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Abstract

A conceptual model emphasizing direct host-microbe interactions has dominated work
on host-associated microbiomes. To understand plant-microbiome associations, how-
ever, broader influences on microbiome composition and functioning must be incorpo-
rated, such as those arising from plant-plant and microbe-microbe interactions. We
sampled soil microbiomes associated with target plant species (Andropogon gerardii,
Schizachyrium scoparium, Lespedeza capitata, Lupinus perennis) grown in communities
varying in plant richness (1-, 4-, 8- or 16-species). We assessed Streptomyces antagonis-
tic activity and analysed bacterial and Streptomyces populations via 454 pyrosequenc-
ing. Host plant species and plant richness treatments altered networks of coassociation
among bacterial taxa, suggesting the potential for host plant effects on the soil microb-
iome to include changes in microbial interaction dynamics and, consequently,
co-evolution. Taxa that were coassociated in the rhizosphere of a given host plant spe-
cies often showed consistent correlations between operational taxonomic unit (OTU)
relative abundance and Streptomyces antagonistic activity, in the rhizosphere of that
host. However, in the rhizosphere of a different host plant species, the same OTUs
showed no consistency, or a different pattern of responsiveness to such biotic habitat
characteristics. The diversity and richness of bacterial and Streptomyces communities
exhibited distinct relationships with biotic and abiotic soil characteristics. The rhizo-
sphere soil microbiome is influenced by a complex and nested array of factors at vary-
ing spatial scales, including plant community, plant host, soil edaphics and microbial
taxon and community characteristics.
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Introduction

A frontier for new biological discovery, soil harbours
vast biodiversity (Torsvik & @vreas 2002), much of
which has only recently been made available to study
by advancing technological capacity (Carvalhais et al.
2012). The diversity of life in soil is predominantly
microbial, and there is a great deal that we do not yet
understand about the structure and functioning of the
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soil microbiome (Little et al. 2008), the full suite of
microorganisms present in soil and their genetic capac-
ity. However, plants have been a central focus among
possible determinants of the composition and structure
of the rhizosphere microbiome as they are the source of
the majority of carbon that supports heterotrophic life
in soil.

Plants interact extensively with soil micro-organisms,
with reciprocal impacts on fitness. Impacts of the soil
microbiome on plants span a continuum from beneficial
to detrimental and are relevant in both managed
and natural habitats. For instance, productivity of
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agricultural crops can be impacted positively through
the activities of soil organisms that suppress disease
(Wiggins & Kinkel 2005b) or enhance access to nutrients
(Richardson et al. 2011). Conversely, plant productivity
can be reduced by microbial pathogens (Strange & Scott
2005) or through microbial activities that reduce the
availability of nutrients (Cameron et al. 2013). Plants
also exert reciprocal effects on the soil microbiome
(Hartmann et al. 2009), influencing soil microbial com-
munity structure. For instance, even small changes in
plant genotype sometimes lead to distinct differences
among soil microbial communities (Castaldini et al.
2005; Lundberg et al. 2012).

It has been commonly assumed that host plant selec-
tive effects result from direct plant-microbe interac-
tions. For instance, a great deal of attention has been
given to the potential for characteristics of plant root
exudates to preferentially enrich distinct soil popula-
tions (Walker ef al. 2003; Bais ef al. 2006). Despite the
intensive focus on the significance of pairwise plant—
microbe interactions to the soil microbiome, this view
of tightly coupled plant-microbe interactions is artifi-
cially simple and perhaps irrelevant to the majority of
microbial taxa in soil. This focus probably arose because
the microbial functional groups that have received the
most study are those that participate in relatively
tightly coupled symbioses. Yet the vast majority of
members of the soil microbiome do not engage in such
close interactions. Depending upon the microbial taxon
or functionality of interest, it may be necessary to
change the conceptual lens through which we study
and understand plant-microbiome linkages. Specifically,
the roles of both larger-scale (landscape, plant commu-
nity) and smaller-scale (within-community microbial
interactions) factors in modifying soil microbiome struc-
ture and function require further study.

Plants serve as the primary carbon source for the soil
microbiome, but plant-driven effects on microbial com-
position or relative abundance may be indirect for most
microbial taxa, including taxa that have significant
effects on plant fitness. In particular, localized interac-
tions among soil micro-organisms are likely to be criti-
cal to microbial community dynamics (Czaran et al.
2002; Hibbing et al. 2010; Kinkel et al. 2011), perhaps as
much or more than plant-microbe interactions. Cru-
cially, the outcomes of interactions between species are
influenced by characteristics of the environment (Drak-
are 2002; Tétard-Jones ef al. 2007). For the soil microbi-
ome, plants play a keystone role in shaping the soil
environment via their impacts on soil chemistry and the
quantity and characteristics of soil organic matter. In
this way, plants set the stage upon which the drama of
microbial interactions plays out. For instance, soil
microbes engage in intense competition for nutrients

(Little ef al. 2008). Plants provide the resources, but
microbe—-microbe interactions are critical to community
dynamics, structure and function (Kinkel ef al. 2011).

