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Abstract

1. Global climate change and shifting land-use are increasing plant stress due to

abiotic factors such as drought, heat, salinity and cold, as well as via the intensifica-
tion of biotic stressors such as herbivores and pathogens. The ability of plants to
tolerate such stresses is modulated by the bacteria and fungi that live on or inside of
plant tissues and comprise the plant microbiome. However, the impacts of diverse
classes of beneficial members of the microbiome and the contrasting stresses that

impact plants are most commonly studied independently of each other.

. Our meta-analysis of 288 experiments across 89 studies moves beyond previous

studies in that we simultaneously compare the roles of bacterial versus fungal
microbiome members that live within plant tissues and colonize plant surfaces in

ameliorating biotic versus abiotic sources of plant stress.

3. The magnitude of microbial stress amelioration can be measured as the greater

proportional impact of beneficial microbes on plant performance in more stressful
environments. In the plant experiments we examine, the magnitude of microbial
stress amelioration is substantial: it is 23% of the effect size of the typical impact
of stress and 56% of the effect size of beneficial microbiome members in the ab-

sence of stress.

4. The amount of benefit microbiome members confer to plants differs among

classes of microbes, depending on whether plants are grown in stressful or non-
stressful environments. In the absence of stress, beneficial bacteria tend to confer
greater plant benefits than do fungi. However, symbiotic fungi, especially arbus-
cular mycorrhizal fungi, more strongly ameliorate plant stress than do bacteria.
In particular, beneficial microbes ameliorate salinity, foliar herbivory and fungal

pathogen stress.

5. These results highlight the fact that the impacts of beneficial and antagonistic

components of the microbiome on plant performance depend on biotic and abiotic
environmental contexts. Furthermore, beneficial microbes are especially critical
for plant health in stressful environments and thus present opportunities to miti-

gate negative consequences of global change.
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1 | INTRODUCTION

Global climate change, shifting land-use and the intensification of
agriculture are increasing plant stress via abiotic factors such as
drought, heat, salinity and cold, as well as via the intensification of
biotic stressors such as herbivores and pathogens (Isaac-Renton et al.,
2018; Lesk, Coffel, D’Amato, Dodds, & Horton, 2017; Neumann,
Mues, Moreno, Hasenauer, & Seidl, 2017; Reyer et al., 2013; Seidl
et al., 2017; Zhang, Li, & Zhu, 2018). The human population will ap-
proach 9.7 billion in 2050 and to achieve the required 1.7-fold in-
creased crop yields (Foley et al., 2011; Tilman, Balzer, Hill, & Befort,
2011; Tilman, Cassman, Matson, Naylor, & Polasky, 2002) on soils of
which 69% are moderately to highly degraded (FAO, 2011), we will
need to increasingly rely upon marginal lands, which intensify plant
stress (Zhang et al., 2018). Components of the plant microbiome, the
bacteria and fungi that live on or inside of plant tissues, substan-
tially impact plant performance (Bulgarelli, Schlaeppi, Spaepen, van
Themaat, & Schulze-Lefert, 2013; Friesen et al., 2011) and can miti-
gate the impacts of stress (Kivlin, Emery, & Rudgers, 2010). A frontier
in the evolutionary ecology of the microbiome is to identify key ben-
eficial and antagonistic microbes and to understand the magnitude
and generality of their main and interactive effects on plant per-
formance across contrasting environments (Busby et al., 2017). We
lack an integrated picture of the patterns and magnitudes of these

complex microbial interactions because the impacts of beneficial
microbes and stresses on plants are typically studied independently.

Three hypotheses predict the pattern of plant stress amelioration
by microbes (Figure 1). The additive model predicts that symbionts
confer the same benefits under stressful and non-stressful conditions
because the benefits they provide to a plant have similar contribu-
tions to plant performance across environments (Larimer, Bever, &
Clay, 2018). Here, symbionts serve similar ecological roles and could
have similar evolutionary dynamics across environments. Under the
positive synergy model, symbionts confer benefits that have a greater
contribution to plant performance in more stressful conditions. This
could occur if the benefits symbionts provide, such as phosphorous
from arbuscular mycorrhizal fungi (AMF) or nitrogen from rhizo-
bium bacteria, are more critical to plant performance under stressful
conditions or if microbes modulate plant pathways that only impact
performance under stress (Porter & Simms, 2014; Saikkonen, Saari,
& Helander, 2010; Thrall, Hochberg, Burdon, & Bever, 2007). Under
the negative synergy model, beneficial symbionts play a less import-
ant role under stressful conditions. This could occur if stress reduces
plants’ ability to benefit from symbionts or reduces symbionts’ abil-
ity to provide resources (Zahran, 1999). Under positive and negative
synergy, the impacts of symbionts on plant performance differ across
environments and thus symbionts would serve different ecological roles

and could have different evolutionary dynamics across environments.
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FIGURE 1 Possible models of the impact of beneficial symbiotic microbes on plant stress. Experimental manipulation of microbial
inoculation factorially with stress treatment is required to estimate the degree to which microbes ameliorate the detrimental effect of stress
on plant growth and yield. (a) Additive Model: Symbionts confer the same benefits under stressful and non-stressful conditions. (b) Positive
Synergy Model: Symbionts confer benefits that ameliorate plant stress because they have a greater contribution to plant performance in
more stressful conditions. (c) Negative Synergy Model: Beneficial symbionts play a less important role under stressful conditions; stress may

inhibit the benefits of microbes for plants
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Biotic and abiotic stress impose fundamentally different
challenges for plants that could result in contrasting patterns of
amelioration by beneficial microbes. Under biotic stress, plants
interact simultaneously with antagonistic and beneficial biota
in a complex balancing act. Plants under biotic stress could ex-
perience a larger benefit from symbionts (positive synergy) if
the resources provided by microbes are more critical for plants
burdened with the costs of enemy defence, or if the symbi-
onts confer enemy defence and thus improve plant health only
with enemies present (Mayerhofer, Kernaghan, & Harper, 2007;
Omacini, Semmartin, Pérez, & Gundel, 2012; Saikkonen, Lehtonen,
Helander, & Koricheva, 2006; Saikkonen et al., 2010). Positive
synergy could also result from priming, which occurs when mi-
crobes induce a physiological state of super-activation of de-
fences against environmental challenges (Jung, Martinez-Medina,
Lopez-Raez, & Pozo, 2012; Martinez-Medina et al., 2016). On
the other hand, pathogen defence can trade-off with symbiont
benefits, resulting in negative synergy whereby plants under
greater biotic stress benefit less from mutualistic microbes. This
trade-off could result when plants regulate antagonists and ben-
eficials via shared molecular pathways (Cao, Halane, Gassmann,
& Stacey, 2017; Chen et al., 2017). For example inactivation of
the plant gene RAM2 leads to resistance to oomycete pathogens
but this trades off with the ability to form mycorrhizal symbioses
(Gobbato et al., 2013; Wang et al., 2012), and pathogenic nem-
atode resistance trades off with the ability of legumes to nodu-
late with nitrogen fixing rhizobium bacteria (Wood, Pilkington,
Vaidya, Biel, & Stinchcombe, 2018). Furthermore, resources
conferred by symbionts can alter plant nutritional quality and
defence allocation to leave plants more vulnerable to enemies
(Godschalx, Schadler, Trisel, Balkan, & Ballhorn, 2015; Simonsen
& Stinchcombe, 2014).

Under abiotic stress, plants must cope with physiological chal-
lenges while supporting mutualistic symbionts. Under abiotic stress
plants could benefit more from symbionts (positive synergy), if re-
sources provided by microbes are more critical for plants coping with
harsh conditions, which can require a large proportion of a plant's re-
sources (Kaschuk, Kuyper, Leffelaar, Hungria, & Giller, 2009). On the
other hand, abiotic stress could reduce the benefits plants receive
from symbionts (negative synergy). Plants cope with abiotic stress
via complex multicomponent signalling pathways to restore cellular
homeostasis and promote survival (Choudhury, Rivero, Blumwald, &
Mittler, 2017; Golldack, Li, Mohan, & Probst, 2014), leaving fewer
plant resources to allocate to beneficial symbionts (Hoeksema et al.,
2019; Porter & Simms, 2014; Thrall et al., 2007). Abiotic stress that
limits carbon acquisition could also reduce plant resources available
to exchange with microbial symbionts (Lau et al., 2012; Taylor &
Menge, 2018), though AMF and rhizobia can stimulate plant photo-
synthetic rates and compensate for their carbon costs (Kaschuk
et al., 2009). Furthermore, associating with beneficial microbes can
leave the host more vulnerable to stress because microbes that
spur early growth can leave plants vulnerable to long-term drought

stress (Ulrich et al., 2019) and abiotic stress can reduce the ability

of symbionts to provide benefits to plants (Manzoni, Schimel, &
Porporato, 2012; van der Heyde, Ohsowski, Abbott, & Hart, 2017).

