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Plantesoil feedbacks are important to productivity and plant community dynamics in both natural and
managed ecosystems. Among soil bacteria, the Streptomyces possess particularly strong antagonistic
activities and inhibit diverse plant pathogens, offering a clear pathway to involvement in plantesoil
feedbacks. We hypothesized that feedback effects and the ability of individual host plant species to foster
antagonistic Streptomyces populations may be modiﬁed by the richness of the surrounding plant community. To test this, we collected soil associated with four different plant species (two C4 grasses:
Andropogon gerardii, Schizachyrium scoparium; and two legumes: Lespedeza capitata, Lupinus perennis),
grown in communities that spanned a gradient of plant species richness (1, 4, 8, 16, or 32 species). For
each of these soils, we characterized the potential of soil Streptomyces to antagonize plant pathogens,
using an in vitro plate assay with indicator strains to reveal inhibition. We cultivated each plant species in
each conditioned soil to assess feedback effects on subsequent plant growth performance. Surrounding
plant richness modiﬁed the impacts of particular plant species on Streptomyces antagonistic activity;
A. gerardii supported a higher proportion of antagonistic Streptomyces when grown in monoculture than
when grown in 32-spp plant communities, and L. capitata supported more strongly antagonistic Streptomyces when grown in 4- or 32-spp plant communities than in 8-spp plant communities. Similarly, the
feedback effects of particular plant species sometimes varied with surrounding plant richness; aboveground biomass production varied with plant species richness for A. gerardii in L. perennis-trained soil, for
L. capitata in A. gerardii-trained soil, and for L. perennis in L. capitata-trained soil. Streptomyces antagonist
density increased with overall Streptomyces density under low but not under high plant richness, suggesting that plant diversity modiﬁes selection for antagonistic phenotypes among soil Streptomyces. This
work highlights the complexity of feedback dynamics among plant species, and of plantemicrobiome
interactions in soil.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Plantesoil feedbacks occur when changes to the soil environment imposed by a particular plant alter the subsequent performance of other plants, belonging to either the same or different
species (Callaway et al., 2008). Feedbacks may be positive,
enhancing subsequent performance, or negative, reducing subsequent performance (Kulmatiski et al., 2008). Plantesoil feedbacks
have been studied extensively because of their potential impacts on
plant community dynamics (Klironomos, 2002; Eppinga et al.,
2006; Petermann et al., 2008). For instance, negative feedbacks
have been suggested to play a signiﬁcant role in maintaining plant
diversity across the landscape by preventing competitive exclusion
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by dominant species (Janzen, 1970; Connell, 1971; Bever et al., 1997,
2010). On the other hand, positive feedbacks may play a role both in
maintaining dominant species and in facilitating invasion by exotic
species (Inderjit and Van der Putten, 2010). Plantesoil feedbacks
also have important implications for agricultural systems, where
the same species is often grown repeatedly or in a short rotation
with a limited number of other species. A better understanding of
the mechanistic bases that attenuate negative or promote positive
feedbacks may suggest methods of managing agroecosystems to
limit plant disease and improve plant health.
Plantesoil feedbacks can be mediated through soil microbial
communities (Olff et al., 2000; McCarthy-Neumann and Kobe,
2010a), although mechanisms involving soil chemistry or nutrient
levels can also be important (Ehrenfeld et al., 2005; Casper et al.,
2008; McCarthy-Neumann and Kobe, 2010b). Pathogens and
beneﬁcial symbionts such as mycorrhizal fungi have been the primary foci for studies of microbially-mediated plantesoil feedbacks.
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Less attention has been given to suppression of pathogens as a
mechanism for attenuating negative feedbacks. Negative feedback
through pathogen accumulation has long been appreciated in
agriculture and is a primary rationale for crop rotation (Hwang
et al., 2009). At the same time, however, long-term monoculture
has also been associated with the development of diseasesuppressive soils (Menzies, 1959; Weller et al., 2002), in which
little disease develops even when conditions are conducive for
disease development. Such disease suppression often results from
competition- or antibiotic-mediated antagonism of pathogens by
other microbes (Haas and Keel, 2003; Anukool et al., 2004; Kinkel
et al., 2011). This suggests that plantesoil feedbacks may incorporate more complex microbial interactions, including antagonism of
plant pathogens.
Among soil bacteria, the Streptomyces possess particularly
strong and diverse antagonistic activities against diverse plant
pathogens (Doumbou et al., 2001; Wiggins and Kinkel, 2005a,
2005b). Because most resources available to saprophytic Streptomyces are ultimately of plant origin, there is a strong potential for
plant identity and community characteristics to impact Streptomyces-driven antagonism of plant pathogens (Wiggins and Kinkel,
2005b). Recent work has demonstrated that host plant species
enrich different Streptomyces taxa and that host-speciﬁc impacts on
Streptomyces community structure can be modulated by surrounding plant richness (Bakker et al., 2013). However, we do not
have a predictive understanding of how changes in Streptomyces
community structure relate to changes in pathogen-suppression.
Aspects of resource availability might inﬂuence the development
and maintenance of antagonistic phenotypes among Streptomyces
(Kinkel et al., 2012). In particular, density-dependent selection may
be important to the development of highly antagonistic communities capable of effectively suppressing pathogens; maintaining
high Streptomyces densities may be important in selecting for more
strongly competitive phenotypes (Kinkel et al., 2012). To explore
speciﬁcally how plants may shape such selective forces that lead to
pathogen antagonism, we assessed Streptomyces antagonistic
phenotypes from communities associated with different host plant
species and across a gradient of plant richness.
Plantesoil feedbacks are often studied using monocultures
grown singly in pots. However, most plants in natural habitats grow
in complex communities, interacting with neighboring plants. The
identity of neighboring individuals has been shown to impact
various aspects of plant phenotype (Bartelt-Ryser et al., 2005; Broz
et al., 2010), which suggests that interactions of plants with soil
microbial communities may be similarly altered by the presence or
identity of neighboring individuals (Bakker et al., 2013). Plante
plant interactions may also alter incentives for interactions with
soil microbes. For instance, the development and maintenance of a
beneﬁcial microbial community may be energetically costly, while
beneﬁts may accrue to adjacent competing plants. In this case, a
disincentive for investing in beneﬁcial microbes may be experienced in higher diversity plant communities. Plant community
diversity is also relevant from the perspective of plant disease.
Because disease pressure is likely to be strongest in low diversity
plant communities (Garrett and Mundt, 1999; Keesing et al., 2006),
