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In the Origin of Species, Charles R. Darwin [Darwin C (1859) On
the Origin of Species] proposed that the struggle for existence
must be most intense among closely related species by means of
their functional similarity. It has been hypothesized that this
similarity, which results in resource competition, is the driver
of the evolution of antagonism among bacteria. Consequently,
antagonism should mostly be prevalent among phylogenetically
and metabolically similar species. We tested the hypothesis by
screening for antagonism among all possible pairwise interac-
tions between 67 bacterial species from 8 different environ-
ments: 2,211 pairs of species and 4,422 interactions. We found
a clear association between antagonism and phylogenetic dis-
tance, antagonism being most likely among closely related spe-
cies. We determined two metabolic distances between our
strains: one by scoring their growth on various natural carbon
sources and the other by creating metabolic networks of pre-
dicted genomes. For both metabolic distances, we found that
the probability of antagonism increased the more metabolically
similar the strains were. Moreover, our results were not com-
pounded by whether the antagonism was between sympatric or
allopatric strains. Intriguingly, for each interaction the antago-
nizing strain was more likely to have a wider metabolic niche
than the antagonized strain: that is, larger metabolic networks
and growth on more carbon sources. This indicates an associa-
tion between an antagonistic and a generalist strategy.
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More than 150 y ago, Charles R. Darwin (1) speculated that
since congeneric species are generally more similar than

species from distinct genera, they are likely to compete more
fiercely. This competition-relatedness hypothesis has a long
history in ecology, but explicit tests of this fundamental hy-
pothesis are missing for the most prevalent and diverse group of
all organisms, bacteria. Empirical support for this hypothesis in
other organisms is inconsistent, with some finding evidence
supporting this hypothesis (2–5), but others find none (6–8).
In bacteria fierce competition is exemplified by antagonism,

for example, with the production of antibiotics to directly inhibit the
growth of other species (9). Several experimental studies have ex-
amined congeneric antagonism in bacteria (i.e., antagonism be-
tween species from the same genera) and they have revealed that
antagonism is often reciprocal and related to prior coexistence (10),
and that antagonism is mostly prevalent between communities
(allopatric) rather than within communities (sympatric) (11, 12). It
is therefore clear that congeneric antagonism abounds, but it is
unknown whether there is more antagonism between closely related
bacteria than between more distantly related ones.
Case and Gilpin (13) hypothesized that resource competition

drives the evolution of interference competition (i.e., antagonism),
and that there is a trade-off between interference competition and
resource exploitation efficiency. Accordingly, antagonism should
be most prevalent among metabolically similar species, but we
would further hypothesize that antagonists are generalists; it is a
trade-off between specializing in efficiently exploiting few re-
sources or growing on many resources and antagonizing the

specialists. To test this, we used 67 different natural bacterial
strains isolated from 8 different environments, 7 of them soil. The
strains represent a diverse range of phyla (Fig. 1 and Table S1),
and the strains from each of the seven soil environments were
sampled from a small area (0.5–2 cm2), and are thus more likely to
have influenced each other than strains from distinct environ-
ments. The criterion for inclusion in the study was visible growth
on a rich medium (tryptic soy agar, TSA) at 24 °C in 1 d, so all
strains were aerobic, heterotrophic, fast growing, and potential
competitors due to this overlapping niche. For all possible pair-
wise interactions (4,422; i.e., 2,211 pairs) we screened whether one
bacterial strain produced a diffusible substance that inhibited the
growth of the other strain. Although the expression of an in-
hibitory phenotype can change depending on the growth condi-
tions, having the ability to directly inhibit another strain is a strong
sign of antagonism (11).

Results
Of all of the possible interactions, 148 of 4,422 (3.4%) were in-
hibitory, resulting in 147 of 2,211 (6.6%) competing pairs, two in-
teractions per pair, whether A inhibits B and whether B inhibits A
(Fig. S1). No strains were found to inhibit themselves, and these
self–self controls were not included in the analysis. Among the
2,211 competing bacterial pairs, we found that antagonism was
enriched between closely related strains (P < 0.001, pseudo-R2 =
0.024, logistic regression used throughout unless otherwise noted)
(Fig. 1A). We note that most of the variation in the data was
explained by between-strain variation in antagonizing and being
antagonized; a mixed-effect logistic regression, with antagonists and
antagonized as random intercepts and phylogenetic distance as
fixed effect, had a good fit (P < 0.001, pseudo-R2 = 0.572).

