ARTICLE
Received 5 Dec 2014 | Accepted 30 Jul 2015 | Published 10 Sep 2015

DOI: 10.1038/ncomms9235

OPEN

Single gene locus changes perturb complex
microbial communities as much as apex
predator loss
Deirdre McClean1,2, Luke McNally3,4, Letal I. Salzberg5, Kevin M. Devine5, Sam P. Brown6 & Ian Donohue1,2

Many bacterial species are highly social, adaptively shaping their local environment through
the production of secreted molecules. This can, in turn, alter interaction strengths among
species and modify community composition. However, the relative importance of such
behaviours in determining the structure of complex communities is unknown. Here we show
that single-locus changes affecting bioﬁlm formation phenotypes in Bacillus subtilis modify
community structure to the same extent as loss of an apex predator and even to a greater
extent than loss of B. subtilis itself. These results, from experimentally manipulated multitrophic microcosm assemblages, demonstrate that bacterial social traits are key modulators
of the structure of their communities. Moreover, they show that intraspeciﬁc genetic variability can be as important as strong trophic interactions in determining community dynamics.
Microevolution may therefore be as important as species extinctions in shaping the response
of microbial communities to environmental change.
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nderstanding the drivers of the composition and
dynamics of biotic communities is one of the central
goals of ecology. Most research in the ﬁeld has examined
how the extinction, invasion or shifts in the abundance of species
affect the composition and stability of the remainder of the
community1–5. However, variation of traits within a species could
also be a major factor driving the dynamics of community
composition6–10. In particular, ‘niche construction’ traits11, by
which organisms modify their local biotic and abiotic
environments through their actions and secretions, may be of
great importance in determining community dynamics.
Bacteria display an extensive array of social behaviours through
which they can modify their local environments, such as
secretions of toxins that kill competitors and exoenzymes that
modify their nutrient environments12–14. The secretion of
polymeric matrices to form densely populated and highly
structured bioﬁlm is a striking example of such a niche
construction trait15. These complex bioﬁlms create microniches
within their walls but can also alter their external environment
extensively by, for example, depleting oxygen16 and modifying
ﬂuid dynamics17. Recent experiments using highly simpliﬁed
two-species communities suggest that changes in bioﬁlm
formation phenotypes could affect interactions among species
and, by extension, community composition18–20. However,
whether these traits have any effect in more complex
multitrophic communities, and their magnitude relative to
important biotic perturbations such as species extinctions,
remains unknown.
To assess the effects of variation in bacterial social traits
on the structure of multitrophic microbial communities, we
used experimental freshwater microcosm communities consisting
of four bacterial species (Bacillus subtilis, Aeromonas sp.,
Klebsiella sp. and Serratia marcescens), three protist primary
consumers (Paramecium caudatum, P. aurelia and Colpidium sp.)
and one apex specialist predator (Didinium nasutum; Fig. 1a). We
manipulated the bioﬁlm formation phenotype of B. subtilis using
two separate deletions of the regulatory genes sinI and sinR. The
sinR gene is a master regulator of bioﬁlm formation in
B. subtilis21. The DsinI mutant is continually motile and does
not form cell chains (reduced, or constitutive off for, bioﬁlm
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formation). The DsinR mutant grows as non-motile chains
(hyper, or constitutive on for, bioﬁlm formation), while the wildtype (WT) strain 3610 is plastic for this trait and shows an
intermediate level of both bioﬁlm formation and motility
(Fig. 1b). As an additional procedural control, we also used a
mutant phoA deletion of B. subtilis, which is unable to produce
alkaline phosphatase in response to phosphate starvation22. As
this latter mutation has no ‘niche construction’ effects, it would be
expected to have little effect on community structure in our
experimental system.
To benchmark the ability of the different bioﬁlm formation
phenotypes to inﬂuence community structure, we assessed the
impact of perturbing bioﬁlm traits relative to the loss of the apex
predator from the system (that is, Didinium; Fig. 1). The
extinction of species, especially those belonging to upper trophic
levels, can have particularly signiﬁcant consequences for
ecosystem structure and functioning3,23,24. Predators tend to be
the key drivers of community dynamics and, consequently,
predator loss is considered as one of the most profound biotic
perturbations that can occur3,25,26. Furthermore, besides
simulating experimentally the extinction of the apex predator in
our system, we also established a treatment without B. subtilis to
examine the relative importance of variation in bioﬁlm-forming
phenotypes compared with the complete absence of the species.
We found that the presence of the different B. subtilis mutants
perturbed the structure of the mesocosm communities as much as
the loss of the apex predator Didinium and even to a greater
extent than loss of B. subtilis itself. These results indicate
remarkable scope for ﬁne-scale genetic variability within populations of a single species to regulate the structure, dynamics and
functioning of whole communities.
Results
Community composition. The structure of the microcosm
communities varied signiﬁcantly among our experimental treatments (multivariate analysis of variance (MANOVA), Pillai’s
Trace ¼ 0.762, F4,45 ¼ 1.56, P ¼ 0.036; Fig. 2). As expected,
removal of the predatory Didinium initiated a strong trophic
cascade, increasing the densities of some primary consumers
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Figure 1 | The composition of our experimental microcosms. (a) Trophic structure. Arrows indicate trophic relationships leading from consumer to prey
organisms. (b) Effects of the DsinI, DsinR and DphoA mutations on bioﬁlm formation and colony surface architecture in B. subtilis. Pellicle column depicts
top-down images of microtitre wells in which cells have been grown in MSgg medium for 3 days at 22 °C. The colony column shows top-down images of
Petri plates containing a 1.5%-Agar MSgg plate that was initially incubated overnight at 37 °C and later kept at room temperature. White scale bar, 4.6mm.
Image credits: Dr Aaron J. Bell (Didnium), Yana Eglit (P. aurelia).
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Figure 2 | Community structure in our experimental treatments. Normalized (mean-standardized; overall mean represented by dotted line) abundances
(mean±s.e.m, n ¼ 10) of each of B. subtilis, S. marcescens, Klebsiella, Aeromonas, Colpidium, P. aurelia, P. caudatum and Didinium in each experimental
treatment (a–f).