the beneﬁts for investing in pathogen-antagonistic microbial
partners may be greatest in low-diversity plant communities.
Finally, the identity and diversity of resource inputs to saprophytic
microbial foodwebs will also vary with plant identity and diversity,
with likely implications for the selective environment experienced
by soil microbes. For instance, diverse resource inputs (i.e. exudates
and litter from a diverse plant community) may encourage niche
differentiation among soil saprophytes. By providing an alternative
to strong antagonistic competition for resources, such specialization may reduce selection for antagonistic phenotypes (Kinkel et al.,
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2011). Thus there is a broad theoretical basis for the expectation
that pathogen-inhibitory soil microbes may be differentially
impacted by plant species identity and diversity.
In this work, we investigated the feedback effects of four
dominant prairie plant species (two C4 grasses, two legumes), with
each conditioning species grown across a gradient of plant richness
(communities planted with 1e32 plant species). We characterized
the antagonistic activity of soil Streptomyces populations associated
with each conditioning treatment and tested the same four species
as feedback response species in a full factorial greenhouse experiment. In this way, we investigated whether surrounding plant
richness modulated the ability of these host plant species to foster
antagonistic soil Streptomyces populations or altered the feedback
effects of each plant species on subsequent plant productivity.
2. Materials and methods
2.1. Soil collection and processing
Soil was collected from the Cedar Creek Ecosystem Science
Reserve (CCESR; part of the National Science Foundation Long-Term
Ecological Research network) in July of 2009, from experimental
plots that have been maintained in a long-term plant richness
manipulation (Tilman et al., 2001). These experimental plots were
established in 1994 with deﬁned levels of plant richness. For plant
richness treatments of up to 16 species, plant species were drawn
from a pool of 16 core native prairie plant species. Additional plant
species were included for 32-species plots (Tilman et al., 1997).
While other colonizing plant species are removed from each plot
annually, the relative abundances of the planted species are
allowed to ﬂuctuate and so the experimental manipulation controls
plant richness but not plant diversity per se. We targeted soil under
the dominant inﬂuence of each of four different plant species (two
C4 grasses: Andropogon gerardii, Schizachyrium scoparium; two legumes: Lespedeza capitata, Lupinus perennis) by collecting soil cores
(5 cm  30 cm) from the base of individual plants. Each sample
consisted of four bulked and homogenized soil cores, one collected
from each of four different individuals within a given plot. Each
plant species was sampled in ﬁve different plant richness treatments (monoculture and assemblages planted with 4, 8, 16 or 32
species). There were three plot-level replicates per host-plant
richness combination, except for monocultures of A. gerardii and
L. perennis, for which only two plot-level replicates were available.
Two different soil samples were processed from one of the plots in
these cases. Thus we had a total of 60 soil samples (4 plant hosts  5
plant community diversity levels  3 replicates). Soil pH, potassium
(K) and organic matter (OM) were measured at the University of
Minnesota soil-testing lab using standard procedures (http://
soiltest.cfans.umn.edu/).
2.2. Streptomyces antagonistic potential
Soil samples were stored at 4  C and were processed in random
order over a 6 month period. For each sample, a single 5 g subsample was dried overnight under sterile cheesecloth as the ﬁrst
enrichment for Streptomyces, which are tolerant of desiccation.
Dried soil samples were dispersed in 50 mL of sterile deionized
water on a reciprocal shaker (175 rpm, 60 min, 4  C). Soil dilutions
were spread onto 15 mL water agar plates and then covered with
5 mL of cooled, molten starch-casein agar (SCA). This method
suppresses the growth of many unicellular bacteria, while allowing
ﬁlamentous Streptomyces to grow up through the SCA (Wiggins and
Kinkel, 2005b). After three days of incubation (28  C), Streptomyces
colonies were enumerated based on morphology. These plates
were also used to assess Streptomyces inhibitory activities using a
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modiﬁed Herr’s assay (Wiggins and Kinkel, 2005a, 2005b). To
reveal inhibitory zones, colonies on the soil dilution plates were
covered with a thin layer (10 mL) of SCA and spread with one of
three indicator strains: one plant pathogen (Streptomyces scabies
DL87) and two nonpathogenic Streptomyces isolates (Streptomyces
sp. 4-21 and Streptomyces sp. 1324-2) (Davelos et al., 2004). Plates
were spread with 150 mL of a spore suspension to give approximately 1.5  107 colony-forming units (CFU)/plate. We used multiple, previously characterized indicator strains to provide a
comprehensive picture of the inhibitory potential of soil Streptomyces populations, as resistance to antibiotics differs among indicator strains. Three soil dilution plates were spread per indicator
strain. Antagonistic activity was quantiﬁed after three days of incubation (28  C) as the density (CFU/g) and proportion of Streptomyces colonies that produced a clear zone of inhibition against the
overlay isolate. The radius of each inhibition zone was used as a
measure of the intensity of inhibitory activity. Values of inhibitory
intensity and antagonist density and frequency were averaged
across indicator strains for each sample.
2.3. Feedbacks of soil conditioning on plant performance
In a complementary test for plantesoil feedbacks, the same soil
samples were used for a greenhouse test of plant growth performance. Each of the four target plant species was grown in soil
conditioned by all combinations of host species and plant community richness. Seeds of each plant species were surface-disinfested
by vortexing for 90 s in 15% H2O2 and four seeds were planted into
each conetainer (approximately 165 mL volume). Osmocote slow
release fertilizer (15-9-12) and a top layer of sand (2 cm) were added
to each conetainer at planting. Seedlings were thinned to one per
conetainer as they emerged. Five replicate conetainers were planted
per treatment (conditioning soil treatment  response plant species), though some treatments ended up with fewer than ﬁve replicates due to low germination. Greenhouse temperature was
maintained at 21e22  C, and 16 h of light were provided. Conetainers were watered lightly twice a day until seedling emergence,
at which time watering was performed on an as-needed basis.
At the end of a 12-week growth period, all plants were harvested for evaluation of growth performance. Above- and belowground tissues were harvested separately for drying and biomass
determination. Soil was washed from roots with water. The length
of the root system was measured for each plant, roots were visually
inspected for symptoms of disease, and root nodules were counted
for the legumes L. capitata and L. perennis. Mean values across
replicate conetainers were carried forward for analysis so that
statistical replicates correspond to soil samples collected from the
ﬁeld experiment.
2.4. Statistical analyses
Statistical analyses were performed in R (R Development Core
Team, 2011). Streptomyces density measures were log-transformed
and inhibition zone sizes were square root-transformed to meet

