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Abstract In nature, plants often associate with multiple
symbionts concurrently, yet the effects of tripartite
symbioses are not well understood. We expected syner-
gistic growth responses from plants associating with
functionally distinct symbionts. In contrast, symbionts
providing similar benefits to a host may reduce host
plant growth. We reviewed studies investigating the
effect of multiple interactions on host plant performance.
Additionally, we conducted a meta-analysis on the
studies that performed controlled manipulations of the
presence of two microbial symbionts. Using response
ratios, we investigated the effects on plants of pairs of
symbionts (mycorrhizal fungi, fungal endophytes, and
nitrogen-fixers). The results did not support the view that
arbuscular mycorrhizal (AM) fungi and rhizobia should
interact synergistically. In contrast, we found the joint
effects of fungal endophytes and arbuscular mycorrhizal
fungi to be greater than expected given their independent
effects. This increase in plant performance only held for
antagonistic endophytes, whose negative effects were
alleviated when in association with AM fungi, while the
impact of beneficial endophytes was not altered by
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infection with AM fungi. Generalizations from the
meta-analysis were limited by the substantial variation
within types of interactions and the data available,
highlighting the need for more research on a range of
plant systems.
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1 Introduction

The associations between plant hosts and their microbial
symbionts are known to influence individual plant fitness
(Schardl et al. 2004) and plant population dynamics (Bever
et al. 1997). Consequently, these interactions play large and
varied roles in the establishment and maintenance of plant
community diversity and ecosystem properties (van der
Heijden et al. 1998). There is a growing appreciation that
the environmental context in which such interactions take
place determine variation within interspecific interactions
(van der Heijden et al. 2003; Thompson and Fernandez
2006; Vogelsang et al. 2006; Johnson 2010). Many studies
focusing on variation in the abiotic environment demon-
strate the context-dependent nature of symbioses, such as in
the interaction between mycorrhizal fungi and plants
(Reynolds et al. 2006; Vogelsang et al. 2006). However,
the potential of the biotic environment (i.e. additional
species within a community) to have similar impacts is
often overlooked. In nature, plants often interact with
multiple partners concurrently and the interactions between
these symbionts can influence the dynamics of both host
and symbiont populations.
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The presence of multiple microbial plant symbionts is
likely to influence the nature of individual plant-
symbiont interactions by altering the balance of trade
(cost: benefit) relationship between the host and symbiont
through competition for, or enhancement of, a common
resource (Bronstein 1994). When multiple symbionts simul-
taneously interact with a common host, positive interactive
effects may result if there are disproportional increases in
benefits relative to the costs of both associations. This
phenomenon is more likely to occur with functionally
distinct symbionts that provide different benefits to the plant
(Stanton 2003). For this reason, synergism is often expected,
and sometimes found, between nutritionally complementary
symbionts. Examples of synergistic interactions have been
found with rhizobia and AM fungi that increase nitrogen
and phosphorus availability, respectively (Jia et al. 2004).
Likewise, if symbionts directly or indirectly interact to
enhance each other’s effectiveness, their co-occurrence can
result in synergistic plant growth (Miller and Travis 1996).
Associations between plants and some microbial symbionts
may increase the host’s ability to provide resources to
additional symbionts though increased plant growth or
resource quality (Bennett et al. 2000).

However, multiple interactions on a common host plant
may lead to a decrease of the independent effects of each
symbiont through depletion of host resources. Ultimately,
reduction of host resources causes a decrease in host fitness
that is greater than expected based on individual interac-
tions. Antagonism between plant microbial symbionts
might be expected as they compete for plant photosynthate
(Harris et al. 1985). An antagonistic interaction maybe
more likely if interactions are functionally equivalent,
requiring the host to pay the cost of participating in each
while deriving the benefits of only one association (Stanton
2003). Additionally, the presence of simultaneous associa-
tions has the potential to directly or indirectly interfere with
an interaction (Miller and Travis 1996). For example, Mack
and Rudgers (2008) demonstrated that fungal endophytes
reduced the degree to which AM fungi infect plants.
Conversely, another study showed that fungal endophyte
infection enhances AM fungal colonization (Novas et al.
2005).

Previously, a study by Morris et al. (2007) investigated
how the independent effect sizes of a wide range of plant
mutualists and enemies are influenced by the presence of
another interaction. Here, we specifically review the current
understanding of the interactions between common micro-
bial groups that live in symbiotic association with plants
throughout their lifetimes: fungal endophytes, mycorrhizal
fungi, and nitrogen-fixing microbes. In addition to
reviewing past research, we conducted a meta-analysis
on a subset of reviewed studies. Appropriate studies for
inclusion into the meta-analysis evaluated the biotic
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environment of a plant by manipulating the presence of
at least two of the three examined types of microbial
plant symbionts, and recorded measures of plant growth
including error within treatments. We analyzed overall
trends in additive and non-additive effects on plants
associating with two symbionts simultaneously.

