen-
dent, however, being stimulatory at lower concentrations in
some cases. In that study, Polygynum pennsylvanicum was
found to have little effect on B. japonicum, but Alsaadawi
and Rice (1982) found that extracts containing phenolic
glycosides of Polygynum avuncular had direct effects on
germination and growth of Chenopodium album, and
inhibited some nitrogen-fixing strains of Rhizobium in both
the lab and the field. Sasikumar et al. (2001) showed that
phenolic-containing extracts of several Eucalyptus species
used in agroforestry inhibited seed germination and growth
of Cajanus cajan, and could also inhibit nitrogenase activity
in already nodulated roots of this legume. In a rare study on
a wild system, Larson and Schwartz (1980) exposed black
locust (Robinia pseudoacacia) and red clover (Trifolium
pratense) seedlings to litter from several old field species,
including Solidago altissima, and found that nodulation and
nitrogen fixation rates generally declined at high litter expo-
sures in parallel with declines in growth of these species. On
the other hand, R. pseudoacacia (like some other legumes)
has been examined for its own direct allelopathic effects
(Nasir et al., 2005) and for its ability to associate with a wide
variety of nodulating rhizobia across its native and invasive
range (Callaway et al., 2011). This suggests that some
nodulating bacteria are susceptible to allelochemicals from
some plants, but either evade or suppress those of its host.
This appears to be true for mutualistic fungi, like Pirifor-
maspora indica, that act as beneficial endophytes in roots of
a wide variety of plants including those of the Brassicaceae
that do not form mycorrhizal associations (Jacobs et al.,
2011). In summary, while the potential ecological effects
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of a variety of weedy plants on nodulating rhizobia have
been documented, most of the studies have involved plants
in managed systems. No cases of the inhibition of nodulat-
ing rhizobia by allelopathic plants have been as thoroughly
examined as the interaction of some allelopathic plants, like
Alliaria, with mycorrhizae.

Other beneficial soil bacteria, like the Plant Growth Pro-
moting Rhizobacteria (PGPR), also may be affected by
allelopathic plants (Fig. 1). The PGPRs include strains of
many species of free-living bacteria, such as Pseudomonas
Sfluorescens, Bacillus subtilis, and other species, that associ-
ate with the roots of plants providing benefits to some of
them in the form of enhanced growth and disease resistance
(Kloepper et al., 2004). Although much less studied in this
regard than nodulating rhizobia, Alsaadawi and Rice (1982)
found that extracts containing phenolic glycosides of Poly-
gynum avuncular that affected nodulating Rhizobium strains
could also negatively affect free living nitrogen fixing
strains of Azotobacter, a PGPR. A range of free living
bacterial species, some of them possibly PGPRs, were
inhibited at both the population and community level by
(£) catechin, a putative allelochemical from Centaurea
stoebe (Pollock et al., 2011). In some cases involving free
living bacteria, allelopathic effects have been reported at the
community or ecosystem level, with often unknown conse-
quences. Like its effect on mycorrhizal species richness and
community structure, Lankau (2011a, b) showed that spe-
cies richness and structure of the bacterial communities
associated with Alliaria populations varied with the age
and allelopathic potential of the invasive population, with
unknown consequences for competing plant performance.
Often, a known microbially-associated ecological function,
like nitrogen mineralization rate or decomposition rate, has
been shown to respond to an allelopathic plant without an
examination of the microbial community itself (Ehrenfeld,
2003). Even some microfauna with important ecosystem
functions can be affected by allelochemicals. When incor-
porated into soils, benzyl isothiocyanate (BzITC) from
Brassicaceous cover crops not only has a pest and
pathogen-resistance function (Brown and Morra, 1997),
but also deleteriously affects the springtail (Folsomia fime-
taria), a beneficial soil-dwelling micro-arthropod that plays
a significant role in soil organic carbon and nutrient cycling
(Jensen et al., 2010). For free-living bacteria and other soil
biota that perform important ecological functions and lack a
tight association with particular species, however, it is more
difficult to argue that negative allelopathic effects on them
could occur without harm to the allelopathic plant itself.
Species vary, however, in their response to PGPRs and other
organisms, including, presumably, the allelopathic plants
themselves. Furthermore, some species of free living bacte-
ria that have growth-promoting properties can also exhibit
allelopathic effects (Barazani and Friedman, 2001), thus

indicating why it is sometimes difficult to determine the
identity of the allelochemical donor in allelopathic
interactions.