Previous meta-analyses reveal that both biotic and abiotic factors
modulate the impacts of beneficial symbionts on plants. Plant func-
tional group, phylogenetic history and the biological complexity of
microbial inocula are important drivers of plant benefit from fungal
symbionts (Hoeksema et al., 2018, 2019). Both bacterial and fungal
endophytes mitigate drought, nitrogen deficiency and salinity stresses
(Rho et al., 2018). Fungal symbionts can ameliorate drought stress
(Jayne & Quigley, 2014; Kivlin et al., 2013; Mayerhofer et al., 2013;
Worchel, Giauque, & Kivlin, 2013), and impact stomatal conductance
more under drought (Augé, Toler, & Saxton, 2015). Diverse mutualistic
beneficial microbes can ameliorate biotic stress (Morris et al., 2007)
and symbiotic fungi are particularly important (Larimer et al., 2018)—
they alter the impact of herbivores (Borowicz, 2013; Koricheva,
Gange, & Jones, 2009) and reduce fungal pathogen stress but exacer-
bate nematode stress (Borowicz, 2001). Furthermore, the interactive
impacts of multiple classes of plant enemies can depend on environ-
mental conditions (Hauser, Christensen, Heimes, & Kizer, 2013).

Our meta-analysis is novel in that we compare the roles of bac-
teria versus fungi living within plant tissues and colonizing plant
surfaces in ameliorating biotic versus abiotic plant stresses. We
use the log response ratio (Hedges, Gurevitch, & Curtis, 1999) as a
measure of effect size, to quantitatively integrate results from 89
studies comprising 288 experiments to ask, (a) Which of the three
hypotheses for the interaction between beneficial microbial sym-
bionts and plant stress are supported? Next, we compare different
classes of players in the microbiome on different forms of stress by
asking. (b) Do bacteria and fungi differ in their impacts on the out-
comes of abiotic or biotic plant stress? We consider the effects of
modifying variables, including (i) subclasses of microbes and stress-
ors, (ii) co-evolutionary history (as captured by plant domestication)
and (iii) biotic complexity (as captured by the potential impact of
experimental protocols on the background microbial communities).
Finally, to compare the effect size of microbial stress amelioration
in this study, we ask, (c) What are the magnitudes of the direct ef-
fects of beneficial microbes and stress on plant performance?

2 | MATERIALS AND METHODS
2.1 | Data compilation

We compiled data from manuscripts in which bacteria or fungi with
known plant growth-promoting properties are inoculated onto
plants factorially with biotic or abiotic stress, resulting in a dataset
containing 288 experiments across 89 studies (Table 1; Supporting
Information S2; Friesen et al., 2019). We obtained 66 relevant stud-
ies included in related meta-analyses (Larimer et al., 2018; Morris
et al., 2007; Worchel et al., 2013). To sample additional studies,
we used search strings in ISI Web of Science: plant abiotic endo*
[775], plant abiotic rhiz* [405], plant abiotic fung* [979], plant abiotic
bact* [749], plant pathogen* rhizosphere [1595], plant pathogen*
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Epiphytic Endophytic Endophytic
Microbe bacteria fungi bacteria
Stress
Salinity 16 1 8 0
Oomycete pathogen 0 4 0
Herbivory-nematode 4 0 0
Herbivory-foliar 0 0 0
Heavy metal 1 0 0
Fungal pathogen 53 0 46 6
Drought 1 23 0 0
Cold 8 0 0 0

EMF

TABLE 1 Number of experiments that
investigate the six classes of beneficial
microbes for each of the abiotic and biotic
stresses examined in the meta-analysis.

In total there are 288 experiments across
89 studies

Combined
AMF, EMF AMF

24

18
57

O O O O O O O »
o

Abbreviations: AMF, arbuscular mycorrhizal fungi; EMF, ectomycorrhizal fungi.

endophyt* [1060], PGP* plant stress [292]. The order of these stud-
ies was randomized and we skimmed title and abstract for 1,194 of
these to add 29 additional studies.

We accepted studies that measured plant performance as: above-
ground dry biomass, above-ground fresh weight, total biomass, total
fresh weight, root biomass, root fresh weight, survival, seed number,
fruit number and leaf number. The microbe being manipulated was bac-
terial or fungal and we designated microbes inhabiting the interior of
a plant's tissue endophytes and designated mycorrhizal fungi separate
from other endophytic fungi. We recorded whether plants were mono-
cots, dicots or multicotyledenous, type of photosynthesis (C3 or C4),
growth conditions (greenhouse, growth chamber or field), daylength,
and whether plants were wild or domesticated. We recorded the biotic
complexity of the background soil microbial community as (a) whole
field soil in the field, (b) whole field soil or potting soil with soil microbial
wash in pots, (c) sterilized field soil or potting soil passively colonized
by microbes during the experiment and (d) sterile. We required that
studies contain means, a measure of variance and sample size for each

treatment combination of the full factorial of microbe by stress.

2.2 | Data analysis

We used the MeTaFOR version 2.0-0 package in r version 3.5.0 (R Core
Team, 2017) which allowed “study” to be treated as a random effect.
For plant growth response to microbial inoculation in the absence of
stress, we calculated the log response ratio (L), standard deviation
(SD,,) and degrees of freedom (DF ).

SD, |, SO

-2’
N.c

SD, =

DF,, =N, +N.,

where m is the mean value of performance for plants inoculated with

beneficial microbes in the absence of stress, ¢ the mean value of

performance for uninoculated control plants in the absence of stress
and N is the number of replicates in a treatment combination.

Similarly, for plant growth response to stress in the absence of
microbes, we calculated the log response ratio (L), standard devia-
tion (SD,) and degrees of freedom (DF).

Li=log2,
[

DFy=N,+N,,

where s is the mean value of performance for uninoculated plants
subject to stress.

Finally, we calculated the effect of microbial stress amelioration
by considering the difference between stress impacts on uninocu-
lated plants versus stress impacts on inoculated plants. Microbial
amelioration was calculated as the log response ratio (La), standard

deviation (SD,) and degrees of freedom (DF,).
L,=log é —log i
m c

SD? SD2 SD?2 SD?
SD,= _m2+ _52+ £ !

N.m~ N

+—,
—2 -2
N.c™ N

DF,=N,+N;+N.+N;,

where i is the mean value of performance for inoculated plants in
the presence of stress. Our metric of microbial stress amelioration
takes into account beneficial direct effects of microbes on plant per-
formance by calculating what is effectively an interaction between
microbial inoculation and stress treatment, namely the degree of
non-additivity between microbes and stress similar to the interaction
term in Morris et al. (2007). Positive values of amelioration indicate
microbes ameliorate growth decreases due to stress in addition to
the stress-independent beneficial effects they may have on plants.

This stress amelioration metric allows us to test our hypothesis that
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microbes ameliorate stress under models of positive synergy (positive
values), additivity (zero) or negative synergy (negative values).

The significance of fixed-effect model terms and their interac-
tions was assessed using the metafor function rma.mv including
study as a random effect and allowing the model to fit an intercept
term. Treatment combination pooled mean effects and confidence
intervals were calculated using rma.mv without an intercept term and
a fail-safe number was calculated for single factor tests (Rosenthal,
1979). Post-hoc Tukey tests of different treatment pooled effect
sizes were conducted with the multcomp 1.4-8 function glht (see

Supporting Information S1).

3 | RESULTS

3.1 | Beneficial microbes ameliorate plant stress

Overall, beneficial microbes ameliorate stress (pooled mean
effect = 0.1158, SE = 0.0384, p = .0026, fail-safe number
[fsn] = 42,627; Figure Slc), supporting positive synergy in the
overall interaction between microbial symbionts and stress. The
overall effect size of stress amelioration was 23% of the effect
size of stress and 56% of the effect size of microbes in the absence

of stress.

3.2 Bacterial and fungal amelioration of
abiotic and biotic stress

Fungi more strongly ameliorate stress than do bacteria (p < .0001)
and bacterial and fungal stress amelioration is different for abiotic
versus biotic tress (p = .0007; Table 2). Bacteria do not amelio-
rate stress overall (pooled mean effect = 0.0156, SE = 0.0414,
p = .7065), whereas fungi do ameliorate stress (pooled mean
effect = 0.1737, SE = 0.0408, p < .0001; Figure 2). Within both
abiotic and biotic stress, fungi have a stronger stress amelioration
effect than bacteria (Tukey test p < .001 for both comparisons;
Figure 2). The difference between fungal and bacterial stress
amelioration is greater under abiotic stress (Figure 3), and there
is no difference within either bacteria or fungi for amelioration of
abiotic versus biotic stress.