Significance

Diverse species from all over the bacterial tree of life produce
antibiotics to limit the growth of competitors and thereby
enhance their resource availability. Here we examined the
pairwise inhibition between bacterial species from natural
settings. We find that bacteria mainly inhibit the growth of
metabolically similar and evolutionary related species, in line
with Darwin’s age old competition-relatedness hypothesis. We
further find that inhibiting the growth of other species is as-
sociated with a generalist lifestyle, suggesting a trade-off be-
tween specialists efficiently growing on few resources and
generalists who are able to use many resources but have to
inhibit the specialists to obtain them.
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Half of the strains inhibited at least one other. A few “super-
killers” were responsible for a disproportionally large number of
the inhibitions, but being a superkiller appears not to be phylo-
genetically clustered (Fig. 1B).
To assess whether the association between antagonism and

phylogeny is driven by the metabolic niche overlap between the
strains, we created metabolic networks from genomes predicted
with PICRUSt (14). We calculated a “functional similarity” be-
tween the strains, defined as the number of shared metabolites
(nodes in the networks) divided by the mean number of metabolites
of both networks. A “functional distance” was then defined as one
minus the functional similarity (Fig. 2A). We found a clear asso-
ciation between the functional distance and antagonism (P < 0.001,
pseudo-R2 = 0.032) (Fig. 2B). These results were validated by
growing the strains on 31 different carbon sources (BiOLOG
EcoPlate) and calculating a metabolic distance among all pairs (one
minus overlap/total). As seven strains did not grow on any of the
carbon sources, we excluded them from this analysis. Among the

60 strains able to grow on the BiOLOG EcoPlate, there was a
significant negative correlation between antagonism and metabolic
distances (P = 0.0023, pseudo-R2 = 0.015) (Fig. 2C): The greater
the overlap in growth on the 31 EcoPlate substances, the higher a
probability of antagonism. Furthermore, removing the five super-
killers that inhibited more than 10 other strains did not alter the
results for either phylogenetic distance (P < 0.001), functional
distance (P = 0.003), or metabolic distance (P = 0.003). As both the
functional distances and metabolic distances correlate with phylo-
genetic distances (Fig. S2), we repeated the analyses after removing
the effect of phylogeny on the functional distances and metabolic
distances; instead of the original functional and metabolic distances,
we used the residuals from a linear regression on the phylogenetic
distances, (i.e., the variation unexplained by phylogenetic dis-
tances). Antagonism still correlated with both functional distances
(P = 0.0026) and metabolic distances (P = 0.046).
We further investigated the trade-off between being an antag-

onist and a generalist or specialist. For each antagonistic in-
teraction, we asked whether the antagonist had a wider metabolic
niche space (metabolic network size or growth on BiOLOG Eco-
Plates) or not, and compared this to interactions with no observed
antagonism. For both the metabolic networks and the BiOLOG
EcoPlates, we found that the antagonists are most likely to have
larger networks and grow on more carbon sources, respectively
[Fisher’s exact test, odds ratio (OR) = 2.65, P < 0.001 and OR =
1.53, P = 0.012, respectively] (Fig. 3).
We then asked if the results were influenced by whether the

interacting strains were sympatric or allopatric; there was no
difference in the amount of inhibitory interactions between
sympatric or allopatric strains (OR = 0.97, P = 0.90, Fisher’s
exact test) (Fig. 4A). Furthermore, we found no difference be-
tween the distributions of the phylogenetic and functional dis-
tances, whether they were sympatric or allopatric strains (Fig. 4 B
and C), but for metabolic distances there was a significant en-
richment of metabolically similar sympatric strains (Fig. 4D).