In summary, evidence is accumulating that microbial
mutualists in soils, such as mycorrhizal fungi or nodulating
bacteria, can be the target of allelopathic effects by plants.
Such effects may give allelopathic plants a competitive
advantage when competing with sensitive species, especial-
ly those highly dependent on symbiotic microbes. While
free living microbes that confer either fitness-enhancing
effects on individual plants or play broader ecological roles
also may be subjected to allelopathic effects, these effects
are less likely to be the result of specific targeting, and are
less clearly beneficial for the allelopathic plant that would
also benefit from ecosystem services of such microbes.

Microbial Protection from Allelopathy

Microbial Degradation of Allelochemicals Microbes play
an important role in limiting allelopathic effects in natural
environments, as has been demonstrated in numerous stud-
ies that compare effects in sterile and non-sterile environ-
ments. One of the first demonstrations of this phenomenon
used an indirect approach, incubating leaves of Gmelina
arborea for varying times before adding corn seeds to
conduct a germination bioassay (Hauser, 1993). When mi-
crobial degradation of leaf material was allowed to occur for
14 days before bioassays took place, the germination rates
were significantly higher, suggesting that microbes degrad-
ed the allelopathic compounds. More direct demonstrations
followed with Heisey (1996) showing that ailanthone from
Ailanthus altissima inhibited cress radicle growth more in
sterile soil than in non-sterile soil. More recent work has
demonstrated this phenomenon for other trees, as well as
herbaceous plants and grasses producing a range of allelo-
pathic compounds (Fernandez et al., 2008; Kaur et al., 2009;
Rudgers and Orr, 2009; Zhu et al., 2011). Mechanisms by
which microbes reduce allelopathic effects include degrada-
tion of allelochemicals, increasing tolerance of target plants to
allelopathic effects, and altering phytochemical profiles of
allelopathic plants to reduce production of allelochemicals.
Microbial degradation is the reason most often given to
explain microbial reductions of allelopathic effects, and it
has been demonstrated in studies that have found increased
growth of bioassay plants along with reduced recovery of
allelochemicals under non-sterile conditions (Inderjit and
Foy, 1999; Chiapusio and Pellissier, 2001; Inderjit et al.,
2010). As expected, recovery of many allelochemicals such
as phenolic acids, saponins, isothiocyanates, and flavonoid
glycosides spiked into soils is greater in sterile than non-
sterile soils (Blum et al., 1994; Okumura et al., 1999;
Weidenhamer and Romeo, 2004; Furubayashi et al., 2005;
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Barto and Cipollini, 2009b; Chen et al., 2011). More sur-
prising is the range of half-lives found for specific com-
pounds in non-sterile soils. Measured half-lives of
benzylglucosinolate range from 6 hours to 9 days (Gimsing
et al., 2006, 2007); for 2-benzoxazolinone from 12 h to
30 days (Macias et al., 2004; Understrup et al., 2005); and
for p-coumaric acid from 5 to 30 days (Blum et al., 1994;
Pue et al., 1995). Factors that contribute to this variation
include different degradation capabilities of microbial com-
munities in different soil samples, abiotic soil characteristics
such as pH (Gimsing et al., 2007; Johansen et al., 2007), the
starting concentration of the allelochemical (Understrup et
al., 2005; Kong et al., 2007; Gimsing et al., 2009), and the
identities and concentrations of other organic compounds
present in the soil (Blum et al., 1993; Pue et al., 1995; Blum,
1998; Macias et al., 2004). Half-lives are often modeled by
using first-order kinetics, which implicitly states that the
half-life is independent of starting concentration. This holds
true for the portion of degradation driven by microbial
enzymes, but the regular deviation of actual data from this
model shows that microbial degradation sometimes operates
under very limited conditions. Below a lower threshold,
there may not be enough of the allelochemical to induce
production of enzymes necessary for degradation, while
toxicity of the compounds may limit microbial growth
above an upper threshold (Macias et al., 2004). Further
complicating matters is the fact that the lower threshold
can increase if other organic compounds that are easier to
digest are also present in the soil. The half-life of p-couma-
ric acid increased in the presence of glucose, thus demon-
strating sequential carbon utilization where the energy rich
glucose was degraded before p-coumaric acid (Pue et al.,
1995). Phenylalanine and p-hydroxybenzoic acid also in-
creased the half-life of p-coumaric acid, presumably through
sequential carbon utilization as well (Pue et al., 1995).
Allelochemical half-lives also can be increased by competi-
tion for degradative enzymes, and this was suggested as the
mechanism behind the increased half-lives of two benzox-
azinoids added to soil simultaneously (Macias et al., 2004).
The importance of microbes in the degradation of allelo-
chemicals is clear, and amazing progress is being made in
understanding how interactions between allelochemicals
and biotic and abiotic components of the soil matrix affect
degradation.