2 Materials and methods
2.1 Data collection

We reviewed published studies that manipulated at least
two microbial symbionts of plants in a fully-factorial
manner and measured plant responses (e.g. biomass
production, growth rate, leaf area). We found articles
using Web of Science search terms: mycorrhiza* and
“fungal endophyt*”, mycorrhiza* and rhizob* and inter-
act*, mycorrhizal* and nitrogen-fix* and interact*, and
mycorrhizal* and Frankia, as well as searching cited
references from review articles, including Morris et al.
(2007). More recent articles were found by omitting the
term “interact” from Web of Science searches and
limiting articles to the year 2008. We included articles
published through May 2008. From this search, 31 studies
were found to be appropriate for inclusion in the meta-
analysis (Supporting Information 1). Depending on the
nature of the particular experimental design, many of
these studies yielded multiple data points. For example, if
a study included different experimental treatments (i.e.
shade, moisture, or nutrients) we extracted multiple data
points.

From each study we recorded data on the plant species
examined, experimental design, type of symbionts manip-
ulated, values of control treatments, independent effects of
each symbiont on host performance, their interactive effects
and measures of variance within treatments. For data
presented in graphical format, we used ImageJ (rsbweb.
nih.gov/ij/) to accurately measure means and errors. From
the studies utilized, plant symbionts could be categorized as
one of the following: AM fungi, ectomycorrhizal (EM)
fungi, fungal endophytes, rhizobia (which includes members
of the bacterial genera Rhizobium and Bradyrhizobium), and
non-rhizobial nitrogen-fixers (e.g. Frankia) (Table 1). In this
study, the fungal endophyte category consists of only the
systemic foliar fungal endophyte species of grasses (Class 1
endophytes (Rodriguez et al. 2009)) and excludes non-
systemic fungal endophytes of other herbaceous and woody
species. In addition to evaluating these types of interactions,
we also combined the effects of AM with EM fungi and
rhizobia with other nitrogen-fixers to obtain measures of the
effects of all mycorrhizal and all nitrogen-fixing symbionts,
respectively. The availability of data constrained the meta-
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Table 1 Summary of data included in this meta-analysis. Due to small

sample sizes, some studies included in individual symbiont groups are not

represented in symbiont interaction groups. Additionally, some studies

incorporated into the combination of all mycorrhizae with all nitrogen
fixers category are not included as individual interaction groups (i.e. EM
fungi with nitrogen fixers)

Symbiont Number of data points Interactions Number of data points
AM fungi 67 AM fungi-fungal endophyte 22
EM fungi 4 AM fungi — rhizobia 30
Fungal endophyte 22 AM fungi — N-fixer 15
Rhizobia 30 All mycorrhizae — All N-fixers 49
N-fixer 23
All mycorrhizae 71
All N-fixers 53

analysis to three different pairs of plant symbionts: AM fungi
with fungal endophytes, AM fungi with rhizobia, AM fungi
with N-fixers (Table 1).

2.2 Data analysis

We calculated the independent, overall, and interactive
effects for each type of symbiosis and symbiont pair
(Morris et al. 2007). The independent effect of a single
symbiont was calculated as the difference between the
treatment with the symbiont present and the control
treatment. As a complementary measure, we determined
overall effect sizes by adding the plant responses of the two
treatments in which the symbiont was present (i.e. in
isolation as well as in combination with a second symbiont)
and then subtracting the sum of the responses of plants in
the treatments in which the symbiont was absent (i.c.
control and the second symbiont in isolation). The
interactive effect of a symbiont pair was calculated as the
difference between the treatments with those symbionts
present minus the effects of each symbiont independently.
Independent and interactive effect sizes are calculated
within individual studies with regard to the control. As
such, studies utilizing different metrics of plant perfor-
mance (e.g. biomass and leaf area) were combined into a
common effect size.

To compare symbiont effects on plants across studies,
we calculated the size of these effects in each study using
Hedge’s d and response ratios. Many meta-analyses utilize
Hedge’s d as it accounts for the variation associated with
each data point by dividing the effect size by the pooled
standard deviation of treatments (Hedges and Olkin 1985).
Hedge’s d effect sizes are reported in Supporting Informa-
tion 2. We present response ratios, as these values provide a
more intuitive measure of symbiont and interactive effects.
The response ratio indicated the percentage of plant
response increase or decrease that can be attributed to that
treatment. For example, a response ratio of 1.1 signified a

10% increase in plant response when associated with the
symbiont or pair. In statistical analyses, we used log-
transformed response ratios as these are amenable to meta-
analysis (Hedges et al. 1999). Response ratios for independent
and overall effects were calculated as the log of the
appropriate treatments in which the symbiont is present
divided by the corresponding treatments in which the
symbiont is absent. We defined interactive response ratios
as the difference between the log of the treatment with the
symbiont pair present divided by the effect of one symbiont
and the log of the second symbiont’s independent effect.
Hedge’s d effect sizes and response ratios were calculated
using MATLAB codes as in Morris et al. (2007).

