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Recent theory and experiments have reported a reproducible tendency for
the coexistence of microbial species under controlled environmental con-
ditions. This observation has been explained in the context of competition
for resources and metabolic complementarity given that, in microbial
communities (MCs), many excreted by-products of metabolism may also
be resources. MCs therefore play a key role in promoting their own stability
and in shaping the niches of the constituent taxa. We suggest that an inter-
mediate level of organization between the species and the community level
may be pervasive, where tightly knit metabolic interactions create discrete
consortia that are stably maintained. We call these units Metabolically
Cohesive Consortia (MeCoCos) and we discuss the environmental context
in which we expect their formation, and the ecological and evolutionary con-
sequences of their existence. We argue that the ability to identify MeCoCos
would open new avenues to link the species-, community- and ecosystem-
level properties, with consequences for our understanding of microbial
ecology and evolution, and an improved ability to predict ecosystem
functioning in the wild.

This article is part of the theme issue ‘Conceptual challenges in microbial
community ecology’.

1. Alternative community states and ecosystem functioning

A common feature of microbes is their ability to modify their environment
by releasing extracellular enzymes, by secreting antibiotics and signalling
molecules, and by sequestering nutrients or releasing by-products of metab-
olism. Through their metabolic activity, microbial communities (MCs)' can
therefore have substantial impacts on human health and ecosystem functioning
in natural environments [1-3]. The notion of MC functioning that we consider
focuses on ecosystem-level processes that operate at temporal scales that are
much longer than bacterial generation times. For instance, the carbon cycle in
the biosphere happens at geological time-scales, and is contingent on microbial
activity [3]. A second feature we consider is that functioning is not performed
by a single species (e.g. a single pathogen) or explained by a single-specific pro-
cess (e.g. formation of a biofilm) [4]. We are interested in broad functions that
are the consequence of alternative MC states, which require considering the
combined action of multiple taxa, rather than narrow functions, that are the
consequence of a single action or metabolic process [5]. Examples of broad func-
tions are human diseases like inflammatory bowel disease or obesity, for which
there is evidence that the consequences of MC functions (here health and dis-
ease states occurring over the scale of a human lifetime) are unlikely to be
explained by a single pathogen but through whole MC states [6].

A growing body of research has found persistent MC states likely driven by
environmental conditions, including, for example, the controversial discovery of
human enterotypes [7,8]. As an example, we illustrate in figure 1a the clustering
of more than 700 communities sampled from rainwater-filled puddles formed at
the base of beech trees into just six distinct community classes. Pascual-Garcia &
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(a) species (b)
Klebsiella pneumoniae
Paenibacillus borealis
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Phyllobacterium trifolii
Pseudomonas putida
Pseudomonas syringae
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Sphingobium yanoikuyae
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Streptomyces sanglieri
other

PCoAl

75

R
Q
Q
=
<
]
5 50
c
5 |
2 S15 05 051015 ’t‘—‘
% rescaled median
-
() .
xylosidase
25
chitinase
glucosidase
1 2 3 5 6
phosphatase

community class

4 6 1 3 2 5

community class

Figure 1. Community-level classes. (a) Approximately 700 natural MCs sampled from tree-holes were classified into six classes. The bar-plot shows the relative
abundance of the most representative species (operational taxonomic units (OTUs) at more than 97% sequence similarity) in each class. (b) Projection of the simi-
larity of the communities into the first two principal coordinates of a principal coordinate analysis. Significant spatial autocorrelation was found, which is apparent
when the centroid of each sampling location (each site identified by a three-letter code) is superimposed on the ordination, showing that sampling sites are
associated with specific community classes. However, the classes (labelled 1 to 6) yield a more economical classification with comparable significance, with
the constituent communities often sampled from different locations. (¢) In addition, communities contained in these classes have distinct functions and metage-
nomic repertoires. The functional differences among the classes are illustrated in the heatmap, which indicates the median capacity of communities from each class
to degrade a set of common substrates, showing divergent functional ‘signatures’ for each of the community classes. Overall, the data suggest that local environ-
mental conditions occurring in different locations, rather than neutral evolution with dispersal limitation, shape these communities. More details in [9].