We further categorized type of microbe and stress to assess
variation in microbial stress amelioration. AMF are the most

effective at ameliorating stress (pooled mean effect = 0.2216,
SE = 0.0450, p < .0001, Figure 4a) and endophytic bacteria are
marginally greater than zero (pooled mean effect = 0.0858,
SE = 0.0454, p = .0589; Figure 4a). Microbes are effective at
ameliorating fungal pathogens (pooled mean effect = 0.1949,
SE = 0.0616, p = .0016), salinity (pooled mean effect = 0.2027,
SE = 0.0737, p = .0059) and foliar herbivory (pooled mean ef-
fect = 0.5412, SE = 0.2311, p = .0192). Microbes make oomycete
pathogen stress worse (pooled mean effect = -0.1917, SE = 0.0729,

Fungal stress amelioration —— %

Bacterial stress amelioration ——
Direct effect of biotic stress —e— %

Direct effect of abiotic stress ——
Direct effect of fungi —e—
*
Direct effect of bacteria ——
-1.0 -0.5 0.0 0.5 1.0
Effect size

FIGURE 2 Influence of the type of microbe and type of stress
on both the direct effects of microbes and stress and the strength
of microbial stress amelioration. Effect sizes are standardized as the
log of the response ratio and can thus be compared to one another.
*Each of the pairs of points represent significant model terms

«  biotic —_——
[7]
9] Microbe
»
5 Bacteria
g -~ Fungi
>
= abiotic —_—
0.2 0.0 0.2 0.4
Microbial stress amelioration effect size
FIGURE 3 Interaction between type of microbe and type of

stress on the strength of microbial stress amelioration. Fungi show
greater amelioration of plant stress than do bacteria, and this
difference is larger for abiotic stress. Effect sizes are standardized
as the log of the response ratio and can thus be compared to one
another

TABLE 2 Overallimpact of microbe type (fungi vs. bacteria) and type of stress (biotic vs. abiotic) on plant stress amelioration. The significance
of fixed-effect model terms and their interactions including study as a random effect and allowing the model to fit an intercept term

Factor Estimate SE

Intercept 0.0112 0.0512
Microbe type 0.2085 0.0194
Stress type 0.0035 0.0597
Microbe x Stress -0.0858 0.0253

Bold indicates significant p-values.

Z-value p-value Cl lower Cl upper
0.2193 .8264 -0.0891 0.1116
10.7368 <.0001 0.1704 0.2466
0.0589 953 -0.1135 0.1205
-3.3926 .0007 -0.1353 -0.0362
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(a) Epiphytic bacteria 2 i FIGURE 4 Mean amelioration by
° ! different types of microbes and stressors.
8 Endophytic fungi 1 — N=29 (a) Microbial stress amelioration effect
E Endophytic bacteria 1 —— N =59 size for different classes of beneficial
‘5 EMF | : N=6 microbes. (b) Microbial stress amelioration
2 effect size for different types of abiotic
e Samiibeg o e - = and biotic stresses. Effect sizes are
AMF 1 Lo N=112 standardized as the log of the response
10 05 00 05 10 15 ratio and can thus be compared to one

Microbial stress amelioration effect size

another. Numbers on the right indicate
the number of experiments in the meta-
analytic dataset that examined particular
microbes or stresses

(p =.9016), or the background biotic complexity of the microbial com-

3.3 | Direct effects of microbes and stress on plants

(b) Salinity | [ ——— N=28
Oomycete pathogen 1 —_— N=9
% Herbivory-nematode 1 —_— N =28
@ |
® Herbivory-foliar § ! N=6
N 1
5] :
3 Heavy metal 1 _— N=5
= Fungal pathogen 1 | —— N=123
Drought 1 — N=81
Cold 1 : N=8
-1.0 -05 0.0 05 1.0 15
Microbial stress amelioration effect size
Epiphytic bacteria '—1-0—' N =53 .
" 1 munity (p =.7084).
Qo 1
‘S Endophytic bacteria '—:o—- N =46
£ |
5 '
g_ EMF T N=6
> 1
L 1
AV —— N=18
-1.0 -0.5 0.0 0.5 1.0 15

Microbial amelioration of fungal pathogen effect size

FIGURE 5 Fungal pathogens are ameliorated more by
arbuscular mycorrhizal fungi than by bacteria. Effect sizes are
standardized as the log of the response ratio and can thus be
compared to one another

p = .0086; Figure 4b); this is the sole case of negative synergy that
we observe.

Due to low sample sizes for some subsets of the data (Table 1),
we further analysed only two well sampled subsets of our dataset. For
drought, we dropped the one epiphytic bacterial study and found that
AMF and endophytic fungi provide indistinguishable drought stress
amelioration (p = .7420). The type of microbe affects fungal patho-
gen stress (p < .0001). Only AMF ameliorate fungal pathogen stress
(pooled mean effect = 0.2293, SE = 0.1169, p = .0498; Figure 5) and
the effect of AMF is higher than both endophytic bacteria and epi-
phytic bacteria (Tukey test, p < 1e-07).

Finally, we considered whether other moderators impacted mi-
crobial stress amelioration. Dicotyledonous hosts have more micro-
bial stress amelioration than monocots (Tukey test, p = .0191; dicot
pooled mean effect = 0.2067, SE = 0.0513, p < .0001, N = 88; mono-
cot pooled mean effect = 0.0082, SE = 0.0551, p = .8824, N = 194).
There is no effect of daylength (p = .1529), type of photosynthesis
(p > .7038), whether the study occurs in a growth chamber, green-
house, or field (p > .6517), whether the plant is wild or domesticated

Overall, microbes are beneficial for plants (pooled mean ef-
fect = 0.2051, SE = 0.0376, p < .0001, fsn = 882,838; Figure S1a).
Both bacteria and fungi are beneficial (bacteria pooled mean
effect = 0.2500, SE = 0.0376, p < .0001; fungi pooled mean ef-
fect = 0.1846, SE = 0.0373, p < .0001; Figure 2), even if rhizobia
are excluded. Bacteria provide greater benefit to plants than fungi
in the absence of stress (microbe type mean effect = -0.0654,
SE = 0.0077, p < .0001; Figure 2), even if rhizobia are excluded.
Studies investigating abiotic and biotic stress do not differ in the
effect of microbial inoculation (p = .1821). Overall, stress is det-
rimental to plant performance (pooled mean effect = -0.5008,
SE = 0.0442, p < .0001, fsn = 1,735,591; Figure S1b). Both abi-
otic and biotic stress are detrimental (abiotic pooled mean
effect = -0.5748, SE = 0.0479, p < .0001; biotic pooled mean
effect = -0.4036, SE = 0.0503, p < .0001; Figure 2) but abiotic
stress is more detrimental than biotic stress (p < .0001). The effect
of stress treatment does not differ among experiments investigat-
ing bacteria or fungi (p = .8125).

4 | DISCUSSION

We find beneficial microbes contribute to plant health more
strongly in stressful environments, ameliorating the negative
impacts of stress on plant health, consistent with the positive

synergy model (Figure 1). The magnitude of microbial stress
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amelioration is substantial—27% of the effect size of the typi-
cal impact of stress and 66% of the effect size of beneficial
microbes in the absence of stress. Classes of microbes differ
in the amount of benefit conferred to plants. In the absence
of stress, beneficial bacteria, including plant growth promoting
strains from Bacillus, Pseudomonas, Achromobacter, Rhizobium
and other genera, tend to confer greater plant benefits than
do fungi, even when nitrogen-fixing rhizobium bacteria, well
known bacterial mutualists, are excluded from the analysis.
However, fungi tend to confer greater stress amelioration than
do bacteria, particularly under abiotic stress. The high preva-
lence of AMF studies (112 of 148 fungal experiments) likely
drives this trend. As wild and agricultural plants will experience
increasing stress due to global change (Reyer et al., 2013; Seidl
et al., 2017; Wheeler & Braun, 2013), our results suggest that
the ecological importance of beneficial components of plant

microbiomes will increase.

4.1 | Microbial stress amelioration depends on
type of microbe and stress

Overall, we find positive synergy, whereby benefits from mi-
crobes are especially valuable to plants under stress. Therefore,
the impact of biological antagonists on plant performance
depends on the presence or absence of beneficial symbionts in
the microbiome, and vice versa. This finding is congruent with
that of a meta-analysis examining a broader swath of plant mu-
tualists (pollinators, defensive insects and microbial symbionts)
and their impact on plant enemy effects (Morris et al., 2007).
Our finding could be viewed as either the presence of ben-
eficial microbes reducing the impact of pathogens, or as the
presence of pathogens enhancing the beneficial effects of mu-
tualists. Microbial amelioration of biotic stress could result from
the increased importance of resources provided by beneficial
microbes under the burden of enemy defence costs (Mayerhofer
et al., 2013; Omacini et al., 2012; Saikkonen et al., 2006, 2010)
or by symbionts priming plant defence (Jung et al., 2012;
Martinez-Medina et al., 2016). Unlike abiotic stress, biotic stress
is driven by antagonistic organisms that can co-evolve with host
plants and beneficial members of the microbiome. The fact that
ecological interactions amongst components of the plant micro-
biome differ across environments suggests that co-evolutionary
dynamics in plant-microbiome interactions could show similar
variation across environments (O’Brien, Sawers, Ross-lbarra, &
Strauss, 2018; Thompson, 2013).