Once effect sizes were calculated for each group (the
independent, overall, and interactive effects of each type of
symbiosis and each combination of symbiosis), we tested
for homogeneity of these effects sizes within a group using
the Q statistic (Hedges and Olkin 1985). This test
determines if effect sizes between different studies are
similar enough to confidently combine them into a common
effect size. In all cases, the calculated Q statistic suggested
homogeneity in effect sizes. Studies were integrated by
weighting the mean effect size by the inverse of the
individual study variance (Gurevitch et al. 2001), thereby
decreasing the influence of studies with relatively large
variances on the group mean. We used #-tests to determine
if weighted independent, overall, and interactive log
response ratios were statistically greater than (indicating
positive or greater than expected plant responses) or less
than (signifying negative or less than expected plant
responses) zero. Because the Q statistic is an incomplete
test of the appropriateness of a group designation (Hedges
et al. 1999), we also analyzed the unweighted means when
we suspected that effect size variation within a group
maybe explained by unaccounted for dissimilarities within
the category. As fungal endophytes of grasses were found
to be a particularly diverse category, we tested for differ-
ences in the distribution of unweighted response ratios
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between endophytes that were beneficial and antagonistic
with a Wilcoxon-Mann—Whitney rank sum test. The
beneficial or antagonistic nature of the fungal endophyte
was identified by comparing the effect of the endophyte in
isolation on plant growth to the growth of plants in the
sterile control treatment. This measure did not take into
account the endophyte interactive effects with another
symbiont. It was possible for this distinction to change
within a study (e.g. if the study included a controlled
manipulation of abiotic conditions).

3 Review of published articles

Our literature search revealed many studies that were
relevant to the topic of interactive effects of multiple
symbionts (Supporting Information 1). However, several of
these studies did not meet the standards for inclusion into
the meta-analysis. For example, some studies quantified
aspects of the interactions that may relate to plant fitness
(mycorrhizal colonization), but did not include more direct
plant fitness measurements (i.e. biomass). Alternatively,
some studies did not report appropriate measures of error or
have all necessary controls to accurately compare plant
responses to treatments. We present a summary of studies
included into the meta-analysis as well as studies that we
were unable to include (Table 2) and when possible we
identify potential mechanisms for the interactive effects.

3.1 Fungal endophytes and AM fungal interactions

We found nine studies investigating the interactive effect of
foliar fungal endophytes of grasses and AM fungi. Four of
these investigations focused on the direct interaction
between the symbionts in relation to mycorrhizal coloniza-

Table 2 Summary of distribution of reviewed articles indicating the
number of studies having mainly positive, negative, mixed, or no
interactive effects within symbiont combinations. Studies having two
main results (i.e. within the same study, some plant symbiont
combinations result in a positive interaction and others result in a
negative interaction) are represented in more than one effect type. In
the fungal endophyte and AM fungi combination, studies are divided
between those that directly measured plant response and those that
measured symbiont response (i.e. AM fungi colonization rate)

Positive Negative Mixed None

Fungal endophytes and AM fungi 0 2 1 2
(plant responses)

Fungal endophytes and AM fungi 1 3 0 0
(symbiont response)

AM fungi and Rhizobia 32 3 11

All mycorrhizae and non-rhizobia 8 5 3

nitrogen fixers

@ Springer

tion rates or fungal endophyte hyphal density. Three studies
reported a negative interaction between fungal endophyte
infection and AM fungal colonization. In contrast, one
study found fungal endophyte-infected plants to have
higher rates of AM fungal colonization than endophyte-
free plants (Novas et al. 2005). The possible mechanisms
for this interaction are undetermined. However, studies
showing interference between the symbionts speculate that
the alkaloid production of fungal endophytes has allelo-
pathic effects on AM fungi.

Studies that measured plant fitness demonstrated a
variety of plant responses to simultaneous infection by
AM fungi and fungal endophytes. Two studies reported
negative plant responses with both symbionts. Muller
(2003) found mixed results with different plant cultivars
and strains of fungal endophyte. Two additional studies
found no clear effect of the co-occurrence of fungal
endophytes and AM fungi on a common host. Several of
these studies reported measures of symbiont response in
addition to plant fitness. For example, two studies found
that fungal endophyte infection reduced AM fungal
colonization (Muller 2003; Omacini et al. 2006), and two
reported decreased resistance to herbivory from endophyte-
infected plants when in association with AM fungi (Barker
1987; Vicari et al. 2002). While these studies identified
possible mechanisms for interactive effects related to host
fitness (e.g. reduced AM fungi colonization and herbivore
resistance), there was no clear direct effect on plant fitness
from either measure.

3.2 Mycorrhizal and nitrogen-fixing symbionts

Thirty-two of the 51 studies examining AM fungi and
rhizobia interactions reported that plants infected with both
symbionts had greater plant responses than either symbiont
independently or sterile control plants. In addition to plant
fitness responses, many of these studies also reported an
increase in nodule activity and nutrient uptake when plants
were associating with both AM fungi and rhizobia, as well
as an increase in AM fungal colonization. However, two
studies found that AM fungal colonization decreased in the
presence of rhizobia, but Jia et al. (2004) also demonstrated
that the photosynthetic rate was higher in plants infected
with both symbionts concurrently. Similarly, Niranjan et al.
(2007) found that while AM fungal colonization decreased
with rhizobia, nitrogen fixation was higher in the presence
of both symbionts. While many of the interactions were
positive, they were not usually synergistic (but see
Pacovsky et al. 1986; Ferrari and Wall 2008), as plants
often did not perform better than expected given symbiont
individual effects.