Bell [9] showed that there was significant spatial autocorrelation,
which may be explained by stochastic processes and dispersal
limitation (figure 1b). Nonetheless, the six classes contained com-
munities that were often distant in space (more than 100 km),
suggesting community similarity was at least partly driven by
local environmental conditions. Comparable large-scale efforts,
including Tara Oceans [10] and the Human Microbiome Pro-
ject [11], have also identified distinct community classes
when the same kind of environment (marine, human gut) is
sampled across multiple locations or individuals.

Studies that have identified community classes have also
found that the classes are associated with distinct functional
profiles. For the example in figure 1, the six classes had
differing functional capacities in terms of their capacity to
degrade substrates and their growth efficiencies. The result is
consistent with the idea that there is a degree of functional
redundancy within community classes (i.e. changes to compo-
sition within classes result in similar functional profiles), but
that large changes to composition (among classes) alter func-
tioning. Metabolic functions are therefore redundant within

SYZ06L07 “SLE § 205 Y "Supi[ g isy/[euinol/Bio buiysiigndizaposiedos H



(a) alginate

25

50 4

percentage of sequences

75

100

— Sl ) < ) ~ ] =] 2] w o

time (h)/replicate

resource energy content
+ 4 ]y
¢ - by 5 effective resource number
genus A T ‘ -_ ﬁ"’
Aliiglaciecola .
Aliivibrio
Colwellia '
Halomonas ‘
Loktanella
Neptunomonas ~ =5 ’ o L]
Paraglaciecola
Pseudomonas >
Psychromonas = ®
Shewanella 7 ° L] - = &
Teredinibacter 5 . Y 7
Thalassotalea > [ . .
Tropicibacter 3 ‘
other ° '
« n’
>
time

Figure 2. Diversity and resources properties in an ecological succession. (a) Population dynamics of natural marine assemblage MCs on synthetic particles of alginate.
Each bar represents the relative abundance in the corresponding sample, labelled by time-point, with the 15 most abundant genera highlighted and the remainder
shown as ‘others’. Three replicates per time-point are shown. (b) lllustration of the expected diversity increase through time as a function of the energy content and the
effective number of resources that results from the degradation of resources. r-strategists will be observed at earlier times where the resources are abundant and rich in
energy, while K-strategists should be expected at later times, where the resources are more heterogeneous, lower in energy and scarce (see Discussion).

community types, but disparate community types reflect dis-
parate functional capacities. Further research has shown that
the classes also have differentiated genetic repertoires, pointing
towards a relationship between ecological conditions and bac-
terial traits, and rejecting the hypothesis that communities are
stochastically assembled or are functionally equivalent. Similar
observations have been found in a study of marine systems,
which also found community types with differentiated
functional profiles associated with seasonal changes [12].

To illustrate how functionally divergent community classes
(figure 2) might arise, we show the dynamics of marine bac-
terial communities colonizing synthetic particles of alginate
[13]. We identified the exact sequence variants (ESVs) [14] in
each sample, and assigned each ESV to a genus. In the figure,
all the ESVs are represented and the genera to which the 20
most abundant ESVs belong are indicated (colours), with the
remaining genera shown in dark grey. One remarkable feature
of this experiment is the high reproducibility of the trajectories
at the genus level (three independent replicates per time-point)
despite colonization by a diverse natural community from
which we would expect a somewhat stochastic assembly. At
the starting stages of the colonization of the particles, a few
operational taxonomic units (OTUs) dominate the community,
possibly specialized on the breakdown of alginate. At an inter-
mediate stage, around 60-84 h, there is a clear transition in the
communities, likely mediated by the release of by-products that
are acquired by secondary consumers. As a consequence, there
is an increase in the number of microniches and a consistent
increase in the diversity of the community. Contrary to the
prediction of stochastic community assembly that would
result from widespread functional redundancy, these empirical
studies imply that broad community classes are determined by
environmental conditions, leading to reproducible trajectories
of community assembly, and to functional profiles that reflect
the metabolisms of the community members.