Microbial Enhancement of Plant Tolerance to Allelochemi-
cals Much of the reduction in allelopathic effects by
microbes appears to be due to degradation of allelochemi-
cals, but microbes also may increase plant tolerance of
allelochemicals without actively degrading the offending
compounds. Extracts of Empetrum hermaphroditum re-
duced nitrogen uptake in Paxillus involutus and Pinus syl-
vestris plants colonized by ectomycorrhizal fungi to one
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third that seen in controls, but nitrogen uptake in uncolon-
ized plants was reduced to a tenth of the level seen in
controls (Nilsson et al., 1993). Arbuscular mycorrhizal fungi
also appear able to increase tolerance of plants to allelo-
chemicals such as benzoxazinoids (Dzafi¢ et al., 2010) and
glucosinolates and flavonoid glycosides (Barto et al., 2010a,
b). Arbuscular mycorrhizal fungal spores are sensitive to
allelochemicals produced by Alliaria (Callaway et al.,
2008), as are AMF cultures in vitro (Koch et al., 2011),
demonstrating that the fungus is not broadly tolerant of
these allelochemicals. The North American native herba-
ceous plant, Impatiens pallida, also is sensitive to Alliaria
allelochemicals, suffering reduced germination and growth
when not associated with AMF. However, plants colonized
by AMF grew similarly to controls, and had similar coloni-
zation levels when AMF were added to the system before
allelochemicals (Barto et al., 2010a, b). Since the fungi were
sensitive when not associated with the plant, it seems un-
likely that they can degrade these allelochemicals on their
own. It remains unclear whether the fungus increases plant
tolerance, or whether both partners provide enzymes neces-
sary for the degradation of these allelochemicals and that the
complete pathway only exists in mycorrhizal plants. Sym-
biotic degradation of an allelochemical has been demon-
strated by the degradation of the benzoxazinoid BOA by
Zea mays only when colonized by a Fusarium endophyte
(Knop et al., 2007). Interestingly, Fusarium growing in pure
culture can initiate BOA breakdown (Yue et al., 1998), but
when growing as an endophyte it will only produce
enzymes for the later stages of BOA degradation, and it
relies on its plant host to perform the first step (Knop et al.,
2007). The increased tolerance of allelochemicals by plants
colonized with AMF is less likely to be due to degradation
of the allelochemicals by the fungus because the only car-
bon used by these fungi is provided by their plant hosts in
the form of hexoses; the fungi are not thought to take up
other carbon sources from the environment (Smith and
Read, 2008). These fungi often improve plant nutrition
and most likely increase tolerance of the plant to stresses
such as exposure to allelochemicals by making it easier for
stressed plants to recover.