assumptions of normality. Differences in antagonistic activity and
plant growth performance as a result of soil conditioning treatment
were tested by two-way ANOVA, with conditioning host species and
conditioning plant richness as main factors. Where signiﬁcant effects were evident, Tukey’s HSD was used for post hoc contrasts
among treatments. Correlation analyses were performed between
measures of Streptomyces antagonistic potential and greenhouse
growth response, characteristics of conditioned soil, and characteristics of experimental plant communities (plant community data
accessed from the CCESR Long Term Ecological Research network
database: http://www.cedarcreek.umn.edu/research/data/). The
signiﬁcance of correlation coefﬁcients was adjusted with the False
Discovery Rate method for multiple test correction, using the LTM
package in R (Rizopoulos, 2006).
3. Results
3.1. Plant impacts on Streptomyces antagonistic potential
Streptomyces densities and antagonistic activities varied among
communities. Across all experimental treatments, culturable
Streptomyces densities varied nearly 10-fold, ranging from 4.9  105
to 2.9  106 CFU per gram of soil (mean 1.6  106 CFU/g). Inhibitor
densities ranged from 1.5  105 to 8.1  105 CFU/g, with a mean of
2.9  105 CFU/g. Inhibitor frequency ranged from 10 to 54% of
Streptomyces colonies, with a mean of 28% of colonies showing
in vitro inhibitory activity. The intensity of inhibition, measured as
the average radius of inhibition zones against an indicator strain,
varied by a factor of 4.5 among samples (1.4e6.1 mm), with a mean
value of 2.9 mm.
Several measures of Streptomyces community antagonistic potential were impacted by the host plant species (A. gerardii, S. scoparium, L. capitata, L. perennis), or plant community richness (plots
planted to 1, 4, 8, 16, or 32 species) (Table 1). The density of
antagonistic Streptomyces differed signiﬁcantly among plant hosts.
L. capitata supported signiﬁcantly higher antagonist densities than
A. gerardii (Fig. 1A; p ¼ 0.02, ANOVA with Tukey contrasts). The
density of antagonistic Streptomyces also differed among plant
richness treatments, with 8-spp plots harboring signiﬁcantly
higher densities of antagonistic Streptomyces than 16-spp plots
(Fig. 1B; p ¼ 0.01). The proportion of Streptomyces isolates showing
inhibitory activity differed among plant community richness
treatments, with monocultures supporting the highest proportions
of antagonistic Streptomyces (Fig. 1B; p < 0.01 for monoculture vs.
16-spp plots).
Surrounding plant community richness modulated the impacts
of A. gerardii and L. perennis on the antagonistic potential of
associated Streptomyces communities. The proportion of isolates
showing inhibitory activity was highest when A. gerardii was
grown as a monoculture (Fig. 2A; p ¼ 0.04, ANOVA with Tukey
contrasts), while the density of inhibitory isolates was higher
when A. gerardii was grown in 8-species assemblages than in 32species assemblages (Fig. 2A; p ¼ 0.03). For L. perennis, the intensity of antagonism by associated Streptomyces populations was