In several studies, including five showing some positive
responses, interactive effects depended upon the specific
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combination of species and/or strains of AM fungi and
rhizobia involved in the interaction. While it remains
unexplained why certain symbiont combinations result in
a variety of plant responses, it appears that the interaction
between AM fungi and rhizobia maybe highly dependent
upon the nutrient level of the soil (Ames and Bethlenfalvay
1987; Pan and Cheng 1988; lanson and Linderman 1993).
AM fungi are capable of nitrogen as well as phosphorus
uptake, and may also be able to stimulate nitrogen fixation
through increased provisioning of phosphorus. Only three
studies demonstrated negative interactive effects of AM
fungi and rhizobia. One (Bethlenfalvay et al. 1982),
attributed the inhibitory effect of AM fungi on rhizobia
nitrogen-fixation efficiency and plant growth reduction to
competition between the symbionts for phosphorus and
plant photosynthate.

Five of the 18 studies involving the interactions between
AM or EM fungi and non-rhizobial nitrogen-fixing sym-
bionts identified negative plant responses to dual inocula-
tion. The negative interaction may be attributed to a general
lack, or negative effect, of mycorrhizal fungal inoculation
on plant responses in some studies. In one experiment, non-
mycorrhizal plants had higher biomass than mycorrhizal
plants, but both groups benefited from higher phosphorus
availability (Ekblad et al. 1995). Some evidence also points
to an inhibitory effect of Frankia on mycorrhizal coloniza-
tion (Vonderwell and Enebak 2000).

In contrast, eight studies reported positive interactions
between mycorrhizal fungi and non-rhizobia nitrogen-fixing
symbionts. Several of these studies reported increased
efficiency in nutrient uptake (e.g. nitrogen fixation or
mycorrhizal colonization) from one or both symbionts when
the host was infected with both. Fragabeddiar and Letacon
(1990) found a positive interaction between Frankia and AM
fungi that may be mediated through AM fungi’s ability to
stimulate nitrogen fixation. Nitrogen fixation was also
enhanced by phosphorus fertilization, but not as strongly as
the addition of AM fungi, suggesting that AM fungal
associations offer more than phosphorus provisioning to
increase nitrogen fixation. Jha et al. (1993) also found that
results depended upon soil phosphorus levels, with the

Fig. 1 Weighted independent 1.4

strongest positive interactive effects occurring at both the
highest and lowest phosphorus levels.

4 Results: meta-analysis

Our meta-analysis included three broad types of interac-
tions between three different combinations of microbial
symbionts (Table 1). We found no indication of publication
bias after plotting response ratios of independent and
interactive effect sizes verses sample size for each study.
Fungal endophytes were the only symbiont group included
in this study that decreased plant performance independent
of other interactions (t,;=-2.42; P=0.03). In contrast,
nitrogen-fixing symbionts significantly increased plant
performance. Inoculation with either rhizobia or other types
of nitrogen fixers significantly increased plant response
compared to uninoculated controls (t,o=2.54; P=0.01 and
t,=3.98; P=0.001, respectively). Across studies involving
AM fungi, plant responses were generally positively
affected by inoculation but not statistically different from
zero (Fig. 1). Generally, independent effects were not
altered when testing across biotic environments (Supporting
Information 3). However, the overall effect sizes of both
AM fungi and all mycorrhizal interactions combined are
significantly beneficial to plant responses (tgs=4.12; P<
0.001; t;0=4.05; P<0.001). The overall effect size of the
fungal endophyte group is no longer significantly antagonistic
when combining across biotic environments. Although our
meta-analysis identifies generalities between types of sym-
bionts, individual value plots for each symbiont show a wide
range of variation in the response ratios within significant and
non-significant effects (Fig. 2).

The interactive effects of fungal endophytes and AM
fungi resulted in positive plant responses that were greater
than expected given independent responses (t,;=3.38, P=
0.003). While the average weighted response ratio for
plants simultaneously infected with AM fungi and rhizobia,
as well as AM fungi and other nitrogen-fixers, was
negative, these interactive effects did not differ in their
response from additive expectations (Fig. 3). Individual

response ratios of symbiont
groups with 95% confidence
intervals. The 1 line indicates no
plant response when interacting
with a symbiont. Positive and
negative responses fall above and
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Fig. 2 Individual value plots for each symbiont group with sample
sizes. Symbiont groups are divided between data points with
significant interactive effects in either direction (grey squares) and
non-significant interactions (black circles)

value plots demonstrate that, as with the independent effect
sizes, most of the data (~75%) utilized to determine
interactive effects were non-significant (Fig. 4). While
many of the interactive effects of several symbiont
combinations (e.g. AM fungi with nitrogen-fixers and
with fungal endophytes) decreased plant performance,
studies with responses greater than expected tended to
have significant effect sizes (Fig. 4). Weighted response
ratios showed no difference from additive interactions
between mycorrhizal and nitrogen-fixer interactions, while
unweighted interactive response ratios of mycorrhizal with
nitrogen-fixers were marginally less than expected given
the symbionts’ independently beneficial effects (t43=
-1.82; P=0.075).

