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The use of microbial consortia for bioprocessing has been

limited by our ability to reliably control community composition

and function simultaneously. Recent advances in synthetic

biology have enabled population-level coordination and control

of ecosystem stability and dynamics. Further, new

experimental and computational tools for screening and

predicting community behavior have also been developed. The

integration of synthetic biology with metabolic engineering at

the community level is vital to our ability to apply system-level

approaches to building and optimizing synthetic consortia for

bioprocessing applications. This review details new methods,

tools and opportunities that together have the potential to

enable a new paradigm of bioprocessing using synthetic

microbial consortia.

Addresses
1 Department of Chemical and Biological Engineering, Rensselaer

Polytechnic Institute, 110 8th St, Troy, NY 12180, USA
2 Center for Biotechnology and Interdisciplinary Studies, Rensselaer

Polytechnic Institute, 110 8th St, Troy, NY 12180, USA

Corresponding author: Collins, Cynthia H (ccollins@rpi.edu)

Current Opinion in Biotechnology 2012, 23:798–802

This review comes from a themed issue on Tissue, cell and

pathway engineering

Edited by Hal Alper and Wilfried Weber

For a complete overview see the Issue and the Editorial

Available online 1st March 2012

0958-1669/$ – see front matter, # 2012 Elsevier Ltd. All rights

reserved.

http://dx.doi.org/10.1016/j.copbio.2012.02.001

Introduction
The biosynthesis of compounds of medical and industrial

importance often requires engineering and optimization of

complex metabolic pathways. Traditionally, these pro-

cesses have employed a clonal population of recombinant

microbes such as Escherichia coli or yeast. There are many

limitations of using a single population that could be

alleviated or addressed by using a mixed community of

organisms, such as metabolic load and the number of

exogenous elements that can be cloned and optimized

in a single cell [1]. Another advantage of using microbial

consortia is compartmentalization, where active or passive

transport of substrates or intermediates across the cell

membrane could be used to facilitate a decrease in unde-

sired cross-reactions and side products. Finally, using

microbial consortia can combine the catalytic specialties

of different species to produce new products. This strategy

is inspired by naturally occurring microbial consortia,
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where ubiquitous communities consist of multiple popu-

lations that coexist and carry out complex chemical pro-

cesses and physiological functions to enable survival of the

community [2,3].

Early innovators in the fields of biochemical and bio-

logical engineering recognized the potential of microbial

consortia for bioprocessing and biotechnological appli-

cations. Yet while there are rare examples of success

(recently reviewed [4]), mono-culture systems continue

to dominate the landscape of industrial bioprocessing.

The major barrier to using communities for bioprocessing

is that it requires simultaneous control of both the indi-

vidual microbes and the ecosystem as a whole. For

example, engineering individual microbes often leads

to a change in their relative fitness and results in a change

in community composition that can be detrimental to the

overall process. Therefore, efforts to date have focused on

engineering single microbes to efficiently carry out entire

processes and on modifying the environment or culture

conditions to improve yields from established microbial

consortia.

We describe recent advances that will enable the future

use of synthetic microbial communities for bioproces-

sing. This review focuses on the engineering of new

biological components that enable cell–cell communi-

cation, the development of new strategies for enabling

predictable ecosystem composition, and new biological

tools that together represent essential elements for

the successful implementation of a division of labor

approach to bioprocessing using microbial consortia

(see Figure 1).

Engineering communication
Ecosystem dynamics and stability are often modulated

through interactions between organisms [5]. These inter-

actions can be direct communication using signaling

molecules or cell–cell contact, or they can be indirect,

such as through the sharing of nutrients. One of the grand

challenges in synthetic biology has been the ability to

send signals between cells and to coordinate population-

level behaviors. The most popular tools for engineering

communication are based on quorum-sensing (QS) sys-

tems used by bacteria to sense and respond to changes in

their local population density. Both the acyl-homoserine

lactone (AHL)-based QS systems from Gram-negative

organisms and the interspecies autoinducer-2 (AI-2) sys-

tem have been engineered extensively [6]. Efforts in-

clude the directed evolution of the signal synthase [7],

and signal sensitivity and specificity of the transcription

factors that recognize the signals [8]. Roy and coworkers
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Figure 1
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Schematic of bioprocessing with synthetic microbial consortia. Engineering of cell–cell communication, community composition, and metabolic

pathways are combined to enable coordination, division of labor, and product formation.
recently added the ability to turn off a QS response in the

AI-2 system. Here the phosphorylation of AI-2 by extra-

cellular LsrK quenches the QS response [9].

Synthetic cell–cell communication systems in yeast have

also been described. An early example from Chen and

Weiss used the production and recognition of a diffusible

plant hormone from Arabidopsis thaliana to enable cell–
cell communication and QS in Saccharomyces cerevisiae
[10]. Groß et al. constructed a system where the roles

of sensing and response were delegated to two popu-

lations in a coculture of S. cerevisiae [11]. In this case, they

utilized a natural yeast pheromone, a-factor, to send or

amplify a signal from one population to the next. This

combination of modularity and cell–cell communication

enables independent optimization of function in each

strain. A second study used an a-factor-based system in

the construction of a community capable of computing

complex Boolean logic functions [12��]. First, a library of

yeast cell modules that respond to an extracellular

stimulus and/or a-factor and produce GFP as a reporter

or a-factor to propagate the signal to the next population

was constructed. The modules were successfully com-

bined to produce 2-input and 3-input logic functions.