Table 1
ANOVA results table showing the signiﬁcance of host plant species, plant richness, and the interaction between host species and plant richness on various measures of the
antagonistic potential of associated Streptomyces communities. *Indicates signiﬁcant effects at p < 0.05.

Host species
Plant richness
Interaction
Residuals

Df

Streptomyces density
(log CFU/g)

Antagonist density
(log CFU/g)

Proportion inhibitory
colonies

Inhibition zone size (mm; sqrt
transformed)

F

p-Value

F

p-Value

F

p-Value

F

p-Value

3
4
12
38

0.64
1.69
0.32

0.60
0.17
0.98

3.43
2.98
0.97

0.026*
0.031*
0.50

0.94
3.82
1.42

0.43
0.011*
0.20

0.46
2.73
0.74

0.71
0.043*
0.70
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A)
A. gerardii
S. scoparium
L. capitata
L. perennis

0.3

0.2

a

ab

ab

b

0.6

1 sp.
4 spp.
8 spp.
16 spp.
32 spp.

5.5

5.6

xy
xy
xy

0.2

a

5.7

Density of antagonistic Streptomyces (log CFU/g)

2.0

0.4

1 sp.
4 spp.
8 spp.
16 spp.
32 spp.

x

0.3

xy
xy
xy
y

ab ab

ab

5.4

b
5.6

y

5.8

Density of antagonistic Streptomyces (log CFU/g)

B)

B)

x

0.4

0.0
5.2

5.4

Proportion inhibitory Streptomyces

A. gerardii grown in plots containing:
Proportion inhibitory Streptomyces

0.4

Intensity of inhibtion
(radius of inhibition zone;
mm, sqrt transformed)

Proportion inhibitory Streptomyces

A)
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L. perennis grown in plots containing:

1.8

1 sp.
4 spp.
8 spp.
16 spp.
32 spp.

x
x
xy
xy

1.6

y

1.4

0.2

a
5.4

ab ab ab
5.5

b
5.6

5.2

5.7

Density of antagonistic Streptomyces (log CFU/g)
Fig. 1. The density (horizontal axis) and frequency (vertical axis) of antagonistic
Streptomyces associated with A) different host plant species, or B) plant species richness treatments. Means þ SE are shown; treatments marked with different letters (a
vs. b for differences along the horizontal axis; x vs. y for differences along the vertical
axis) differed signiﬁcantly from each other (p < 0.05, ANOVA with Tukey contrasts).

signiﬁcantly lower when grown in 8-spp assemblages than in 4- or
32-spp assemblages (Fig. 2B; p < 0.05). Antagonistic characteristics of Streptomyces populations associated with L. capitata and
S. scoparium did not differ signiﬁcantly with surrounding plant
richness (data not shown).
Across all treatments, Streptomyces density was negatively
correlated with the proportion of inhibitory colonies (r ¼ 0.62,
p < 0.001). This could suggest that greater carbon availability reduces competitive pressure, and thus the beneﬁts of antibiotics to
ﬁtness, even while supporting greater Streptomyces densities. Using
soil OM as a proxy for carbon availability, the proportion of inhibitory colonies declined more rapidly with increasing Streptomyces
density for sites with high carbon availability (upper third of
samples ranked by organic matter content; range 1.1e2.2% OM)
than for sites with low carbon availability (lower third of samples;
range 0.7e1.0% OM; Fig. 3A).
Resource diversity may be as important as absolute carbon
availability in determining the selective pressures experienced by
saprophytic soil microbes. Since plants supply the majority of resources available to soil saprophytes, resource diversity should increase with plant species richness or diversity. Among Streptomyces
communities explored here, both the strength and the slope of the

5.4

5.6

5.8

Density of antagonistic Streptomyces (log CFU/g)
Fig. 2. A) The density (horizontal axis) and proportion (vertical axis) of antagonistic
Streptomyces associated with A. gerardii when grown in communities of varying plant
species richness. B) The density (horizontal axis) and inhibition intensity (vertical axis)
of antagonistic Streptomyces associated with L. perennis when grown in communities of
varying plant species richness. Means þ SE are shown; treatments marked with
different letters (a vs. b for differences along the horizontal axis; x vs. y for differences
along the vertical axis) differed signiﬁcantly from each other (p < 0.05, ANOVA with
Tukey contrasts).

relationship between total Streptomyces density and antagonistic
Streptomyces density declined consistently as plant diversity
increased (Fig. 3B; see legend for statistics). In high diversity plant
communities, antagonist densities increased more slowly with
increasing Streptomyces densities than in low diversity plant communities. These results suggest that Streptomyces density may be a
more signiﬁcant factor in selection for antagonistic phenotypes
within low-richness plant communities than in high-richness
communities.
3.2. Impacts of soil conditioning on plant performance
Growth of the four target plant species varied signiﬁcantly
among soil conditioning treatments, demonstrating variable
plantesoil feedback dynamics among conditioning plant species
(species from which soil was collected), conditioning plant community richness, and response plant species (species for which
growth performance was assessed). All four plant species showed
sensitivity to soil conditioning treatments, though responses varied
among treatments and measures of growth response.
Conditioning species identity impacted S. scoparium aboveground biomass production, with signiﬁcantly more aboveground
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A)

growing in 8- or 32-species assemblages (Fig. 5B; p < 0.05).
L. perennis produced more aboveground biomass in L. capitataconditioned soil from 8-spp plots than from 32-spp plots (Fig. 5C;
p ¼ 0.05).
Little disease was evident at the time of harvest, as revealed by
visual inspection of washed roots (data not shown), indicating that
feedback effects occur even in the absence of signiﬁcant disease.
Nodulation rates were low, and no signiﬁcant treatment effects on
nodulation were observed.
3.3. Correlations between antagonistic Streptomyces and plante
soil feedbacks

B)

Fig. 3. A) Frequency of antagonistic Streptomyces colonies, as a function of soil organic
matter content. B) Relationships between total Streptomyces densities and densities of
antagonist Streptomyces, by plant richness treatment (across host plant species).
Pearson correlations and trend line slopes are listed on the ﬁgure.