signiﬁcantly (particularly P. caudatum and Colpidium) and
causing a consequent drop in the densities of some bacteria (most
notably Aeromonas; Fig. 2a,d). Microcosms with suppressed
bioﬁlm production (that is those containing DsinI; Fig. 2e) contained increased densities of the primary consumer P. caudatum
and, to a lesser extent, Didinium, while all other species
were present in reduced densities. In contrast, even though
microcosms with enhanced bioﬁlm production (that is, those
containing DsinR; Fig. 2f) also contained increased densities of
P. caudatum, densities of Didinium were relatively low, while
those of the bioﬁlm-producing bacterium B. subtilis increased
considerably.
Magnitude of mutant effects. To assess the relative magnitude of
the effects of our experimental manipulations, we tested whether
they diverged in structure from the control treatment more than
expected by chance (Fig. 3). We found that neither the removal of
B. subtilis nor the replacement of B. subtilis WT with the DphoA
metabolic mutant signiﬁcantly altered the structure of the
microcosm communities from that of the control, whereas
removal of the top predator Didinium generated signiﬁcant
changes in overall community structure (Fig. 3b).
Compared with these benchmarks, we found that both bioﬁlm
mutant treatments (that is, those containing DsinI or DsinR)
generated signiﬁcant changes in community structure, and that
these changes were comparable in magnitude to changes that
occurred after removal of the top predator (two-tailed P values
calculated by bootstrapping: Didinium removed versus
DsinR ¼ 0.91, Didinium removed versus DsinI ¼ 0.78, DsinR
versus DsinI ¼ 0.83; Fig. 3b). Moreover, replacement of WT
B. subtilis by either of the social mutants used in the experiment
had a greater effect on community structure than the complete
removal of the species (Fig. 3b). The responses of species other