non-significant interactions (black circles)

As species of fungal endophytes of grasses vary between
beneficial and antagonistic interactions with their host
plants (Ahlholm et al. 2002; Cheplick 2007), we tested
whether the direction of the interactive effect varied with
the nature of the main endophyte effect. Separating
interactive response ratios of fungal endophytes and AM
fungi based on comparing the effect of fungal endophyte
infection alone versus the sterile control, revealed differ-
ences in interactive effects between relatively mutualistic
versus more parasitic endophyte groups (t;¢=4.17; P=
0.001). When the symbiont combination included antago-
nistic fungal endophytes, the interactive effect was greater
than predicted from independent effects (t;,=4.57; P=
0.001). Plants inoculated with AM fungi and paired with
more mutualistic endophyte associations tended to have
reduced benefits, but these response ratios were not
significantly different from the expected additive responses

(Fig. 5).

Fig. 3 Weighted interactive 1.6
response ratios with 95%
confidence intervals. Intervals
crossing the 1 line represent 14
cases where the combination
of symbionts results in additive
interaction effects. Intervals
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parasitic mutualistic

Fig. 5 Unweighted interactive response ratios for AMF and fungal
endophyte interactions with 95% confidence intervals. Responses are
grouped between interactions involving independently mutualistic and
parasitic fungal endophyte associations

5 Discussion

We found that the majority (5/9) of studies investigating the
interactions between AM fungi and fungal endophytes
demonstrated a negative interaction between the two
symbionts. While interactions between mycorrhizal fungi
and nitrogen-fixing symbionts were generally positive, we
did not find evidence for synergistic responses in plant
growth. In general, interactive plant response ratios were
not different from the additive expectations predicted from
the meta-analysis. In the case of mycorrhizal and nitrogen-
fixing associations, the lack of an interactive effect is
especially surprising, as the co-occurrence of symbionts
providing non-equivalent essential resources, such as
phosphorus and nitrogen, are expected to demonstrate
synergistic interactive effects (Barea et al. 2005). Rather,
while mycorrhizal and nitrogen-fixing symbionts were
often independently beneficial, plants associating with each
of these symbionts tended to underperform when analyzing
across all studies. This result was supported in the review,
where plants often had the highest responses when
inoculated with both mycorrhizal and nitrogen-fixing
symbionts, but not meeting the expected combined effect
of each symbiont independently.

Synergism between AM fungi and nitrogen fixers would
only be expected in environments in which both nitrogen
and phosphorus were limiting. Our observation of the
absence of synergistic interactive effects may reflect the
nutrient conditions of the experimental soil. Microbal
partners are expected to be more beneficial to plants in
areas of poor environmental quality (Johnson et al. 1997).
If experimental plants did not experience nutrient limita-
tion, both AM fungi and nitrogen-fixers could provide a
marginal benefit independently. When plants interacted
with both types of symbionts, the marginal benefits may

have been weakened due to the higher demand and
competition for plant photosynthate. Additionally, many
studies on AM fungi — nitrogen-fixer interactions were
conducted on agriculturally important plants (i.e. soybean).
Under high nutrient conditions, such as highly fertilized
areas, plants have been shown to adapt reduced dependency
on mycorrhizal colonization relative to plants from low-
nutrient environments (Schultz et al. 2001). Simillarly,
symbionts experiencing high-input environments can undergo
selection for less beneficial strains that are adapted to a
decreased host investment (Johnson 1993). By focusing on
both plants and microbes that have evolved in high input
environments, studies may be using plant and microbial
genotypes that limit investment in the interaction, therefore
decreasing the likelihood of synergistic interactive effects.

We were unable to test for dependence of interactions on
abiotic environmental and experimental conditions because
of insufficient data. Tests of environmental dependence
would provide clues as to the mechanism for non-additive
effects. Our inability to test for environmental dependence
illustrates the need for more experimental studies on the
effects of multiple symbionts on plant performance, as well
as careful recording of environmental conditions associated
with these studies. An alternative explanation for the absence
of synergisms is that these symbioses, while appearing to
specialize in providing non-equivalent resources, may
actually be functionally similar, as arbuscular mycorrhizal
fungi have been shown to provide plants with nitrogen, as
well as phosphorus, in some cases (Govindarajulu et al.
2005).

Additionally, in some studies maximum productivity of
plants could have been limited by water, light availability,
or micronutrient levels. It is also important to consider the
growth stage of plants under investigation. Often, mycor-
rhizal associations that are shown to be costly to plants at
early stages of growth provide long-term benefits to plants
as they mature and are more able to support the symbiosis
(Johnson et al. 1997). Given the time and space constraints
of long-term studies, it is reasonable that the full benefits of
mutualistic associations are not attained within the time
frame of many ecological experiments. Variation in the
effects of a symbiont throughout a growing season and a
plant’s lifetime has strong implications for the interactive
effects of additional symbionts on plant responses. For
example, Orfanoudakis et al. (2004) speculates that the
inhibitory effects of Frankia and AM fungi on early growth
may result from competition between the symbiont for plant
resources, but that as the plant matures and gains higher
photosynthetic ability the detrimental effects could be reduced.

