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Arbuscular mycorrhizal (AM) fungi represent
ubiquitous mutualists of terrestrial plants.
Through the symbiosis, plant hosts, among
other benefits, receive protection from patho-
gens. A meta-analysis was conducted on 106
articles to determine whether, following patho-
gen infection of AM-colonized plants, the
identity of the organisms involved (pathogens,
AM fungi and host plants) had implications for
the extent of the AM-induced pathogen suppres-
sion. Data on fungal and nematode pathogens
were analysed separately. Although we found no
differences in AM effectiveness with respect to
the identity of the plant pathogen, the identity
of the AM isolate had a dramatic effect on the
level of pathogen protection. AM efficiency
differences with respect to nematode pathogens
were mainly limited to the number of AM isolates
present; by contrast, modification of the ability to
suppress fungal pathogens could occur even
through changing the identity of the Glomeraceae
isolate applied. N-fixing plants received more
protection from fungal pathogens than non-
N-fixing dicotyledons; this was attributed to the
more intense AM colonization in N-fixing plants.
Results have implications for understanding
mycorrhizal ecology and agronomic applications.
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1. INTRODUCTION
Terrestrial herbaceous plants typically associate with glo-
meromycotan fungi to form arbuscular mycorrhizas
(AM). Not only does the symbiosis promote plant
growth through facilitation of nutrient uptake, but it
also protects the plant from pathogens. In intensively
managed arable land or following disturbance, however,
a shortage of AM propagules is commonly recorded [1].
As a consequence, AM-fungal-propagule-containing
formulations have been proposed for boosting yield in
organic farming. The plant growth-promoting effect
induced through AM inoculation has been extensively
studied and includes plant biomass increases of the
order of 50 per cent [2]. Our understanding of the func-
tion of pathogen suppression is lagging behind by
comparison. Despite a meta-analysis which confirmed
that AM fungi are able to suppress fungal and nematode
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pathogens [3], there is a wide range of open questions. We
have limited information on the effectiveness of AM-
fungal pathogen suppression for different pathogens,
and do not know if this varies depending on pathogen life-
style or identity. Moreover, we lack conclusive evidence
for divergent ability within the Glomeromycota to effi-
ciently suppress pathogens: at the AM family level, there
has been evidence that large differences occur [4], requir-
ing further testing. Finally, given the large differences in
the extent of colonization of terrestrial plants by AM
fungi [5], it is possible that plant identity also matters.

Here, we have conducted a meta-analysis, based on an
unprecedented amount of data, to test whether the iden-
tity of the organisms in the association following AM
colonization and pathogen infection does affect the
severity of pathogen infection. We hypothesized that
(hemi)biotrophic (fungal) and sedentary (nematode)
pathogens would be most responsive to modification of
the AM status of the plant owing to their feeding on
living tissue. It was further hypothesized that Glomera-
ceae would be more effective in suppressing pathogens
than Gigasporaceae owing to their more extensive
investment in intracellular growth [6]. Finally, we
hypothesized that the level of protection N-fixing plants
receive from AM fungi is lower because of their higher
tissue N content, which could reduce the efficiency of
pathogen-protection mechanisms [7].
2. MATERIAL AND METHODS
(a) Sources of data