than B. subtilis along the observed gradient of bioﬁlm produced
were, however, non-monotonic (Fig. 4 and Supplementary
Table 1). The effects of these mutations on overall community
structure were, therefore, driven indirectly by changes in the
interactions among species rather than being simply a direct
consequence of changes in the abundance of B. subtilis.
Subsequent experiments examining the individual effects of each
of the three primary consumer species used in the experiment
revealed that, while each consumer species had similar effects on
bacterial community structure across all B. subtilis treatments
(MANOVA, Pillai’s Trace ¼ 1.05, F16,72 ¼ 1.6, P ¼ 0.09), bacterial
communities, nonetheless, varied signiﬁcantly among microcosms containing the different B. subtilis phenotypes (Pillai’s
Trace ¼ 0.93, F8,32 ¼ 3.5, P ¼ 0.005; Supplementary Fig. 1).
Post hoc tests showed that bacterial community structure was
similar in microcosms containing WT and DsinR but that these
systems differed signiﬁcantly (Po0.01 in every case) from
microcosms containing DsinI. Together, these results suggest
that different mechanisms underpinned the shifts in overall
community structure caused by the presence of the different
social mutants in our main experiment. While the reduction of
bioﬁlm in microcosms containing DsinI likely altered interactions
among bacterial species which, in turn, altered overall community
structure (a ‘bottom-up’ effect), differences between the microcosms containing B. subtilis WT and DsinR appear to be a
consequence of the presence of multiple species of consumers
triggering complex shifts in interactions among species (a ‘topdown’ effect), and were not driven directly by changes in the
interactions of a single species.
Discussion
Our results show that single-locus changes in genes regulating
species’ niche construction and motility traits can modify
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Figure 3 | The extent of change in community structure caused by our experimental manipulations. (a) Non-metric multidimensional scaling ordination
showing the variation in community structure among experimental treatments. Only the centroid of each experimental treatment is shown here for clarity.
The ordination (stress ¼ 0.03) is based on a Euclidian distance matrix calculated from normalized (mean standardized) species abundances. (b) Euclidean
distances between the centroid of each treatment and the control treatment (±bootstrapped s.e.m. from 104 samples) and results of associated
permutation tests (104 permutations). Didinium and B. subtilis were excluded from these analyses as they are absent from some treatments as part of the
experimental design.
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Figure 4 | Shifts in species abundances along the observed bioﬁlm
production gradient in B. subtilis. Normalized (mean standardized)
abundances of each of B. subtilis, S. marcescens, Klebsiella, Aeromonas,
Colpidium, P. aurelia, P. caudatum and Didinium along an axis of sociality as
regards bioﬁlm production in B. subtilis from low to high.

communities to a greater extent than loss of the nicheconstructing species itself and to the same extent as the loss of
an apex predator. These ﬁndings have novel and important
implications for our understanding of community dynamics,
demonstrating that intraspeciﬁc genetic variability at the
scale of even a single gene locus can be as important as strong
trophic interactions in determining the structure of complex
communities. While it is becoming increasingly apparent that
intraspeciﬁc trait variation can moderate community dynamics
(for example, refs 7,9,10,27), our ﬁndings indicate remarkable
4