In a similar fashion, the assumption of tightly cou-
pled plant-microbe interactions underestimates the
complexity of plant effects on the soil microbiome.
Plants are embedded in communities that can range
from simple (e.g. agricultural monocultures) to highly
complex (e.g. temperate grasslands and tropical forests).
Plant productivity, nutrient allocation and tissue chem-
istry can vary significantly depending on the identity of
neighbouring individuals (Gersani et al. 2001; Murphy
& Dudley 2009; Broz et al. 2010). This suggests that the
effects of a given plant ‘host’” on the soil microbiome
may be substantially mediated by the community con-
text of that host, as previous work has shown (Bakker
et al. 2013a,b; Schlatter et al. submitted).

Furthermore, studies of the soil microbiome need to
move beyond assessments of composition or structure
to incorporate functional aspects of soil microbiomes
(Torsvik & Dvreas 2002). Indeed, connecting microbial
community structure and functioning is a primary goal
of microbial ecology. We need to understand not only
what forces shape microbial community composition,
but also how those forces influence the functions or ser-
vices provided by those communities. However, it can
be difficult to assign functions of interest to particular
members of the microbiome. Many microbiome studies
consider only the totality or aggregate microbial com-
munity, either because of limits to taxonomic resolution
or in an attempt to be comprehensive. This approach
may make it challenging to draw linkages between
microbiome characteristics and functional attributes,
which are unlikely to be evenly distributed among taxa.
To draw clear linkages between specific community
functions and microbial composition or structure, it will
be important to consider both broad-scale microbiome
characterization as well as more targeted assessments of
particular taxa hypothesized to be significant to key
microbiome functions.

One important function of soil microbial communities
that has significant feedbacks to plant fitness is the sup-
pression of plant pathogens. The Streptomyces (phylum
Actinobacteria, order Actinomycetales, family Strepto-
mycetaceae) have been studied extensively in regard to
plant disease (Kinkel et al. 2012). Streptomyces have been
used in inoculative biocontrol of plant pathogens (Yuan
& Crawford 1995; Jones & Samac 1996; Liu ef al. 1996;
Xiao et al. 2002) and have also been a focus of efforts to
manage indigenous microbial communities for patho-
gen suppression (Wiggins & Kinkel 2005a,b; Perez et al.
2008). Streptomyces are particularly notable for their pro-
digious production of antibiotic compounds (Challis &
Hopwood 2003), and these are believed to be vital to
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suppression of plant pathogens in soil (Rothrock &
Gottlieb 1981). Antibiotics may also mediate a wide
array of other organismal interactions, including
microbe-microbe and plant-microbe interactions in soil
(Linares et al. 2006; Seipke et al. 2012).

The maintenance of antibiotic-producing phenotypes
among Streptomyces is hypothesized to be a result of
selection via competitive interactions with other
microbes (Kinkel ef al. 2011, 2012), including interac-
tions both among Streptomyces and with other
microbial taxa. Like plant-microbe interactions,
microbe-microbe interactions have reciprocal effects,
with the potential for both partners to influence one
another’s fitness. The abundance and ubiquity of Strep-
tomyces in soil, their broad nutrient utilization capaci-
ties (Schlatter ef al. 2013) and their ability to inhibit a
diverse array of soil fungi and bacteria (Bakker et al.
2010) suggest that Streptomyces may interact in signifi-
cant ways with the broader soil microbiome. Indeed,
there is a growing recognition that microbial communi-
ties are highly interactive entities and that positive and
negative interactions among distantly related microbes
are common (Linares et al. 2006; Schrey et al. 2007;
Wu et al. 2012). Thus, understanding the composition,
diversity and functioning of Streptomyces communities
in soil requires explicit consideration of the networks
of interactions occurring within the microbiome
(Barberan et al. 2012).

In this work, we integrate Streptomyces community
structure (assessed via targeted sequencing; Bakker
et al. 2013a) with the broader bacterial community
(assessed via nontargeted sequencing; Schlatter et al.
submitted) and with measures of Streptomyces function-
ing (in vitro antagonistic activity; Bakker et al. 2013b).
Furthermore, our experimental design gives explicit
consideration to the broader plant and microbial context
within which plant-microbiome interactions occur
(Fig. 1). We investigate patterns of composition, struc-
ture, coassociation and function among soil microbio-
mes, and how these change with target host plant
species and across plant richness treatments.

Materials and methods

Sampling design

We sampled soil microbiomes under the dominant
influence of four perennial prairie plant species (two C4
grasses: Andropogon gerardii and Schizachyrium scopari-
um; two legumes: Lespedeza capitata and Lupinus peren-
nis), with each species grown in communities planted
to 1-, 4-, 8- or 16-species mixtures (Tilman ef al. 2001).
There were 48 soil samples collected in total (4 plant
species x 4 plant richness treatments x 3 replicates).

© 2013 John Wiley & Sons Ltd
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Plant-microbe interactions  Microbe-microbe interactions

Fig. 1 Species interactions at diverse scales can impact soil
microbiome composition, structure and functioning. Most
attention to date has been given to direct plant-microbe inter-
actions. However, microbe-microbe interactions, taking place
in an environment under plant influence, are vital in shaping
microbiome structure and functioning. Furthermore, plant—
plant interactions can alter host plant impacts on associated
soil microbiomes.