The dataset was compiled based on the following sources: (i) articles
that had been included in Borowicz [3]—covering a period from
1978 to 1998; (ii) articles published after 1999 that could be retrieved
from a Web of Knowledge search on 12 May 2011 using the search
strings ‘arbuscular and (pathogens or verticillium or phytophthora or
pythium or fusarium or rhizoctonia)’ (413 articles) and ‘arbuscular
and (nematodes or meloidogyne or heterodera or pratylenchus)’
(164 articles). Retrieved articles were screened so that they met the fol-
lowing criteria: (i) experiments were conducted in a soil or a sand : soil
mix substrate that had been sterilized before the experiment to comple-
tely eliminate AM propagules; (ii) a measure of disease severity was
provided—for nematode pathogens, we preferentially used number
of nematodes/galls per gram of root dry weight (if absent root wet
weight/shoot dry weight); (iii) the effect of AM fungi on disease sever-
ity could be studied in the absence of interactions with organisms other
than indigenous soil microbes and rhizobia; and (iv) in split root exper-
iments, only the halves where AM fungi and pathogens coexisted were
considered. In the analysis of Borowicz [3], many studies had been
excluded because they had not reported a measure of variance.
Here we used a non-parametric measure of weighting instead to con-
duct the meta-analysis as inclusively as possible. In total, 106 articles
were included in the database; compared with 22 articles for the
parametric meta-analysis of Borowicz [3].

(b) Meta-analysis

The effect size (ES) adopted was the natural log ratio of disease
severity or nematode population with and without AM inoculation.
Thus, a negative ES means suppressive action of AM additions to
the pathogens. The non-parametric weighting method implemented
was as in Adams et al. [8]. Meta-analysis was conducted using META-

WIN v. 2.0 software [9] based on separate one-factor random-effects
models to test each moderator. Testing for the significance of mod-
erators was based on a randomization resampling procedure with
3999 iterations. Confidence intervals (95% CIs) were constructed
according to the bootstrapping method integrated in METAWIN.
Because the specific meta-analytical procedure does not make any
assumption about data distribution [9], we did not test for normality.
In agreement with other studies [1], more than one trial per study
was included. A critical point in the analysis was whether trials
with information on fungal pathogens and on nematode pathogens
should be analysed together. While mycorrhizal protection from
fungal pathogens is through a combination of systemic and local
mechanisms [10], nematode suppression occurs exclusively through
local mechanisms ([11]—although there is evidence that the suppres-
sion mechanism for migratory nematodes may be systemic [12]).
This journal is q 2011 The Royal Society
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Figure 1. Effect sizes (means+95% CIs) of fungal pathogen disease response to arbuscular mycorrhizal (AM) colonization
grouped according to (a) AM isolate identity, (b) pathogen lifestyle, (c) pathogen identity and (d) plant-host functional
group. Numbers in parentheses refer to the number of trials that were present in the specific group. p-Values reported are
those that are obtained for the Qb permutation test.
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Moreover, data on nematodes were based on measures of nematode
populations, whereas data on pathogen suppression were measures of
disease severity and were not directly comparable. Finally, prelimi-
nary analysis revealed significant differences in the AM-induced
suppression effect for the two types of pathogens. Therefore, the
analysis was conducted separately for fungal and nematode patho-
gens. Additional details on the methodology are provided in the
electronic supplementary material.
3. RESULTS
Overall AM colonization effects on fungal and nema-
tode pathogens (and, respectively, 95% CIs; in both
cases n ¼ 197) were 20.44 (20.54 to 20.36) and
Biol. Lett. (2012)
20.69 (20.82 to 20.56), respectively. For fungal
pathogens, the effect of AM fungus identity was signifi-
cant, and significant differences were recorded even for
contrasts within the Glomeraceae (figure 1a). AM-
induced disease suppression was not affected by the
identity or lifestyle of the fungal pathogens, although
there was a trend for Verticillium wilt to be more toler-
ant to AM fungal inoculation (figure 1b,c). N-fixing
dicotyledons were better protected by AM fungi than
their non-N-fixing relatives (figure 1d). Similar pat-
terns were recorded for nematode pathogens. The
identity of the AM fungi had a significant effect as
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Figure 2. Effect sizes (means+95% CIs) of nematode pathogen responses to arbuscular mycorrhizal (AM) colonization