Many of the studies presented in this review were
conducted on economically important plants or biological
model systems under artificial conditions that omit the
natural context and coevolutionary history between the
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hosts and symbionts. We found evidence that the strength
and nature of interactive effects varies for different plant
and microbial genotype combinations, even over small
spatial scales. Turkington and Harper (1979) found that
clover grew better when in competition with a natural
neighbor than with other plants taken from the same
grassland, regardless of the competitor’s identity. Later
work in this grassland identified that the interaction
between neighboring plants is partially mediated by
rhizobia bacteria. The rhizobia harbored by neighboring
plants better promote the growth of clover genotypes than
does the rhizosphere bacteria of non-neighboring plants
(Chanway et al. 1989). While this experiment isolates the
effect of the clover-rhizobia interaction, experimental plants
were not sterilized and may have contained other naturally-
occurring soil microbes. If mycorrhizal associations were
unintentionally included, it is possible that the growth
enhancement between neighboring plants may contribute to
rhizobia-mycorrhizal synergistic interactions.

Plants infected with both AM fungi and fungal endo-
phytes generally responded better than expected (Fig. 2).
Class 1 fungal endophytes of grasses make up a group of
symbionts known to be highly variable in their effects on
host responses (Rodriguez et al. 2009). Taking into account
whether endophyte infection resulted in a growth enhance-
ment or depression revealed that the dynamics between a
host and single symbiont can have large impacts on the host
response to simultaneous interactions. When paired with
fungal endophytes that decreased host fitness when inocu-
lated singly, the interaction between the endophyte and an
AM fungal association was more positive than when the
combination included an independently beneficial fungal
endophyte (Fig. 5). Although AM fungi and fungal
endophytes are functionally distinct and spatially separate
within a common host plant, they may interact in currently
unidentified, yet meaningful, ways to influence host plant
responses. As demonstrated from reviewing additional
publications, a few studies have investigated direct effects
of fungal endophyte infection on mycorrhizal colonization,
producing mixed results. The substantial variation that we
observed in endophyte behavior is particularly notable
given the limited taxonomic diversity of fungal symbionts
examined thus far.

A few well-studied, agronomically important systems,
such as the Neotyphodium-Lolium interaction, are heavily
represented in the database. More work on the interactive
effects of a wider diversity of fungal endophytes with AM
fungi is required to confirm the pattern of synergism
observed in published papers. Additionally, we found that
plants infected with fungal endophytes experienced a
reduction in growth relative to uninfected plants indepen-
dent of additional symbionts. This result is dissimilar to the
majority of studies of grass-endophyte symbioses, which
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often demonstrate an increase in fitness of endophyte-infected
compared to uninfected plants (Clay 1988). It is important to
note that the data contributing to this result was taken from a
minority of grass-endophyte studies that manipulated a
second symbiont along with fungal endophyte infection.
The lack of sufficient data to test for the role of abiotic
environmental conditions could also explain the overall
growth depression of plant infected with fungal endophytes
verses endophyte-free individuals. Many benefits of grass-
endophyte associations are not apparent under stress-free
environments, which is likely to be the case in greenhouse
studies that attempt to reduce the effects of stress on plant
growth.

Our study illustrates one challenge in the application of
meta-analyses in ecology. Fungal endophytes proved to be
a heterogeneous category, in which beneficial and non-
beneficial endophytes interact in qualitatively different
ways with mycorrhizal fungi. Lumping endophytes into a
single category, one would have concluded that endophytes
are generally significantly antagonistic to plant growth and
these antagonistic effects are enhanced by association with
AM fungi. Dividing the endophytes into independently
beneficial and non-beneficial categories we found that, in
contrast to antagonistic endophytes, the effect of beneficial
endophytes tends to be dampened by simultaneous association
with AM fungi. An appreciation for the type and nature of data
being evaluated can allow researchers insight into informative
groupings regardless of statistical confidence that studies
represent a single category.

Thus far, studies of interspecific interactions focused
primarily on the dynamics occurring between a host and
a single type of symbiont. Previous research has demon-
strated that diverse microbial symbionts form associations
with plants, and that the nature of these associations varies
depending on host-symbiont species identity and genotype
(Klironomos 2003), nutrient resource levels (Johnson et al.
1997), and other abiotic environmental conditions (Tintjer
et al. 2008). In nature it is common for both hosts and
symbionts to engage in multiple symbiotic interactions
concurrently. More recent research has shifted focus to
include aspects of both the abiotic and biotic environment
as factors influencing population and community-level
dynamics (Vogelsang et al. 2006). The results of the meta-
analysis are constrained by limitations in available data, and
thus may not reflect the dominant patterns in nature.
However, these results do reveal that commonly held
expectations for synergies between microbial symbionts
were not generally supported by the existing literature.