2. Microbial environmental modifications create
metabolically cohesive consortia

These observations require a broad framework to understand
the convergence of communities over space (figure 1) and
time (figure 2) and how those community dynamics map
onto the observed functional dynamics. We follow Tilman'’s
seminal consumer—resources models, which predict that the
outcome of two species competition for a single resource will
be determined by the ability of each species to deplete the
resource to the lowest concentration when grown in isolation.
When both species are grown in co-culture, it is expected that
the one depleting the resource to a minimum in isolation will
exclude the other in co-culture [15]. However, the resources
used by bacteria and other microbes are generally not depleted
in this manner. Instead, the ‘winner’ releases metabolic by-pro-
ducts that can be used by other populations, which provides
the opportunity for coexistence if an outcompeted species is
able to exploit this new niche [16,17]. This reasoning can be
extended to a large number of species and resources. Following
from Tilman’s model, one hypothesis that emerges from this
observation is that the combination of species that deplete
resources to a minimum concentration will systematically
dominate the community. A corollary is that a community
assembled in this manner will optimize functions associated
with community-level metabolism, as has been shown for
methanogenic communities [18].

We call this kind of community organization a Metaboli-
cally Cohesive Consortium (MeCoCo), which is a type of
consortium that exhibits a positive feedback loop, where the
consortium engineers the environment by both creating and
using resources, resulting in stable and reproducible commu-
nity dynamics. Members of MeCoCos minimize competition
within the consortium by specializing on particular resource
components, and exclude resource generalists by lowering
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resource abundances through their combined action. We con-
jecture that the formation of MeCoCos may be common
in natural communities, and would be a parsimonious
explanation for the observation of clustered community com-
positions at broad scales (figure 1), and the predictable
successional trajectories exhibited in figure 2. This dynamical
formation of reproducible modules is supported by consu-
mer—resource models that have reported the systematic
formation of stable communities starting from random assem-
blages [19-23] due to resource partitioning, and even without
the release of metabolic by-products [24].

We illustrate how this idea might be supported using
results from a study investigating a consortium found in
the production of kefir and wine formed by Saccharomyces
cerevisiae and two Lactobacillus species (LAB: L. lactis and
L. plantarum). The two LAB species are auxotrophs of some
amino-acids that are provided by S. cerevisize in nitrogen-
rich environments [25]. In addition, when the carbon
source is lactose, the inability of S. cerevisiae to grow on this
carbon source is compensated by a supply of usable carbon
sources from L. lactis [25]. Therefore, a mutualistic relation-
ship between these species makes the consortium robust
against fluctuations in the available amino-acids or carbon
sources in the environment. This occurs through a niche
created from overflown metabolism [25], which may
rapidly result in a stable consortium. Therefore, niche self-
construction would be an expected ecological consequence
of the collective reduction of environmental (i.e. resource)
fluctuations.

The likelihood that a MeCoCo forms will depend on many
factors. For instance, a systematic formation of modules with
reproducible composition is a result predicted for low immi-
gration rates [21]. Thus, any process that homogenizes
ecosystems, and in so doing increases immigration rates into
local communities, would tend to disrupt MeCoCos that
develop. We would therefore predict MeCoCos would be
more likely in spatially heterogeneous ecosystems with low
immigration (e.g. soil), and would not be as prevalent in
well-mixed systems (e.g. aquatic environments). Many other
factors may also influence the importance of MeCoCos as a
level of organization. For example, it has been recently
shown with simulations that stable consortia often emerge in
complex communities containing large population sizes or
high mutation rates [26], in which evolutionary events in the
population occur at a more rapid rate than the time required
for populations to equilibrate. Once established, these con-
sortia can then spread to adjacent areas by outcompeting
resident communities. A future challenge is to use theory,
experiments and observations to identify the conditions
under which MeCoCos are likely to form, and to model their
spatial and temporal dynamics.

There is a large body of literature reporting the stable coexis-
tence of species pairs through cross-feeding, including details
of the metabolic [27] and physiological mechanisms [28,29].
In vitro experiments using larger consortia have also generated
metabolic co-dependencies using genetically modified strains
[30] and through the generation of auxotrophic strains [31].
This work demonstrates the capacity to engineer simple com-
munities with metabolic dependencies under laboratory
conditions.

Aside from culture-based approaches, there is evidence of [ 4 |

stable metabolic consortia created in natural environments.
These include controlled biotechnological settings such as
anaerobic reactors [18], generation of biofuel [32] and degra-
dation of pesticides [33]. Examples in natural environments
are less common. Examples include dental plaque consortia
containing 18 genera [34], consortia composed of phototrophic
green sulfur bacteria and chemotrophic bacteria such as
Chlorochromatium aggregatum [35], and anaerobic food chains
in methanogenic environments [36].

