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Zürich, Switzerland and 2Department of Environmental Microbiology, Swiss Federal Institute of Aquatic
Science and Technology (Eawag), Dübendorf, Switzerland

Metabolic specialization is a general biological principle that shapes the assembly of microbial
communities. Individual cell types rarely metabolize a wide range of substrates within their
environment. Instead, different cell types often specialize at metabolizing only subsets of the
available substrates. What is the advantage of metabolizing subsets of the available substrates
rather than all of them? In this perspective piece, we argue that biochemical conflicts between
different metabolic processes can promote metabolic specialization and that a better understanding
of these conflicts is therefore important for revealing the general principles and rules that govern the
assembly of microbial communities. We first discuss three types of biochemical conflicts that could
promote metabolic specialization. Next, we demonstrate how knowledge about the consequences of
biochemical conflicts can be used to predict whether different metabolic processes are likely to be
performed by the same cell type or by different cell types. We then discuss the major challenges in
identifying and assessing biochemical conflicts between different metabolic processes and propose
several approaches for their measurement. Finally, we argue that a deeper understanding of the
biochemical causes of metabolic specialization could serve as a foundation for the field of synthetic
ecology, where the objective would be to rationally engineer the assembly of a microbial community
to perform a desired biotransformation.
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Metabolic specialization is a general biological
principle that applies across every domain of
cellular life. Consider a microbial cell residing
within the human gut. This cell encounters a myriad
of different substrates that could be metabolized to
satisfy its energetic and elemental requirements
(Rambaud et al., 2006). Yet, even if this cell were
near starvation, it would only metabolize a subset of
the available substrates (Rambaud et al., 2006). What
is the advantage of metabolizing only subsets of
the available substrates rather than all of them?
What are the underlying causes of metabolic
specialization? Can we predict which substrates
are likely metabolized by the same cell type and
which are likely metabolized by different cell types?
Thus far, there are few general principles and rules
that address these questions.

The questions posed above have relevance for one
of the most perplexing enigmas in microbial eco-
logy: why are some microbial communities so
incredibly diverse? Advances in molecular ecology
revealed that a single liter of seawater or gram of soil
contain thousands of different microbial taxa (Curtis
et al., 2002; Gans et al., 2005; Huber et al., 2007).
Yet, the mechanisms that promote these levels of
diversity are not fully clear (Gudelj et al., 2010).
Metabolic specialization provides one plausible
explanation for how diversity could be promoted,
and is therefore a likely general organizing principle
that shapes the assembly of microbial communities.

A substantial body of research has greatly
improved our understanding of the causes of
metabolic specialization (Elena and Lenski, 2003;
Kassen and Rainey, 2004; Gudelj et al., 2010). An
important conclusion is that metabolic specia-
lization readily evolves in nearly every conceivable
environment and can often be explained by basic
ecological and evolutionary principles. This
research, however, has largely focused on the
ecological and genetic causes of metabolic speciali-
zation rather than the biochemical causes (Gudelj
et al., 2010). It is clear that biochemical conflicts

Correspondence: DR Johnson, Department of Environmental
Microbiology, Swiss Federal Institute of Aquatic Science and
Technology (Eawag), PO Box 611, 8600 Dübendorf, Switzerland.
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exist between different metabolic processes and
likely promote the evolution of metabolic specia-
lization. Our limited understanding about these
biochemical conflicts therefore represents a signifi-
cant gap in our knowledge.

In this perspective manuscript, we argue that a
better understanding of the biochemical conflicts
that exist between different metabolic processes
could help reveal the general principles and rules
that govern the evolution of metabolic specia-
lization. We begin by discussing three types of
biochemical conflicts that could promote specializa-
tion. We then demonstrate how knowledge about the
consequences of biochemical conflicts can be used
to predict whether different metabolic processes are
performed by the same cell type or by different cell
types. We conclude by discussing the major chal-
lenges in identifying and assessing biochemical
conflicts and propose several approaches for their
measurement.

Biochemical conflicts that could promote
metabolic specialization

Conflicts resulting from competition for intracellular
resources
The synthesis and maintenance of metabolic
enzymes requires the consumption of intracellular
resources, including elemental building blocks
(carbon and nitrogen), energy resources (ATP),
mRNA synthesis machinery (RNA polymerase and
sigma factors), protein synthesis machinery (amino
acids, ribosomes, tRNAs and chaperones) and
cellular space for housing enzymes. If one of these
resources is limiting, then a cell that invests more
resources in one metabolic process must invest
fewer resources in other processes. Recent studies
support the existence of such competitive resource
conflicts (Dekel and Alon, 2005; Scott et al., 2010),
but the specific intracellular resources that were
under competition were not identified. Below we
discuss two that might be of relevance.