scope for ﬁne-scale genetic variability within populations to
regulate the structure, dynamics and functioning of whole
ecosystems.
Recent studies suggest that shifts in the composition
of the human microbiota are of great importance for human
disease28–30. These compositional shifts are often caused by
changing conditions within the host or invasions into these
communities28,30. However, our results suggest that changes in
social traits within resident species could be as important as these
other known factors in shaping the composition of host
microbiota and other communities. We found that
communities in which the behaviour of a single species was
constrained to constitutive phenotypes differed remarkably in
terms of their structure and dynamics from those containing
plastic phenotypes that could switch between behaviours. The
direct and indirect effects of these shifts in social behaviour then
propagated throughout the ecological network in different ways
to transform the structure and dynamics of whole communities.
Bacterial social traits are often encoded on mobile genetic
elements and so may be rapidly lost or acquired by a bacterial
population depending on environmental conditions31–34.
Developing our understanding of the effects of bacterial niche
construction and trait plasticity on community composition may,
therefore, prove critical in the development of treatments aimed
at manipulating our microbiota.
There has been a credibility gap in the scientiﬁc community
with respect to microcosm experiments35, with many arguing
that results obtained at such small scales lose relevance
when extrapolated up to larger natural systems36. However, this
criticism has eroded in the face of impressive results derived
from microcosm experiments with signiﬁcant ecological
and evolutionary relevance35,37,38. Microcosm communities,
particularly those from aquatic and soil ecosystems, have been
found to reﬂect the dynamics of what we ﬁnd in nature in
response to environmental pressures35,39–43. One of the most
fundamental aspects of a community is its trophic structure. The
use of microcosms such as those used in our study, enabling
complex multispecies interactions both within and among trophic
levels, allow for a much more accurate representation of natural
systems and the communities contained therein.
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Research into their social behaviours has shown that bacteria
are master manipulators of their surroundings, using collective
behaviours to forge environments favouring their survival12,14.
Loss of these social behaviours has been documented under
numerous conditions12,44–46, but with little understanding of the
consequences of this in a community context. Our results show
that changes in these traits can affect the composition of the
communities in which bacteria live as much as the canonical large
community perturbation—species extinction. Much work to date
has focused on the likelihood of extinctions following
environmental change and their potential knock-on effects on
communities2,3,20,23,25,47. However, changes in environmental
conditions also have the potential to cause microevolution in
microbial populations. Our ﬁndings suggest that microevolution
may be an important, but currently overlooked, factor driving the
community-level consequences of environmental change.
Moreover, they also demonstrate clearly the potential for
intraspeciﬁc genetic variability to be a key determinant of
community dynamics. We conclude that integration of social
trait plasticity into community ecology is critical to understand
the structure, functioning and dynamics of microbial
communities, with important implications for larger-scale
systems.
Methods
Experimental design. Our experiment comprised six treatments, each consisting
of 10 independent replicate microcosm communities: (1) a control treatment with
all species present and containing B. subtilis WT; (2) removal of the apex predator
Didinium; (3) removal of B. subtilis; (4) all species present with replacement of
B. subtilis WT with the DsinI mutant, reducing bioﬁlm production; (5) all species
present with replacement of B. subtilis WT with the DsinR mutant, increasing
bioﬁlm production; (6) all species present with replacement of B. subtilis WT with
the DphoA mutant, as a procedural control.
Community assembly. Culture methods followed closely those of in refs 48,49.
Microcosms consisted of loosely capped 200-ml glass bottles with 15-g glass
microbeads providing habitat structure. Each microcosm received 100 ml medium
consisting of one protist pellet (Carolina Biological Supply, Burlington, NC, USA)
per 1-l spring water and two wheat seeds to provide a slow-release nutrient source.
All media were sterilized before use. Microcosms were maintained at 22 °C and
under a 12:12-h light:dark cycle. Nutrients in the microcosms were replenished
with weekly replacement of 7 ml of the microcosm volume with sterile medium and
one additional sterile wheat seed. Paramecium and Colpidium species, generalist
consumers with similar interaction strengths with each of the inoculated bacteria
species (Fig. 1 and Supplementary Fig. 1; (refs 50–57); MANOVA, Pillai’s
Trace ¼ 0.05, F2,8 ¼ 2.5, P ¼ 0.14 (see Primary consumer experiment subsection
below)), were obtained from Carolina Biological Supply (Burlington, NC, USA).
Didinium were obtained from Sciento (Manchester, UK). Sources and strains of all
bacterial strains used are listed in Supplementary Table 2.
Overnight cultures of strains NCIB3610 (WT), LSB369 (sinI), LSB370 (sinR),
LSB377 (phoA) and S. marcescens ATCC 29632 grown in TY medium (Luria–
Bertani (LB) broth supplemented with 10 mM MgSO4 and 100 mM MnSO4 after
autoclaving58 plus 100 mg ml  1 spectinomycin when appropriate), were diluted
into fresh TY medium at OD600 (optical density) B0.03 and grown at 37 °C until
late exponential phase (OD600B1.0), at which time 1 ml of each bacterial culture
was inoculated into 100-ml microcosm medium, according to the experimental
set-up. B. megaterium (ATCC 19213) was also added but failed to establish in any
microcosms.
Microcosms were then left for 48 h at 37 °C to facilitate growth of the bacteria
and ensure sufﬁcient numbers before the addition of the bacterivorous protists.
Microcosms were inoculated with six pipette drops of stock cultures of protozoans:
P. caudatum, P. aurelia and Colpidium (B50–70 individuals of each species)
and allowed to settle for 1 week at 22 °C. Predators (Didinium) were added
(B10 individuals) to appropriate microcosms 7 days after the addition of the
bacterivores. The consumer protist cultures used for this experiment were
laboratory cultures and therefore, while not inoculated with any bacterial
populations, not entirely sterile; therefore, cultures were mixed thoroughly before
addition of consumers to ensure that any bacteria present in the media had an
equal chance of colonizing each microcosm. Both Klebsiella and Aeromonas
colonized all microcosm units in this manner.
The point of addition of the predators is considered as Day 0 of the experiment
with measurements taking place on Day 14. Samples were also taken on Day 7 to
check for persistence of species and the presence of contaminants. As bacterial
sampling is destructive, requiring vortexing of microcosms to strip bioﬁlm and

