ORIGINAL ARTICLE

The ISME Journal (2014) 8, 249-256

© 2014 International Society for Microbial Ecology All rights reserved 1751-7362/14

@

www.nature.com/ismej

Sympatric inhibition and niche differentiation
suggest alternative coevolutionary trajectories

among Str eptomycetes
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Soil bacteria produce a diverse array of antibiotics, yet our understanding of the specific roles of
antibiotics in the ecological and evolutionary dynamics of microbial interactions in natural habitats
remains limited. Here, we show a significant role for antibiotics in mediating antagonistic
interactions and nutrient competition among locally coexisting Streptomycete populations from
soil. We found that antibiotic inhibition is significantly more intense among sympatric than allopatric
Streptomycete populations, indicating local selection for inhibitory phenotypes. For sympatric
but not allopatric populations, antibiotic inhibition is significantly positively correlated with niche
overlap, indicating that inhibition is targeted toward bacteria that pose the greatest competitive
threat. Our results support the hypothesis that antibiotics serve as weapons in mediating local
microbial interactions in soil and suggest that coevolutionary niche displacement may reduce the
likelihood of an antibiotic arms race. Further insight into the diverse roles of antibiotics in microbial
ecology and evolution has significant implications for understanding the persistence of antibiotic
inhibitory and resistance phenotypes in environmental microbes, optimizing antibiotic drug
discovery and developing strategies for managing microbial coevolutionary dynamics to enhance

inhibitory phenotypes.
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Introduction

Antibiotic-producing microbes are a common com-
ponent of soil communities. Antibiotics have been
traditionally perceived to be important to antago-
nistic species interactions and to confer a fitness
benefit to producers in competitive habitats
(Williams et al., 1989; Riley and Gordon, 1999;
Martinez et al., 2009a). More recently, antibiotics
have been suggested to function predominantly as
signaling molecules that may mediate competitive,
mutualistic, pathogenic or commensal species inter-
actions (Goh et al., 2002; Ng et al., 2003; Lin et al.,
2005; Yim et al., 2007; Fajardo and Martinez, 2008;
Martinez, 2008; Aminov, 2009; Romero et al., 2011).
At subinhibitory = concentrations, antibiotics
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modulate the transcription of a wide variety of
bacterial genes, including genes that influence
nutrient acquisition, virulence, motility, antibiotic
production and biofilm formation (Bagge et al.,
2004; Hoffman et al., 2005; Linares et al., 2006;
Mitova et al., 2008; Ryan and Dow, 2008; Cummins
et al., 2009; Kaplan et al., 2012). Although it has
been argued that antibiotics are likely to be present
predominantly at subinhibitory concentrations in
natural habitats, and thus that antibiotics may act
only rarely as ‘weapons’, there is little empirical
data on antibiotic concentrations in soil or aquatic
environments.

Although broad consensus supports the concept
that antibiotics have diverse roles in mnatural
communities, we have limited understanding of
the natural history and evolutionary dynamics
of antibiotic phenotypes. Globally, antibiotics are
central to the management of infectious diseases,
and scientists are challenged to discover novel
antibiotics while managing the spread of antibiotic
resistance in clinical populations. Unfortunately,
our lack of understanding of the ecology and
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evolutionary biology of antibiotic phenotypes in
natural habitats significantly constrains our abilities
to develop deliberate strategies for antibiotic
exploration, manage indigenous soil microbial com-
munities for enhanced inhibitory phenotypes and
minimize accumulation of antibiotic resistance in
environmental microbes. Multiple models have
been proposed for describing the competitive and
coevolutionary dynamics of antibiotic-producing
microbes (Czaran et al, 2002; Czaran and
Hoekstra, 2003; Wloch-Salamon et al., 2008;
Laskaris et al., 2010), and antagonistic interactions
have been suggested to exhibit coevolutionary arms
race or polymorphism dynamics. Such dynamics
can result in reciprocal accumulation of inhibitory
and resistance phenotypes in interacting popula-
tions over time. Although these models assume that
antibiotics confer consistent fitness advantages
to the producer while imposing significant
fitness costs on nonproducing organisms within
local communities, we have limited experimental
evidence to support or refute these assumptions.
Further information on the dynamics of antibiotic
phenotypes in microbial populations is needed to
shed light on the roles of antibiotics in natural
communities and on the evolutionary or coevolu-
tionary trajectories contributing to the accumulation
of antibiotic inhibitory and resistance phenotypes in
the environment.

