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Traditional biotechnological applications of microorganisms
employ mono-cultivation or co-cultivation in well-mixed
vessels disregarding the potential of spatially organized
cultures. Metabolic specialization and guided species
interactions facilitated through spatial isolation would enable
consortia of microbes to accomplish more complex functions
than currently possible, for bioproduction as well as
biodegradation processes. Here, we review concepts of
spatially linked microbial consortia in which spatial
arrangement is optimized to increase control and facilitate new
species combinations. We highlight that genome-scale
metabolic network models can inform the design and tuning of
synthetic microbial consortia and suggest that a standardized
assembly of such systems allows the combination of
‘incompatibles’, potentially leading to countless novel
applications.

Addresses

" Microbial Systems Ecology, Department of Environmental Systems
Science, Swiss Federal Institute of Technology (ETH) Zirich,
Universitatstrasse 16, 8092 Zirich, Switzerland

2 Soil and Terrestrial Environmental Physics, Department of
Environmental Systems Science, Swiss Federal Institute of Technology
(ETH) ZUrich, Universitatstrasse 16, 8092 Zirich, Switzerland

Corresponding author: Ben Said, Sami (sbensaid@usys.ethz.ch)

Current Opinion in Biotechnology 2020, 62:137-145

This review comes from a themed issue on Environmental
biotechnology

Edited by David Johnson and Stephan Noack

https://doi.org/10.1016/j.copbio.2019.09.015

0958-1669/© 2019 The Authors. Published by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

Introduction

Mankind has relied for millennia on the biochemical
capabilities of microbial consortia for valuable dietary
by-products—Ilargely unaware of microbial existence or
microbes’ identity. Progress in synthetic biology and
biotechnology in the last century has led to the devel-
opment of artificial microbial consortia composed of
selected members, sometimes genetically engineered
for specific tasks [1-4]. Unlike traditional fermenter
monocultures, consortia permit the division of labor and
metabolic  specialization among members, which
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confers certain advantages in the performance of con-
sortia used for complex chemical pathways [1-4]. Appli-
cations of such consortia include the production of
chemicals, biofuels and pharmaceuticals, and services
such as bioremediation and biomining (i.e. recovery of
metals) [5,6]. Despite increasing numbers of industrial
applications, the use of microbial consortia typically
follows a simple template in which consortium mem-
bers are mixed and subjected to similar culture condi-
tions (nutrients, temperature, pH, dissolved oxygen,
etc.). The spatial arrangement of consortia members
observed in natural systems (as well as some industrial
systems, such as microbial granules in sludge reactors),
where members self-organize to exploit favorable loca-
tions (due to by-products or other local conditions),
casts doubts about the optimality of the standard mixed
culture practices. We hypothesize that the routine use
of mixed template underutilizes the potential of
directed spatial arrangement and segregation of micro-
bial populations, which is attainable from the scale of
cell assemblages to that of culture vessels. The spatial
organization of microbial species shapes their interac-
tions (and vice versa), and thus could greatly affect the
function of a consortium [7-9]. Controlling the spatial
organization of members of a microbial consortium and
the local conditions offers a potential for overcoming
limitations imposed by undifferentiated growth envir-
onments, and provides a range of tools for systemati-
cally investigating the spatio-temporal behavior of such
living systems.

In the following we review current methods available for
culturing spatially arranged microbial consortia, and high-
light respective advantages, limitations and engineering
challenges. Exerting spatial control over members of
microbial consortia offers not only streamlined microbial
ecological interactions, but also the possibility of linking
spatial niches to address the special needs of (interacting)
members that may not coexist in mixed or in natural
systems. We discuss the rapidly growing field of meta-
bolic genome-scale network models as tools for modeling
complex outcomes needed for member selection and
system engineering. We suggest that the untapped flexi-
bility of assembling spatially linked microbial consortia
could open new opportunities for employing a combina-
tion of species that cannot be grown in mixed cultures
because of incompatible physiological requirements. We
conclude that this could lead to the standardization of the
construction of microbial consortia similarly to electronic
circuit-boards.
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Experimental consortia of spatially linked and
interacting microorganisms

Recent studies suggested that the technical evolution
from mono-cultivation to co-cultivation in microbiology
represents a revolution in the biotechnological exploita-
tion of microbes [10°]. We expand these statements by
considering control over the spatial arrangement of co-
cultivates with new applications of microbial consortia.
T'he refinement of spatial organization is akin to a natural
evolution from the simple co-culture design (Figure 1).