Acknowledgements We thank Jason Hoeksema, the Bever and Clay
lab groups, and two anonymous reviewers for insightful comments on
this manuscript. We are grateful to the Indiana University Stat/Math
Center for statistical help. We acknowledge the Indiana Academy of
Sciences for funding support of this work.



Interactive effects of plant microbial symbionts

147

References

Ahlholm JU, Helander M, Lehtimaki S, Wali P, Saikkonen K (2002)
Vertically transmitted fungal endophytes: different responses of host-
parasite systems to environmental conditions. Oikos 99:173-183

Ames RN, Bethlenfalvay GJ (1987) Localized increase in nodulue
activity but no competitive interaction of cowpea rhizobia due to
pre-establishment of vesicular arbuscular mycorrhiza. New
Phytol 106:207-215

Barea JM, Werner D, Azcon-Guilar C, Azcon R (2005) Interactions of
arbuscular mycorrhiza and nitrogen-fixing symbiosis in sustainable
agriculture. Nitrogen Fixation Agric Forest Ecol Environ Nitrogen
Fixation Orig Applications Research Progress 4:199-222

Barker GM (1987) Mycorrhizal infection influences Acremonium-
induced resistance to Argentine stem weevil in grasses. Proc NZ
Weed Pest Control Conf 40:199-203

Bennett AE, Alers-Garcia J, Bever JD (2006) Three-way interactions
among mutualistic mycorrhizal fungi, plants, and plant enemies:
hypotheses and synthesis. Am Nat 167:141-152

Bethlenfalvay GJ, Pacovsky RS, Bayne HG, Stafford AE (1982)
Interactions between nitrogen-fixation, mycorrhizal colonization,
and host plant growth in the Phaseolus-Rhizobium-Glomus
symbiosis. Plant Physiol 70:446—450

Bever JD, Westover KM, Antonovics J (1997) Incorporating the soil
community into plant population dynamics: the utility of the
feedback approach. J Ecol 85:561-573

Bronstein JL (1994) Conditional outcomes in mutualistic interactions.
Trends Ecol Evol 9:214-217

Chanway CP, Holl FB, Turkington R (1989) Effect of Rhizobium
leguminosarum biovar trifolii genotype on specificity between
Trifolium repens and Lolium perenne. J Ecol 77:1150-1160

Cheplick GP (2007) Costs of fungal endophyte infection in Lolium
perenne genotypes from Eurasia and North Africa under extreme
resource limitation. Environ Exp Bot 60:202-210

Clay K (1988) Fungal endophytes of grasses — a defensive mutualism
between plants and fungi. Ecology 69:10-16

Ekblad A, Wallander H, Carlsson R, HussDanell K (1995) Fungal
biomass in roots and extramatrical mycelium in relation to
macronutrients and plant biomass of ectomycorrhizal Pinus
sylvestris and Alnus incana. New Phytol 131:443-451

Ferrari AE, Wall LG (2008) Coinoculation of black locust with
Rhizobium and Glomus on a desurfaced soil. Soil Sci 173:195-202

Fragabeddiar A, Letacon F (1990) Interactions between a VA
mycorrhizal fungus and Frankia associated with Alder (4lnus
glutinosa (L) Gaetn). Symbiosis 9:247-258

Govindarajulu M, Pfeffer PE, Jin HR, Abubaker J, Douds DD, Allen
JW et al (2005) Nitrogen transfer in the arbuscular mycorrhizal
symbiosis. Nature 435:819-823

Gurevitch J, Curtis PS, Jones MH (2001) Meta-analysis in ecology.
Adv Ecol Res 32(32):199-247

Harris D, Pacovsky RS, Paul EA (1985) Carbon economy of soybean-
Rhizobium-Glomus associations. New Phytol 101:427—440

Hedges LV, Olkin I (1985) Statistical methods for meta-analysis.
Academic Press, Orlando

Hedges LV, Gurevitch J, Curtis PS (1999) The meta-analysis of
response ratios in experimental ecology. Ecology 80:1150-1156

Ianson DC, Linderman RG (1993) Variation in the response of
nodulating pigeonpea (Cajanus cajan) to different isolates of
mycorrhizal fungi. Symbiosis 15:105-119

Jha DK, Sharma GD, Mishra RR (1993) Mineral nutrition in the
tripartite interaction between Frankia, Glomus and Alnus at
different soil phosphorus regimes. New Phytol 123:307-311

Jia Y, Gray VM, Straker CJ (2004) The influence of Rhizobium and
arbuscular mycorrhizal fungi on nitrogen and phosphorus
accumulation by Vicia faba. Ann Bot 94:251-258

Johnson NC (1993) Can fertilization of soil select less mutualistic
mycorrhizae? Ecol Appl 3:749-757

Johnson NC (2010) Resource stoichiometry elucidates the structure
and function of arbuscular mycorrhizas across scales. New Phytol
185:631-647

Johnson NC, Graham JH, Smith FA (1997) Functioning of mycorrhi-
zal associations along the mutualism-parasitism continuum. New
Phytol 135:575-586