Microbial Effects on Plant Allelochemical Production Mic-
robes, such as foliar fungal pathogens (Fig. 1), also can
reduce allelopathic effects by modifying the phytochemical
profile of the allelopathic plant to reduce production of
allelochemicals. Ageratum conyzoides infected with Erysi-
phe cichoracearum (powdery mildew) was less allelopathic
on other herbaceous plants than uninfected plants, despite
the fact that production of many volatiles was induced by
infection (Kong et al., 2002). This result highlights the
complexity of synergistic reactions among allelochemicals
because many of the volatiles that were induced by E.
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cichoracearum infection were allelopathic when applied
alone (Kong et al., 1999). Although higher total amounts
of volatile compounds were produced in infected plants, the
mix of compounds was altered, and the concentration of
precocene I declined significantly (Kong et al., 2002), sug-
gesting that this compound may be especially important in
the allelopathic effect of 4. conyzoides. Infection by Erysi-
phe cruciferarum, a powdery mildew fungus that infects
Alliaria, reduced the belowground competitive effects of
Alliaria on a native herbaceous plant (Cipollini and Enright,
2009). Virulent strains of this fungus induce some general-
ized defense responses in leaves of Alliaria (Enright and
Cipollini, 2011), but the profiles of putative phytochemicals
involved in allelopathy belowground have not been com-
pared between infected and uninfected individuals.

In summary, allelopathic effects can be greatly re-
duced by free-living soil bacteria and fungi, as well as
by symbiotic and endophytic bacteria and fungi. These
microbes act directly by degrading the allelopathic com-
pound, and indirectly by increasing target plant toler-
ance of allelopathic effects and reducing production of
allelochemicals by allelopathic plants. Going forward,
future work should incorporate realistic microbial com-
munities into experimental tests of allelopathy in order
to better understand how microbes modify allelopathic
effects. Important allelopathic effects in the field would
appear to require that microbial protection mechanisms
be overcome, and are perhaps restricted to areas with a
limited history with the allelopathic plant.

Microbial Enhancement of Allelopathy

While the importance of abiotic soil factors with respect to the
alteration and influence of allelochemicals cannot be stressed
enough (Inderjit et al., 2010), microbial transformations and the
general role of microbes with respect to allelochemicals clearly
plays a major role in influencing allelopathic effects (Inderjit,
2005). In addition to detoxifying allelochemicals through deg-
radation, however, soil microbial communities also have been
shown to degrade toxic compounds into more toxic products
(e.g., Gagliardo and Chilton, 1992) and to degrade relatively
innocuous substances into toxic products. Allelopathic plants
can modify plant-microbe interactions, resulting in increased
allelopathic effects through increasing the sensitivity of target
plants to pathogens and favoring growth of pathogenic or
parasitic microbes. In addition, microbial communities can
affect the allelopathic potential of a species or system in a more
indirect way, such as the case of endophytic fungi that can
stimulate allelochemical production by their host plants. Final-
ly, networks of mycorrhizal fungi can distribute the toxic alle-
lochemicals throughout plant communities, broadening their
sphere of influence (Barto et al., 2011).