biomass produced in soils conditioned by the legume L. perennis
compared to soils conditioned by either of the two grasses (Fig. 4;
p  0.05, ANOVA with Tukey contrasts). L. capitata produced
signiﬁcantly more belowground biomass in soils conditioned by
A. gerardii than in conspeciﬁc soils (Fig. 4; p ¼ 0.05).
Plant community richness during soil conditioning also
impacted subsequent plant growth, although to a lesser extent
overall than conditioning species. Signiﬁcant differences in growth
among plant richness treatments were found only for root length.
Roots were signiﬁcantly longer for both L. perennis and S. scoparium
in soil conditioned by the richest plant communities, and there was
a similar trend for A. gerardii (Fig. S1). Root length in response
plants could be related to soil physical properties, nutrient status,
or to microbial effects.
These results highlight the complexity and speciﬁcity of feedback dynamics. Adding further complexity, we found that plant
community richness modulated feedback dynamics within pairs of
conditioning- and response-species. That is to say, the same conditioning host had distinct effects on subsequent plant performance as a function of surrounding plant species richness.
A. gerardii produced more aboveground biomass in L. perennisconditioned soils from 8- or 16-spp plots than from 32-spp plots
(Fig. 5A; p < 0.05, ANOVA with Tukey contrasts). L. capitata produced more aboveground biomass in soils conditioned by monocultures of A. gerardii compared to soils conditioned by A. gerardii

In order to gain insights into the selective forces acting on
Streptomyces antagonistic phenotypes, we tested for relationships
of Streptomyces antagonistic potential with plant growth performance in conditioned soil and with soil properties and plant
community characteristics. Measures of Streptomyces density and
antagonistic potential were related to growth performance only for
S. scoparium (data not shown). As Streptomyces densities increased,
so did root length and belowground biomass of S. scoparium
(r ¼ 0.39; p ¼ 0.02 and r ¼ 0.33; p ¼ 0.06, respectively). On the other
hand, belowground biomass of S. scoparium decreased as the proportion of antagonistic Streptomyces increased (r ¼ 0.38;
p ¼ 0.02).
In general, Streptomyces densities were positively correlated
with measures of productivity and of fertility, while measures of
Streptomyces antagonistic activity were negatively correlated with
many of the same variables. Streptomyces density was signiﬁcantly
positively correlated with plant diversity and with soil pH, OM
and K content (Table 2). Antagonist frequency was signiﬁcantly
negatively correlated with conditioning plant diversity and productivity (belowground biomass, percent cover, aboveground
biomass) and with soil OM and K content (Table 2). Intensity of
inhibition was similarly negatively correlated with conditioning
plant productivity (belowground biomass, percent cover, aboveground biomass) and with soil OM and K content, though not
with conditioning plant diversity (Table 2). Antagonist density
was signiﬁcantly positively correlated with soil pH (Table 2).
Overall, the suggestion of these relationships is that in natural
settings, selection for antagonistic phenotypes is strongest where
nutrient availability is low, although the highest absolute densities of antagonists may still occur in sites with higher nutrient
availability.
4. Discussion
Although many studies have addressed plantesoil feedbacks
and the selective effects of plant host species on associated microbial communities, the impacts of plant diversity on these processes have received far less attention. Only very rarely have plant
diversity and plant identity been considered concurrently. In this
work, both plant species identity and plant community richness
were shown to be important to plantesoil feedbacks and to plantdriven impacts on Streptomyces antagonistic potential. Furthermore, for two of the four host plant species, plant species identity
and plant community richness were shown to have interactive effects on Streptomyces community antagonistic potential. This is
consistent with previous work, which has demonstrated that effects of host plant species identity on Streptomyces community
structure vary with surrounding plant richness (Bakker et al., 2013).
Plants grow in association with other plants within communities ranging from simple, low diversity monocultures to very high
diversity assemblages. Because the presence of neighboring plants
can alter aerial plant morphology (Bartelt-Ryser et al., 2005) and
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0.6

S. scoparium grown in soil conditioned by:

A. gerardii

Belowground biomass (g, dry weight)

Belowground biomass (g, dry weight)

A. gerardii grown in soil conditioned by:
S. scoparium
L. capitata

0.5

L. perennis

0.4

0.3

0.2

0.1
0.1

0.3

0.5

0.7

0.6

Belowground biomass (g, dry weight)

Belowground biomass (g, dry weight)

S. scoparium
L. capitata
L. perennis

0.4

0.3

x xy

0.1
0.1

0.3

xy y
0.5

L. perennis

0.4

0.3

ab
a
a

0.2

0.1
0.1

0.3

0.5

b

0.7

L. perennis grown in soil conditioned by:

A. gerardii

0.2

L. capitata

0.5

Aboveground biomass (g, dry weight)