reduce within-mesocosm variability, only data from Day 14 are used in analyses.
Pilot experiments, using the mutant- and predator-removed treatments, found that
this period was sufﬁcient for all organisms in the community to reach equilibrium
densities, and a consistent difference between the treatments and control show that
the effect was not transient (Supplementary Fig. 2). Protists were sampled by gently
swirling the microcosms to homogenize contents and to suspend the protists, and
up to 1-ml sample was examined using stereo (Olympus SZX9) and compound
(Olympus BX60) microscopes. Rare species were counted in the entire sample and
more numerous species were counted in appropriately diluted subsamples.
Bacterial density was measured through direct colony counts on plates (of nutrient
agar for all species and LB supplemented with spectinomycin for easy
quantiﬁcation of sinI, sinR and phoA strains) from appropriately diluted samples.

Bacterial mutant strain construction. Chromosomal deletions were ﬁrst created
in the 168 background. Strains LSB362, LSB363 and LSB368 were generated using
an adaptation of long ﬂanking homology PCR. The protocol is modiﬁed from the
published procedure58. In brief, the spc gene (encoding for spectinomycin
resistance) was ampliﬁed from plasmid template pDG1726 (ref. 59) using primers
spc fwd/spc rev (Supplementary Table 3). Two primer pairs were designed to
amplify B750-bp DNA fragments ﬂanking the region to be deleted at its 50 and 30
ends using Phusion Polymerase. These fragments contained B25-bp homologous
to the spc cassette. Primer pairs sinI up fwd/sinI up rev (spc) and sinI do fwd
(spc)/sinI do rev were used for strain LSB362; sinI up fwd/sinR up rev (spc) and
sinR do fwd (spc)/sinR do rev were used for strain LSB363; phoA up fwd/phoA up
rev (spc) and phoA do fwd (spc)/phoA do rev were used for strain LSB368. Overall,
150–200 ng of the ﬂanking fragments and 250–300 ng of the resistance cassette
were joined together using the Expand Long Template PCR System (Roche) and
the speciﬁc up fwd and down rev primers. The resulting PCR product was used to
transform B. subtilis 168. Transformants were screened by direct colony PCR, using
the up-forward primer with a reverse primer annealing inside the spc resistance
cassette.
Mutations in the NCIB3610 background (strains LSB369, LSB370 and LSB377)
were created by SPP1-mediated transduction from strains LSB362, LSB363 and
LSB368, respectively, as described previously60. Transductants were screened by
direct colony PCR, using the up-forward primer with a reverse primer annealing
inside the spc resistance cassette. The resulting strains (LSB369, LSB370 and
LSB377) were veriﬁed using diagnostic PCR and DNA sequencing.