Discussion
In microbes antagonism by production of antimicrobial com-
pounds appears to be a widespread phenomenon (see for ex-
ample, Fig. 1B). The syntheses of these secondary metabolites
likely confer a cost for the producer that must be outweighed by
the benefits, and this warrants an exploration of the evolutionary
drivers. We would expect that a bacterial strain would antagonize
other strains that use the same resources as it does. We further
hypothesized that if the production of an antibacterial compound
confers a cost to the producer, we would find a trade-off between
antagonism and resource specialization. Two opposing strategies
thus emerge: a specialist, which can efficiently use few resources,
and a generalist, which inefficiently uses many resources but
inhibits the specialists to obtain those resources.
Here we screened 2,211 pairs of bacterial strains for antagonism

and found that closely related bacteria do indeed have a higher
probability of antagonism than more distantly related bacteria (Fig.
1A). However, this finding only supports the hypothesis if traits of
resource use are phylogenetically conserved. We used dissimilarity of
the 16S rRNA gene as a proxy for phylogenetic distance since it is
widely used in microbial marker gene studies, but it is a coarse proxy
and might not be strongly associated with resource use. Therefore,
we screened for the metabolic capabilities of our strains with the
BiOLOG EcoPlate system. The EcoPlates contain 31 carbon sources
specifically chosen to distinguish between soil communities (15).
Since most of our strains originate from soil (61 of 67), this system
was chosen to evaluate the metabolic capabilities of the strains. As
expected, metabolic distance had a significant correlation with an-
tagonism (Fig. 2C). To further strengthen this finding, we created
metabolic networks of each strain based on their predicted genomes.
We find that strains with a high overlap between their networks were
more likely to antagonize each other, thus further corroborating the
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Fig. 1. (A) Bacteria mainly antagonize closely related genotypes; the proba-
bility of inhibition increases with decreasing 16S rRNA gene phylogenetic dis-
tance. The red line is a logistic regression and the gray shaded area denotes the
95% confidence interval. (P < 0.001, n = 2,211). (B) Few strains inhibit many
others, but these superkillers are randomly distributed across the phylogeny.
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hypothesis. Additionally, the correlations were still present even after
transforming the metabolic and functional distances to remove the
effect of phylogeny.
Intriguingly, most of the observed antagonism was mainly driven

by few strains (Fig. 1B), which suggests that these few strains have a
particular antagonistic life-strategy. We therefore explored whether
the antagonizing strains were also generalists, as we had hypothe-
sized. For each antagonistic interaction we would therefore expect
the antagonist to have a wider metabolic niche than the antago-
nized. This approach is more robust than simply correlating the
width of the metabolic niche with the number of inhibitions for
each strain, as we can ensure that variations in metabolic niche size
across the phylogeny does not influence the results; antagonists are
only expected to have wider metabolic niches than their competi-
tors (which are phylogenetically related) (Fig. 1A), and not neces-
sarily wide metabolic niches in general. Our hypothesis was
supported by both the metabolic network analysis and the BiOLOG
EcoPlate screening, where the metabolic networks size of the an-
tagonists were ∼5–10% larger than that of the antagonized, and the
antagonists grew on ∼7–30% more carbon sources than the antag-
onized (Fig. 3). Importantly, no such difference was found for the
remaining interactions where no antagonism was observed (Fig. 3).
This strongly suggests that antagonists are also generalists.
We did not find any difference in the probability of sympatric vs.

allopatric antagonism (Fig. 4A). As several studies on congeneric
competition have found an effect of prior coexistence (10–12), it is
possible that coexistence mainly affects interactions between closely
related bacteria. This is also concordant with results from Madsen
et al. (16); these authors studied cocultures of bacterial strains and
found the strongest effect of prior coexistence among closely re-
lated strains. Vetsigian et al. (10) and Cordero et al. (11) examined
congeneric competition in Streptomyces and Vibrio, respectively, and
both found that closely related strains were competing less than
more distantly related strains. Distantly related strains were, in
these studies, still from the same genera, and the results are
therefore not necessarily in disagreement with ours. It is therefore
possible that on the large taxonomical scale studied here (strains
from four phyla), metabolic similarity appears to be the main driver
of antagonism, while the effect of prior coexistence is stronger for
congeneric interactions. We could also expect that for very closely
related coexisting strains, other evolutionary drivers, such as in-
clusive fitness, could play a role in the evolution of antagonism.
Overall, only a few of the interactions were identified as com-

petitive (6.6%), but this does not indicate that most interactions are
noncompetitive in these environments. First, we only looked for
antagonism, so competition by outgrowth and other such exploit-
ative behaviors were not detected. Second, we only identified

inhibition if mediated by an inhibitor that was diffusible in agar.
Third, we only identified inhibition that was produced by the strain