Our work explores the dynamics of antibiotic
inhibitory and resistance phenotypes among soil-
borne Streptomycetes in natural habitats. Strepto-
mycetes are notable as producers of the majority
(>70%) of naturally occurring antibiotics (Tanaka
and Omura, 1990; Watve et al., 2001; Challis and
Hopwood, 2003; Baltz, 2007). Streptomycetes are
Gram positive, filamentous bacteria that are excel-
lent saprophytes, prolific producers of extracellular
enzymes and ubiquitous in soil and marine sedi-
ments (Gontang et al., 2007; Chater et al., 2010).
Streptomycetes are the source of many clinically
significant antibiotics and have been investigated in
agricultural settings for their capacities to suppress
plant pathogens (Bressan and Figueiredo, 2007;
Hiltunen et al., 2009; Karimi et al., 2012; Kinkel
et al., 2012; Meschke et al., 2012; Otto-Hanson et al.,
2013). Because of their capabilities at producing
bioactive compounds and in response to the tremen-
dous therapeutic value of many of these compounds,
antibiotic production in Streptomycetes has been
studied extensively in vitro. In general, antibiotic
production is highly variable among individual Strep-
tomycete isolates in terms of both the amounts and the
identities of antibiotics produced, and most Strepto-
mycete isolates produce multiple antibiotics (Omura
et al., 2001; Bentley et al., 2002; Challis and Hopwood,
2003). Patterns of antibiotic resistance are likewise
decidedly variable among Streptomycete isolates, and
as a consequence, inhibitory interactions among
Streptomycete isolates tend to be highly specific
(Davelos et al., 2004; Vetsigian et al., 2011).
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In this work we evaluate the hypotheses that
antibiotic inhibitory and resistance phenotypes
confer local fitness benefits and that antibiotic
inhibitory phenotypes mediate competitive and
coevolutionary interactions within local soil com-
munities. Specifically, we evaluated inhibitory
intensities, resistance frequencies and relationships
between nutrient use (niche) overlap and inhibition
among sympatric and allopatric Streptomycete iso-
lates from diverse locations. Differences in sympa-
tric vs allopatric inhibition intensities and
resistance frequencies provide insight into both the
fitness benefits and potential roles of inhibitory
interactions in mediating local population interac-
tions. Furthermore, these data shed light on the
potential for reciprocal selection of inhibitory and
resistance phenotypes among locally coexisting
populations, consistent with coevolutionary arms
race or polymorphisms dynamics. Finally, relation-
ships between niche overlap and antibiotic inhibi-
tion among sympatric vs allopatric populations
provide crucial information on the significance of
inhibitory interactions to mediating nutrient com-
petition among coexisting Streptomycetes as well as
possible alternatives to coevolutionary arms race
dynamics.