L. capitata grown in soil conditioned by:

0.5

A. gerardii
S. scoparium

Aboveground biomass (g, dry weight)

0.6

309

0.7

Aboveground biomass (g, dry weight)

0.6

A. gerardii
S. scoparium
L. capitata

0.5

L. perennis

0.4

0.3

0.2

0.1
0.1

0.3

0.5

0.7

Aboveground biomass (g, dry weight)

Fig. 4. Aboveground and belowground biomass production by four prairie plant species, in soils conditioned by each of the same species. Means þ SE are shown; treatments
marked with different letters (a vs. b for differences along the horizontal axis; x vs. y for differences along the vertical axis) differed signiﬁcantly from each other (p < 0.05, ANOVA
with Tukey contrasts). The diagonal line reﬂects an even shoots:roots allocation of biomass.

secondary metabolism (Broz et al., 2010), it is also possible that root
architecture, root exudation and litter chemistry may vary
depending on the speciﬁc characteristics of the community in
which a plant is grown. This suggests the possibility that plantspeciﬁc impacts on associated soil microbial communities and
resulting plantesoil feedbacks may exhibit unique dynamics as a
function of plant community characteristics. For instance, this work
demonstrates that both the subsequent growth performance of a
response plant, and the impacts of a given host plant species on the
antagonistic potential of associated Streptomyces may vary with
surrounding plant richness. Further work is needed to identify
traits in these plants that show differential responsiveness to the
neighboring plant community. For example, among the plant species tested here, impacts of S. scoparium and L. capitata on soil
Streptomyces communities did not vary signiﬁcantly with surrounding plant richness. This may suggest that S. scoparium and
L. capitata root exudation or architecture are less impacted by
neighboring plants than are root traits of A. gerardii or L. perennis.
The relevance of broader plant community characteristics to
plantesoil feedbacks has been best appreciated in studies of temporal plant community dynamics. For example, feedback effects
have been investigated extensively in relation to plant invasion
(Klironomos, 2002) and have been shown to differ with plant
community successional stage (Kardol et al., 2006). However, we
are not aware of another study that considers the possibility of

variation in plantesoil feedbacks associated with a given plant
species as a result of plant community context. A meta-analysis of
plantesoil feedback studies found that most have used monocultures (Kulmatiski et al., 2008), and are thus unlikely to capture
subtle interactions that may be important in nature. For instance,
invasion by an exotic species is often accompanied by a reduction in
plant richness. If species-speciﬁc feedback effects vary with surrounding plant richness, plantesoil feedbacks may vary signiﬁcantly over the course of an invasion. Our results suggest that this
may be true for some, but not all plant species.
The potential for neighboring plants to modulate interactions of
a given host species with associated soil bacteria offers a new
perspective on the importance of plant diversity to ecosystem
properties and functions. Previous work has considered multiple
hypotheses for the importance of diversity to plant community
functioning. For instance, the sampling effect hypothesis (Wardle
et al., 1999) suggests that diversity may be important primarily
for increasing the likelihood of the presence of particular plant
species having disproportionate impact on ecosystems properties
and functioning. Other studies have emphasized that diversity
enhances temporal stability through cummulative slight variations
in functioning (Tilman and Downing, 1994). Our work suggests that
plant diversity may carry additional important implications for
ecosystem functions through modiﬁcation of the traits and interactions of individual species. While such interactive effects of
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Fig. 5. Aboveground (horizontal axis) and belowground (vertical axis) biomass production by A) A. gerardii in soils conditioned by L. perennis grown in assemblages of