Detailed methods on sample collection and processing
have been reported elsewhere (Bakker et al. 2013a).

Streptomyces antagonistic activity

Streptomyces antagonistic activity was assessed in vitro
as an estimate of the potential for suppression of plant
pathogens. Briefly, antagonistic activity was measured
as the density [log colony-forming units (CFU)/g] and
proportion of colonies on a Streptomyces-selective med-
ium that created visible zones of inhibition when over-
laid with an indicator organism. We wused three
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different Streptomyces isolates (Davelos et al. 2004) as
indicators and analysed mean values across indicator
strains. The intensity of inhibition was assessed as the
mean radius of inhibition zone sizes across inhibitory col-
onies for a given soil sample. Detailed methods, report-
ing and interpretation of these data have been presented
elsewhere (Bakker et al. 2013b). Here, we link these
microbial community functional data to detailed charac-
terization of community composition and structure.

Sequencing and sequence processing

Our microbiome sequence data gave particular attention
to the Streptomyces, but included taxa across the domain
Bacteria. We took this approach because we expect that
interactions with phylogenetically distinct taxa may be
important to the generation and maintenance of the
inhibitory phenotypes that contribute to pathogen sup-
pression by Streptomyces. Our data set included amplicon
sequencing from PCR using sets of 16S rRNA gene prim-
ers that were either universal and nonselective (‘bacteria’
data set) or selective for Streptomyces (‘Streptomyces’ data
set). Detailed descriptions of the generation and process-
ing of these sequence data have been reported elsewhere
(Bakker et al. 2013a; Schlatter et al. submitted). Both
sequence data sets were processed similarly, and opera-
tional taxonomic units (OTUs) were defined using a 97%
sequence similarity criterion. The sample of bacterial
communities consisted of 476 573 high-quality sequence
reads, which were distributed across 26 153 OTUs
belonging to 16 different phyla. The Streptomyces-targeted
data set consisted of 59 184 high-quality sequence reads,
which were distributed across 409 OTUs. The vast major-
ity of these sequence reads (>90%) belonged to the Strep-
tomyces, although other taxa within the phylum
Actinobacteria were also represented at low relative
abundances (Bakker et al. 2013a).

Coassociation networks

To investigate coassociation among bacterial taxa, we
combined the total bacterial and the Streptomyces-
specific data sets by concatenating OTU occurrence
tables. Because different primer sets were used for
sequencing targeted to Streptomyces vs. for universal
coverage across bacterial taxa, OTUs could not be
matched between data sets. Co-occurrence among com-
mon OTUs (those found in at least 50% of samples;
n =626 OTUs; see Table S1, Supporting information)
was tested using the SparCC method (Sparse Correla-
tions for Compositional data; Friedman & Alm 2012).
The significance of SparCC correlations was assessed
with a permutation test, using 99 permutations of the
data table. OTUs having observed SparCC correlations

that were positive and of greater magnitude than in
any random permutation (P < 0.01) were input into net-
work analyses. Networks of co-occurring OTUs were
visualized using the software Gephi ver. 0.8.2 (Bastian
et al. 2009). Network modules, or clusters of coassociat-
ed taxa, were defined with the default parameters in
Gephi (with randomization, uniform edge weighting,
resolution = 1.0). Other network characteristics (average
degree, graph density, average clustering coefficient,
network diameter, average path length) were also
calculated in Gephi.

Statistical analyses

Statistical analyses were performed in R (R Development
Core Team 2011) and prisMm ver.6.0c for Mac (GraphPad
Software, Inc.). OTU abundance tables were rarefied to
the depth of the shallowest sample in each data set. There
was no filtering performed based on taxon rarity prior to
calculating diversity statistics or pairwise distances. The
diversity (Shannon index) and richness (Chaol estimate)
of bacterial and of Streptomyces communities were calcu-
lated using MOTHUR (Schloss et al. 2009). Patterns of simi-
larity among bacterial and Streptomyces communities were
evaluated with pairwise Bray—Curtis distances, using the
vegdist function of the vegan package for r (Oksanen et al.
2011). Changes in the frequencies of phyla within network
modules, relative to the input data set as a whole, were
assessed with chi-square tests. Correlations between OTU
relative abundances and Streptomyces inhibitory activities
were explored using Pearson’s correlation coefficient.
Inhibitor densities were log-transformed prior to analysis,
to meet assumptions of normality. Measured soil edaphic
properties have been reported elsewhere (Bakker et al.
2013a). Spatial distances among plots were estimated as
the Euclidean distances among all plot pairs using a
gridded map of field plots (http:/ /www.cedarcreek.umn.
edu/research/data/). Samples from the same plot
were considered to have a distance of zero. Spatial
distances among all plot pairs were correlated with the
absolute value of differences in antagonistic activity,
using Mantel tests with 999 permutations to assess
significance.