A B C

Fig. 2. (A) A functional distance was calculated between all strain pairs by overlapping the compounds (nodes) in their metabolic networks. (B) The
probability of inhibition increases with decreasing functional distance. The red line is a logistic regression and the gray shaded area denotes the 95%
confidence intervals (P < 0.001, n = 2,211). (C) The probability of inhibition increases with decreasing metabolic distance as calculated from their growth
patterns on BiOLOG Ecoplates. The red line is a logistic regression and the gray shaded area denotes the 95% confidence intervals (P = 0.0023, n = 1,770).

A

B

●

●

No Antagonism

Antagonism

0.95 1.00 1.05 1.10 1.15

Ratio of
Antagonist network size

Antagonized network size

●

●

No Antagonism

Antagonism

0.0 0.1 0.2 0.3 0.4 0.5

Log2 Ratio of
Antagonist metabolic capabilities +1

Antagonized metabolic capabilities +1

Fig. 3. (A) The ratios between metabolic network sizes of the antagonists
compared with the antagonized are larger than 1 when antagonism was
observed (P = 0), but not different from 1 for the remaining interactions (P =
0.99). (B) The log2 ratios between the number of carbon sources antagonists
grow on compared with how many the antagonized grow on are larger than
0 when antagonism was observed (P = 0.03), but not different from 0 for the
remaining interactions (P = 1). P values are one-tailed tests of whether medians
are larger than 1 (A) or 0 (B) estimated from 1,000 bootstrap realizations.
Points are medians and error bars are 90% bootstrapped confidence limits of
themedians (equivalent to 5%one-tailed test of themedian). (n = 148 and n =
4,274 for “antagonism” and “no antagonism,” respectively).
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growing by itself, in a specifically chosen medium, temperature, and
temporal span (TSB, 24 °C, 2 d).
Despite the clear association between phylogenetic relatedness

and antagonism, the processes that lead to interspecific competition
are likely multifaceted. Notably, both phylogeny and our measures
of resource use explained only a small fraction of the variation in
antagonism. Furthermore, bacteria coexist with many other types of
bacteria, so it is therefore crucial to move from studying pairwise
interactions to exploring higher order interactions (17). Including
more strains in the experiments change results substantially (18–20),
and this is certainly the path toward elucidating the role of biotic
interactions in microbial communities. The competition-relatedness
hypothesis is a fundamental piece of the puzzle of community as-
sembly, but relating these findings with studies on natural com-
munities must be a next step to reveal the processes that govern
coexistence of both bacterial species and species in general.

Materials and Methods
Bacterial Strains. The strains used in this study all originate from the Molecular
Microbial Ecology group collection (Table S1). All strains, except “Marine,”
originating from the same environment were all isolated from an area between
0.5 and 2 cm2 at the same time. “Soil 1” isolates were isolated from a baby
maize leaf incubated in soil. Marine strains were isolated from the algae Ulva
lactuca, as described in Rao et al. (21). “Soil 2” strains were isolated from a forest
topsoil, as described in Lladó et al. (22), but on GYM Streptomycesmedium. “Soil
3” strains were isolated from small stones (diameter: 5 mm). Other strains from
the “Present study” were isolated from stones (diameter: 5 mm) sampled
from a streambed (“Freshwater streambed”) or from roots of Aegopo-
dium podagraria (Ground elder, identified by J.R., “Rhizosphere”), all sampled
in February 2013 at Brobæk Mose, Denmark. Pebbles and roots were gently
washed in phosphate-buffered saline (PBS), and then samples were vortexed in
PBS to release the attached bacteria, which were subsequently plated on TSA
and incubated at 24 °C. Colonies with different morphologies were restreaked
at least three times and afterward cryopreserved in 20% glycerol at −80 °C. 16S
rRNA genes were amplified with 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and
1492R (5′-TACGGYTACCTTGTTACGACTT-3′) primers, and subsequently Sanger-
sequenced with 27F, 518F (5′-CCAGCAGCCGCGGTAATACG-3′), and 1492R pri-
mers. Sequences were assembled with CLC Main Workbench (CLC bio) and
curated manually. Taxonomical affiliations of the strains were determined
through the EzBioCloud database (23).