Increases in Allelochemical Toxicity through Microbial
Degradation One of the more well-studied examples of
the phytotoxicity of an allelochemical increasing through
microbial modification comes from cereals in the Grami-
neae with consequences in agriculture, but also from plants
in the Acanthaceae, Ranunculaceae, and Scrophulariaceae
families. Many cereals produce the hydroxamic acids 2,4-
dihydroxy-7-methoxy-1,4-benzoxazin-3(4 H)-one (DIM-
BOA) and 2,4-dihydroxy-1,4-benzoxazin-3(4 H)-one
(DIBOA) (Niemeyer, 1988; Baumeler et al., 2000). The
benzoxazolinones 6-methoxy-2-benzoxazolinone (MBOA)
and 2-benzoxazolinone (BOA), interestingly enough, are
the degradation products of DIMBOA and DIBOA, respec-
tively (Fomsgaard et al., 2006). MBOA and BOA have been
shown to be further transformed into 2-amino-7-methoxy-3
H-phenoxazin-3-one (AMPO) and 2-amino-3 H-phenoxa-
zin-3-one (APO), respectively (Understrup et al., 2005).
Gents et al. (2005) were able to demonstrate that the degra-
dation of BOA to APO was concentration-dependent with
low soil concentrations (400 pg kg™ ") yielding only one
unidentified transformation product, while higher soil con-
centrations (400 mg kg ') yielded eight distinct transforma-
tion products, one of which was confirmed as APO in
accordance with Gagliardo and Chilton (1992). APO has
been shown to be more biologically active than BOA
(Gagliardo and Chilton, 1992) including higher phytotoxic-
ity and increased toxicity towards beneficial soil organisms
and fungi (Gents et al., 2005). Gents et al. (2005) suggest
that BOA is only toxic to microorganisms at higher concen-
trations and, therefore, microbes may convert BOA into
APO and several other products thus ameliorating toxic
conditions, thereby increasing phytotoxicity.

Allelopathic effects can be enhanced by microbial mod-
ification even when the parent compound is otherwise in-
nocuous, with implications for plant invasions. Bains et al.
(2009) found that exotic populations of Phragmites aus-
tralis contained higher concentrations of the non-toxic gal-
lotannin in their rhizospheres than native populations. These
authors concluded that the invasiveness of the exotic P
australis can be partly explained by the increased levels of
gallotannin that are degraded by native microbial and native
plant communities into gallic acid, a much more biological-
ly active and phytotoxic compound. Native plant and soil
communities produce greater amounts of tannase, the en-
zyme responsible for hydrolyzing gallic acid from gallotan-
nin, with greater activity than exotic P. australis plants.
Therefore, it appears that P. australis exudes a relatively
benign substance and relies on the surrounding microbial
and plant communities to degrade it into a noxious com-
pound, effectively freeing space (Bains et al., 2009) for
further P. australis colonization. It is likely that gallic acid
is further broken down to form even more phytotoxic prod-
ucts (Weidenhamer and Romeo, 2004), although it is
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unknown what role soil microbes play in this process. The
findings reported by Bains et al. (2009) offer an interesting
perspective on the Novel Weapons Hypothesis (Callaway
and Ridenour, 2004; Callaway et al., 2008) in that a com-
mon compound that is produced at higher levels by an
invasive plant genotype is “weaponized” by native soil
microbial communities.