We find that fungal stress amelioration exceeds that of bacte-
rial symbionts. Our meta-analysis indicates fungi ameliorate both
abiotic and biotic plant stress, whereas symbiotic bacteria as a
general group do not ameliorate either type of stress—although
they do provide substantial direct growth benefits. This supports
previous findings that the ecological impact of beneficial soil bac-

teria can be modest relative to mutualists like AMF (Morris et al.,

2007). However, functional groups within the symbiotic bacteria
differed in their role in stress amelioration. Endophytic bacteria
(N = 59) significantly ameliorate stress, albeit to a lesser degree
than do fungi, whereas epiphytic bacteria (N = 86) do not. The
significant interaction between microbe type and type of stress
indicates that while fungi ameliorate biotic stress more than do
bacteria, fungi provide even greater stress amelioration under
conditions of abiotic stress. Two-thirds of the experiments we
examine focus on AMF, and we find AMF result in greater stress
amelioration than other classes of microbes, so AMF likely drive
this trend.

As the living connection between plants, soil, water and other
microbiota (Thompson, 2013), mycorrhizae are well-positioned to
exert major impacts on plant fitness. Our meta-analysis supports
AMF as particularly effective at ameliorating plant stress. Previous
meta-analyses demonstrate that mycorrhizae ameliorate the impacts
of drought stress and pathogen stress on plants (Jayne & Quigley,
2014; Larimer et al., 2010). However, our results are novel in that we
quantify the magnitude of stress amelioration symbiotic fungi pro-
vide and find they provide a similarly important role in ameliorating
both abiotic and biotic stresses for plants.

Our findings suggest promising avenues for evolutionary
microbiome research. Future work could identify strains most
useful for plant stress amelioration in agriculture or conservation
(Meena et al., 2017). Microbes differ in both abiotic stress toler-
ance (Porter & Rice, 2013; van der Heyde et al., 2017) and bene-
fit offered to a plant (Friesen et al., 2011; Heath & Stinchcombe,
2014; Porter, Faber-Hammond, Montoya, Friesen, & Sackos, 2018),
but less is known about standing variation for plant stress ameliora-
tion. Furthermore, microbiome evolutionary dynamics under biotic
versus abiotic stress could differ. Antagonists can co-evolve with
the plant and other members of the microbiome and may impose
more dynamic and fluctuating selection on plant-microbiome in-
teractions, whereas abiotic stresses may provide a more stationary

fitness peak.

4.2 | Microbial stress amelioration: Mechanistic
bases and ecological predictions

Microbial amelioration of plant stress differs among types of biotic
stressors. Beneficial microbes ameliorate fungal pathogens and foliar
herbivory. AMF drive fungal pathogen stress amelioration, corrobo-
rating previous findings (Larimer et al., 2010). The proportional bene-
fit plants receive from beneficial microbes is greater under herbivore
stress, consistent with experimental evidence that symbionts that
defend against herbivores can provide less benefit in their absence
(Mayerhofer et al., 2013; Omacini et al., 2012; Thamer, Schadler,
Bonte, & Ballhorn, 2011). For example fungal endophyte alkaloids can
increase herbivore resistance in plants, but do not increase other axes
of plant performance (Saikkonen et al., 2006, 2010). AMF in particu-
lar hold promise for mitigation of biotic stresses like fungal pathogens

in agriculture and wildland management.
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In contrast, we did not detect microbial amelioration of nematode
antagonists, and more strikingly, beneficial microbes show negative
synergy with oomycete pathogens. Nematode antagonists can initiate
plant infection via molecular pathways similar to those used by bene-
ficial microbes and can render plants less able to form symbiotic struc-
tures (Wood et al., 2018), which could constrain plant benefit from
microbes. Negative synergy could result if symbiotic structures or sup-
pression of the plant immune system during symbiosis renders plants
more susceptible to oomycetes or if oomycetes interfere with plants’
ability to benefit from symbionts. This would be congruent with find-
ings that oomycete resistance trades off with the functionality of my-
corrhizal symbiosis (Gobbato et al., 2013; Wang et al., 2012). Within
the microbiome, the role of beneficial microbes depends critically on
the identities of antagonists.

Beneficial microbes ameliorate abiotic plant stress, except for
heavy metal and cold stress. Soil salinity is a growing problem due
to rising sea levels and irrigation practices that affects over 20%
of irrigated agriculture (Qadir et al., 2014). The overall microbial
amelioration of salinity stress we observe is congruent with find-
ings for endophytes (Rho et al., 2018), AMF (Selvakumar, Shagol,
Kim, Han, & Sa, 2018), and rhizobia (Egamberdieva, Jabborova, &
Berg, 2016). Beneficial fungi can reduce the impacts of salinity
stress by mitigating the overaccumulation of Na* ions in roots
(Selvakumar et al., 2018), increasing soluble sugar concentrations
in roots which enhances resistance to salt-induced osmotic stress
(Feng et al., 2002), and reducing the accumulation of toxic reac-
tive oxygen species (Azad & Kaminskyj, 2016). Bacteria associated
with AMF can enhance amelioration of salinity stress (Selvakumar
et al., 2018) and many studies that attribute salinity stress ame-
lioration to AMF do not control for these bacteria, which could
inflate the importance of AMF to plant salinity tolerance. While
heavy metal and cold stress were not ameliorated in our meta-
analysis, this inference should be tempered by the few relevant
studies we examined.

We find AMF and fungal endophytes ameliorate abiotic drought
stress, though as a group, beneficial microbes do not show a uni-
fied pattern. The importance of AMF and fungal endophytes to
plant drought tolerance is broadly supported (Jayne & Quigley,
2014; Kivlin et al., 2013; Mayerhofer et al., 2013; Rho et al., 2018).
Beneficial fungi can alleviate drought stress by altering plant hor-
monal profiles and physiology (Ruiz-Lozano et al., 2016), for exam-
ple, by reducing damaging reactive oxygen species in plant tissues
(Azad & Kaminskyj, 2016). Drought can trigger plants to increase
strigolactone production to increase associations with beneficial
fungi as a means to cope with drought (Ruiz-Lozano et al., 2016). Our
findings indicate AMF and endophytic fungi do not differ in their
amelioration of drought stress. As drought stress increases due to
global climate changes (Trenberth et al., 2014) and agricultural in-
tensification (Wheeler & Braun, 2013), our findings predict that the
importance of symbiotic fungi to plant health could increase corre-
spondingly (Gehring, Sthultz, Flores-Renteria, Whipple, & Whitham,
2017). While increased fertilization under agricultural intensification

could reduce the magnitude of AMF benefits to plants (Hoeksema

et al.,, 2010) it is not clear if this would alter the magnitude of micro-
bial stress amelioration.

4.3 | Microbial stress amelioration is generalizable
across evolutionary and ecological contexts

We find dicotyledonous plants benefit more from microbial stress
amelioration than do monocotyledonous plants, supporting previ-
ous findings that plant functional and phylogenetic classification
can predict the benefit a plant obtains from microbes (Augé et al.,
2015; Hoeksema et al., 2010, 2018). We could not investigate
finer-scale taxonomic resolution, but note that cool versus warm-
season grasses have been previously found to respond differently
to soil microbes (Bennett, Daniell, & White, 2013). We find that
plants with different photosynthesis systems (C3 N = 248, C4
N = 44) do not differ in benefit from stress amelioration in our
meta-analysis.

Unlike the meta-analysis of Hoeksema et al. (2010), which
focused on AMF, we did not find that biotic complexity of the
rhizosphere microbiome impacted the benefits provided to the
host. This is surprising because a more diverse microbiome could
contain antagonists that could enhance the apparent effect of
the focal symbiotic microbe. More complex experimental designs,
such as co-inoculating with focal symbionts and diverse com-
munities in a factorial design, are needed to better understand
these interactions. One such study found that rhizobia reduce the
effects of antagonists in live soil inocula (Jack, Wozniak, Porter,
& Friesen, 2019). Our findings appear to be robust across a va-
riety of experimental conditions and co-evolutionary contexts.
For those studies that report conditions, day length and exper-
imental environment (growth chamber vs. greenhouse vs. field)
do not drive differences in microbial plant stress amelioration.
Plant growth promotion by beneficial microbes tends to be higher
with co-evolved sympatric symbionts and when partners inter-
act in their native soil (Johnson, Wilson, Bowker, Wilson, & Miller,
2010; Rua et al., 2016). Domesticated and wild plants have differ-
ent co-evolutionary dynamics with members of their microbiomes
yet we did not detect differences in our findings among domesti-
cated (N = 264) versus wild plants (N = 29). The unbalance in this
comparison highlights a need for additional work in wild systems,

particularly in forests.