This type of distributed computation could endow con-

sortia with very useful and novel capabilities, such as
www.sciencedirect.com 
enabling the system to adjust to different types of sub-

strate and inhibitor mixtures.

Challenges in the area of cell–cell communication remain

the limited number of independent communication

modules, crosstalk between signals, and interspecies

communication. The development of new signaling sys-

tems or modules is needed to address each of these

challenges. The peptide-based QS systems used by

Gram-positive organisms, where the high information

content of the peptides could also limit crosstalk, remain

untapped by synthetic biologists. Signals need not be

limited to molecules that have been defined as QS

inducers. Weber et al. engineered a system where volatile

acetaldehyde was used to enable both intrakingdom and

interkingdom communication between bacteria, yeast

and mammalian cells [13]. While this work illustrates

the potential to engineer communication across multiple

cell types, new signaling systems should enable com-

munication across species and kingdoms and include both

diffusible and contact-based signals.

Engineering communities
An important practical constraint of employing microbial

communities for bioprocessing is the ability to reliably

generate stable or dynamic community behavior and
Current Opinion in Biotechnology 2012, 23:798–802
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ecosystem composition. Early efforts by synthetic biol-

ogists showed that the control of toxic or savior proteins in

combination with QS systems for signal propagation could

enable a range of programmable ecosystems [14,15].

However, the success of these synthetic circuits is gener-

ally short-lived when cells are cultured outside of a

microfluidic device, where larger cell populations

increase the probability that a mutant capable of out-

competing the starting cells will arise [16]. While these

studies have clearly established the potential for using

synthetic biology to control community composition, new

approaches are needed to enable coexistence at the scale

required for bioprocessing applications.

One approach to enabling coexistence is to engineer

beneficial interactions between each individual popu-

lation. Several efforts have shown that mutualism can

be achieved using combinations of auxotrophs. Shou et al.
engineered two yeast strains that each coexist by supply-

ing an essential metabolite to the other [17]. A math-

ematical model was built to analyze the requirements and

constraints of the system. The initial growth rates and

survival rate of both strains and their metabolite pro-

duction rate were found to be critical for cooperative

interactions to occur. A subsequent study used a series

of 1035 E. coli auxotroph pairs to elucidate how different

pairings can prove beneficial while others are not [18��].
Here, Wintermute and Silver showed that crossfeeding of

metabolites yielded a significant metabolic synergy in

17% of pairings and constructed a quantitative model to

describe and predict these synthetic interactions. Hu and

coworkers recently combined the tuning of genetics, cell–
cell communication and the environment to produce a

range of population dynamics in a synthetic ecosystem,

where two strains of E. coli directly modulate each other’s

growth via two AHL-based QS signal transduction cir-

cuits that control antibiotic resistance [19��]. They used a

combination of computation and experiments to success-

fully identify combinations of AHL and antibiotics that

produced specific dynamic ecosystem behaviors, in-

cluding extinction, obligatory mutualism, facultative

mutualism and commensalism.

Biofilms are of particular interest because these three-

dimensional, surface-associated communities are often

composed of multiple microbes and have potential for

both bioremediation and bioprocessing applications [20].

Spatial heterogeneity, an important stabilizing force in

microbial communities, has been investigated using syn-

thetic bacterial communities [21–23]. An important hur-

dle is the ability to construct biofilms with defined

community composition. Stubblefield and coworkers

recently described a method for generating rationally

assembled multispecies biofilms using the circulation

of specific organism mixtures through a flow cell [24].

This sequential deposition approach has an advantage

over other methods such as cell printing due to its
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simplicity and potential for scale-up. A synthetic QS-

based communication circuit has also been used to pro-

gram biofilm formation and dispersal [25].

Tools for enabling synthetic microbial
consortia for bioprocessing
High-throughput screening methods for assessing com-

munity composition, dynamics and productivity are

essential for the development of this field. Park and

coworkers have demonstrated that microencapsulation

of E. coli cocultures can be used to compartmentalize

microbial populations in microdroplets and facilitate

analysis of localized population-level behaviors [26��].
They constructed a synthetic consortia consisting of a

tryptophan auxotroph and a tyrosine auxotroph. Signifi-

cant growth as a result of crossfeeding was only observed

in microdroplets containing both auxotrophs. Inkjet print-

ing-based systems and other hydrogel encapsulation

methods may be useful for building and characterizing

synthetic communities [27,28].

A key variable to modifying ecosystem composition and

stability is, of course, the environment. While engineer-

ing interactions between species that promote the desired

community composition is an important tool for tuning

community composition, altering the environment

represents a complimentary approach. Brute force screen-

ing of different media can be used to determine con-

ditions that promote coexistence and, ideally, product

formation. Zhang et al. used this type of approach to

identify a chemically defined medium for coculturing

Ketogulonicigenium vulgare and Bacillus megaterium [29].