Materials and methods

Soil sample collection and processing

We evaluated inhibitory intensities, resistance
frequencies and relationships between nutrient use
(niche) overlap and inhibition among sympatric and
allopatric Streptomycete isolates from seven loca-
tions representing temperate and tropical habitats.
Sympatric isolates were defined as those from the
same soil core, and allopatric isolates were those
from different cores; a single core was evaluated at
each location. The sampling sites encompassed
diverse soil characteristics, microbial communities
and environmental conditions. Soil samples were
collected at Cedar Creek Ecological Science Reserve
(CCESR) in east-central Minnesota (MN1, MN3 and
MNS5) and the Konza Prairie (KS), two National
Science Foundation Long-Term Ecological Research
(LTER) sites. In addition, soils were collected at Fort
Sherman, Santa Clara and Volcan Baru) in Panama.
Soil corers (10cmx1cm or 2.5x10cm, with
isolates collected from both samples) were used to
collect soil at each location. Samples were trans-
ported back to the laboratory and maintained at
12 °C until processing. Soil from each sample was
placed under two layers of sterile cheesecloth to dry
overnight and 5g subsamples from each location
were subsequently placed into 50ml centrifuge
tubes containing 10ml of buffered phosphate
solution (0.5m K,HPO,, 0.4m KH,PO,, pH 7.0).
Tubes were shaken for 1h on a reciprocal shaker
(4°C, 250r.p.m.). Resulting soil suspensions were
dilution plated onto oatmeal agar. Plates were



incubated at 28°C for 7 days. Colonies exhibiting
characteristic Streptomycete colony morphology
were picked, purified and spore suspensions
of each isolate were maintained in 20% glycerol at
—80°C. In total, from 9 to 10 Streptomycete isolates
were selected randomly from each sample. Specifi-
cally, colonies exhibiting characteristic Streptomy-
cete colony morphology were subcultured, purified
and spore suspensions of each isolate were
maintained in 20% glycerol at —80°C. A total of
69 isolates from seven locations (soil cores) were
considered in this work. For every isolate, 16S
sequence analyses were performed to determine
phylogeny (Schlatter et al., submitted).

Assaying inhibitory and resistance phenotypes
Inhibitory interactions were evaluated for all
possible pairwise isolate combinations for a total
of 4692 interactions. To test for inhibition among
isolate pairs, 10 ul of spore stock suspension (~10°
colony forming unit per ml) of each isolate was
dotted (a single droplet placed on the plate surface)
onto starch-casein agar and grown for 3 days at
28°C. Dotted isolates were killed by inverting the
uncovered petri plates over 4 ml of chloroform in a
watch glass for 1 h. Watch glasses were removed and
plates were aerated in a flow hood for 30min to
permit the evaporation of chloroform. Plates were
subsequently overlaid with 15ml of 1% water agar
and inoculated with 100ul of a test isolate (~10%
colony-forming units per ml) spread uniformly over
the surface of the agar; this results in a dense
bacterial lawn over the plate surface in the absence
of any inhibitory isolates. Plates were incubated at
28°C for 3 days. The size of any zone of growth
inhibition of the overlaid isolate surrounding any
dotted isolate was measured in millimeters from the
edge of the dotted colony to the edge of the cleared
zone; each inhibition zone was measured in two
locations, at right angles to one another. Each isolate
pair was replicated three times among Minnesota
isolates and two times among isolates from all other
locations. Among global isolate pairs, inconsistent
inhibition phenotypes (difference in zone size
between measurements was greater than 2 mm) were
repeated a third time. Inhibitory interactions
were defined as interactions in which inhibition of
one isolate by another was evident (zone size
>1.0mm). Interactions were categorized as resistant
in the absence of any inhibition zone. The intensity
of inhibition was defined as the mean zone size
of inhibition of one isolate by another, averaged
over all replicates for that isolate combination.

Characterizing nutrient utilization

Nutrient use profiles (niche) were evaluated for each
isolate for 95 single carbon sources using Biolog SF-
P2 plates as described previously (Schlatter et al.,
2009). Briefly, spore suspensions (ODsgo=0.22)
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were used to inoculate Biolog plates following the
manufacturer’s instructions. Plates were incubated
for 3 days at 28°C and the growth on each carbon
source was evaluated by measuring the absorbance
of each well at 590nm using a Multiskan EX
microplate reader. The absorbance of the water
control well was subtracted from the reading for
each well.