A more generic analysis was conducted by Freilich et al. [37]
and Zelezniak et al. [38], which found metabolic co-dependen-
cies among co-occurring taxa. Zelezniak et al. [38] first searched
for genomes that matched the 16S sequences, and the genome
sequences were used to characterize the metabolic capacity of
each population. They then used flux-balance models to infer
metabolic co-dependencies, finding increasing levels of co-
dependencies within co-occurring phylotypes, but increasing
levels of inferred competition (shared metabolic requirements)
among phylotypes that did not co-occur. Freilich et al. [37]
explored metabolic interactions using flux-balance models,
finding that many taxa had the capacity for cooperative
interactions. When these interactions were contrasted with
patterns of co-occurrence in natural samples, they found a sig-
nificantly higher number of uni-directional ‘cooperative loops’
(metabolic exchanges) in co-occurring taxa, suggesting the
existence of whole communities engaged in indirect mutualis-
tic interactions via the gradual degradation of complex
resources. This research therefore pioneered the MeCoCo
idea, providing some of the first empirical data indicating
that MeCoCos may often emerge in complex communities.

We illustrate the prominence of MeCoCos by expanding the
alginate-particle experiment shown in figure 2 to also include
particles made of agarose or a mixture of agarose and alginate
(figure 3, [13]). We observed highly reproducible dynamics in
all three conditions, with a shift in the composition at inter-
mediate times, and partitioning of the time-series into two or
three groups of distinct species likely as a result of an abrupt
transition of the underlying substrate. Despite the different
substrates, this consistent dynamic occurred in all three exper-
iments but with different community members, suggesting a
tight relationship between the substrate and the communities.
Moreover, the abundances of the most representative species
on particles composed of a mix of alginate and agarose
(figure 3c) experienced dynamics that could be approximated
by a simple linear combination of their dynamics on the
single-substrate particles (figure 3a,b) [13]. The communities
occupying the particles were composed of just a few genera,
which would be candidate MeCoCos in this dynamic environ-
ment, with most of the genera involved in metabolizing
previously degraded substrates. Similarly, in controlled
environments, experiments analysing the growth of natural
communities on single-carbon sources reported a systematic
convergence to the same steady states at the family level [39].

In some of the best-known examples of metabolic depen-
dencies, such as the dental plaque ecosystem, it is necessary
for community members to be in close proximity, or even in
direct contact [27]. Therefore, an open question is whether
such metabolic exchanges can be maintained in more dynamic
or open environments [40]. The consistent regularities in com-
munity composition observed in the analysis of large datasets
(figures 1-3), along with the observed examples of inferred
metabolic co-dependencies across a wide range of
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Figure 3. Population dynamics in single- and mixed-resource environments. Microbial communities were allowed to colonize particles composed of alginate (a), agarose (b) or a mixture of the two (c)

conditions exhibit a transition at intermediate times, in which the dynamics are split into well-differentiated communities. Although the community composition on the two substrates differs, the remarkable modularity of the experiments

allows us to predict the relative abundance for the most abundant members as a linear combination of the relative abundances of the pure substrates [13].

environments [37,38], provide support for the existence of [ 5 |

MeCoCos in many habitats. Taken together, the results suggest
that such close physical proximity is not a requirement for
MeCoCos, but that metabolic exchanges can occur at a distance.
However, physical distance between MeCoCo members can
clearly hinder the emergence of MeCoCos if the metabolic pro-
ducts produced by one MeCoCo member become too dilute as
they diffuses away from the producer [41]. An interesting
question is whether physical proximity evolves in older
MeCoCos, for which there has been a greater opportunity for
selection to operate, leading to the prediction that metabolic
inter-dependencies become increasingly intimate over time.