Attempts to segregate interacting microbial members in
space date back to the 1960’s. One strategy relied on
culturing interacting species in the same vessel separated
by permeable membranes that block macromolecules and
cells [11-13]. A potential drawback of such co-cultures is
that all members are exposed to the same physico-chem-
ical conditions irrespective of their specific requirements.

Figure 1

Levels of spatial segregation
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From monocultures to spatially linked microbial consortia.

Increase of spatial control of microbial cultures, starting with
undifferentiated environments such as monocultures (a) co-cultures (b)
and co-cultures with the addition of membranes to segregate
interacting members of a microbial consortium (c), followed by a full
segregation (SLMC) into interconnected modules offering different
environments (d) and (e).

A different approach connects two or more bioreactors
containing different microorganisms, in series or as multi-
stage continuous cultures [14-16]. Surprisingly, although
theoretical and experimental background have been in
place for 50 years [14], such spatial-segregation solutions
have not gained broader applications in current microbial
biotechnology practices. Perhaps the engineering chal-
lenges of controlling all modules and fluxes individually,
containing each consortium member within its module,
and maintaining population sizes under distinct environ-
mental conditions, proved to be too discouraging. The
rapid changes in present-day technological landscape
with new sensing devices, community member identifi-
cation and advanced computational capabilities
[17°,18,19°°,20-28] (discussed below), offer new oppor-
tunities. In addition to advances in synthetic biology with
powerful capabilities for genetically engineered consor-
tium members and interspecies interactions [29-34],
optimizing the arrangement and local conditions for such
members should offer a multiplier for the overall effi-
ciency. New and promising platforms for research and
applications are offered by recent advances in microflui-
dic devices that can host physically separated microbial
populations and enable control over fluxes exchanged
[10°,35-38]. In terms of spatial positioning, methods such
as 2D patterning using photolithography [39] or inkjet-
printing [40], membranes [11-13,41], and 3D printing
[42°,43] offer a range of solutions for the spatial organiza-
tion of microbial populations down to the microscale.
Despite these technological developments, research on
microbial consortia arranged in space remains largely at
the level of ‘proof of concept’, and only rarely ventures
into the domain of practical applications [8].

As outlined in [44°], the engineering and assembly of
spatially linked microbial consortia (SLMC) involve the
following key considerations: (i) the selection of micro-
organisms required to accomplish a specific bioprocess,
(11) the design of a spatial platform, or ‘landscape’, and (iii)
operational considerations of inputs and fluxes. Different
members could be placed in their respective modules,
following the order of reactions of by-products of the
biochemical processes, and connections between mod-
ules would be determined by the desired functions and
interactions (Figure 2). Members of the consortium
would be selected based on their ability to accomplish
part of the overall biotransformation, without the strict
requirement of being subjected to a common set of
environmental conditions, as in co-cultures. This could
potentially increase the range and combinations of inter-
acting microorganisms (even allowing the assembly of
consortia composed of incompatible members), with
countless novel products and applications in disciplines
ranging from bioremediation, pharmaceuticals and bio-
fuels to space missions where the use of microorganisms
to recycle wastes is being investigated [44°]. Despite this
increased freedom of selection, considerations such as
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Functional elements for the culture of spatially linked microbial consortia.

(a) Represented is a hypothetical microbial consortium composed of members with incompatible requirements, as described by the different

temperatures, pHs, and oxygen concentrations . . .

Independently controlled modules containing the different members are connected to allow

exchanges of metabolic by-products to achieve the desired function. Valves would control the mode (here pulses of media of volume V would be
injected in the first module at regular time intervals) and rates of fluxes between modules to optimize the output of the consortium. Cells could be
replaced independently as needed. Symbionts could be co-cultured if full segregation was detrimental. (b) The modularity of SLMC would allow
the incorporation of microbial consortia into larger biochemical network, forming a conceptualized biological circuit board.

resilience to perturbations, growth characteristics, yields,
nutritional requirements, secreted by-products, become
important criteria when choosing members for the con-
sortium [45].