Results

Bacterial taxa coassociate within complex networks and
have consistent relationships with microbial
community interaction phenotypes

We generated a coassociation network comprised of
common OTUs whose relative abundances were
positively correlated across samples (Fig. 2). There were
a total of 4057 such correlations, among 618 of the 626

© 2013 John Wiley & Sons Ltd
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Fig. 2 Coassociation network of common bacterial and Strepto-
myces operational taxonomic units (OTUs; those present in at
least 50% of samples), across host plant species and plant rich-
ness treatments (n = 48 samples). Nodes correspond to OTUs,
and connecting edges indicate correlations in abundance across
samples. Modules of coassociated OTUs containing at least 50
OTUs are coloured and labelled (Module 1-Module 4). For
OTU identifiers associated with each module, see Table S1
(Supporting information).

common OTUs in the data set. Across host plant species
and plant richness treatments, bacterial and Streptomyces
OTUs formed modules of coassociated taxa, four of
which were populated >50 OTUs each (Fig. 2).
Although the distribution of sequences among phyla
differed for modules compared with the data set as a
whole (chi-square test, P < 0.001; Table S2, Supporting
information), no modules were dominated by a single
phylum. Rather, modules were consistently comprised
of diverse taxa belonging to a range of phyla including
Actinobacteria, Proteobacteria,
unclassified phylum (Table S2, Supporting information).

Acidobacteria and

Thus, co-occurrence of OTUs within network modules
was not primarily driven by the presence of closely
related taxa that might be expected to share similar
environmental preferences.

We assessed the importance of microbial species
interactions in structuring soil microbial communities
by relating OTU abundance across samples to Strepto-
myces inhibitory activities (Fig. 3). There was substantial
variation among modules in mean correlation between
OTU abundance and Streptomyces inhibitory activity
(Fig. 3), with all four of the largest modules showing
unique relationships to Streptomyces inhibitory activity.
For instance, network Modules 1 and 2 exhibited oppo-
site patterns of relationship (sign of mean correlation
coefficient) with Streptomyces inhibitory activity; the
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Fig. 3 Mean correlations (+SE) between operational taxonomic
unit relative abundance and measures of Streptomyces inhibi-
tory activity, for each network module shown in Figure 2.

abundance of OTUs in Module 1 tended to be strongly
positively correlated with inhibitor density and weakly
negatively correlated with the proportion of inhibitors
and intensity of inhibition. In contrast, the abundance
of OTUs in Module 2 tended to be strongly negatively
correlated with inhibitor density and weakly positively
correlated with the proportion of inhibitors and inten-
sity of inhibition (Fig. 3). Modules 3 and 4 similarly
showed opposite patterns of correlation with Streptomy-
ces inhibitory activity (Fig. 3). These differences among
modules suggest variation in sensitivity or responsive-
ness of OTUs in different modules to competitive inhib-
itory interactions.

Microbial coassociation networks vary among plant
hosts and plant richness treatments

We divided the data set by host plant species or by
plant richness treatment and re-assessed patterns of
coassociation among OTUs to test whether the same
microbial OTUs associated with one another in the
microbiomes of different plant hosts or in plant commu-
nities of differing richness. To assess the consistency of
microbial coassociation, we first defined network mod-
ules (groups of coassociated taxa) for samples from
A. gerardii. We tracked the identity of each OTU across
the coassociation networks for the other plant hosts
(Fig. 4). Bacterial OTUs that were coassociated in a
given plant treatment rarely shared patterns of coassoci-
ation under different plant treatments. For instance,
among the OTUs that clustered into modules in the
A. gerardii network, on average, only 25% remained
clustered together in the network of another host plant
species (Table 1). The largest observed overlap in
module composition between host plant species was for
A. gerardii network Module 4, for which 44% of
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Network for A. gerardii,
with modules colored
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Network for S. scoparium,
colored by A. gerardii modules

Fig. 4 Coassociation networks of com-
mon bacterial and Streptomyces opera-
tional taxonomic units (OTUs), for each
host plant species (17 =12 samples per
host plant species). Nodes correspond to
OTUs, and connecting edges indicate cor-
relations in abundance across samples.
Nodes are coloured in each panel accord-
ing to their membership in network
modules defined for the A. gerardii sam-
ples. For OTU identifiers associated with
each module, see Table S1 (Supporting
information).

Network for L. perennis,
colored by A. gerardii modules

Table 1 Overlap in operational taxonomic unit (OTU) membership for modules present in networks formed by host plant species or

plant richness treatment

Andropogon gerardii network module

OTU count 94 92 68 68 58

Largest proportion of OTUs remaining grouped together,

Schizachyrium scoparium 0.26 0.38 0.31 0.44 0.24

for samples collected from: Lespedeza capitata 0.16 0.21 0.19 0.26 0.16
Lupinus perennis 0.20 0.23 0.21 0.28 0.24
Monoculture network module 1 2 3 4 5 6
OTU count 105 95 88 80 69 54
Largest proportion of OTUs remaining grouped together, 4 species plots 0.21 0.31 0.23 0.20 0.30 0.28
for samples collected from: 8 species plots 0.22 0.32 0.26 0.18 0.17 0.30
16 species plots 0.34 0.21 0.49 0.26 0.19 0.28

component OTUs remained clustered together in the
network of S. scoparium (Table 1).