4.4 | Conclusions and future priorities

In the face of increasing global change, there is growing momentum
to incorporate microbial symbiosis into efforts to mitigate increas-
ing plant stress in agriculture and wild systems (Kivlin et al., 2013;
Rho et al., 2018; Vimal, Singh, Arora, & Singh, 2017). The studies
we examine manipulate the presence or absence of individual types
of plant symbionts. However, plants associate simultaneously with

diverse communities of microbes that can have complex interactive
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effects on host performance (Afkhami, Rudgers, & Stachowicz,
2014; Lekberg et al., 2018). This indicates a need to investigate
microbial plant stress amelioration by manipulating the presence
and absence of many microbial taxa in factorial combinations.
Furthermore, plants shape microbial communities of soil microbes in
ways that feed back to impact subsequent plant growth and survival
(Bever, Platt, & Morton, 2012; Lekberg et al., 2018; van der Putten,
2017). It will be important to examine mutualistic microbial stress
amelioration in the context of these more complex microbial com-
munities that include diverse antagonists, commensals and free-
living organisms, over both ecological and evolutionary timescales.

The large effect sizes we observe indicate that there are dra-
matic potential gains from optimizing the microbiome in the face of
increasing plant stress. A greater impact of fungi on amelioration of
plant stress suggests that soil and root-dwelling fungi, particularly
AMF, present an important opportunity to reduce the negative im-
pacts of stress on plant health. Such a goal could be attained via
management practices that promote a robust AMF community,
or cause less disruption to AMF communities resident in the soil
(Verbruggen, Heijden, & Rillig, 2012; Verbruggen & Van der Heijden,
2012); though previous meta-analysis finds AMF can frequently be
non-beneficial to crops (Ryan & Graham, 2018) others identify sub-
stantial benefits (Rillig et al., 2019; Zhang, Lehmann, Zheng, You,
& Rillig, 2019). AMF inocula in wild and agricultural environments
can have substantial impacts on resident AMF communities and
plant health, though evidence for their efficacy in the field remains
scant (Hart, Antunes, Chaudhary, & Abbott, 2018; Verbruggen et al.,
2012). Understanding how multiple members of the microbiome
interact with one another to ameliorate plant stress is a critical re-
search priority and knowledge of the underlying mechanisms will

enable informed management.

ACKNOWLEDGEMENTS

We thank A. Bennett and reviewers for comments that improved the
manuscript. S.S.P. acknowledges support from NSF DEB-1355216
and NSF 10S-1755454 and M.L.F. acknowledges support from NSF
DEB-1821892, NSF 1342793, NSF 10S5-1755454, NSF 1753917 and
USDA NIFA Hatch project 1014527. The authors have no known
conflict of interest.

AUTHORS’ CONTRIBUTIONS

M.L.F, R.B,, C.AF, A.G,, K.G,, B.M.M,, PS. and E.S. conceived and
designed the study; R.B., K.I,, C.A.F,, A.G,, K.G,, BM.M.,, PS,, E.S.
and M.L.F. collected the data; M.L.F. and S.S.P. analysed the data;
S.S.P. and M.L.F. led the writing of the manuscript with contributions
from all authors.

DATA AVAILABILITY STATEMENT

Data deposited in the Dryad Digital Repository https://doi.
org/10.5061/dryad.4mwém906t (Friesenetal.,2019). Photo credits:
Rachel Bomberger, WSU (upper left), PublicDomainPictures/18042
images (CCO 1.0) (upper right), Maren L. Friesen, WSU (lower left),
Ashley Finnestad, T.E. Cheeke lab, WSU (lower right).

ORCID
Stephanie S. Porter
Colleen A. Friel
Aaron Garoutte
Kristi Gdanetz

https://orcid.org/0000-0002-1193-9705
https://orcid.org/0000-0002-2283-8619
https://orcid.org/0000-0001-6712-9130
https://orcid.org/0000-0002-8916-7602

Maren L. Friesen https://orcid.org/0000-0002-4274-8928

REFERENCES

Afkhami, M. E., Rudgers, J. A., & Stachowicz, J. J. (2014). Multiple mutual-
ist effects: Conflict and synergy in multispecies mutualisms. Ecology,
95(4), 833-844. https://doi.org/10.1890/13-1010.1

Augé, R. M., Toler, H. D., & Saxton, A. M. (2015). Arbuscular mycorrhizal sym-
biosis alters stomatal conductance of host plants more under drought
than under amply watered conditions: A meta-analysis. Mycorrhiza,
25(1), 13-24. https://doi.org/10.1007/s00572-014-0585-4

Azad, K., & Kaminskyj, S. (2016). A fungal endophyte strategy for
mitigating the effect of salt and drought stress on plant growth.
Symbiosis, 68(1-3), 73-78. https://doi.org/10.1007/s13199-015-
0370-y

Bennett, A. E., Daniell, T. J., & White, P. J. (2013). Benefits of breeding crops
for yield response to soil organisms. In F. J. de Bruijn (Ed.), Molecular
microbial ecology of the rhizosphere (pp. 17-27). Hoboken, NJ: John
Wiley & Sons. https:/doi.org/10.1002/9781118297674.ch3

Bever, J. D., Platt, T. G., & Morton, E. R. (2012). Microbial population
and community dynamics on plant roots and their feedbacks on plant
communities. Annual Review of Microbiology, 66(1), 265-283. https://
doi.org/10.1146/annurev-micro-092611-150107

Borowicz, V. A. (2001). Do arbuscular mycorrhizal fungi alter
plant-pathogen relations? Ecology, 82(11), 3057-3068. https://doi.
org/10.1890/0012-9658(2001)082[3057:DAMFAP]2.0.CO;2

Borowicz, V. A. (2013). The impact of arbuscular mycorrhizal fungi
on plant growth following herbivory: A search for pattern. Acta
Oecologica, 52, 1-9. https://doi.org/10.1016/j.actao.2013.06.004

Bulgarelli, D., Schlaeppi, K., Spaepen, S., van Themaat, E. V. L., &
Schulze-Lefert, P. (2013). Structure and functions of the bacterial
microbiota of plants. Annual Review of Plant Biology, 64, 807-838.
http:/www.annualreviews.org/doi/abs/10.1146/annurev-arplant-
050312-120106

Busby, P. E., Soman, C., Wagner, M. R, Friesen, M. L., Kremer, J., Bennett,
A., ... Dangl, J. L. (2017). Research priorities for harnessing plant
microbiomes in sustainable agriculture. PLOS Biology, 15(3), €2001793.
https://doi.org/10.1371/journal.pbio.2001793

Cao, Y., Halane, M. K., Gassmann, W., & Stacey, G. (2017). The role of
plant innate immunity in the legume-rhizobium symbiosis. Annual
Review of Plant Biology, 68(1), 535-561. https://doi.org/10.1146/
annurev-arplant-042916-041030

Chen, T,, Duan, L., Zhou, B., Yu, H., Zhu, H., Cao, Y., & Zhang, Z. (2017).
Interplay of pathogen-induced defense responses and symbiotic es-
tablishment in Medicago truncatula. Frontiers in Microbiology, 8, 1-13.
https://doi.org/10.3389/fmicbh.2017.00973

Choudhury, F. K., Rivero, R. M., Blumwald, E., & Mittler, R. (2017).
Reactive oxygen species, abiotic stress and stress combination. The
Plant Journal, 90(5), 856-867. https://doi.org/10.1111/tpj.13299

Egamberdieva, D., Jabborova, D., & Berg, G. (2016). Synergistic inter-
actions between Bradyrhizobium japonicum and the endophyte
Stenotrophomonas rhizophila and their effects on growth, and nod-
ulation of soybean under salt stress. Plant and Soil, 405(1-2), 35-45.
https://doi.org/10.1007/s11104-015-2661-8

FAO (2011). The state of the world's land and water resources for food and
agriculture (SOLAW)-managing systems at risk. Rome, Italy: Food and
Agriculture Organization of the United Nations.