plant diversity may be important to the provision of ecosystem
services, it should also be noted that these effects do not appear to
be universal. For instance, only for two of the four plant species
tested here did surrounding plant richness signiﬁcantly alter the
antagonistic activity of associated Streptomyces populations.
A long-term goal for agricultural management is the ability to
use cultivar selection, green manures and crop rotations to manage
microbial communities in ways that promote plant health and
productivity (Mazzola, 2004; Bakker et al., 2012). An ideal situation
would be agricultural management that creates positive plantesoil
feedbacks. For such application, it is important to elucidate the
mechanistic basis for plant-driven effects on beneﬁcial microbial
activities. We observed strong relationships between soil edaphic
characteristics and measures of Streptomyces antagonistic potential,
suggesting that plant-driven effects on associated bacterial populations may be partially mediated through changes to the chemical environment in soil. We found that Streptomyces densities
increased along with indicators of soil fertility such as organic
matter and potassium content (Table 2), although the causal
mechanism for this increase in diversity may be related to other
factors. Importantly, however, plant diversity dampened the rate at
which densities of antagonistic Streptomyces increased with overall
Streptomyces densities (Fig. 3). In the highest diversity plant communities, antagonist densities were independent of total Streptomyces densities, suggesting that antagonistic competition was less
important to ﬁtness in high- vs. low-diversity plant communities.
Because higher antagonist densities are related to lower disease
severity (Wiggins and Kinkel, 2005b), this suggests that it may be
more difﬁcult to manage Streptomyces communities for disease
suppression in highly diverse plant communities.
From an ecological and evolutionary perspective, the decoupling of Streptomyces density from antagonistic phenotypes in high
diversity plant communities may suggest that diverse plant cover
facilitates alternatives to chemical antagonism as a strategy for
coping with microbial competition. An explanation may be found in
the chemical diversity of the resource base available for saprophytic
microbes under different plant communities. As plant diversity
increases, a corresponding increase in resource diversity may foster
niche differentiation, or specialization on a subset of available resources, among soil saprophytes. By reducing the intensity of direct
antagonistic resource competition, such niche differentiation may
reduce the intensity of selection for antagonistic phenotypes
among Streptomyces (Kinkel et al., 2011). This prospect has significant implications for pathogen suppression and attempts to
manage soil Streptomyces communities for enhanced pathogen
suppression. For instance, complex rotations or frequent variation
in cover crop species may preclude the development of highly
antagonistic Streptomyces populations by encouraging niche differentiation in response to a highly diverse resource base.
This work also sheds light on the feedback dynamics of four
important prairie plant species. A legacy effect of the prior plant
community, mediated through the soil, had an impact on subsequent growth performance of these species. By extension,
competitive dynamics among plant species may differ depending
on the history of plant species and plant community richness at a
given site. Feedback effects were observed despite the absence of
visible disease symptoms, suggesting the possibility of chemical
or nutrient effects, the presence of asymptomatic infections, or

increasing plant richness; B) L. capitata in soils conditioned by A. gerardii grown in
assemblages of increasing plant richness; C) L. perennis in soils conditioned by
L. capitata grown in assemblages of increasing plant richness. Means þ SE are shown;
treatments marked with different letters differed signiﬁcantly from each other
(p < 0.05, ANOVA with Tukey contrasts). The diagonal line reﬂects an even shoots:roots
allocation of biomass.
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Table 2
Pearson correlation coefﬁcients (p-values) for relationships between Streptomyces density or antagonistic potential, and characteristics of the soil or resident plant community.

Properties of
conditioned soil

Soil organic matter (%)
Soil pH
Soil potassium (ppm)

Plant community
characteristics

Belowground biomass (g/m2)
Total plant cover (%)
Plant diversity (Shannon index)
Aboveground biomass (g/m2)

Streptomyces density
(log CFU/g)

Antagonist density
(log CFU/g)

0.33
0.33
0.33

0.41

0.44

(0.06)
(0.06)
(0.06)
(ns)
(ns)
(0.02)
(ns)

changes to communities of plant-growth promoting microbes. It
remains possible that antagonistic Streptomyces could be signiﬁcant to plantesoil feedbacks under conditions of greater pathogen
pressure. There are also a variety of other mechanisms whereby
plant-associated Streptomyces can inﬂuence plant growth. For
instance, Streptomyces have been shown to promote plant growth
(Nassar et al., 2003; Verma et al., 2011), to synthesize plant hormones (Tuomi et al., 1994; Joshi and Loria, 2007), to prime the
plant innate immune response system (Conn et al., 2008), and to
modify interactions between plants and other symbiotic microorganisms (Tokala et al., 2002; Lehr et al., 2007; Schrey et al.,
2007).
This work investigated relationships between plant growth
performance and Streptomyces community antagonistic potential.
We found that both plant species identity and plant community
richness impact soil Streptomyces communities, highlighting the
previously unstudied signiﬁcance of plant community richness
in mediating plantemicrobe feedbacks. This work also adds
complexity to the simple concept of density-dependent selection
for antibiotic phenotypes, and suggests that density is more
important to selection for antagonistic phenotypes in low diversity
than in high diversity plant communities. Further attention should
be given to exploring the implications of nutrient availability and
diversity for the selection and maintenance of antagonistic Streptomyces phenotypes.
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