Screening of Inhibition.A screening of all possible pairwise interactions was done
once using the Burkholder plate assay (24, 25) to test for inhibition between the
selected strains. Broth cultures of the 67 strains growing in TSB at 24 °C for 2 d
were each spread onto three square TSA plates (10 × 10 cm) to create bacterial
lawns (aliquots of 200 μL). Next, 24 wells (diameter: 0.5 cm) were made in each
plate, and aliquots (70 μL) of each broth culture were transferred into separate
wells, resulting in a total of 4,489 interactions (67 × 67), with 67 of those being
self-inhibition controls. Plates were placed at 24 °C and inhibition was scored as
presence/absence (1/0) of clearing zones after 3 d of incubation.

Screening of Metabolic Capabilities.Metabolic capabilities were screenedwith
the BiOLOG EcoPlate system (Biolog Inc.). Overnight cultures (TSB, 24 °C) were
washed twice in PBS (1 mL, 5000 × g, 5 min) and the EcoPlates were then
inoculated with 150 μL washed culture and incubated at 24 °C. Absorbance
was measured after 24 h at 590 nm.

Metabolic Networks and Functional Distance. First, the 16S rRNA gene se-
quences were blasted against the Greengenes v13.5 16S rRNA gene da-
tabase (26) with prfectBLAST (27). Second, the best hit that matched a 16S
rRNA gene from an OTU in the precalculated Kyoto Encyclopedia of
Genes and Genomes (KEGG) Ortholog table provided by PICRUSt (14) was
selected. Third, the metabolic networks were generated from the list of
KEGG Orthologs with RevEcoR (28) (threshold = 0, is giant = FALSE). A
functional similarity was then calculated for each pair as the overlap
between nodes (metabolites) in the two networks divided by the mean
number of nodes in both networks. The functional distance was then
defined as 1 subtracted by the functional similarity.

Data Analysis. For each pair of strains, we had two values for inhibition: x = 1
if A inhibited B and y = 1 if B inhibited A, both 0 if no inhibition was observed.
We denoted pairs to be antagonistic if x, y, or bothwere 1. If both x and ywere 1 it
would mean reciprocal inhibition, which was only observed between one pair.
Phylogenetic distances were calculated from 16S rRNA gene sequences with the
Ribosomal Database Project aligner and distance calculator (29). A phylogenetic
tree was made in Genious 9.0.2 (Biomatters) with neighbor-joining and the
Tamura-Nei model, and visualized with iTOL (30). Additional data analysis was
done in R 3.1.0 (31). Calculating the metabolic distances between the strains were
done based on growth in each of the different BiOLOG substrates. Growth was
scored as positive if the absorbance, subtracted the blank control, was above the
97.5% percentile of the blank values (equivalent to 5% level for two tailed dis-
tributions). Jaccard distances were then calculated for each pair of strains. Of the
67 strains, 7 were not able to grow on any of the 31 substrates of the BiOLOG
EcoPlate. These seven strains were therefore excluded in analyses involving the
metabolic distances. Associations between antagonism and the phylogenetic,
metabolic, and functional distances were evaluated with logistic regression (glm,
binomial family).

To infer whether the correlation between antagonism and the functional
and metabolic distances was not confounded by the correlation between the
phylogenetic distances and the functional and metabolic distances, we first
made a linear regression for both functional distance and metabolic distance
with phylogenetic distance as the independent variable. The residuals (i.e.,
the variation not explained by phylogenetic distance) were then used as
independent variables in the logistic regressions.

Data Availability. All sequences have been deposited in GenBank (See Table S1 for
accession numbers). Experimental data and R scripts are available upon request.
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