Pellicle (bioﬁlm)/colony morphology assays. Strains 168, NCIB3610, LSB369
(DsinI::spc), LSB370 (DsinR::spc) and LSB377 (DphoA::spc) were cultivated in LB
medium61 until mid-exponential growth (OD600B0.5) at which time 10 ml of each
culture was inoculated into 10 ml of MSgg medium62 in six-well plates, which were
then incubated at room temperature (pellicle assay), or 5 ml was spotted on a 1.5%
Agar MSgg plate that was initially incubated overnight at 37 oC and later kept at
room temperature (colony morphology).

Primary consumer experiment. We established a subsidiary experiment to test
whether the individual effects of the three primary consumer species used in our
experiment on bacterial community structure varied either among each other or
among communities containing the different B. subtilis phenotypes (WT, DsinI and
DsinR). The experiments were performed in 64-well plates in 2-ml cells. Each cell
contained sterile protist medium (identical to that used in the microcosms) and
100 ml of Klebsiella, Serratia and Aeromonas strains. To this was added 100 ml of
one of the three B. subtilis phenotypes used in the experiment. Plates were
incubated for 24 h, after which time ﬁve individuals of either P. caudatum,
P. aurelia or Colpidium were added to cells. Each treatment was replicated three
times. Control plates with no consumers were also included for comparison and to
enable quantiﬁcation of interaction strengths between each primary consumer
species and their bacterial prey. After 2 days, the bacteria were enumerated on
nutrient agar from appropriately diluted subsamples.

Statistical analyses. We used MANOVA to test whether our treatments signiﬁcantly affected the structure of the microcosm communities. All abundances
were log-transformed and mean-standardized (expressed in units of s.d.) before
analysis. To assess the extent of change in community composition among
treatments, we used a permutation test (with 104 permutations) to test for
differences in the location of community centroids between each treatment and the
control. We then examined differences in the relative magnitudes of these changes
in community composition by bootstrapping, using 104 samples of the data taken
with replacement. We tested for correlations in species abundances with the axis of
bioﬁlm formation phenotype using Spearman’s rank correlation tests. Total
interaction strengths between each bacterial species and each of the three primary
consumers used in our experiment were quantiﬁed as the natural logarithm of the
ratio of untransformed densities of each bacterial species in each microcosm
containing each primary consumer species in isolation to their mean untransformed density in control microcosms without primary consumers63.

NATURE COMMUNICATIONS | 6:8235 | DOI: 10.1038/ncomms9235 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