Toactivate the SLMC and initiate production, cells could be
preserved by freezing, drying or lyophilization, followed by
thawing or hydration to awaken the consortium [46,47]. The

activation of consortium members could be synchronous or
sequential, and the system may initially go through a tran-
sient phase before a steady-state is reached. Various types of
membranes could be used to contain and isolate the species
while allowing passage of metabolites and growth media at
rates controlled by valves and pumps (or resulting from
different sizes of modules) [12,13]. This scalable concept,
where the type and scale of a platform would be determined
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by the application, could range from microfluidic devices
[48] to industrial size bioreactors [14,49] and scaling could
occur by parallelization or scaling up of platforms when
feasible [50]. Should an adverse event (mutation, contami-
nation) occur and be detected by the monitoring system [51],
inactivation methods (physical or chemical) [47,52] could be
used tosterilize the faulty module before replenishing it with
fresh cells. To limit the impact of such events, redundancies,
that 1s multiple modules fulfilling the same function in
parallel, could be placed at sensitive segments, prone to
failure [44°]. The monitoring of state variables (i.e. concen-
trations of substrates, intermediates, products, pH, oxygen
concentration . . . ), while challenging in itself, should pro-
vide the necessary information for tuning the system and
assessing its performance [44°].

The review identifies the design of microbial consortia
that permit the optimization of spatial organization and
growth conditions for each member (Figure 2) as a prom-
ising strategy for future research and development in the
cultivation of microbial consortia [44°]. A potential SLMC
domain would be composed of interconnected ‘niches’
that offer differentiated conditions (temperature, pH,
dissolved oxygen, ... ) for each consortium member,
with a potential of enhancing a desired function per-
formed by the consortium. The independent supply of
nutrients to each niche or module could be designed to
reduce interspecies competition for substrates, while
simultaneously serving as a population control tool. In
other cases, for example when mutualistic interactions are
sought, co-cultivation in a single module would be
applied. This could be done with or without separating
the interacting populations within the module, depend-
ing on requirements for cell-to-cell contact or emergent
self-organization. A SLMC would permit any combina-
tion of such single-member and mixed-members modules
(Figure 2). The compartmentalization at the core of
SLMC would enable mediation and control of interspe-
cies interactions, therefore the potential for increased
stability and predictability of the bioprocess. Incidentally,
the potential modularity of the SLMC concept, which
facilitates the design of predictable consortia in a flexible
way (via ‘plug-in’ and ‘plug-out’ of modules), would
provide a useful tool to the rapidly expanding field of
synthetic microbial ecology [1,2,4,53,54].

The success of such systems hinges on engineering and
management of the SLMC landscape, and the preselec-
tion of microbial members and prediction of their traits
and metabolic interactions. New and powerful tools are
offered by mathematical modeling and full genomic-
based metabolic networks outlined next.

Mathematical modeling for designing and
assembling microbial consortia

Mathematical modeling of interacting microbial consortia
offers a means for disentangling interspecies trophic