Data analyses

Pairwise inhibitory interactions among isolates were
used to determine the specific inhibition and resis-
tance profiles for each isolate and the proportion of
inhibitory interactions among isolates from each
location. Sympatric isolate pairs were defined as
Streptomyces from the same soil core and allopatric
isolates were from different soil cores. Niche overlap
for every isolate pair was calculated using the
formula:

Nicheoverlap ={(> Min absorbance a, b)/total
absorbance a+ (> Min absorbance a, b)/total absor-
bance b}/2

where (Min absorbance a, b) is the minimum
absorbance value for a pair of Streptomycete isolates
(a and b) on a given nutrient; these values are
summarized overall n=95 nutrients. The total
absorbance for an isolate a or b is the sum of
absorbance values for that isolate over all n=95
nutrients. Thus, niche overlap for any isolate pair
(a and b) is the mean proportion of total nutrient
use (absorbance values) which overlaps between the
two isolates. All statistical analyses were conducted
in SAS (SAS Institute Inc., Cary, NC, USA) or R.

Results and discussion

Inhibitory interactions among sympatric and allopatric
isolates

Frequencies of inhibition among sympatric isolates
varied significantly among locations, ranging from
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Figure 1 Frequency of inhibitory interactions among sympatric
isolate pairs for each of the seven sampling locations. Differences
in the frequency of sympatric inhibitory interactions varied
significantly among locations (y*=28.3; P<0.001). MN1, MN3
and MNS5 represent Minnesota 1, 3 and 5, respectively; KS, Konza
Prairie; PVB, Panama Volcan Baru; PFS, Panama Fort Sherman
and PSC, Panama Santa Clara. There were n=9 to 10 isolates from
each location, resulting in a total of n=72-90 sympatric
interactions per location (n =612 sympatric interactions total).
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10% (10% of possible pairwise isolate interactions
were inhibitory among isolates from Panama Volcan
Baru and Panama Santa Clara) to 33% (MN3 and
MN5), suggesting that the significance of inhibition
to microbial interactions varies across the landscape
(Figure 1). Among individual isolates, there was an
extraordinary diversity of distinct inhibitory pheno-
types. Most isolates (86%) were unique with respect
to the specific profile of isolates they inhibited.
Consistent with previous work, individual Strepto-
mycete isolates resisted inhibition consistently
better than they inhibited others (Davelos et al.,
2004; D’Costa et al., 2006), and on average were
resistant to 83% of all other isolates. The greater
accumulation of resistance vs inhibitory phenotypes
suggests that there are consistently greater fitness
benefits and/or smaller fitness costs for resistance
than inhibitory phenotypes. For example, there is
evidence from clinical settings that compensatory
mutations may significantly reduce the costs to
maintaining antibacterial resistance phenotypes,
suggesting the possibility that, once acquired, there
may be little loss of antibiotic resistance beyond
genetic drift (Salyers and Amabile-Cuevas, 1997;
Davies and Davies, 2010). Such ‘fossil resistance’
may contribute significantly to the total resistance
profile of soil microbes. The greater frequency of
resistance may also reflect a significant role for
general resistance mechanisms that confer protec-
tion against multiple distinct antibiotics (for
example, efflux pumps) (Martinez et al., 2009b).
Finally, resistance phenotypes may plausibly
enhance microbial fitness in ways unrelated to
protection against antibiotics (Martinez et al.,
2009b; Allen et al., 2010; Davies and Davies, 2010),
potentially contributing to the maintenance of
resistance phenotypes in the absence of antibiotic
selection. Regardless of the specific mechanisms
leading to the accumulation of resistance capacities
within individual isolates, the data are consistent
with a substantial role for antibiotic resistance
phenotypes in the fitness of Streptomycetes across
their geographic range.