Klironomos JN (2003) Variation in plant response to native and exotic
arbuscular mycorrhizal fungi. Ecology 84:2292-2301

Mack KML, Rudgers JA (2008) Balancing multiple mutualists:
asymmetric interactions among plants, arbuscular mycorrhizal
fungi, and fungal endophytes. Oikos 117:310-320

Miller TE, Travis J (1996) The evolutionary role of indirect effects in
communities. Ecology 77:1329-1335

Morris WF, Hufbauer RA, Agrawal AA, Bever JD, Borowicz VA,
Gilbert GS et al (2007) Direct and interactive effects of enemies
and mutualists on plant performance: a meta-analysis. Ecology
88:1021-1029

Muller J (2003) Artificial infection by endophytes affects growth and
mycorrhizal colonisation of Lolium perenne. Funct Plant Biol
30:419-424

Niranjan R, Mohan V, Rao VM (2007) Effect of indole acetic acid on
the synergistic interactions of Bradyrhizobium and Glomus
fasciculatum on growth, nodulation, and nitrogen fixation of
Dalbergia sissoo roxb. Arid Land Res Manag 21:329-342

Novas MV, Cabral D, Godeas AM (2005) Interaction between grass
endophytes and mycorrhizas in Bromus setifolius from Patagonia,
Argentina. Symbiosis 40:23-30

Omacini M, Eggers T, Bonkowski M, Gange AC, Jones TH (2006)
Leaf endophytes affect mycorrhizal status and growth of co-
infected and neighbouring plants. Funct Ecol 20:226-232

Orfanoudakis MZ, Hooker JE, Wheeler CT (2004) Early interactions
between arbuscular mycorrhizal fungi and Frankia during
colonisation and root nodulation of Alnus glutinosa. Symbiosis
36:69-82

Pacovsky RS, Fuller G, Stafford AE, Paul EA (1986) Nutrient and
growth interactions in soybeans colonized with Glomus fascicu-
latum and Rhizobium japonicum. Plant Soil 92:37-45

Pan FJ, Cheng WE (1988) Effect of dual inoculation on growth and
nutrient uptake in Leucaena leucocephala. Bull Taiwan Forest
Res Inst New Ser 3:209-224

Reynolds HL, Vogelsang KM, Hartley AE, Bever JD, Schultz PA (2006)
Variable responses of old-field perennials to arbuscular mycorrhizal
fungi and phosphorus source. Oecologia 147:348-358

Rodriguez RJ, White JF, Arnold AE, Redman RS (2009) Fungal
endophytes: diversity and functional roles. New Phytol 182:314—
330

Schardl CL, Leuchtmann A, Spiering MJ (2004) Symbioses of grasses
with seedborne fungal endophytes. Annu Rev Plant Biol 55:315—
340

Schultz PA, Miller RM, Jastrow JD, Rivetta CV, Bever JD (2001)
Evidence of a mycorrhizal mechanism for the adaptation of
Andropogon gerardii (Poaceae) to high- and low-nutrient
prairies. Am J Bot 88:1650-1656

Stanton ML (2003) Interacting guilds: moving beyond the pairwise
perspective on mutualisms. Am Nat 162:S10-S23

Thompson JN, Fernandez CC (2006) Temporal dynamics of antago-
nism and mutualism in a geographically variable plant-insect
interaction. Ecology 87:103-112

Tintjer T, Leuchtmann A, Clay K (2008) Variation in horizontal and
vertical transmission of the endophyte Epichloe elymi infecting
the grass Elymus hystrix. New Phytol 179:236-246

Turkington R, Harper JL (1979) Growth, distribution and neighbor
relationships of Trifolium repends in a permanet pasture. 4. Fine-
scale biotic differentiation. J Ecol 67:245-254

@ Springer



148

A.L. Larimer et al.

van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis P,
Streitwolf-Engel R, Boller T et al (1998) Mycorrhizal fungal
diversity determines plant biodiversity, ecosystem variability and
productivity. Nature 396:69-72

van der Heijden MGA, Wiemken A, Sanders IR (2003) Different
arbuscular mycorrhizal fungi alter coexistence and resource
distribution between co-occurring plant. New Phytol 157:569—
578

@ Springer

Vicari M, Hatcher PE, Ayres PG (2002) Combined effect of foliar and
mycorrhizal endophytes on an insect herbivore. Ecology 83:2452-2464

Vogelsang KM, Reynolds HL, Bever JD (2006) Mycorrhizal fungal
identity and richness determine the diversity and productivity of a
tallgrass prairie system. New Phytol 172:554-562

Vonderwell JD, Enebak SA (2000) Differential effects of rhizobacterial
strain and dose on the ectomycorrhizal colonization of loblolly pine
seedlings. For Sci 46:437-441



	The interactive effects of plant microbial symbionts: a review and meta-analysis
	Abstract
	Introduction
	Materials and methods
	Data collection
	Data analysis

	Review of published articles
	Fungal endophytes and AM fungal interactions
	Mycorrhizal and nitrogen-fixing symbionts

	Results: meta-analysis
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