Feng,G.,Zhang, F., Li,X., Tian, C.,Tang, C., & Rengel, Z.(2002). Improved
tolerance of maize plants to salt stress by arbuscular mycorrhiza is


https://doi.org/10.5061/dryad.4mw6m906t
https://doi.org/10.5061/dryad.4mw6m906t
https://orcid.org/0000-0002-1193-9705
https://orcid.org/0000-0002-1193-9705
https://orcid.org/0000-0002-2283-8619
https://orcid.org/0000-0002-2283-8619
https://orcid.org/0000-0001-6712-9130
https://orcid.org/0000-0001-6712-9130
https://orcid.org/0000-0002-8916-7602
https://orcid.org/0000-0002-8916-7602
https://orcid.org/0000-0002-4274-8928
https://orcid.org/0000-0002-4274-8928
https://doi.org/10.1890/13-1010.1
https://doi.org/10.1007/s00572-014-0585-4
https://doi.org/10.1007/s13199-015-0370-y
https://doi.org/10.1007/s13199-015-0370-y
https://doi.org/10.1002/9781118297674.ch3
https://doi.org/10.1146/annurev-micro-092611-150107
https://doi.org/10.1146/annurev-micro-092611-150107
https://doi.org/10.1890/0012-9658(2001)082%5B3057:DAMFAP%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082%5B3057:DAMFAP%5D2.0.CO;2
https://doi.org/10.1016/j.actao.2013.06.004
http://www.annualreviews.org/doi/abs/10.1146/annurev-arplant-050312-120106
http://www.annualreviews.org/doi/abs/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1371/journal.pbio.2001793
https://doi.org/10.1146/annurev-arplant-042916-041030
https://doi.org/10.1146/annurev-arplant-042916-041030
https://doi.org/10.3389/fmicb.2017.00973
https://doi.org/10.1111/tpj.13299
https://doi.org/10.1007/s11104-015-2661-8

10 Functional Ecology

PORTER ET AL.

related to higheraccumulation of soluble sugarsinroots. Mycorrhiza,
12(4), 185-190. https://doi.org/10.1007/s00572-002-0170-0

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J.
S., Johnston, M., ... Zaks, D. P. M. (2011). Solutions for a cultivated
planet. Nature, 478(7369), 337-342. https://doi.org/10.1038/natur
10452

Friesen, M. L., Porter, S. S., Stark, S. C., von Wettberg, E. J., Sachs, J. L.,
& Martinez-Romero, E. (2011). Microbially mediated plant functional
traits. Annual Review of Ecology Evolution and Systematics, 42, 23-46.
https://doi.org/10.1146/annurev-ecolsys-102710-145039

Friesen, M. L., Porter, S. S., Bantay, R., Friel, C. A, Garoutte, A., Gdanetz,
K., ...Friesen, M. L. (2019). Data from: Beneficial microbes ameliorate
abiotic and biotic sources of stress on plants. Dryad Digital Repository,
https://doi.org/10.5061/dryad.4mwém906t

Gehring, C. A, Sthultz, C. M., Flores-Renteria, L., Whipple, A. V., &
Whitham, T. G. (2017). Tree genetics defines fungal partner commu-
nities that may confer drought tolerance. Proceedings of the National
Academy of Sciences of the United States of America, 114(42), 11169~
11174. https://doi.org/10.1073/pnas.1704022114

Gobbato, E., Wang, E., Higgins, G., Bano, S. A., Henry, C., Schultze, M.,
& Oldroyd, G. E. (2013). RAM1 and RAM2 function and expression
during arbuscular mycorrhizal symbiosis and Aphanomyces euteiches
colonization. Plant Signaling & Behavior, 8(10), €26049. https://doi.
org/10.4161/psb.26049

Godschalx, A. L., Schadler, M., Trisel, J. A., Balkan, M. A., & Ballhorn, D. J.
(2015). Ants are less attracted to the extrafloral nectar of plants with
symbiotic, nitrogen-fixing rhizobia. Ecology, 96(2), 348-354. https://
doi.org/10.1890/14-1178.1.sm

Golldack, D., Li, C., Mohan, H., & Probst, N. (2014). Tolerance to drought
and salt stress in plants: Unraveling the signaling networks. Frontiers
in Plant Science, 5, 151. https://doi.org/10.3389/fpls.2014.00151

Hart, M. M., Antunes, P. M., Chaudhary, V.B., & Abbott, L. K.(2018). Fungal
inoculants in the field: Is the reward greater than the risk? Functional
Ecology, 32(1), 126-135. https://doi.org/10.1111/1365-2435.12976

Hauser, T. P., Christensen, S., Heimes, C., & Kiar, L. P. (2013). Combined
effects of arthropod herbivores and phytopathogens on plant per-
formance. Functional Ecology, 27(3), 623-632. https://doi.org/
10.1111/1365-2435.12053

Heath, K. D., & Stinchcombe, J. R. (2014). Explaining mutualism variation:
A new evolutionary paradox? Evolution, 68, 309-317. doi/10.1111/
evo.12292/full

Hedges, L. V., Gurevitch, J., & Curtis, P. S. (1999). The meta-analysis of
response ratios in experimental ecology. Ecology, 80(4), 1150-1156.
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAOR
R]2.0.CO;2

Hoeksema, J. D., Bever, J. D., Chakraborty, S., Chaudhary, V. B., Gardes,
M., Gehring, C. A, ... Zee, P. C. (2018). Evolutionary history of plant
hosts and fungal symbionts predicts the strength of mycorrhizal mu-
tualism. Communications Biology, 1(1), 116. https://doi.org/10.1038/
s42003-018-0120-9

Hoeksema, J. D., Chaudhary, V. B., Gehring, C. A., Johnson, N. C,,
Karst, J., Koide, R. T., ... Moore, J. C. (2010). A meta-analysis of con-
text-dependency in plant response to inoculation with mycorrhi-
zal fungi. Ecology Letters, 13(3), 394-407. https://doi.org/10.1111/
j.1461-0248.2009.01430.x/full

Isaac-Renton, M., Montwé, D., Hamann, A., Spiecker, H., Cherubini, P.,
& Treydte, K. (2018). Northern forest tree populations are physio-
logically maladapted to drought. Nature Communications, 9(1), 5254.
https://doi.org/10.1038/s41467-018-07701-0

Jack, C. N., Wozniak, K. J., Porter, S. S., & Friesen, M. L. (2019). Rhizobia
protect their legume hosts against soil-borne microbial antagonists in
a host-genotype-dependent manner. Rhizosphere, 9, 47-55. https://
doi.org/10.1016/j.rhisph.2018.11.005

Jayne, B., & Quigley, M. (2014). Influence of arbuscular mycorrhiza on
growth and reproductive response of plants under water deficit:

A meta-analysis. Mycorrhiza, 24(2), 109-119. https://doi.org/10.1007/
s00572-013-0515-x

Johnson, N. C., Wilson, G. W. T., Bowker, M. A., Wilson, J. A., & Miller, R.
M. (2010). Resource limitation is a driver of local adaptation in my-
corrhizal symbioses. Proceedings of the National Academy of Sciences
of the United States of America, 107(5), 2093-2098. https://doi.
org/10.1073/pnas.0906710107

Jung, S. C., Martinez-Medina, A., Lopez-Raez, J. A., & Pozo, M. J. (2012).
Mycorrhiza-induced resistance and priming of plant defenses.
Journal of Chemical Ecology, 38(6), 651-664. https://doi.org/10.1007/
s10886-012-0134-6

Kaschuk, G., Kuyper, T. W., Leffelaar, P. A., Hungria, M., & Giller, K. E.
(2009). Are the rates of photosynthesis stimulated by the carbon
sink strength of rhizobial and arbuscular mycorrhizal symbioses?
Soil Biology & Biochemistry, 41(6), 1233-1244. Retrieved from http://
www.sciencedirect.com/science/article/pii/S0038071709000935

Kivlin, S. N., Emery, S. M., & Rudgers, J. A. (2013). Fungal symbionts alter
plant responses to global change. American Journal of Botany, 100(7),
1445-1457. https://doi.org/10.3732/ajb.1200558

Koricheva, J., Gange, A. C., & Jones, T. (2009). Effects of mycorrhizal
fungi on insect herbivores: A meta-analysis. Ecology, 90(8), 2088-
2097. https://doi.org/10.1890/08-1555.1

Larimer, A. L., Bever, J. D., & Clay, K. (2010). The interactive effects of
plant microbial symbionts: A review and meta-analysis. Symbiosis,
51(2), 139-148. https://doi.org/10.1007/s13199-010-0083-1

Lau, J. A,, Bowling, E. J., Gentry, L. E., Glasser, P. A., Monarch, E. A,
Olesen, W. M., ... Young, R. T. (2012). Direct and interactive ef-
fects of light and nutrients on the legume-rhizobia mutualism. Acta
Oecologica, 39, 80-86. https://doi.org/10.1016/j.actao.2012.01.004

Lekberg, Y., Bever, J. D., Bunn, R. A., Callaway, R. M., Hart, M. M,, Kivlin,
S. N, ... van der Putten, W. H. (2018). Relative importance of com-
petition and plant-soil feedback, their synergy, context dependency
and implications for coexistence. Ecology Letters, 21(8), 1268-1281.
https://doi.org/10.1111/ele.13093

Lesk, C., Coffel, E., D’Amato, A. W., Dodds, K., & Horton, R. (2017).
Threats to North American forests from southern pine beetle with
warming winters. Nature Climate Change, 7(10), 713-717. https://doi.
org/10.1038/nclimate3375

Manzoni, S., Schimel, J. P., & Porporato, A. (2012). Responses of soil
microbial communities to water stress: Results from a meta-analysis.
Ecology, 93(4), 930-938. https://doi.org/10.1890/11-0026.1