Cytoplasmic solvent capacity is one intracellular
resource that could lead to competitive resource
conflicts. The solvent capacity determines
the maximum number of enzymes and other macro-
molecules that can be contained within the cell
(Zhou et al., 2008). If the solvent capacity is
exceeded then the biochemical and biophysical
properties of macromolecules can change, often
with detrimental effects (Zhou et al., 2008). Recent
combinations of experiments and modeling of
Escherichia coli showed that cells operate near their
solvent capacity when grown with high substrate
supply (Beg et al., 2007). Under these conditions,
cells that are provided with mixtures of different
substrates produce enzymes for metabolizing only
the most productive substrate (Beg et al., 2007), thus
potentially leaving the less productive substrates
available for uptake by different cell types. A likely

explanation for this type of specialization is that,
because the solvent capacity is near saturation, cells
that produce more enzymes for less productive
pathways must produce fewer enzymes for the most
productive pathway. Competition for solvent capa-
city could therefore promote metabolic specializa-
tion under specific substrate supply conditions.

RNA polymerase is another intracellular resource
that could lead to competitive resource conflicts.
RNA polymerase interacts with different sigma
factors to regulate the transcription of different
genes (Gruber and Gross, 2003). Studies with E. coli
showed that the rpoS and rpoD sigma factors
compete for limited RNA polymerase (Ferenci,
2005). rpoS regulates stress-response genes whereas
rpoD regulates carbon metabolism genes that deter-
mine the metabolic versatility of E. coli. Increasing
the expression of rpoS and stress-response genes
must therefore coincide with decreasing the expres-
sion of rpoD and restricting the metabolic versatility
of E. coli, thus resulting in metabolic specialization.
Competition for limited RNA polymerase by differ-
ent sigma factors could therefore promote metabolic
specialization under specific stress conditions.

Conflicts resulting from inhibition
The production of inhibitory intermediates
and endproducts could also lead to biochemical
conflicts between different metabolic processes
(Fay, 1992; Pfeiffer and Bonhoeffer, 2004; Costa
et al., 2006; MacLean and Gudelj, 2006). One
example is the antagonistic effect of oxygenic
photosynthesis on nitrogen fixation. Oxygen is
produced during photosynthesis but inhibits nitro-
gen fixation by irreversibly inactivating nitrogenase,
which makes it challenging for a cell to perform both
processes simultaneously (Fay, 1992). A number of
strategies have evolved to overcome this conflict,
such as differentiation into different cell types,
where one type photosynthesizes and another type
fixes nitrogen (Fay, 1992).

Inhibitory conflicts between metabolic processes
could also occur if intracellular intermediates are
growth inhibiting (Pfeiffer and Bonhoeffer, 2004;
Costa et al., 2006). Theoretical models that consider
growth-inhibiting intermediates predict that cross-
feeding metabolic specialists are more likely to
evolve as the inhibiting effects increase (Pfeiffer
and Bonhoeffer, 2004; Costa et al., 2006). The
explanation for this is that performing an additional
metabolic conversion step of a substrate incurs two
costs: the cost of synthesizing proteins for the
additional step and the cost of producing additional
intracellular intermediates. If these costs exceed the
energetic gain from the additional step, then it is
beneficial to not perform that step and only partially
consume the substrate, thus allowing the inter-
mediates to escape and be metabolized by other cell
types. Although quantitative measures of these costs
are lacking, these predictions are consistent with
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many empirical observations. For example, consor-
tia of partially consuming cross-feeding cell types
are often responsible for degrading pollutants that
produce toxic intermediates (De Souza et al., 1998;
Pelz et al., 1999).

Conflicts for enzyme specificity
If the same enzyme interacts with different substrates,
such as occurs with some membrane transporters
(Saier, 2000), then conflicts could occur for enzyme
specificity. In this scenario, improving the specificity
for one substrate reduces the specificity for another
substrate, thus leading to metabolic specialization.
Although specificity conflicts are intuitive and
provide an explanation for why most enzymes have
only a few substrates, there is little experimental
support for these conflicts. For example, artificial
selection was used to select for improved utilization
of alternative substrates for three different enzymes in
E. coli (Aharoni et al., 2005). After random mutagen-
esis and selection, improved utilization of the alter-
native substrates did not result in reduced utilization
of the primary substrates, suggesting that specificity
conflicts were not important for these enzymes
(Aharoni et al., 2005).