Similarly, we defined network modules for the mono-
culture samples and tracked individual OTUs across
the microbial coassociation networks for the other plant
richness treatments (Fig. S1, Supporting information).
Again, most modules of coassociated taxa from the
monoculture samples were broadly distributed among

modules from other plant richness treatments; on aver-
age, only 26% of OTUs from monoculture modules
remained clustered together in the network of another
plant richness treatment (Table 1). The largest observed
overlap in module composition between plant richness
treatments was for monoculture network Module 3, for
which 49% of component OTUs remained clustered
together in the network from the 16 spp plots (Table 1).

© 2013 John Wiley & Sons Ltd
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Together, these results indicate that associations
among the majority of OTUs differ fundamentally
within the rhizosphere of different plant hosts, or within
the rhizosphere of plant hosts in communities of differ-
ent plant richness. This finding illustrates that explicit
consideration of how the plant context alters patterns of
microbe-microbe associations, and consequently poten-
tial for interactions, will be required to understand the
factors structuring the composition, structure and func-
tions of plant-microbiome associations.

To the extent that patterns of coassociation reflect
environmental filtering due to abiotic environment or
biotic interactions, altered patterns of coassociation
among OTUs may suggest that the relative influence of
distinct environmental drivers varies under the influ-
ence of different plant hosts or under communities of
different plant richness. Among samples from a given
plant species or plant richness treatment, the OTUs
comprising individual modules commonly showed con-
sistent relationships between relative abundance and
Streptomyces inhibitory activity (Fig. 5, A. gerardii mod-
ules; Fig. S2, Supporting information, monoculture
modules). However, in other host plant or plant rich-
ness treatments, the same OTUs showed no consistent
correlation, or a different pattern of correlation, between
relative abundance and Streptomyces inhibitory activity
(Fig. 5, Fig. S2, Supporting information). For instance,
the abundances of OTUs belonging to A. gerardii Mod-
ule 1 were, on average, positively correlated with the
proportion of inhibitory Streptomyces. Under the influ-
ence of other host plants, however, the correlation of
these OTUs with the frequency of inhibitory Streptomy-
ces was approximately zero (Fig. 5b). This result sug-
gests that the environmental factors (whether biotic or
abiotic) that structure the relative abundance of specific
OTUs in the microbiome vary among plant hosts.

In aggregate, these results suggest that both plant host
and plant community context alter population-limiting
factors and patterns of coassociation among microbial
taxa. Thus, microbe-microbe interactions may be funda-
mentally different and mediated by distinct environmen-
tal factors in soils associated with different plant hosts
or in plant communities of varying species richness. Fur-
thermore, the relative influence of environmental drivers
on the abundance of individual OTUs varies with host
plant species and plant richness across the landscape.
Interestingly, plant richness treatments displayed more
OTU coassociations than did plant hosts (mean of 6.09
correlations per OTU across plant richness treatment
networks vs. mean of 5.34 correlations per OTU across
host plant species networks; t-test, P = 0.016; Table S3,
Supporting information). This may suggest that plant
species richness has a larger impact on soil microbial
species interactions than does host plant identity.

© 2013 John Wiley & Sons Ltd

Responses to potential drivers of composition and
structure differ between aggregate bacterial vs.
Streptomyces communities

This work focuses on antibiotic-mediated inhibition of
plant pathogens and specifically on antagonistic activi-
ties associated with soilborne Streptomyces. Thus, in
attempting to identify factors that structure the compo-
sition and function of the soil microbiome, we were
especially interested in determining whether broad
microbiome characterization across all bacterial taxa,
and more focused characterization of Streptomyces com-
munities, yield comparable insights. As a first step, we
considered patterns of diversity and richness between
bacterial and Streptomyces communities among samples.
Aggregate bacterial vs. Streptomyces richness and diver-
sity were not correlated among samples (Chao richness
estimate: R = 0.022, P = 0.88; Shannon diversity index:
R =0.26, P = 0.07). Neither were aggregate bacterial vs.
Streptomyces richness and diversity significantly corre-
lated among samples for individual plant hosts or
within individual plant species richness treatments
(P > 0.05; data not shown). Such a lack of consistency
in richness and diversity suggests that the factors gener-
ating or maintaining diversity differ between the Strep-
tomyces and the aggregate bacterial communities. This
finding is reinforced by the distinct relationships
between diversity and soil edaphic characteristics for
bacterial vs. Streptomyces communities. Bacterial diver-
sity (Shannon index) was negatively correlated with soil
organic matter, nitrogen and carbon (P < 0.05; Table 5S4,
Supporting information); more nutrient-rich soils sup-
ported less diverse bacterial communities. In contrast,
soil nutrients were not significant correlates of Strepto-
myces diversity (P > 0.05; Table S4, Supporting informa-
tion). Bacterial richness was significantly negatively
correlated with soil organic matter, nitrogen and car-
bon, while Streptomyces richness was significantly posi-
tively correlated with organic matter, nitrogen, carbon,
potassium and pH (P <0.05, Table S4, Supporting
information). Thus, soil nutrients were broadly posi-
tively correlated with Streptomyces richness and nega-
tively correlated with bacterial richness. This suggests
that environmental drivers of taxon richness differ for
overall bacterial communities vs. for our target lineage,
the Streptomyces. More broadly, there are unlikely to be
simple predictors of phylogenetic richness or diversity
among diverse microbial taxa in soil.