Martinez-Medina, A., Flors, V., Heil, M., Mauch-Mani, B., Pieterse,
C. M. J,, Pozo, M. J,, ... Conrath, U. (2016). Recognizing plant de-
fense priming. Trends in Plant Science, 21(10), 818-822. https://doi.
org/10.1016/j.tplants.2016.07.009

Mayerhofer, M. S., Kernaghan, G., & Harper, K. A. (2013). The effects of
fungal root endophytes on plant growth: A meta-analysis. Mycorrhiza,
23(2), 119-128. https://doi.org/10.1007/s00572-012-0456-9

Meena, K. K,, Sorty, A. M., Bitla, U. M., Choudhary, K., Gupta, P., Pareek,
A., ... Minhas, P. S. (2017). Abiotic stress responses and microbe-
mediated mitigation in plants: The omics strategies. Frontiers in Plant
Science, 8, 172. https://doi.org/10.3389/fpls.2017.00172

Morris, W. F., Hufbauer, R. A., Agrawal, A. A, Bever, J. D., Borowicz, V. A,,
Gilbert, G. S., ... Vazquez, D. P. (2007). Direct and interactive effects
of enemies and mutualists on plant performance: A meta-analysis.
Ecology, 88(4), 1021-1029. https://doi.org/10.1890/06-0442

Neumann, M., Mues, V., Moreno, A., Hasenauer, H., & Seidl, R. (2017).
Climate variability drives recent tree mortality in Europe. Global Change
Biology, 23(11), 4788-4797. https://doi.org/10.1111/gcbh.13724

O'Brien, A. M., Sawers, R. J. H., Ross-lbarra, J., & Strauss, S. Y. (2018).
Evolutionary responses to conditionality in species interactions
across environmental gradients. The American Naturalist, 192(6),
715-730. https://doi.org/10.1086/700118

Omacini, M., Semmartin, M., Pérez, L. |., & Gundel, P. E. (2012). Grass-
endophyte symbiosis: A neglected aboveground interaction with


https://doi.org/10.1007/s00572-002-0170-0
https://doi.org/10.1038/nature10452
https://doi.org/10.1038/nature10452
https://doi.org/10.1146/annurev-ecolsys-102710-145039
https://doi.org/10.5061/dryad.4mw6m906t
https://doi.org/10.1073/pnas.1704022114
https://doi.org/10.4161/psb.26049
https://doi.org/10.4161/psb.26049
https://doi.org/10.1890/14-1178.1.sm
https://doi.org/10.1890/14-1178.1.sm
https://doi.org/10.3389/fpls.2014.00151
https://doi.org/10.1111/1365-2435.12976
https://doi.org/10.1111/1365-2435.12053
https://doi.org/10.1111/1365-2435.12053
doi/10.1111/evo.12292/full
doi/10.1111/evo.12292/full
https://doi.org/10.1890/0012-9658(1999)080%5B1150:TMAORR%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B1150:TMAORR%5D2.0.CO;2
https://doi.org/10.1038/s42003-018-0120-9
https://doi.org/10.1038/s42003-018-0120-9
https://doi.org/10.1111/j.1461-0248.2009.01430.x/full
https://doi.org/10.1111/j.1461-0248.2009.01430.x/full
https://doi.org/10.1038/s41467-018-07701-0
https://doi.org/10.1016/j.rhisph.2018.11.005
https://doi.org/10.1016/j.rhisph.2018.11.005
https://doi.org/10.1007/s00572-013-0515-x
https://doi.org/10.1007/s00572-013-0515-x
https://doi.org/10.1073/pnas.0906710107
https://doi.org/10.1073/pnas.0906710107
https://doi.org/10.1007/s10886-012-0134-6
https://doi.org/10.1007/s10886-012-0134-6
http://www.sciencedirect.com/science/article/pii/S0038071709000935
http://www.sciencedirect.com/science/article/pii/S0038071709000935
https://doi.org/10.3732/ajb.1200558
https://doi.org/10.1890/08-1555.1
https://doi.org/10.1007/s13199-010-0083-1
https://doi.org/10.1016/j.actao.2012.01.004
https://doi.org/10.1111/ele.13093
https://doi.org/10.1038/nclimate3375
https://doi.org/10.1038/nclimate3375
https://doi.org/10.1890/11-0026.1
https://doi.org/10.1016/j.tplants.2016.07.009
https://doi.org/10.1016/j.tplants.2016.07.009
https://doi.org/10.1007/s00572-012-0456-9
https://doi.org/10.3389/fpls.2017.00172
https://doi.org/10.1890/06-0442
https://doi.org/10.1111/gcb.13724
https://doi.org/10.1086/700118

PORTERET AL.

Functional Ecology 11

multiple belowground consequences. Applied Soil Ecology, 61, 273-
279. https://doi.org/10.1016/j.aps0il.2011.10.012

Porter, S. S., Faber-Hammond, J., Montoya, A. P,, Friesen, M. L., & Sackos, C.
(2018). Dynamic genomic architecture of mutualistic cooperation in
a wild population of Mesorhizobium. The ISME Journal, 13, 301-315.
https://doi.org/10.1038/541396-018-0266-y

Porter, S. S., & Rice, K. J. (2013). Trade-offs, spatial heterogeneity, and
the maintenance of microbial diversity. Evolution, 67(2), 599-608.
https://doi.org/10.1111/j.1558-5646.2012.01788.x

Porter, S.S., & Simmes, E. L. (2014). Selection for cheating across disparate
environments in the legume-rhizobium mutualism. Ecology Letters,
17(9), 1121-1129. https://doi.org/10.1111/ele.12318

Qadir, M., Quillérou, E., Nangia, V., Murtaza, G., Singh, M., Thomas, R.,
... Noble, A. (2014). Economics of salt-induced land degradation and
restoration. Natural Resources Forum, 38(4), 282-295. https://doi.
org/10.1111/1477-8947.12054

R Core Team. (2017). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from https://www.R-project.org/

Reyer, C. P. O., Leuzinger, S., Rammig, A., Wolf, A., Bartholomeus, R. P,
Bonfante, A, ... Pereira, M. (2013). A plant’s perspective of extremes:
Terrestrial plant responses to changing climatic variability. Global
Change Biology, 19(1), 75-89. https://doi.org/10.1111/gcb.12023

Rho, H., Hsieh, M., Kandel, S. L., Cantillo, J., Doty, S. L., & Kim, S.-H.
(2018). Do endophytes promote growth of host plants under
stress? A meta-analysis on plant stress mitigation by endophytes.
Microbial Ecology, 75(2), 407-418. https://doi.org/10.1007/s00248-017-
1054-3

Rillig, M. C., Aguilar-Trigueros, C., Camenzind, T., Cavagnaro, T., Degrune, F.,
Yang, G. (2019). Why farmers should manage the arbuscular my-
corrhizal symbiosis. New Phytologist, 222, 1171-1175. https://doi.
org/10.1111/nph.15602

Rosenthal, R. (1979). The file drawer problem and tolerance for
null results. Psychological Bulletin, 86(3), 638-641. https://doi.
org/10.1037/0033-2909.86.3.638

Rua, M. A., Antoninka, A., Antunes, P. M., Chaudhary, V. B., Gehring, C.,
Lamit, L. J., ... Hoeksema, J. D. (2016). Home-field advantage?
Evidence of local adaptation among plants, soil, and arbuscular
mycorrhizal fungi through meta-analysis. BMC Evolutionary Biology,
16(1), 122. https://doi.org/10.1186/s12862-016-0698-9

Ruiz-Lozano, J. M., Aroca, R., Zamarrefio, A. M., Molina, S., Andreo-
Jiménez, B., Porcel, R., ... Lopez-Réez, J. A. (2016). Arbuscular
mycorrhizal symbiosis induces strigolactone biosynthesis under
drought and improves drought tolerance in lettuce and tomato.
Plant, Cell & Environment, 39(2), 441-452. https://doi.org/10.1111/
pce.12631

Ryan, M. H., & Graham, J. H. (2018). Little evidence that farmers should
consider abundance or diversity of arbuscular mycorrizal fungi
when managing crops. New Phytologist, 220, 1092-1107. https://doi.
org/10.1111/nph.15308

Saikkonen, K., Lehtonen, P., Helander, M., & Koricheva, J. (2006). Model
systems in ecology: Dissecting the endophyte-grass literature.
Trends in Plant Science, 11(9), 428-433. https://doi.org/10.1016/j.
tplants.2006.07.001

Saikkonen, K., Saari, S., & Helander, M. (2010). Defensive mutualism be-
tween plants and endophytic fungi? Fungal Diversity, 41(1), 101-113.
https://doi.org/10.1007/s13225-010-0023-7

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M.,
Vacchiano, G., ... Reyer, C. P. O. (2017). Forest disturbances under
climate change. Nature Climate Change, 7(6), 395. https://doi.
org/10.1038/nclimate3303

Selvakumar, G., Shagol, C. C., Kim, K., Han, S., & Sa, T. (2018). Spore
associated bacteria regulates maize root K+/Na+ ion homeosta-
sis to promote salinity tolerance during arbuscular mycorrhizal

symbiosis. BMC Plant Biology, 18(1), 109. https://doi.org/10.1186/
s12870-018-1317-2

Simonsen, A. K., & Stinchcombe, J. R. (2014). Herbivory eliminates fit-
ness costs of mutualism exploiters. New Phytologist., 202, 651-661.
https://doi.org/10.1111/nph.12668

Taylor, B. N., & Menge, D. N. L. (2018). Light regulates tropical symbiotic
nitrogen fixation more strongly than soil nitrogen. Nature Plants, 4(9),
655. https://doi.org/10.1038/s41477-018-0231-9

Thompson, J. (2013). Relentless evolution. Chicago, IL: University of
Chicago Press.