4. Ecological consequences of MeCoCos

An important corollary to the MeCoCo hypothesis is the predic-
tion that MeCoCos are stable against invasions because no other
species would be able to acquire nutrients at a sufficiently high
rate to coexist with the established members. This conjecture is
supported by recent results that highlight the importance of
metabolic interactions in shaping stable communities [42—44].
If MeCoCos are stable structures that resist invasion, it would
be possible to understand microbial ecosystems in terms of
MeCoCo building blocks. To illustrate this point, we outline a
hypothetical example in which we consider groups of species
with similar metabolic capabilities (figure 4a), which we call
functional groups because this is the definition of function
that we have adopted here. In this example, we would typically
expect competitive interactions within these functional groups
(represented in the networks with dashed lines) because mem-
bers occupy similar metabolic niches [48]. Similarly, we may
expect that metabolites are traded between different functional
groups, leading to commensal or mutualistic interactions (solid
lines in the network). With this picture in mind, we would
expect that competing species would tend to segregate while
those cooperating would tend to aggregate. We present an
alternative configuration of the same network, where taxa
have been arranged into groups according to their positive
interactions. This rearrangement allows us to observe another
level of organization (figure 4b). In this visualization, there
are positive intra-specific interactions within MeCoCos, while
negative interactions (e.g. competition) occur between MeCo-
Cos. Although we believe that metabolic interactions are
critical, other kinds of interactions may also be accommodated.
For instance, bacteria may also be organized into cooperative
groups as a result of their collective antibiotic resistance,
while antibiotic-mediated antagonisms may occur between
populations [49].

The specific members of MeCoCos are likely context-
dependent [6], with some metabolic dependencies only
occurring in particular environments. For example, some meta-
bolic interactions may only occur when the appropriate
complex substrates are available [37]. As a result, the MeCoCo
that prevails in competition with other MeCoCos will depend
on the environmental conditions. However, in predicting
which MeCoCo prevails we would need to understand the
behaviour of the MeCoCos as a whole, and not of every single
constituent species. Interestingly, rare species may play a
particularly prominent role in MeCoCos, since they may
act as ‘metabolic switches’, facilitating the formation of special-
ized metabolic pathways under certain conditions (figure 5).
In general, the framework proposed would therefore move the
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Figure 4. MeCoCos as a level of organization. (a) The symbols represent different species, where the same shape represents similar metabolic capabilities (func-
tionally redundant groups), which would lead to competitive interaction (dotted lines) owing to a high niche overlap. On the other hand, members of different
functional groups may engage in commensal or mutualistic relationships, driven by metabolic complementarity (solid lines). (b) A rearrangement of the left network
leads to a new representation, in which members related through complementary functions tend to co-occur, forming MeCoCos, which constitute an intermediate
level of organization between the species and the community levels. Understanding community-level dynamics may thus be simplified to understanding how
MeCoCos compete (figure 5). (c) The interaction matrix corresponding to the networks has a block structure that makes it feasible to build population dynamics
models as in macroscopic systems (e.g. [45—47]). Blue blocks represent competitive interactions, and red blocks represent mutualistic interactions arising from

metabolic complementarity.

@ ¥ species absent

all species present

N
d S

Figure 5. Competition between MeCoCos. lllustration of how changes in species composition alter which MeCoCo becomes dominant. The dominant community is
the one that depletes resources to a minimum concentration, which we assume is related to the number of realized metabolic (complementary) links (solid lines
connecting species). The orange species may be understood as community-level ‘metabolic switches’ that determine the outcome of the dynamics.

emphasis from species to MeCoCos. In figure 4c, we show how
the MeCoCo structure leads, in terms of an interaction matrix,
to a block structure. This would allow us to simplify these
systems to reasonable levels of complexity as is done using
macroscopic systems [45], for example, dividing ecosystems
into mutualistic interactions between plants and their pollinators
and competitive interactions within plant and pollinator
functional groups [46,47].

5. Evolutionary consequences of MeCoCos

The large number of metabolic genes found in the prokaryotic
flexible genome is consistent with a picture in which metabolic
trading is widespread in natural environments [50,51]. Under
the MeCoCo hypothesis, the genomic regions that are critical
for the maintenance of the species in the consortium will be

subjected to a strong selective pressure. Conversely, those
genes associated with functions that are covered by other
species will experience reduced selective pressures, akin to
that observed in symbiotic or parasitic species, leading to a
reduction in genome size. For these organisms, low effective
population sizes (N,) would favour genetic drift and hence the
appearance of genomic structures that are not purged by selec-
tion, like pseudogenes, whereas such features would be purged
for populations in MeCoCos with high N,. In general, we expect
species with high N, would be more likely to be part of MeCo-
Cosbecause they gain a more immediate selective advantage by
rapidly shedding unnecessary parts of their genome.
Widespread loss of genes has also been observed in
oligotrophic environments, like the open ocean, where ‘stream-
lining theory” explains this loss by pointing to the necessity
of these species to be efficient consumers in environments
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with low nutrient availability [52]. Under these conditions,
there is a strong selective pressure to maintain an efficient
core metabolism and to lose genes that are not immediately
necessary [52]. Under such ‘streamlined’ conditions, it is note-
worthy that genes associated with inter-specific interactions
are maintained [53], providing further evidence for the central
role of metabolic interactions under oligotrophic conditions.