Microbial Infection and Realized Allelopathic Effects Indir-
ect effects of allelopathic compounds include effects on
microbial resistance of competitors. Voll et al. (2004)
reported that extracts of Brachiaria plantaginea inhibited
seed germination and root lengths of the two weed species,
Commelina benghalensis and Acanthospermum hispidum.
Interestingly, addition of B. plantaginea extracts to C. ben-
ghalensis seeds elevated levels of endophytic fungal infec-
tions and lowered germination rates. This study reveals the
possible indirect allelopathic interaction that results when
exposure to noxious chemicals enhances susceptibility of
competing plants to microbial pathogens. Allelopathic
plants in the Brassicaceae, especially Brassica napus, may
also stimulate soil populations of plant pathogens like
Pythium (Hoagland et al., 2008), which are expected to
reduce the growth of surrounding plants. Mycorrhizal asso-
ciations also can be modified by allelopathic plants, as
shown for Molinia caerulea, which appears to limit growth
of an efficient ectomycorrhizal symbiont in Picea abies
roots while stimulating growth of a more parasitic symbiont
instead (Timbal et al., 1990). It remains to be seen how the
spread of invasive plants is enhanced by the allelopathic
modification of microbial interactions with native plants.
Endophytic fungi also have been shown to enhance the
allelopathic potential of plants, possibly by producing allelo-
chemicals for their plant hosts or by stimulating allelochem-
ical production (Fig. 1). Pyrrolizidine alkaloids were produced
by Festuca only when infected by an endophyte (Malinowski
et al., 1999), and are likely produced by the endophytes and
provided to the plants. A similar mechanism may be behind
the results of Vasquez-de-Aldana et al. (2011), who showed
that root exudates of red fescue (Festuca rubra) had a greater
inhibitory effect on the germination and seedling growth of
four target species when infected with a fungal endophyte,
Epichloé festucae. Endophyte infection can be beneficial to
the host plant with respect to many factors including increased
resistance to drought, salt stress, nematodes, mammalian and
insect herbivores, and bacterial and fungal pathogens (Kim-
mons et al., 1990; Li et al., 2009; Ownley et al., 2010;
Sabzalian and Mirlohi, 2010; Miranda et al., 2011; Rocha et
al., 2011). Rudgers and Orr (2009), however, were able to
show that soils conditioned by non-native tall fescue (Lolium
arundinaceum) that was infected by the fungal endophyte,
Neotyphodium coenophialum, were able to reduce the bio-
mass of Elaeagnus umbellata, Fraxinus pennsylvanica, and
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Platanus occidentalis. This reduction in biomass was apparent
only in live soil treatments suggesting that above and below-
ground microbial interactions are important in this system.

Microbial Enhancement of Allelochemical Distribution The
existence of mycorrhizal networks may enhance allelopathic
effects of plants, especially if the mycorrhizae themselves
are insensitive to the allelochemicals. Despite early evidence
that the invasive forb Centaurea stoebe was more allelo-
pathic towards Festuca idahoensis when mycorrhizal than
when un-colonized (Marler et al., 1999), it does not appear
that C. stoebe was parasitizing F. idahoensis by drawing
carbon through the mycorrhizal network (Zabinski et al.,
2002). In this specific case, Zabinski and coworkers attrib-
uted the invasiveness of C. stoebe to its ability to outcom-
pete native grasses with respect to exploiting mycorrhizal
relationships more effectively, and, therefore, being better
able to capture resources from soil. More broadly, Barto et
al. (2011), suggest that common mycorrhizal networks fa-
cilitate the transfer of allelochemicals from donor to target
plants. In two separate experiments, these authors showed
enhanced accumulation of an herbicide, imazamox (repre-
senting a hydrophilic allelopathic compound), in tissues of
target plants (Zea mays) connected to the dosing site by a
common mycorrhizal network. In order to eliminate con-
cerns about the application of compounds in unrealistic
amounts as well as simulating a natural donor-target plant
system, these authors also used the allelopathic Tagetes
tenuifolia which exudes hydrophobic phytotoxic thiophenes
from its roots. Again, allelochemical concentrations in soils
were significantly greater and target plant biomass lower
with common mycorrhizal networks present. Transfer of
plant available P was not a factor in these experiments
(Barto et al.,, 2011), in contrast to the results found by
Zabinski et al. (2002). Barto et al. (2011) was the first study
to clearly demonstrate the role that soil communities can
have with respect to the amplification and expansion of
plant-plant allelopathic effects and in light of these findings,
future allelopathy studies must incorporate these principles
and control for the effects of common mycorrhizal networks.