Despite the traditional emphasis on diversity as a
community metric, the importance of microbial diver-
sity per se for the functioning of soil microbial commu-
nities is not clear. As an alternative, patterns of
similarity in community structure may better reflect
consistency in community responses to environmental
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Fig. 5 Patterns of correlation between operational taxonomic
unit (OTU) relative abundance and Streptomyces inhibitory activ-
ity, between network modules and between plant hosts for given
sets of OTUs. Inhibitory activity is divided into (a) Inhibitor den-
sity; (b) Proportion inhibitors; (c) Intensity of inhibition. Shown
are the mean (£SE) Pearson correlation coefficients for OTUs
within each A. gerardii network module, and for the same OTUs
across samples from the other host plant species. *Significant
difference relative to the corresponding sample from A. gerardii
(ANovA with Dunnett’s test, P < 0.05).

drivers, or to community processes such as competitive
interactions, dispersal and local extinction. Contrasting
community composition and structure may also more
accurately predict differences in microbiome functional
potential. Among these microbiomes, patterns of simi-
larity among bacterial communities were significantly
positively correlated with patterns of similarity among
Streptomyces communities (R = 0.55, P = 0.001; Mantel
test on Bray—Curtis distance matrices). This suggests
some consistency in the factors that structure overall
bacterial and Streptomyces community composition,
although 70% of the variation in community structure
among samples in one data set remained unexplained
by variation in community structure in the other data
set (bacteria vs. Streptomyces).

Community similarity varies with spatial distance

Spatial distance between plots was significantly corre-
lated with pairwise community dissimilarity, for both
total bacterial and Streptomyces data sets (Mantel test:
R =0.37 and R =0.20, respectively; P < 0.001). Thus,
independent of plant host or plant community richness,
plots that were farther away from each other tended to
have more dissimilar microbial community structure
than plots located more closely together. Spatial dis-
tance between samples also explained significant varia-
tion in the density of inhibitory Streptomyces (Mantel
test: R = 0.29, P < 0.001), but did not explain significant
variation in the proportion of inhibitory Streptomyces or
the mean intensity of inhibition (P > 0.4, data not
shown).

Bacterial and Streptomyces communities were also sig-
nificantly more similar when originating from the same
vs. from different plots (Fig. 6), even though different
samples drawn from the same plot were associated
with different host plant species. This suggests that
landscape-scale factors are also important in determin-
ing microbiome dynamics in soil, although our ability
to infer the relative importance of spatial separation is
hampered by a confounding with plant richness in the
present case. Increased within-plot similarity was
observed for 4-, 8- and 16-species plant richness treat-
ments (Fig. 6), but could not be tested for monocultures
due to a lack of replicate within-plot sampling. Strepto-
myces communities were markedly more similar to one
another than were bacterial communities both among
samples from the same and from different plots (Fig. 6).
Thus, bacterial communities exhibited greater spatial
heterogeneity at both plot- and field scales. However,
the change in dissimilarity between communities from
the same vs. different plots was dramatically greater for
Streptomyces than for bacterial communities (Fig. 6).

© 2013 John Wiley & Sons Ltd
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This may suggest that Streptomyces are much more plant
richness responsive than most other bacterial taxa, or
that Streptomyces dispersal is relatively more effective
within plots vs. between plots, compared with the effec-
tiveness of dispersal for bacterial communities as a
whole. More broadly, these data illustrate that the rela-
tive significance of landscape-scale, plant community,
plant host, soil edaphic and microbial factors in struc-
turing the rhizosphere microbiome differs among
microbial taxa.

Discussion

There has been increasing interest in the structure and
functioning of host-associated microbiomes as their sig-
nificance to host physiology (Badri et al. 2013), pheno-
type (Friesen ef al. 2011) and to the provisioning of
ecosystem services (Turnbaugh et al. 2006; Marasco
et al. 2012) has become evident. Relationships between
host plants and rhizosphere or soil microbiomes have
received much attention (Berendsen efal. 2012;
Lundberg et al. 2012). However, plant-microbiome asso-
ciations have typically been conceptualized as the sim-
ple additive outcome of direct and tightly coupled
plant-microbe interactions (Walker et al. 2003; Bais et al.
2006). In contrast, we have outlined an approach that
considers the influence of soil properties, plant-plant,
plant-microbe and microbe-microbe interactions on
plant-associated soil microbiomes. Our data illustrate
that the structure and functioning of soil microbiomes
arise from complex and interactive effects between the
host plant, the surrounding plant community, the soil
environment and the network of microbial coassocia-
tions within the microbiome.

Many studies have documented the effects of host
plant species or genotype on the soil microbiome (Innes
et al. 2004; Marschner et al. 2004; Garbeva et al. 2006).
Research has also characterized the effects of plant com-
munity richness or diversity on soil microbial commu-
nities (Carney & Matson 2006; Lamb et al. 2010),
although the majority of such studies confound effects
of plant diversity with sampling effects. In this work,
we sampled the same plant hosts across a plant rich-
ness gradient, which permits us to distinguish the
effects of plant species richness from the effects of host
plant species identity on the soil microbiome. Previous
work has demonstrated a significant effect of plant rich-
ness on bacterial and Streptomyces community structures
(Bakker et al. 2013a; Schlatter et al. submitted).