grouped according to (a) AM isolate identity, (b) pathogen lifestyle, (c) pathogen identity and (d) plant-host functional
group. Numbers in parentheses refer to the number of trials that were present in the specific group. p-Values reported are
those that are obtained for the Qb permutation test.
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well, although the differences were mainly between the
trials where single and multiple AM inoculation had
been carried out (figure 2a). In trials with Acaulospor-
aceae isolates, nematode stimulation was recorded
(figure 2a). No differences were found with respect
to the lifestyle or identity of the nematode pathogens
(figure 2b,c). There was a trend for N-fixing dicotyle-
dons to be better protected than non-N fixing
dicotyledon plants (figure 2d). When the analysis was
repeated to include a single trial per study, the prob-
ability of significance of moderators declined;
however, the trends recorded were similar (electronic
supplementary material).
Biol. Lett. (2012)
4. DISCUSSION
Our analysis provides unprecedentedly strong evidence of
the ability of AM fungi to suppress plant pathogens.
Additionally, it was possible to determine the magnitude
of the AM-induced decline in disease severity/nematode
suppression that ranged from 30 to 42 per cent for fungal
and 44–57% for nematode pathogens. The ability to
deliver such statements represents one of the main advan-
tages of using non-standardized ESs in meta-analyses.
In contrast to our original hypothesis neither the lifestyle
nor the identity of the pathogens mattered for the extent
of the AM-induced pathogen suppression, despite the
differences between nematode and fungal pathogens.
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This result suggests that through AM fungi, plants
possibly receive similar protection from all pathogens ren-
dering AM formulations a potentially broadly effective
biocontrol agent.

The identity of the AM isolates applied was a key deter-
minant of the extent of fungal pathogen suppression.
Glomus mosseae was among the most effective inoculants
(figure 1a). In the literature, G. mosseae has been demon-
strated to be a fungus that pioneers colonization of new
hosts (e.g. bait plants/greenhouse trials) but rarely
occurs in undisturbed environments [13,14]. It is thus
plausible to assume that it represents an AM fungus with
a strategy equivalent to the ruderal strategy described for
plants [15]. A characteristic example of a disturbed
biome is arable land. Fast establishment of AM fungi in
the field may be critical (as suggested from this study) to
ensure efficient protection from pathogens; therefore,
inclusion of AM fungi with aggressive plant-host coloniza-
tion strategy in AM formulations would be advantageous.

By contrast, the main determinant of the protective
effect of AM fungi on nematode pathogens was the sim-
ultaneous use of more than one AM species. AM fungi
protect from sedentary nematodes mainly through
local mechanisms [11]. Evidence is accumulating that
colonization of plant hosts from multiple symbionts
results in a complementarity effect with respect to P
nutrition and plant growth stimulation [2,14,16] and
potentially with per cent root colonization; this could
increase protection of the plant host to sedentary nema-
tode attacks. AM mixtures appeared to be less efficient
for the suppression of fungal pathogens; this was unex-
pected based on the literature [17]. Although
robustness of the result is questionable owing to the
small sample size, the role of complementarity for
fungal pathogen suppression is likely to be more limited
owing to the systemic mode of action of AM fungi [10].

The most poorly performing AM ‘group’ in the nema-
tode pathogen suppression trials was Acaulosporaceae.
Unfortunately, no trials on fungal pathogen suppression
were retrieved and we could not test whether there was a
consistent inability of Acaulosporaceae to protect from
pathogens (but see [18]). Contrary to our hypothesis,
there was some limited evidence that N-fixing plants
were better protected from fungal pathogens (a trend was
also present for nematode pathogens) than non-N-fixing
dicotyledons. We attribute this effect to the often high
AM colonization of N-fixing plants [5]. The fact that
grasses received moderate protection from pathogens
maybeagronomically important asmanycropsaregrasses.

In conclusion, our study, based on an extended
database of 106 articles, in addition to presenting
robust and substantial evidence on the ability of AM
fungi to protect from pathogens has demonstrated
that the identity of the AM fungus may be crucial for
pathogen protection. Our results suggest that the com-
paratively underappreciated AM function of pathogen
protection should become the target of much more
intense ecological and functional mycorrhiza research.
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