The consequences of biochemical
conflicts

Even though the biochemical conflicts that exist
between different metabolic processes are often
unknown, knowledge about their consequences
can provide important insights into the evolution
of metabolic specialization. The consequence of a
biochemical conflict is often antagonistic pleiotropy,
which describes an outcome where a single genetic
change has beneficial effects on some processes but
correlated and detrimental effects on others (Cooper
and Lenski, 2000). For example, if competitive
resource conflicts exist between two processes, then
a genetic change that increases the synthesis of one
enzyme must simultaneously decrease the synthesis
of other enzymes. These effects can be described
graphically using constraint functions (Figure 1).
A constraint function is a type of trade-off function
that describes how the activity levels of different
metabolic processes are connected and influenced
by biochemical conflicts. Examples of constraint
functions for two processes are shown in Figure 1.
In these examples, the activity levels are plotted
on independent axes for every possible phenotype.
A line is then drawn that connects the maximal
activities of all possible phenotypes. This line does
not define all phenotypes that could be expressed by
a single genotype. Instead, it delimits the set of
all possible phenotypes that could evolve after
long-term selection in any particular direction, and
thus encompasses a wide range of genotypes.

What use are constraint functions for understand-
ing the evolution of metabolic specialization? If the
shape of the constraint function is known for a set of
metabolic processes, then simple evolutionary mod-
els can be used to predict whether specialization is
likely to evolve (Doebeli, 2002; Gudelj et al., 2007;
Figure 2). For the models discussed in Figure 2,
metabolic generalists evolve for concave constraint
functions (weak conflicts between processes)
whereas metabolic specialists evolve for convex
constraint functions (strong conflicts between pro-
cesses). For the latter case, the evolution of meta-
bolic specialization occurs in two phases, under the
assumption that mutations have small pleiotropic
effects. A generalist cell type first evolves that
performs both processes. Selection then turns dis-
ruptive and the population splits into two coexisting
cell types, where each type specializes at only one of
the processes (Doebeli, 2002).

The mathematical models discussed above can
thus be used to predict whether different metabolic
processes are likely to be performed by the same cell
type or by different cell types. These predictions are
general in that they are independent of the kinetic
parameters of the model (Doebeli, 2002), and are
therefore applicable to any pair of processes. In the
simple scenario depicted in Figure 2, the outcome of

Figure 1 The shape of a constraint function, which is a line that
connects the maximal activities of all possible phenotypes,
describes the consequences of biochemical conflicts on the activity
levels of two different metabolic processes. A function consisting of
vertical and horizontal lines with positive intercepts describes
processes that are not in conflict with each other (solid lines).
Note that the maximal activities of both processes are independent
of each other. Alternatively, a function consisting of vertical and
horizontal lines with zero intercepts describes processes that are in
complete conflict with each other and cannot occur within the
same cell type (short dashed lines). Lines between these two
limiting cases describe processes that are in conflict with each other
but can still be performed by the same cell type. Concave functions
indicate weak conflicts because the sum of activities when
performing both processes is always greater than the maximum
activity when performing only one (long dashed line). Convex
functions indicate strong conflicts because the sum of activities
when performing both processes is always less than when
performing only one (medium dashed line).
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the model corresponds to what one might expect
based on simple considerations: two processes will
segregate into different cell types if they are in bio-
chemical conflict. However, if more than two pro-
cesses are involved (Doebeli and Ispolatov, 2010) or if
ecological or genetic aspects are considered (Gudelj
et al., 2007), then verbal arguments are insufficient,
and mathematical modeling offers a rigorous and
objective way to predict evolutionary outcomes.

Generating hypotheses about
biochemical conflicts

We have demonstrated that qualitative information
about the consequences of biochemical conflicts
(for example, the shapes of constraint functions)

enable specific predictions about whether different
metabolic processes are likely to be performed by
the same cell type or different cell types (Figure 2).
This raises the question about how such constraints
can be measured. In the following section, we
discuss two main approaches for obtaining such
information.