We expect the genetic signature associated with MeCoCos to
lie between the scenarios observed for parasites/symbionts and
oligotrophic species. This is the prediction made by a related
hypothesis, the Black Queen Hypothesis (BQH), which posits
loss of genes due to leaky metabolic products frequently present
in MCs [54]. For the BQH, the loss of genes is because metabolic
products (e.g. metabolites) are often public goods. Conse-
quently, purifying selection leads to a loss of the metabolic
pathways needed for the biosynthesis of these metabolites in
taxa that can simply take them up from the environment. How-
ever, the reduction in genome size would not necessarily be as
extreme as the reduction predicted by streamlining theory,
and would only involve loci that exploit the leaky metabolites
of other species in the environment.

In the case of MeCoCos, we expect a dynamic eco-
evolutionary process in which there is selection not only to
lose genes that are redundant within the MeCoCo, but also to
promote genes that maintain the consortium through positive
selection. Therefore, we expect both auxotrophic species, and
also the selection of genes related with other functions that
may lie beyond metabolism, including signalling to identify
partner species and chemotaxis, to stay in close proximity [27].

In this article, we were interested in developing our under-
standing of community-level functioning in MCs. There is a
need to focus on the relationship between the complexity of
the community (the number and identity of the species and
their interactions) and community-level metabolism. However,
instead of approaching this relationship from the bottom up
by building detailed models of each species that may fail in pre-
dicting community-level function if high-order interactions are
present in the system [55], we follow the lead of recent studies
(e.g. [56]) in advocating top-down approaches, in which
natural communities are isolated and manipulated under
controlled conditions.

An important property of MCs is their stability over space
and time because we expect stable communities will result in
stable functions. However, functional redundancy among
microbial species results in complex relationships among the
community composition, the community metabolome, and
ecosystem functioning. To address this complexity, we advocate
experiments that monitor functioning while directly manipulat-
ing community and ecosystem properties [57,58] and while also
characterizing the mechanistic basis of MC functions [43,59].
The patterns that emerge from such experiments suggest that
the ability of bacterial communities to modify their environ-
ment may give rise to MeCoCos through complementary
syntrophic interactions. These patterns emerge despite the
coarseness of amplicon-based surveys, which may not provide
a full picture of microbial diversity in these communities.

The formation of MeCoCos results in increased control of
the existing resources by members of the consortium, which
promotes community and functional stability. We predict

that MeCoCos deplete resources to a minimum concentration
and would therefore be more stable against invasions. The
importance of structural stability has been emphasized in
macroscopic organisms in the context of mutualistic systems
[46,47,60], and has recently been applied to microbial popu-
lations [22,23,61]. We predict MeCoCos exhibit high levels of
structural stability such that fluctuations in external resource
inputs would be buffered by species producing the resource
or its derivatives. The prominence of MeCoCos should
depend on the environmental context. Since the MeCoCo
hypothesis is formulated around the degradation of resources
and exchanges of metabolites, such predictions would revolve
around classifying environments according to the qualitative
properties of the resources. We propose three resource axes,
which are not fully independent:

Axis 1: Resource diversity, which we define here as the effec-
tive number of resources. ‘Effective’ is used here to
distinguish resources in terms of their molecular con-
tent. For instance, an environment containing chitin
and cellulose would have a lower effective number
of resources than an environment containing chitin
and phosphoric acid because the former pair of
molecules have the more similar composition.

Axis 2: Resource abundance. Environments may be oligo-
trophic or eutrophic (i.e. the resource abundance
and the stage of degradation, particularly the com-
pounds, degradation products, and energy that can
be retrieved from each unit of effective resource).

Axis 3: Resource heterogeneity. The structure of the environ-
ment (well-mixed versus spatially structured) and
the degree of turnover of resources (e.g. due to high
immigration rates or pulses of resources).