The broad variation in antibiotic inhibitory and
resistance phenotypes among isolates within and
among locations suggests significant potential for
selection. Sympatric and allopatric inhibition were
evaluated to determine whether there is evidence for
local selection of inhibitory phenotypes. If the
production of antibiotics that are highly effective
against sympatric competitors confers a specific
fitness benefit to the producer, then the intensity
of antibiotic inhibition should be greater among
sympatric than allopatric Streptomycetes. Among
all inhibitory interactions, the intensity of antibiotic
inhibition was significantly greater among sympa-
tric than among allopatric isolates (Figure 2). Within
individual locations, inhibition was also always
greater against sympatric than allopatric isolates
(seven of seven locations), although differences
were statistically significant in only five of the
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Figure 2 Intensity of antibiotic inhibition (mean zone size)
among all inhibitory isolate pairs from the same (sympatric,
n=118 interactions) and different (allopatric, n=667 interac-
tions) locations. Mean zone size differed significantly among
sympatric vs allopatric isolate pairs (P<0.0001, Welch two-
sample t-test).
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Figure 3 Intensity of antibiotic inhibition (mean zone size)
among all inhibitory isolate pairs from the same (sympatric, open
bars) and different (allopatric, solid bars) locations. There were
n=9 to 10 isolates from each location, and a total of n=72-90
sympatric interactions and 540-590 allopatric interactions for
each location. Pairs of bars from the same location marked with an
asterisk differ significantly (Welch two-sample t-test t= —6.5;
P<0.05). MN1, MN3 and MN5 represent Minnesota 1, 3 and 5,
respectively; KS, Konza Prairie; PVB, Panama Volcan Baru; PFS,
Panama Fort Sherman and PSC, Panama Santa Clara.

seven locations (Figure 3). These data suggest that
antibiotics that are strongly inhibitory toward coex-
isting isolates provide a local fitness benefit, and
that antibiotic phenotypes are under local selection.
Variation in the intensity of antibiotic inhibition
among locations suggests shifts in the significance of
competitive interactions and, presumably, antibio-
tics to Streptomycete fitness across the landscape.
Populations having highly inhibitory phenotypes
(for example, location MN3) may experience the
greatest fitness costs due to competitive interactions
and, consequently, strongest selection for inhibitory
phenotypes. In contrast, communities having less
inhibitory local interactions (for example, Panama
Santa Clara), may be locations in which competitive
interactions are less important to fitness, perhaps
reflecting a significant influence of the physical
environment on fitness. For example, Panama Santa
Clara was located in a dunegrass stand on the edge



of a hot, dry, sandy beach site along the Pacific coast
in Panama. Alternatively, communities with
less inhibitory interactions may be sites where
antibiotics serve other functions (for example, may
act as signals rather than as weapons in mediating
interactions), and thus there is little production of
antibiotics at inhibitory concentrations, or habitats
where temperature and moisture stress, rather than
species interactions, limit fitness, thus minimizing
the benefits of inhibitory phenotypes. Although
variation in the dynamics of antibiotic-mediated
interactions and the significance of antibiotic inhi-
bition to Streptomycete fitness may lead to diverse
local coevolutionary dynamics across the landscape
(Thrall and Burdon, 2003; Thompson, 2005;
Nuismer and Thompson, 2006), overall the data
provide compelling evidence for the significance of
antibiotic inhibitory phenotypes to local interac-
tions and Streptomyces fitness in soil.