Though not the specific subject matter of this review, it is
worth mentioning studies such as Meier and Bowman (2008)
that showed that certain allelochemical fractions of Acomastylis
rossii increased soil respiration, reduced Deschampsia caespi-
tosa growth, and reduced D. caespitosa N concentrations. The
explanation these authors offered was that the availability of
labile sources of C stimulated microbial activity, which, there-
fore, reduced the availability of N to D. caespitosa. This is an
indirect way in which microbial processing of soil C sources
can indirectly mimic allelopathic effects, but does not neces-
sarily require “toxic” allelochemicals to be present. For a re-
view of the ecosystem function and biogeochemistry in plant
invasions, see Weidenhamer and Callaway (2010).
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Mechanisms by which microbes can enhance allelopathic
effects may be at least as important in community dynamics
(i.e., plant invasions), as the mechanisms described above
where microbes reduce allelopathic effects. The importance
of these alternative mechanisms likely varies in different
systems, and specific research is needed to understand
how these opposing mechanisms interact in the field.

Conclusions and Outlook

Allelopathy has been an increasingly popular topic of study
for the past 50 years, with almost 4000 articles indexed by ISI.
Microbes have been included in these studies only in the past
30 years, and fewer than 300 publications have been indexed
by ISI in that time. Within this short period, much progress has
been made towards understanding how microbes act as targets
and mediators of allelopathy in plants. Allelopathic inhibition
of beneficial microbes such as mycorrhizal fungi, rhizobia,
and plant growth promoting rhizobacteria also indirectly lim-
its growth of the plants hosting those microbes. Microbes
whose growth is not directly affected by allelochemicals still
often mediate effects of those compounds on other plants,
both reducing and increasing allelopathic effects. Reductions
in allelopathic effects occur through several mechanisms that
include microbial degradation of allelochemicals, an increas-
ing tolerance of colonized plants to the stress of exposure to
allelochemicals, and the modification of the phytochemical
profiles of allelopathic plants that reduces allelochemical pro-
duction. Increases in allelopathic effects also can be driven by
microbial degradation of natural products when the products
of degradation are more toxic than the parent compounds,
through modifications of plant microbe interactions, and by
microbial induction of allelochemical production by plants.
Furthermore, bioactive zones of allelochemicals are increased
in soils with intact arbuscular mycorrhizal fungal networks,
which seem to serve as ‘highways’ for allelochemical move-
ment directly from donor to target plants.

It is becoming increasingly apparent that the degree
and direction of microbial mediation of allelopathy will
not remain constant through time. Much of the research
on allelopathy in natural systems is focused on invasive
plants, which are usually non-native species. The Novel
Weapons Hypothesis posits that non-native invasive
plants are more able to exert allelopathic effects on
naive plants in the invaded range because the invader
and the native plants do not share a co-evolutionary
history (Callaway and Ridenour, 2004). This same logic
can be applied to naive microbes in invaded ranges
because they are less likely to have evolved mecha-
nisms to degrade allelochemicals or affect allelochemi-
cal production than microbes in the native range of
invaders. As microbes become more adapted to both

the novel weapons and the non-native plants producing
them, allelopathic effects are likely to decrease in some
cases, but increase in others. Beneficial microbes that
are sensitive to allelochemicals will likely develop re-
sistance over time, and the indirect inhibitory effects on
the plants associating with them will, therefore, decline.
Likewise, microbes that act to reduce allelopathic effects
by degrading allelochemicals will likely become more
efficient as they adapt to the novel allelochemicals
(Blum and Shafer, 1988; Walker and Welch, 1991).
Conversely, microbial enhancement of allelopathic
effects through increased toxicity of microbial degrada-
tion products is predicted to increase as the time since
invasion increases. Microbial reduction of allelopathic
effects through increased tolerance of the target plant
is unlikely to change through time if the microbes are
not sensitive to the allelochemicals, but could increase
as native microbes develop resistance to any inhibitory
effects of the allelochemicals.