Genome comparisons across organisms
A first approach that generates hypotheses about
possible biochemical conflicts is to analyze the
distributions of metabolic processes across micro-
bial genomes. The complete sequences of several
thousand microbial genomes are currently available,
and automated gene annotation (Markowitz et al.,

Figure 2 The shape of a constraint function can be used to predict whether metabolic specialization is likely to occur. Consider the
concave and convex functions shown in (a). We used the modeling approach described by Doebeli (2002) to predict the evolutionary fate
of the glucose and ribose metabolic pathways (b). The model predicts that the same cell type performs glucose and ribose metabolism if
the function is concave, but that these pathways segregate into different cell types over evolutionary time if the function is convex (b).
This result is not unique to parallel pathways and also occurs within a single pathway (c). Using the reduction of tetrachloroethene (PCE)
to ethene as an example, our model predicts that the same cell type performs the complete pathway if the function is concave, but
segregates into different cell types over evolutionary time if the function is convex (c). For (b, c), phenotypes are shown that are present in
the population at frequencies 45%.
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2006; Aziz et al., 2008) enables the rapid assessment
of co-occurrence patterns of different processes
across different genomes. One could thus identify
combinations of processes that are more often found
in the same cell type or in different cell types. The
latter are candidates for processes that are in
biochemical conflict.

One main advantage of this approach is that it
considers information from a large number of
species and strains, of which an increasing number
are not experimental model systems and cannot be
grown in the laboratory. It thus allows rapid
and comprehensive assessment of co-occurrence
patterns of a large number of metabolic processes.
Although promising, this approach has several
major caveats. First, the approach assumes
that automated genome annotation is sufficient to
predict the complete set of metabolic pathways of
microorganisms. Although this is increasingly pos-
sible for model microorganisms, this remains chal-
lenging for non-model microorganisms that contain
unusual and poorly characterized enzymes and
pathways. Second, this approach does not consider
gene expression. Cells could maintain incompatible
pathways by expressing them at different times or in
different environments. Finally, this approach does
not consider the environment in which microorgan-
isms live. The absence of co-occurrence of two
processes might result from the absence of their
substrates in the same environment rather than a
biochemical conflict. The influence of the latter two
confounding factors could be lessened by analyzing
groups of microorganisms that live in similar
environments. For example, one could analyze
metagenome information collected from a single
environmental sample, provided that genes within
the metagenome can be accurately assigned to
different cell types (Eisen, 2007).

Experimental evolution
A second and more direct approach to measure
biochemical conflicts is through experimental
evolution in the laboratory. If one is interested in
measuring the constraint function between two
metabolic processes, replicated populations can be
selected to maximize the first process in isolation,
the second process in isolation or both processes
simultaneously. This would provide a measure of
multiple points on the constraint function
(Figure 1), which could then be used to estimate
its shape.

Experimental evolution has, to the best of our
knowledge, not been systematically used to investi-
gate biochemical conflicts. Yet, we believe this
method has potential. First, it offers experimental
control. Confounding factors can be excluded by
comparing different genotypes that have evolved
under well-controlled conditions (Elena and Lenski,
2003; Jessup et al., 2004). Experiments can also be
conducted such that the only target of selection is

the rate at which a strain grows on one particular
substrate or combination of substrates (Ibarra et al.,
2002). Second, whole-genome resequencing
and metabolic analyses can reveal detailed insights
about the genetic changes that occurred over
the course of experimental evolution (Herring
et al., 2006; Barrick et al., 2009), and can thus help
generate hypotheses about the molecular basis
of biochemical conflicts. Although the timescale of
laboratory evolution experiments does not extend to
the timescales of evolutionary processes in natural
environments, such experiments can nevertheless
give insights into the initial phase of metabolic
specialization. This initial phase can determine
further evolutionary processes (Travisano et al.,
1995; Le Gac and Doebeli, 2010; Khan et al., 2011),
and studying this phase experimentally might thus
provide information about how biochemical con-
flicts promote metabolic specialization.

Challenges with measuring biochemical
conflicts

Conflicts likely affect many metabolic processes
Our discussion of biochemical conflicts thus far has
focused on constraining relationships between two
metabolic processes (Figures 1 and 2). In reality,
constraining relationships likely involve more than
two processes (Pease and Bull, 1988) (Figure 3). To
illustrate this, consider again one of the examples
discussed above. We argued that RNA polymerase
could be a limiting intracellular resource for which
different sigma factors compete, and that this might
lead to a conflict between stress response and
metabolic versatility (Ferenci, 2005). One obvious
resolution to this conflict is to produce more
RNA polymerase. However, the production of RNA
polymerase, and gene expression in general, is
metabolically costly (Dekel and Alon, 2005), and
this resolution might therefore have detrimental
effects on other processes. A more realistic model
would include a large number of metabolic pro-
cesses and other cellular traits that are connected
through complex interactions, both suppressive and
facilitative.