Resistance interactions among sympatric and
allopatric isolate pairs

In contrast to the inhibitory phenotypes, there was
no consistent evidence among locations for the
accumulation of resistance to locally coexisting
isolates. Specifically, comparing the frequency of
resistance to antibiotics produced by sympatric vs
allopatric Streptomycetes, there was greater resis-
tance to sympatric than allopatric isolates in four of
the seven locations, and greater resistance
to allopatric than sympatric isolates in three of the
seven locations, although differences were statisti-
cally significant in only two locations (data not
shown). When data from all locations were com-
bined, there was no significant difference in the
frequencies of resistance to allopatric vs sympatric
isolates (Figure 4). The apparent lack of locally
adapted resistance suggests a number of possibilities
about the evolutionary or coevolutionary dynamics
of antibiotic inhibitory and resistance phenotypes
within soil Streptomycete communities. Although
one possible interpretation is that resistance does
not confer a fitness benefit in local species
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Figure 4 Frequency of non-inhibitory (resistant) interactions
among all possible isolate combinations from the same (sympa-
tric, n=612 interactions) and different (allopatric, n=4080
interactions) locations. The frequency of resistant interactions
was not significantly different between sympatric vs allopatric
isolate pairs (y*=0.501; P=0.48).
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interactions, this seems unreasonable given the
accumulation of resistance among Streptomycete
isolates from all locations. Instead, the lack of
locally adapted resistance may reflect different
cost:benefit ratios of antibiotic production (high
cost, high benefit) vs resistance (low cost, high
benefit). Low fitness costs or a high frequency of
compensatory mutations that reduce costs of resis-
tance may lead to the retention of resistance in local
habitats long after an antibiotic has been ‘lost’ from
the population (Bottger et al., 1998; Lenski and
Riley, 2002; Luciani et al., 2009; Brandis et al., 2012;
Dillon and Parti, 2012; Sousa et al., 2012). Specifi-
cally, although resistance phenotypes may be under
strong local selection in the presence of a novel
antibiotic, there may be a correspondingly rapid loss
of antibiotic production capacity in the presence of
high frequencies of resistance to that antibiotic.
Novel antibiotic inhibitory phenotypes may be
highly transient within populations (Cordero et al.,
2012), reflecting the metabolic dexterity of Strepto-
myces (Tanaka and Omura, 1990; Challis and
Hopwood, 2003), the high costs of antibiotic
production (Williams and Vickers, 1986; although
note Garbeva et al., 2011) and the frequencies of
local resistance. This may generate an unbalanced
coevolutionary dynamic in which local adaptation
of inhibitory phenotypes is stronger than local
adaptation of resistance, as resistance against anti-
biotics no longer produced by local competitors may
be retained within the population. Consequently,
evidence for local selection for resistance may be
difficult to detect. General resistance mechanisms
may also minimize the likelihood of locally adapted
resistance. Finally, experimental constraints may
further limit the detection of locally adapted
resistance within Streptomycete populations. In
particular, inhibition phenotypes were measured at
a single time point and in simple pairwise combina-
tions. For some Streptomycete isolates (but not
others), there may be antibiotics that are not
produced until later in the growth cycle or only in
response to a specific signal. In this case, we may
detect resistance to antibiotics that are in fact
significant to local species interactions but unde-
tected by our assays. Selection for resistance may
also be imposed by other non-Streptomycete bac-
teria and fungi. More extensive, time-series analyses
of antibiotic inhibitory and resistance phenotypes
within coexisting populations under diverse cul-
tural conditions are needed to determine the extent
to which novel resistance phenotypes proliferate in
response to new inhibitory phenotypes as predicted
by coevolutionary models.

Niche overlap and inhibition among sympatric and
allopatric isolates

Finally, to explore the role of antibiotics in mediat-
ing competitive interactions among Streptomycetes,
we considered the relationships between niche
(nutrient use) overlap and antibiotic inhibition