This pair of microbes is commonly used to produce 2-

keto-L-gulonic acid (2-KLG), the immediate precursor of

ascorbic acid (Vitamin C). While optimizing growth con-

ditions through experimentally testing different con-

ditions can lead to increased yields, the application of

modern systems biology methods can provide new oppor-

tunities. For example, a combination of time series meta-

bolic and proteomic profiling was recently used to

elucidate interactions between B. megaterium and K. vul-
gare [30,31�]. They showed that intracellular metabolism

and cell–cell communication via metabolic cooperation

were essential in determining the population dynamics

and productivity of the coculture.

Metabolic modeling and analysis methods must be

adapted to capture the growth and productivity in

microbial communities. Taffs et al. recently developed a

compartmentalized model for analyzing cellular metabolic

networks in microbial communities based on elementary

mode analysis (EMA) in which each clonal population was

treated as a distinct compartment and exchangeable

metabolites were transferred through a fourth compart-

ment representing the extracellular environment [32].

While this approach described and explained the mass

and energy flows observed in a natural consortia, it is
www.sciencedirect.com
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computationally expensive and requires a great deal of a
priori knowledge. Interestingly, a nested approach, where

successive rounds of EMA identify potential interactions

within a consortium, produced similar results with respect

to the limits of the solution space. Klitgord and Segre

conducted flux balance analysis (FBA) to predict microbial

interactions and growth in different environmental con-

ditions [33��]. They employed a constraint-based math-

ematical model to span a broad range of growth conditions

and predict interactions between different microbes. They

were able to verify their results from a previous literature

studying existing complex interactions, demonstrating that

it is possible to identify optimal growth conditions that

induce mutualistic or commensal interactions between any

two species.

Microbial consortia for bioprocessing
The field of biofuel production is ripe with opportunities

to use cocultures, where a bioprocessing approach that

converts biomass to biofuel in a single reactor has sig-

nificant potential for producing low-cost biofuel [34].

Two strains of E. coli were recently constructed that

cooperate in the transformation of xylan into ethanol

[35], where one strain secretes two hemicellulases while

the other uses the released sugars to produce ethanol.

The control single culture containing the expression of

both parts proved to have a lower yield of ethanol

compared to the binary culture. The challenges observed

in this work with regard to balancing the populations of

the two strains illustrates the need for considering both

function and ecology. Chen and coworkers’ recent work

using synthetic yeast consortia to produce ethanol from

cellulose demonstrates the potential of a division of labor

approach [36,37��]. Here, three different yeast strains

were developed to secrete three different proteins with

docking-tags enabling their assembly onto an extracellu-

lar scaffold. The three specific heterologous enzymes

were an endoglucanase (AT), an exoglucanase (CB) and a

b-glucosidase (BF) and together are capable of cellulose

degradation. The consortia population was modulated by

adjusting the inoculation ratio of each of the four strains

including the Scaf-ctf producing strain (SC). The final

reported ratio was 7:2:4:2 of SC:AT:CB:BF. This opti-

mized ratio produced 87% of the theoretical ethanol

production value from phosphoric acid swollen cellulose

(PASC), and was 3-fold higher than a similar consortium

producing the secreted enzymes only with a control strain

(CE) in place of SC. Most importantly, the differences in

cell growth cannot explain the 3-fold increased ethanol

production. Opportunities to improve on established

cocultures are not limited to biofuel production.

Examples describing the use of microbial consortia for

bioremediation [38], lipid production [39], and biopoly-

mer production [40] have been recently reported

(reviewed in [4]), and represent new opportunities to

apply synthetic biology tools to build synthetic microbial

consortia for a variety of bioprocessing applications.
www.sciencedirect.com 
Conclusions and perspectives
New tools for the analysis and engineering of microbial

communities have been developed that together represent

a framework for engineers to begin to apply synthetic

biology and metabolic engineering approaches to microbial

consortia. However, there are many challenges that must

be addressed before microbial communities are likely

to become commonplace in industrial bioprocessing.

Reliable community behavior remains an important chal-

lenge in this area. Recent studies indicate that microbes

may be primed to coexist [41] and novel computational and

experimental systems exploring biodiversity [42,43] may

provide a new set of tools for constructing synthetic con-

sortia. The new methods described above that use meta-

bolic network information to predict media conditions that

promote coexistence of strains represent an important

advance. Further improvements to our ability to model

and optimize metabolic pathways for targeted product

formation across a community are essential and we anticip-

ate that recent interest in this area will lead to new devel-

opments in the near future.

The biosynthetic potential of synthetic microbial con-

sortia represents both exciting opportunities and chal-

lenges that require system-level approaches. As such, this

emerging area holds great promise for not only bioproces-

sing, but also bioremediation, biosensing and other appli-

cations where microbial consortia can enable complex

behaviors through the combined strengths of the indi-

vidual organisms.
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