interactions and provides a framework for the design of
synthetic consortia with specific metabolic functions.
Although a variety of mathematical techniques and mod-
els have been used for that purpose [18,20-24,28], the
growing availability and use of genome-scale metabolic
network modeling [22,25,55] offer a breakthrough for
representing and screening interactions in such complex
and adaptive SLMC landscape. On the basis of whole-
genome sequences, genome-scale models combine all
known encoded metabolic reactions into networks ame-
nable to mathematical analysis. Genome-scale models,
whether full or reduced, have been successfully used to
predict microbial functions such as growth on various
substrates, and to study the effects of specific gene
knockouts on cell metabolism [22,56,57]. In addition,
reduced scale models, based on a subset of the metabolic
reactions whilst retaining predictability for pathways of
interest, are used to increase computational efficiency
[58,59]. In the context of co-cultivated species, metabolic
networks permit the prediction of interspecies metabolic
interactions solely based on the intracellular metabolism
of each member of the consortium [60]. A new landmark
study strategically investigated over 2 million co-culture
simulations—24 species in pairwise combinations under
various environmental conditions—to identify cross-feed-
ing interactions that provide opportunities for stable
multispecies assembly [61°°]. Critically, the study empha-
sized the determining role of the growth environment
(substrate and oxygen availability) in the interspecies
exchange of metabolites [61°°]. Such high-throughput
computational framework appears particularly well-
suited as an initial step to inform the design of SLMC,
namely in the choice of interacting members. However,
additional computational tools may be required to spe-
cifically investigate and optimize the spatio-temporal
organization of SLMC. Several recent modeling devel-
opments have used genome-scale metabolic networks in a
spatially explicit context with the goal to mechanistically
describe interspecies competition and trophic interac-
tions [62,63,64°]. One such model that simulates bacterial
colonies growing on agar using population-based
approaches combined with flux balance analysis has
demonstrated that certain interspecies processes are only
possible in the context of space [62]. A current and
innovative development sees the combination of
genome-scale models with an individual-based represen-
tation of bacterial cells (i.e. agent-based modeling)
[63,64°,65°]. Using such a model, differences in metabolic
activities could be predicted within Escherichia coli colo-
nies depending on the localization of individual cells
relative to carbon and oxygen resources [63]. Further
modeling extensions have permitted to include multiple
species [62,63] and accommodate them in more complex
environments [65°].

The computational tools and optimization strategies
described above are already applied to biotechnological
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development: for example, genome-scale modeling of
multispecies interactions was used to design more effi-
cient bacterial consortia for the degradation of herbicide
in soil [66°], and in-silico genetic engineering and spatio-
temporal metabolic network models were used to
improve the yield of syngas fermentation [67]. In that
second study, an initial screening for beneficial gene
knockouts consistently resulted in lower growth of the
fermenting species Clostridium ljungdahlii. Using a spatio-
temporal metabolic model of the bubble column reactor
provided potential new gene targets to improve product
synthesis—a discovery not possible without the context
of space. Although technical and terminological hurdles
still refrain the automated reconstruction of genome-scale
networks [68], some methodological solutions have been
delineated [69,70]. Therefore, from this point forward we
expect a variety of (semi-) automated procedures and

Figure 3

tools to rapidly increase the number of genome-scale
network models available to the research community.
Finally, standardization of metabolic networks would
facilitate the combination of multiple network models
required for consortia modeling.

The assembly of misfits

The added-value of spatially linked microbial consortia in
terms of performance and function rests on alleviating the
requirements for a compatible environment for the whole
microbial consortium, the topological optimization of flux
exchange, and the tuning of community sizes and inputs to
meet the physiological capabilities of members. By segre-
gation and optimization of each module, SLMC would
allow the selection of the members based mainly on their
function rather than be limited by the need to offer com-
patible growth conditions for every species (Figure 3). This

Methanogen
Methanoplanus endosymbiosus

H, + CO2to CH,

Photoheterotroph
Rhodobacter sphaeroides

Organic acids to H, + CO»

Cellulose degrader
Clostridium straminisolvens
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Design of a glass beads column with thermal gradient spatially segregating a microbial consortium for (anaerobic) methane production from

cellulose.

In this SLMC prototype, three microbial species jointly convert cellulose to methane: a thermophilic cellulose degrader (Clostridium
straminisolvens, in red), a photoheterotroph that converts organic acids to hydrogen gas (Rhodobacter sphaeroides, in purple) and a methanogen
converting hydrogen gas and carbon dioxide to methane (Methanoplanus endosymbiosus, in green). Due to their incompatible thermal
requirements, the different members should segregate along the thermal gradient. A central column composed of smaller glass beads would
guarantee a continuous aqueous phase along the column, while the unsaturated periphery would be filled with larger beads allowing gases to be
released, exchanged and consumed. Grey arrows: gas release/exchange. Blue arrow: exchange of soluble by-products.
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would even allow the construction of novel artificial micro-
bial consortia composed of members with incompatible
requirements that would therefore not co-exist in nature.