5

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9235

References
1. Scheffer, M., Carpenter, S., Foley, J. A., Folke, C. & Walker, B. Catastrophic
shifts in ecosystems. Nature 413, 591–596 (2001).
2. Ives, A. & Cardinale, J. Food-web interactions govern the resistance of
communities after non-random extinctions. Nature 429, 174–177 (2004).
3. Estes, J. A. et al. Trophic downgrading of planet Earth. Science 333, 301–306
(2011).
4. Donohue, I. et al. On the dimensionality of ecological stability. Ecol. Lett. 16,
421–429 (2013).
5. O’Connor, N. E., Bracken, M. E. S., Crowe, T. P. & Donohue, I. Nutrient
enrichment alters the consequences of species loss. J. Ecol. 103, 862–870
(2015).
6. Yoshida, T., Jones, L., Ellner, S., Fussmann, G. & Hairston, N. Rapid evolution
drives ecological dynamics in a predator-prey system. Nature 424, 303–306
(2003).
7. Lankau, R. A. & Strauss, S. Y. Mutual feedbacks maintain both genetic and
species diversity in a plant community. Science 317, 1561–1563 (2007).
8. Jones, L. et al. Rapid contemporary evolution and clonal food web dynamics.
Philos. Trans. R Soc. Lond. B Biol. Sci. 364, 1579–1591 (2009).
9. Bolnick, D. L. et al. Why intraspeciﬁc trait variation matters in community
ecology. Trends Ecol. Evol. 26, 183–192 (2011).
10. Schreiber, S. J., Bürger, R. & Bolnick, D. I. The community effects of phenotypic
and genetic variation within a predator population. Ecology 92, 1582–1593
(2011).
11. Odling-Smee, F. J., Laland, K. N. & Feldman, M. W. Niche Construction:
the Neglected Process in Evolution. MPB-37 (Princeton University Press,
2003).
12. Crespi, B. The evolution of social behavior in microorganisms. Trends Ecol.
Evol. 16, 178–183 (2001).
13. West, S., Diggle, S. P., Buckling, A., Gardner, A. & Grifﬁn, A. S. The social lives
of microbes. Annu. Rev. Ecol. Evol. Syst. 53–77 (2007).
14. West, S., Grifﬁn, A., Gardner, A. & Diggle, S. Social evolution theory for
microorganisms. Nat. Rev. Microbiol. 4, 597–607 (2006).
15. Flemming, H. C. & Wingender, J. The bioﬁlm matrix. Nat. Rev. Microbiol. 8,
623–633 (2010).
16. de Beer, D., Stoodley, P., Roe, F. & Lewandowski, Z. Effects of bioﬁlm structures
on oxygen distribution and mass transport. Biotechnol. Bioeng. 43, 1131–1138
(1994).
17. Drescher, K., Shen, Y., Bassler, B. L. & Stone, H. A.Bioﬁlm streamers cause
catastrophic disruption of ﬂow with consequences for environmental and
medical systems. Proc. Natl Acad. Sci. USA 110, 4345–4350 (2013).
18. Matz, C. & Kjelleberg, S. Off the hook–how bacteria survive protozoan grazing.
Trends Microbiol. 13, 302–307 (2005).
19. Hansen, S., Rainey, P., Haagensen, J. & Molin, S. Evolution of species
interactions in a bioﬁlm community. Nature 445, 533–536 (2007).
20. Friman, V. P., Diggle, S. P. & Buckling, A. Protist predation can favour
cooperation within bacterial species. Biol. Lett. 9, 2013054 (2013).
21. Kearns, D., Chu, F., Branda, S. S., Kolter, R. & Losick, R. A master regulator for
bioﬁlm formation by Bacillus subtilis. Mol. Microbiol. 55, 739–749 (2005).
22. Hulett, F. M. The signal-transduction network for Pho regulation in Bacillus
subtilis. Mol. Microbiol. 19, 933–939 (1996).
23. Schmitz, O. J., Hawlena, D. & Trussell, G. C. Predator control of ecosystem
nutrient dynamics. Ecol. Lett. 13, 1199–1209 (2010).
24. O’Connor, N. E. & Donohue, I. Environmental context determines the multitrophic effects of consumer species loss. Global Change Biol. 19, 431–440
(2013).
25. O’Connor, N. E., Emmerson, M. C., Crowe, T. P. & Donohue, I. Distinguishing
between direct and indirect effects of predators in complex ecosystems. J. Anim.
Ecol. 82, 438–448 (2013).
26. Pernthaler, J. Predation on prokaryotes in the water column and its ecological
implications. Nat. Rev. Microbiol. 3, 537–546 (2005).
27. Violle, C. et al. The return of the variance: intraspeciﬁc variability in
community ecology. Trends Ecol. Evol. 27, 244–252 (2012).
28. Dethlefsen, L., McFall-Ngai, M. & Relman, D. A. An ecological and
evolutionary perspective on human–microbe mutualism and disease. Nature
449, 811–818 (2007).
29. Blaser, M. J. & Falkow, S. What are the consequences of the disappearing
human microbiota? Nat. Rev. Microbiol. 7, 887–894 (2009).
30. Sekirov, I., Russell, S. L., Antunes, L. C. & Finlay, B. B. Gut microbiota in health
and disease. Physiol. Rev. 90, 859–904 (2010).
31. Nogueira, T. et al. Horizontal gene transfer of the secretome drives the evolution
of bacterial cooperation and virulence. Curr. Biol. 19, 1683–1691 (2009).
32. Rankin, D. J., Rocha, E. P. & Brown, S. P. What traits are carried on mobile
genetic elements, and why? Heredity 106, 1–10 (2011).
33. Leggett, H. C., Brown, S. P. & Reece, S. E. War and Peace: social interactions in
infections. Philos. Trans. R Soc. Lond. B Biol. Sci. 369, 2010365 (2014).
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