Thamer, S., Schadler, M., Bonte, D., & Ballhorn, D. (2011). Dual benefit from
a belowground symbiosis: Nitrogen fixing rhizobia promote growth and
defense against a specialist herbivore in a cyanogenic plant. Plant and
Soil, 341(1), 209-219. https://doi.org/10.1007/s11104-010-0635-4

Thrall, P. H., Hochberg, M. E., Burdon, J. J., & Bever, J. D. (2007).
Coevolution of symbiotic mutualists and parasites in a community
context. Trends in Ecology & Evolution, 22(3), 120-126. https://doi.
org/10.1016/j.tree.2006.11.007

Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food demand
and the sustainable intensification of agriculture. Proceedings of the
National Academy of Sciences of the United States of America, 108(50),
20260-20264. https://doi.org/10.1073/pnas.1116437108

Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R., & Polasky, S. (2002).
Agricultural sustainability and intensive production practices. Nature
418(6898), 671-677. https://doi.org/10.1038/nature01014

Trenberth, K. E., Dai, A., van der Schrier, G., Jones, P. D., Barichivich, J.,
Briffa, K. R., & Sheffield, J. (2014). Global warming and changes in
drought. Nature Climate Change, 4(1), 17-22. https://doi.org/10.1038/
nclimate2067

Ulrich, D. E. M., Sevanto, S., Ryan, M., Albright, M. B. N., Johansen,
R. B., & Dunbar, J. M. (2019). Plant-microbe interactions before
drought influence plant physiological responses to subsequent se-
vere drought. Scientific Reports, 9(1), 249. https://doi.org/10.1038/
s41598-018-36971-3

van der Heyde, M., Ohsowski, B., Abbott, L. K., & Hart, M. (2017).
Arbuscular mycorrhizal fungus responses to disturbance are
context-dependent. Mycorrhiza, 27(5), 431-440. https://doi.
org/10.1007/s00572-016-0759-3

van der Putten, W. H. (2017). Belowground drivers of plant diversity. Science,
355(6321), 134-135. https:/doi.org/10.1126/science.aal4549

Verbruggen, E., Heijden, M., & Rillig, M. C. (2012). Mycorrhizal fun-
gal establishment in agricultural soils: Factors determining inoc-
ulation success. New Phytologist, 197(4), 1104-1109. https://doi.
org/10.1111/j.1469-8137.2012.04348.x/full

Verbruggen, E., & Van Der Heijden, M. (2012). Community assembly,
species richness and nestedness of arbuscular mycorrhizal fungi in
agricultural soils. Molecular Ecology, 21(10), 2341-2353. https://doi.
org/10.1111/j.1365-294X.2012.05534.x

Vimal, S. R., Singh, J. S., Arora, N. K., & Singh, S. (2017). Soil-plant-
microbe interactions in stressed agriculture management: A review.
Pedosphere, 27(2), 177-192. https://doi.org/10.1016/51002-0160(17)
60309-6

Wang, E., Schornack, S., Marsh, J. F., Gobbato, E., Schwessinger, B.,
Eastmond, P, ... Oldroyd, G. E. D. (2012). A common signaling pro-
cess that promotes mycorrhizal and oomycete colonization of plants.
Current Biology, 22(23), 2242-2246. https://doi.org/10.1016/j.
cub.2012.09.043

Wheeler, T., & von Braun, J. (2013). Climate change impacts on global
food security. Science, 341(6145), 508-513. https://doi.org/10.1126/
science.1239402

Wood, C. W, Pilkington, B. L., Vaidya, P., Biel, C., & Stinchcombe, J. R.
(2018). Genetic conflict with a parasitic nematode disrupts the
legume-rhizobia mutualism. Evolution Letters, 2(3), 233-245. https://
doi.org/10.1002/evI3.51


https://doi.org/10.1016/j.apsoil.2011.10.012
https://doi.org/10.1038/s41396-018-0266-y
https://doi.org/10.1111/j.1558-5646.2012.01788.x
https://doi.org/10.1111/ele.12318
https://doi.org/10.1111/1477-8947.12054
https://doi.org/10.1111/1477-8947.12054
https://www.R-project.org/
https://doi.org/10.1111/gcb.12023
https://doi.org/10.1007/s00248-017-1054-3
https://doi.org/10.1007/s00248-017-1054-3
https://doi.org/10.1111/nph.15602
https://doi.org/10.1111/nph.15602
https://doi.org/10.1037/0033-2909.86.3.638
https://doi.org/10.1037/0033-2909.86.3.638
https://doi.org/10.1186/s12862-016-0698-9
https://doi.org/10.1111/pce.12631
https://doi.org/10.1111/pce.12631
https://doi.org/10.1111/nph.15308
https://doi.org/10.1111/nph.15308
https://doi.org/10.1016/j.tplants.2006.07.001
https://doi.org/10.1016/j.tplants.2006.07.001
https://doi.org/10.1007/s13225-010-0023-7
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1186/s12870-018-1317-2
https://doi.org/10.1186/s12870-018-1317-2
https://doi.org/10.1111/nph.12668
https://doi.org/10.1038/s41477-018-0231-9
https://doi.org/10.1007/s11104-010-0635-4
https://doi.org/10.1016/j.tree.2006.11.007
https://doi.org/10.1016/j.tree.2006.11.007
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1038/nature01014
https://doi.org/10.1038/nclimate2067
https://doi.org/10.1038/nclimate2067
https://doi.org/10.1038/s41598-018-36971-3
https://doi.org/10.1038/s41598-018-36971-3
https://doi.org/10.1007/s00572-016-0759-3
https://doi.org/10.1007/s00572-016-0759-3
https://doi.org/10.1126/science.aal4549
https://doi.org/10.1111/j.1469-8137.2012.04348.x/full
https://doi.org/10.1111/j.1469-8137.2012.04348.x/full
https://doi.org/10.1111/j.1365-294X.2012.05534.x
https://doi.org/10.1111/j.1365-294X.2012.05534.x
https://doi.org/10.1016/S1002-0160(17)60309-6
https://doi.org/10.1016/S1002-0160(17)60309-6
https://doi.org/10.1016/j.cub.2012.09.043
https://doi.org/10.1016/j.cub.2012.09.043
https://doi.org/10.1126/science.1239402
https://doi.org/10.1126/science.1239402
https://doi.org/10.1002/evl3.51
https://doi.org/10.1002/evl3.51

12 Functional Ecology PORTER ET AL.

Worchel, E.R., Giauque, H. E., &Kivlin, S. N.(2013). Fungal symbionts alter SUPPORTING INFORMATION
plant drought response. Microbial Ecology, 65(3), 671-678. https://
doi.org/10.1007/s00248-012-0151-6

Zahran, H. H. (1999). Rhizobium-legume symbiosis and nitrogen fixation under
severe conditions and in an arid climate. Microbiology and Molecular Biology
Reviews, 63(4), 968-989. https:/mmbr.asm.org/content/63/4/968

Zhang, H., Li, Y., & Zhu, J.-K. (2018). Developing naturally stress-resistant How to cite this article: Porter SS, Bantay R, Friel CA, et al.
crops for a sustainable agriculture. Nature Plants, 4(12), 989. https:// Beneficial microbes ameliorate abiotic and biotic sources of

Zha::.(JS'-.,g/I_lgtinO::rl/,SA:ﬁ7Z7h2r11:, ?/?/?9Y£cl>u, 7. & Rillig, M. C. (2019). stress on plants. Funct Ecol. 2020;00:1-12. https://doi.
Arbuscular mycorrhizal fungi increase grain yields: a meta-analysis. org/10.1111/1365-2435.13499
New Phytologist, 222, 543-555. https://doi.org/10.1111/nph.15570

Additional supporting information may be found online in the

Supporting Information section.



https://doi.org/10.1007/s00248-012-0151-6
https://doi.org/10.1007/s00248-012-0151-6
https://mmbr.asm.org/content/63/4/968
https://doi.org/10.1038/s41477-018-0309-4
https://doi.org/10.1038/s41477-018-0309-4
https://doi.org/10.1111/nph.15570
https://doi.org/10.1111/1365-2435.13499
https://doi.org/10.1111/1365-2435.13499