In that context, we have designed and are currently
testing a prototype of a SLMC column for the transfor-
mation of cellulose into biofuel (Figure 3). Here, the
thermophilic anaerobic bacterium Clostridium straminisol-
vens, known for its ability to degrade filter paper [71],
converts the cellulose contained in the filter at about
50-55°C and releases organic acids such as acetate and
lactate, as well as hydrogen gas, carbon dioxide and traces
of ethanol. The purple non-sulfur bacterium Riodobacter
sphaeroides converts photoheterotrophically at 30-35°C,
acetate, lactate and ethanol to more hydrogen gas and
carbon dioxide [72]. The last member, Methanoplanus
endosymbiosus, a methanogenic archaeon, consumes
hydrogen gas and carbon dioxide at 20-30°C to produce
methane [73]. Both the photoheterotroph and the metha-
nogen cannot grow at the minimal growth temperature
required by the thermophile (on which this consortium
relies to release labile carbon sources), and therefore have
to occupy different niches along the thermal gradient.
"This experiment is intended to highlight the importance
of space in the context of microbial ecology, and how this
allowed the combination of ’incompatible’ strains, from
horizons as diverse as a composting bacterial community
in Japan (C. straminisolvens), light exposed stagnant waters
with low oxygen concentrations such as eutrophic ponds
(R. sphaeroides), or mud from North Sea sediments (/.
endosymbiosus). We hope to show that with relatively
simple methods one can engineer the habitats for a
community of interacting microorganisms, which should
hopefully further motivate current efforts to spatially
engineer microbial consortia. Ultimately, the concept
of SLMC aims at harnessing and expanding on microbio-
logical knowledge and venture in the largely underused
realm of synthetic microbial ecology in an attempt to
design habitats and prescribe interactions between the
members of a microbial consortium, to optimize the
biochemical process it catalyzes, and construct new con-
sortia that do not exist in nature.

Conclusion and outlook

Individual members of microbial consortia may require
special conditions for their optimal functioning that may
not be available in a concourse within a similar environ-
ment that inherently restricts conditions for species com-
patibility. Present biotechnological applications often
lack the structure and variety of habitats necessary to
fully exploit the potential of spatial segregation when
appropriate. The strategy suggested by SLMC aims at
providing a diversity of environments necessary for opti-
mizing the growth and biochemical function of each
consortium member. Moreover, as illustrated in Figure 2,
the intrinsic modularity of an engineered SLMC could
facilitate the assembly of microbial consortia with

increased control, improved stability and predictability
relative to current mixed culture methods [44°].
The assembly of multiple SLMC domains could enable
the construction of ‘superconsortia’ composed of inter-
acting ‘subconsortia’ designed for a specific function, that
are assembled in a ‘plug-and-play’ manner, just like
letters form words from which sentences are subse-
quently constructed (Figure 2). Function-based libraries
of consortia could be developed as the alphabet that will
facilitate the construction of ‘superconsortia’, unbound by
any upper complexity limit. The combination of genetic
information about the microorganisms and environmental
conditions (substrates, temperature, pH . .. ), by tools
like flux balance analysis (FBA), with additional thermo-
dynamic constraints [28,57], could guide the design of
such microbial consortia by providing information about
substrate consumption, growth rate, production of inter-
mediates and end product(s), towards optimizing the
desired function. Should a system be diffusion limited,
a combination of FBA and individual-based modeling
(IBM) would offer the required and detailed spatial
representation necessary for the modeling of such con-
sortia [65°]. The practical implementation of the SLMC
concept will require innovative engineering solutions to
the many challenges of assembling, initiating and main-
taining such ‘biological circuit boards’ (Figure 2). Recent
technological developments make such an enterprise
within our reach and should motivate further exploration
of microbial ecosystems, hopefully resulting in novel
products or applications, with benefits to mankind and
the environment. Engineering new interacting commu-
nities within the framework of synthetic ecology might
allow us to tap into the immense potential of the microbial
world in similar ways as the modularity and scalability of
the 20th century electronic revolution.
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