Predicting whether MeCoCos are important in a particu-
lar environment will depend on its position in ‘resource
space’ across these three axes. For example, in resource-rich,
homogeneous environments, we expect MeCoCos would
be formed by only a few ‘r-strategist’ taxa that dominate
resource exploitation [62,63] (illustrated in figure 2b). Without
resource replenishment, we expect environments to become
more energetically depauperate over time owing to the
degradation of resources, but that the degradation process
would also produce a higher effective number of resources.
Under these conditions, we expect microbial resource
‘markets” [64] to be more sophisticated, where density-
dependent processes such as competition for resources
select for specialist ‘K-strategists’ with mutualistic or com-
mensal interactions that reduce competition. This prediction
is aligned with recent simulations showing that the likelihood
of engaging in syntrophic interactions increases in resource-
poor environments [65]. In another example of stressful
environment, toxic metal fluids, it was shown that facilitation
leads to coexistence of four species, while reducing toxicity or
adding nutrients increased competition [66], since a more
habitable environment favours r-strategies. In environments
with pulses of resource and of migrants, like the gut, we
broadly expect neutral community dynamics owing to the
high species turnover, but a significant departure from neu-
trality for taxa that are a subset of established species, as was
found in the zebrafish gut [67]. Such environments would
therefore be composed of a core MeCoCo that is continuously
out-competing immigrant populations.



In addition to understanding the conditions under which
MeCoCos are formed, there is also a need for the development
of methods that identify MeCoCos in nature. At the coarsest
level, we predict that species belonging to the same MeCoCo
should systematically co-occur because certain community
configurations would be the most successful in shaping their
own niche [43]. Co-occurrence patterns might, therefore,
provide a straightforward route to identifying MeCoCos.
More refined methods could develop null models to detect
MeCoCos. For example, MeCoCos could be identified within
subsets of taxa that depart from neutrality.

If MeCoCos are widespread, there would be a need to inte-
grate this idea into the broader evolutionary literature that
discusses levels of selection. If species and their interactions can
be understood as portions of metabolic processes that together
complete more complex metabolisms [68], the metaphor of a bac-
terial community as a ‘supra-organism’ is compelling [69]. There
is likely little need to re-open the debate around the existence of
group selection [70,71] since the formation and maintenance of
MeCoCos could be explained by selection at the population
level based on eco-evolutionary feedbacks [26]. However, there
are parallels with emerging views of the evolution of multicellu-
larity, since the formation of stable consortiums has been
suggested as an intermediate state for the formation of multicel-
lular life [35,72,73]. If MeCoCos are viewed as a level of selection,
the concept would be useful for developing methods for artificial
selection of desirable properties at the community level [74], and
in predicting outcome of community coalescent events, such as
community transplantations [24].

This study was motivated by the need to simplify the extra-
ordinary complexity of microbial life that has been discovered
in natural systems so that we can predict and control ecosystem
functioning. The idea that much microbial life lives off meta-
bolic by-products produced by other microbes is as old as
modern microbiology, including some of the earliest examples
of how microbial ecosystems operate Winogradsky columns.
We believe a refinement of this view is warranted—that func-
tions are ultimately driven by self-selecting consortia, driven
by the way in which microbes exploit and modify their

surrounding environment. Identification of MeCoCos using
the wealth of genomic data currently being generated would
pave the way for both a simpler and more mechanistic under-
standing of the link between microbial dynamics and the
functioning of ecosystems.

Data used in the figures were obtained from publicly available data
used in the following studies: [5] (figure 1) and [13] (figures 2 and
3). Bar-plots were generated rarefying samples to 1000 reads and
represented with the R package phyloseq [75,76]. For figure 1,
the classes, B-diversity distance matrix and GPS locations of the
samples were retrieved from [9], and we performed a principal
coordinate analysis (PCoA) of the samples with the R function
dudi.pco, from package ade4 [77]. Results are represented project-
ing the samples into the first two PCoA coordinates and computing
the centroids of the clusters defined by both the sampling sites
and the community classes. Functions represented in figure 1 quan-
tify the median of the log-transformed exoenzymatic activities of
communities belonging to the B-diversity classes. Medians were
rescaled by rows to make functions comparable, and the classes
were clustered with complete linkage computing the Euclidean
distance. Results were represented with the function heatmap.2 of
the R package gplots [78].
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