Effects of time since invasion on microbial modification
of the phytochemical profile of non-native allelopathic
plants are more difficult to predict. Production of allelo-
chemicals by Alliaria appears to decline with time since
invasion (Lankau et al., 2009), but it is unclear what role
microbes play in this reduction. Arbuscular mycorrhizal
fungal communities in areas invaded by Alliaria are begin-
ning to shift away from those found in uninvaded areas
(Burke, 2008; Lankau, 2011b; Barto et al., 2012). Bacterial
communities are not always affected by 4. petiolata inva-
sion (Burke and Chan, 2010), but where microbial commu-
nities are affected, resistance to Alliaria allelochemicals has
begun to develop in only 50 years since the invader was
introduced (Lankau, 2011b). Another allelopathic invasive
plant, C. stoebe, also modifies microbial communities, in-
cluding effects on rhizosphere bacteria and arbuscular my-
corrhizal fungi associating with neighboring plants (Batten
et al., 2006; Mummey and Rillig, 2006; Broz et al., 2009).
This modification of the microbial community is not short
term (Kulmatiski and Beard, 2011) and likely takes years to
develop, as has been shown for Alliaria.

Microbes can serve as targets and mediators of alle-
lopathic effects in plants, with both strong positive and
negative effects being possible. More effort should be
made in the future to include microbes in allelopathy
research to improve ecological realism. Ecological real-
ism is attained partly by using non-sterile soils in assays
of allelopathic effects, using natural inputs of allelo-
chemicals, followed by examination of microbial com-
munity changes. In addition, soil sterilization followed
by substitutions of different portions of the microbial
community could be used to identify important classes
or specific species of microbes that modify allelopathic
effects. These studies also could be enhanced by using
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representatives of plant species that are differentially
dependent on specific microbes, and done in different
soil types to examine abiotic influences. Selection
experiments could also be performed to evaluate evolu-
tionary responses of microbes to allelochemicals, and
more work on adaptation of specific microbes or micro-
bial populations to allelopathic plants is needed in the
field. Further exploration of microbial communities in
the native range of invasive plants could aid predictions
of microbial adaptation, community shifts, and the “lon-
gevity” of allelopathic effects in invasive ranges. Know-
ing the extent of departure of the microbial communities
from the native range of an invasive plant from that
found in a “preinvaded” range, coupled with the extent
of departure of allelochemistry in the invasive plant
from relatives in the preinvaded range (e.g., Barto et
al., 2010b), may aid predictions of the potential allelo-
pathic effects of invasive species. All of this work
should be coupled with improvements in sampling and
analytical techniques for allelochemicals and microbes
in the environment.

In an applied sense, research is needed to explore the
potential of reintroducing microbes to areas where allelopathic
plants have taken hold as a part of restoration plans. In turn,
potentially negative effects of microbial reintroduction (or
controlled inoculations in agricultural systems) on allelochem-
ical modification should also be explored. Much additional
research is needed on how allelochemical degradation is af-
fected by the presence of other plant-derived compounds,
since this can both increase and decrease allelopathic effects.
Understanding how seemingly disparate mechanisms interact
in the field will become increasingly important. In situations
where allelopathic effects are seen in natural environments,
microbial protection mechanisms are apparently being over-
come by other, often undefined, mechanisms. A deeper un-
derstanding of the factors that control the balance between
reducing and enhancing effects could allow development of
management schemes targeted for specific areas that could
reduce the impact of allelopathic plants without actively re-
moving them. Likely candidates for these controlling factors
include microbial species identities and abundances, neigh-
boring plant species identities and abundances, along with
abiotic factors such as soil organic matter content, nutrient
levels, and water holding capacity. Additionally, the contribu-
tion of allelopathic effects to the phenomenon of plant-
microbe feedback is still unclear, even for plants with known
effects on soil biota. Finally, the movement of allelochemicals
through common mycorrhizal networks provides a mecha-
nism for greatly enhanced delivery of bioactive doses of
allelochemicals to target plants, but it is still unclear how
important this mechanism is in the field. Interest in microbial
mediation of allelopathic effects is only expected to increase
in the future, and the field is ripe with questions.
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