253

The ISME Journal



Inhibition and coevolution among Streptomycetes
LL Kinkel et al

254

among Streptomycetes. Specifically, do inhibitory
interactions target locally coexisting nutrient
competitors? Among inhibitory isolate pairs, there
was a significant positive correlation between niche
overlap and the intensity of antibiotic inhibition
among sympatric (R=0.29; P=0.0013) but
not allopatric isolate pairs (R=0.009; P=0.478).
Thus, isolates from the same location were better at
inhibiting isolates with which they had large
niche overlap than isolates with which they
exhibited little niche overlap. In contrast, there
was no relationship between niche overlap and the
intensity of inhibition among Streptomycetes
from different locations in soil, indicating that the
niche-inhibitory phenotype relationship reflects
local selection and not physiological tradeoffs. Local
selection for inhibitory phenotypes is significantly
related to niche overlap and presumably the inten-
sity of competition between isolates from the same
location in soil. The strength of this relationship
varied and was not always significant within
locations: among distinct locations, niche overlap
explained from 7% to 60% of the total variation in
inhibition zone sizes for sympatric isolate pairs
within a location (for example, Figure 5). These data
are consistent with the hypothesis that antibiotics
mediate nutrient competition among Streptomycete
populations within some local communities.
However, the data also suggest that the significance
of antibiotics to competitive interactions vary across
the landscape, with communities ranging from those
in which competition is ‘managed’ predominantly
by niche differentiation to communities that are
strongly antagonistic. This may reflect habitat
variation (for example locations with little nutrient
diversity and thus limited potential for niche
differentiation may be most likely to support
antagonistic interactions), or the evolutionary poten-
tial of local populations. Perhaps most importantly,
these data offer a distinct alternative to a coevolu-
tionary arms race among interacting Streptomycetes.
Among isolates with little niche overlap, there is
relatively less accumulation of inhibitory capacity.
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Figure 5 Relationships between mean niche overlap and mean
inhibition zone size among sympatric inhibitory isolate combina-
tions from three locations (PSC, MN1 and MN3; sympatric
interactions only; R=0.51, P<0.0001; n=51 independent isolate
combinations).
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Thus, niche differentiation may significantly reduce
the strength of selection for strong inhibitory
phenotypes, and coevolutionary character displace-
ment (Thompson, 2005) may minimize the potential
for a coevolutionary arms race among sympatric
Streptomycete populations in soil.

We conclude that antibiotic inhibitory phenotypes
are under significant local selection and mediate
nutrient competition in local soil communities.
However, the relatively greater accumulation of
resistance than inhibitory phenotypes among Strep-
tomyces isolates in natural habitats suggests that an
escalating coevolutionary arms race may represent a
cost-prohibitive trajectory for antibiotic-producers or
that coevolutionary polymorphisms may be unba-
lanced at best. The significant positive association of
inhibition with nutrient overlap among locally coex-
isting Streptomycetes suggests that antibiotics are
likely to act as ‘weapons’ against sympatric compe-
titors, but that coevolutionary displacement may
provide a significant means for minimizing fitness
costs of interspecies resource conflicts and the like-
lihood of a coevolutionary arms race.

This work sheds light on the roles of antibiotics in
microbial interactions and coevolutionary dynamics
within complex soil communities. However,
because this study emphasizes inhibition and
resistance among isolate pairs, these results are
likely to underestimate both the complexity of
Streptomycete coevolutionary dynamics and the
potential outcomes of multispecies antibiotic inhi-
bitory and resistance interactions in natural com-
munities (Chait et al., 2012). Deeper understanding
of the diverse roles of antibiotics in species interac-
tions in soil, the dynamics of antibiotic inhibition in
natural habitats and especially the factors that may
determine the potential for a coevolutionary arms
race vs coevolutionary differentiation are crucial for
understanding the long-term trajectories of antibio-
tic-producing microbes in soil. Recent work suggests
the potential for soil edaphic characteristics, nutri-
ent availability or nutrient diversity in soil, physical
environmental stress and phylogeny to predict
microbial inhibitory activities and coevolutionary
interactions in soil populations (Schlatter et al.,
2009; Bakker et al., 2010; Kinkel et al., 2011; Bailey
and Kassen, 2012; Otto-Hanson et al., 2013). More
detailed understanding of the precise roles of these
factors in mediating microbial species interactions
and coevolution in soil will contribute significantly
to the search for novel antibiotic biochemistries, to
enhanced insight into the maintenance of antibiotic
resistance genes in environmental microbes and to
management of disease suppressive activity of
indigenous soil microbes (Martinez et al., 2011;
Kinkel et al., 2011; Kinkel et al., 2012).
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