There are a variety of mechanisms through which
plant community richness, and more specifically plant—
plant interactions within communities, may lead to
shifts in host-specific microbiomes. Competition for
resources among plants can lead to significant shifts in
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Fig. 6 Both (a) bacterial and (b) Streptomyces communities were
more similar to each other if they originated from the same
plot vs. from different plots. Shown are the mean (+SE) pair-
wise distances between samples. All pairwise contrasts
(between vs. within plots) were statistically significant (T-test,
P < 0.001).

both belowground and aboveground plant phenotypes
(Gersani et al. 2001; Murphy & Dudley 2009; Broz et al.
2010). Shifts in plant structure and responses to compet-
itors are likely to lead to alterations in the quantity,
chemical nature or temporal availability of resources
supplied by a host plant to its associated microbiome.
Moreover, species-rich plant communities accumulate
greater soil carbon over time (Tilman et al. 2001), sug-
gesting that the total availability of carbon to soil
microbes is different within soil microbiomes in spe-
cies-rich vs. species-poor plant communities. Such vari-
ation in resource availability is likely to contribute to
differences among microbiomes associated with a given
host plant species when that host is embedded in plant
communities that differ in plant species richness. Alter-
natively, in species-rich plant communities, spatial
proximity of plants that support disparate microbiomes
could lead to substantial shifts in the microbial immi-
grant pools to which a target plant is exposed. Such
shifts may alter the composition and dynamics of the
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microbiome over time. Further work is needed to clarify
the mechanisms most important for generating plant
richness-associated variation in the plant microbiome.
While scaling ‘up’ from plant-microbe interactions
highlights the effects of interactions within the plant
community on the soil microbiome, scaling ‘down” sug-
gests a focus on the role of microbial interactions in
structuring the soil microbiome. Our data reveal com-
plex patterns of coassociation among microbial taxa
within the soil microbiome. Intriguingly, we found a
significant effect of host plant species and host plant
richness on the patterns of coassociation among micro-
bial taxa, not merely on OTU identity and relative
abundances. Under different host plant species, bacte-
rial OTUs differed in strength of coassociation and the
identity of OTUs with which they were coassociated.
This suggests that different host plant species set differ-
ent environmental contexts, which generate microbiome
structures and patterns of microbial coassociation (and
presumably networks of microbial interactions) that are
fundamentally different. There are several mechanisms
that could give rise to these effects. For example,
microbe-microbe interactions may have different out-
comes under different abiotic environmental conditions
(Drakare 2002; Tétard-Jones ef al. 2007). Through influ-
ences on the soil chemical and physical environment,
plants may change competitive dynamics among
microbes, leading to shifts in microbiome organization.
Alternatively, plant-driven impacts on particular popula-
tions of keystone bacterial taxa may have cascading
effects that result in reorganized networks of interaction
among taxa. Regardless of the mechanism, the observa-
tion that plant-driven impacts on soil microbiomes
manifest themselves in a restructuring of microbial
coassociation or interaction networks deserves greater
attention. This is a conceptual departure from traditional
understandings of host plant effects on soil microbial
communities and suggests the need for novel approaches
to studying plant-associated microbiomes. For instance,
rather than merely tracking the relative abundance of
particular microbial taxa among plant hosts, research
should attempt to uncover the implications of different
interaction partners and co-evolutionary dynamics
within microbiomes associated with different plant hosts.
Changes in microbial community association
networks as a function of host plant species or plant
richness treatment will have profound implications
for microbiome dynamics and functioning. Species
interactions, including competition, gene exchange, sig-
nalling, parasitism and predation, occur only among
species that coexist in soil. If plant hosts fundamentally
alter the network of microbial taxa within which a
target taxon coexists, quite different competitive and
co-evolutionary dynamics may be generated within soil

microbiomes. For instance, antagonistic activity, the
functional trait assessed here, is promoted and main-
tained by selection for phenotypes that are successful
under strong resource competition. If networks of asso-
ciation among microbes shift in ways that alter the
intensity of resource competition, this will influence
selection for phenotypes such as antibiotic production,
which are critical to suppressing pathogens. Determin-
ing the specific factors that contribute to variation in
microbial association networks among plant species has
important implications for understanding the competi-
tive and co-evolutionary dynamics (and consequent
functional attributes) of plant-associated microbiomes.

A common hypothesis suggests that plants may
enrich for particular microbial taxa in soil, because of
resulting fitness benefits (Hartmann et al. 2009; Bakker
et al. 2012; Berendsen et al. 2012). It is possible that
some microbial functions of importance to plant per-
formance may be responsive to selection through
direct plant-microbe interactions. However, for many
functions performed by the soil microbiome, there is
no clear mechanism by which plants might enrich the
responsible organisms. The plant-driven restructuring
of microbial coassociation networks observed here sug-
gests an alternative: plants may ‘manage’ microbial
co-evolutionary dynamics within the soil microbiome
to foster advantageous microbial phenotypes. By
homogenizing variation in abiotic environmental fac-
tors or biotic associations, plants may force a sus-
tained and consistent engagement between particular
microbial taxa, driving co-evolution. For instance,
resource competition among microbes could drive
selection for antagonistic phenotypes (production of
inhibitory chemicals). Such microbial phenotypes could
improve plant fitness through control of pathogens,
but it is not clear how plants could select directly for
inhibitory microbial phenotypes. Through influences
on soil chemical variation, or through chemical charac-
teristics of resource inputs, plants may create condi-
tions under which microbe-microbe interactions
promote inhibitory phenotypes that are advantageous
to the plant.