One consequence of the involvement of multiple
metabolic processes in constraining relationships is
that constraints between two metabolic processes
are not absolute; simultaneous improvements in
both are possible at the cost of others (Figure 3).
The combinations of processes that are observed in a
particular cell type represent evolutionary compro-
mises across many different selection pressures.
If the environment changes and the strength of
selection on some processes increases, then one
would expect that it is possible to simultaneously
improve these at the cost of other processes that are
subject to weaker selection.

Another consequence of the involvement of
multiple metabolic processes is that complex

Metabolic specialization and community assembly
DR Johnson et al

1989

The ISME Journal



interactions might generally promote metabolic
specialization. A recent theoretical study showed
that the probability of diversification increases as
constraining relationships involve more traits
(Doebeli and Ispolatov, 2010). Although complex
interactions between different metabolic processes
are more difficult to experimentally measure,
they might generally promote the diversification
processes depicted in Figure 2.

Dependence on the environmental conditions
A second challenge with measuring constraining
relationships is their dependence on environmental
conditions. Constraints are ultimately based on
resource conflicts and interactions between differ-
ent metabolic processes; the environment will affect
both of these aspects, and is thus expected to
influence constraining relationships both quantita-
tively and qualitatively. Given the wide range of
natural environments, how can we make progress in
determining constraining relationships and under-
standing how they promote metabolic specializa-
tion? In our opinion, the main goal is to establish
basic principles about how different environmental
factors affect biochemical conflicts and influence

the main constraining relationships between
different processes.

The emerging concept is thus a dynamic view on
biochemical conflicts between metabolic processes,
on how these conflicts are influenced by environ-
mental factors, and on how they promote the
evolution of metabolic specialization and shape
the assembly of microbial communities. Each pro-
cess in a cell is connected to a large number of other
processes, and many of these connections will
depend on the environmental conditions. Mutations
that increase the activity of one process are likely to
affect other processes. There might be combinations
of mutations that would improve single processes
without substantial impairments of other processes,
but these genotypes might take a long time to evolve,
or they might not be easily accessible by consecutive
mutational steps that are all individually beneficial
(Weinreich et al., 2006). Such a situation can
promote the emergence of mutants that specialize
at metabolizing certain substrates. Genetic and
ecological interactions might then lead to the
consolidation of these differences and the evolution
of specialized cell types that consume only subsets
of the available substrates within their environment.

The foundation for synthetic ecology?

What is the broader importance of understanding
the biochemical causes of metabolic specialization?
A deeper understanding of these causes could serve
as a foundation for establishing a field of synthetic
ecology (Dunham, 2007). In our view, the objective
of synthetic ecology would be to elucidate basic
design principles that enable the rational engineer-
ing of the assembly of microbial communities to
perform desired biotransformations. For example,
consider a biological process where a microbial
population is used to transform a substrate into an
intermediate and then into a value-added end
product, such as a pharmaceutical or bioenergy
source. One strategy would be to engineer one
cell type that catalyzes the complete pathway
(Ro et al, 2006). An alternative strategy would be
to engineer a community of specialized cell types,
where one type transforms the substrate into the
intermediate and another type then transforms
the intermediate into the desired end product
(Kato et al., 2005). We currently lack basic design
principles that predict which strategy maximizes
the performance of such a process. A better under-
standing of the causes of metabolic specialization
will likely help elucidate such engineering design
principles and contribute toward establishing a
discipline of synthetic ecology.
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Figure 3 Constraining relations are likely to involve more than
two metabolic processes. For example, consider a situation where
three processes are connected in a constraining relationship, but
where an experimenter only measures two of them (process 1
and 2); the experimenter thus only observes the projections of the
constraint functions in the horizontal plane (dashed lines). If the
activity of process 3 is maintained constant during the experi-
ment, the experimenter observes a concave constrain function
between process 1 and process 2 (green dashed line). Changes in
process 3 during the experiment can lead to the observation of
qualitatively different constraint functions (red dashed line).
Also, simultaneous improvements of process 1 and process 2
beyond their constraint function are possible at the cost of process
3 (orange).
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