Considering the vast diversity that exists within and
between locations in the soil environment, managing
co-evolutionary dynamics may be more effective for
plants than developing strategies to preferentially enrich
particular taxa. For instance, dispersing plants initially
associate with unknown soil communities, and there is
no guarantee that any particular microbial taxon will be
present (Aleklett & Hart 2013). At the same time, high
functional redundancy among microbial taxa, even as
community composition and diversity vary widely, may
allow plants to support microbial interaction networks
whose competitive and co-evolutionary dynamics will

© 2013 John Wiley & Sons Ltd
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generate functional outcomes favourable to the plant,
unconstrained by the specific taxa available for coloniza-
tion in a particular soil location.

We argue that biotic interactions are important in
explaining spatial patterns of composition, function or
diversity in soil microbiomes. For instance, patterns of
co-occurrence among bacteria may reflect shared
responsiveness to interactions among species, such as
antibiotic-mediated inhibition. This may be especially
true for those modules of coassociated OTUs for which
OTU relative abundances were strongly correlated with
Streptomyces community antagonistic activity (density
and proportion of inhibitors, or intensity of inhibition;
Fig. 3). Additional categories of microbial species inter-
actions may also be relevant to explaining patterns of
coassociation. For instance, chemical signalling (Davis
et al. 2008), syntrophy (Orphan 2009) and synergistic
antagonism or competitive strategies (de Boer et al.
2007) are all likely to influence patterns of microbial
coassociation. It is also important to note that historical
and stochastic effects, or larger-scale processes, may
have a significant influence on host-associated microbio-
mes. Among the microbiomes considered here, spatial
distance between samples had a significant influence on
the similarity of communities.

Our results indicate that the drivers of diversity or
abundance for a given microbial population may vary
across the landscape, with host plant species identity
and plant community richness. At the same time, the
significance of distinct drivers also varies among micro-
bial taxa. For instance, Streptomyces communities exhib-
ited different patterns of richness and diversity, and
different relationships with environmental correlates,
than bacterial communities as a whole. This finding
underscores the importance of considering microbiome
functioning in relation to relevant taxa or subsets of the
community; tracking changes across the aggregate bac-
terial microbiome may not provide reliable indicators of
changes to taxa that are vital to functions of interest.

In sum, this work argues for expanding the bound-
aries of consideration beyond pairwise plant-microbe
interactions when studying plant-microbiome associa-
tions. Our data show that the structure and function of
the rhizosphere soil microbiome are influenced by a
complex array of factors at varying spatial scales,
including plant species richness, host plant identity and
microbial taxon and community characteristics. We also
highlight a novel role for host plant species and plant
community richness in fundamentally shifting the pat-
terns of coassociation among microbial taxa in the soil
microbiome, with significant implications for under-
standing plant effects on rhizosphere microbiome
dynamics and functioning. Simultaneous consideration
of diverse factors occurring at multiple scales of space

© 2013 John Wiley & Sons Ltd

and time is needed to achieve comprehensive under-
standing of the ecology and evolutionary biology of
host-associated microbiomes.
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Fig. S1 Coassociation networks of common bacterial and Strep-
tomyces OTUs, for each plant richness treatment (17 = 12 sam-
ples per plant richness treatment). Nodes correspond to OTUs,
and connecting edges indicate correlations in abundance across
samples. Nodes are coloured in each panel according to their
membership in network modules defined for the monoculture
samples. For OTU identifiers associated with each module, see
Table S1.

Fig. S2 Patterns of correlation between OTU relative abun-
dance and Streptomyces inhibitory activity, between network
modules and between plant richness treatments for given sets
of OTUs. Shown are the mean (+SE) Pearson correlation coeffi-
cients for OTUs within each monoculture network module,
and for the same OTUs across samples from the other plant
richness treatments. * indicates a significant difference com-
pared with the corresponding sample from monoculture (aNo-
vA with Dunnett’s test, P < 0.05).

Table S1 List of OTUs included in network analyses, their con-
sensus taxonomic identification and placement in network
modules for the whole data set, for the A. gerardii-specific net-
work and for the monoculture-specific network.

Table S2 Chi-square test for the distribution of sequences
among phyla, comparing module composition to the composi-
tion of the input data set as a whole.

Table S3 Characteristics of coassociation networks for bacterial
OTUs, across all samples, or by plant host or plant richness
treatment.

Table S4 Bacterial and Streptomyces diversity and richness
were sometimes significantly correlated with soil edaphic fac-
tors, but patterns of relationship differed between data sets
(bacterial vs. Streptomyces).



