
Duncker et al. Microbial Cell Factories          (2021) 20:211  
https://doi.org/10.1186/s12934-021-01699-9

REVIEW

Engineered microbial consortia: strategies 
and applications
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Abstract 

Many applications of microbial synthetic biology, such as metabolic engineering and biocomputing, are increasing 
in design complexity. Implementing complex tasks in single populations can be a challenge because large genetic 
circuits can be burdensome and difficult to optimize. To overcome these limitations, microbial consortia can be 
engineered to distribute complex tasks among multiple populations. Recent studies have made substantial progress 
in programming microbial consortia for both basic understanding and potential applications. Microbial consortia 
have been designed through diverse strategies, including programming mutualistic interactions, using programmed 
population control to prevent overgrowth of individual populations, and spatial segregation to reduce competition. 
Here, we highlight the role of microbial consortia in the advances of metabolic engineering, biofilm production for 
engineered living materials, biocomputing, and biosensing. Additionally, we discuss the challenges for future research 
in microbial consortia.
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Introduction
Over the past two decades, synthetic biologists have engi-
neered microbes to accomplish specific tasks for various 
applications, including biosensing [1–4], biocomputing 
[5–8], and biomanufacturing [9–13]. This progress has 
benefited from and contributed to the development of a 
growing toolbox of biological components and devices 
[14–16].

Typically, a single microbial population is modified 
with genetic circuits to carry out assigned tasks in a mon-
oculture environment. In this case, one strain carries all 
the circuit components required for the overall function, 
such as a metabolic activity (Fig. 1A) or sensing and actu-
ation (Fig.  1B). The engineering task becomes increas-
ingly challenging as the circuit complexity increases. 
Expressing multiple circuit components can impose a 
significant burden on the host cell, which can drastically 

impact circuit dynamics or reduce overall productivity of 
the engineered pathway [17–19]. Crosstalk, unintended 
interactions between signaling components, must also 
be considered when designing complex circuits in cells 
[20–22]. Zhang et  al. demonstrated another challenge 
of implementing synthetic circuits in a single strain [23]. 
They found that independent circuit components com-
pete for gene expression resources, and this competition 
results in unintended correlation between different genes 
on the same plasmid [23].

One strategy to address these challenges is to engineer 
circuit functions in microbial consortia, which are com-
munities with multiple microbial populations [16, 17, 24]. 
Engineering consortia enables division of labor between 
strains, where each population performs one task as 
part of the overall circuit function (Fig. 1A, B). Common 
methods to engineer these consortia include the use of 
plasmids [25–27], genome integration [28], and spatial 
separation of populations [29, 30]. For example, when 
Zhang and colleagues divided their circuit between two 
strains, they eliminated the gene expression resource 
competition, which enabled the circuit to function bet-
ter [23]. Division of labor can also reduce the burden 
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experienced by each population and simplify circuit opti-
mization [17, 31]. However, it introduces its own set of 
challenges. For instance, when distributing a metabolic 
pathway, the molecules produced in each strain need to 
be released into the extracellular environment in order 
to operate in the overall process [17], which can reduce 
the pathway efficiency. Also, distributing labor across a 
consortium requires control of the coexistence of two or 
more populations, which is nontrivial. Different popula-
tions in the same community may have unintended inter-
actions that can affect the dynamics of the consortia [25, 
32]. For example, in the absence of a stabilizing mecha-
nism, a fast-growing population can drive a slow-grow-
ing population to extinction [26] (Fig.  1C). Given these 
challenges and disadvantages, engineering microbial 
consortia is not guaranteed to be a better solution than 
engineering a single strain. A choice between microbial 
consortia or single strain engineering needs to be made 
depending on the design goal or application and the 
described benefits and challenges of each method.

Engineering microbial consortia often utilizes inter-
cellular communication modes, such as quorum sensing 
(QS) [27, 33, 34] and bacteriocin expression [25], to miti-
gate this competition between strains or coordinate gene 
expression. Here, we discuss recent progress in engineer-
ing stable microbial consortia and their potential applica-
tions, as well as remaining challenges for future research.

Programming microbial consortia interactions
A pair of populations, A and B, can have one of six types 
of ecological interactions: commensalism, amensal-
ism, mutualism, competition, predation, and neutralism 
(Fig. 2A) [29]. As a microbial community increases in the 
number of different populations, the community com-
plexity increases due to the combinatorial increase in the 
number of pairwise interactions and emergence of higher 
order interactions [35]. For instance, the presence of a 
third population can change the strength or the type of 
a pairwise interaction, and a fourth population can then 
change that interaction [36]. The stability of a community 
can depend on the types and strengths of these interac-
tions, and computational modeling can be used to predict 
the community composition over time [36–38]. Synthetic 
microbial consortia can be designed using pairwise inter-
actions, but there is a need for faster and scalable devel-
opment of these interactions [25]. The following section 
highlights some of the implementations using ecological 
interactions to construct microbial consortia.

Predator–prey
An early example of a synthetic microbial community 
engineered to exhibit a two-way interaction via QS is the 
predator–prey system developed by Balagadde et al. [27]. 
Two Escherichia coli populations, a predator strain and a 

Fig. 1 Engineering microbial consortia compared to single strains. A In monoculture, a single engineered strain expresses all enzymes to carry 
out an entire metabolic pathway. Engineering a microbial community enables division of labor, where each strain expresses one enzyme for the 
pathway. Intercellular communication (red arrows) may also be synthetically introduced. B Signal processing for biosensing or biocomputing. In a 
single strain, all genetic circuits are implemented in the same strain. In a consortium, the signalling circuits are distributed across populations of the 
community. C In monoculture, the culture is homogeneous so there will be no competition or interactions modifying the growth dynamics of the 
population (left). A challenge in consortia engineering is maintaining a stable co-culture due to interactions between strains. Often, certain strains 
of a microbial community dominate the environment leading other strains to extinction (middle), unless the community is engineered to account 
for this (right)
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prey strain, were engineered to communicate through QS 
molecules (Fig. 2B). The predator constitutively expresses 
a suicide protein (CcdB). The prey benefits the predator 
by generating QS molecules that activate the predator’s 
expression of an antidote protein (ccdA) to suppress the 
predator’s CcdB expression. When the prey cell density is 
low, the predator will start to die due to the lack of anti-
dote [27]. Additionally, the predator produces a QS mole-
cule that induces CcdB expression in the prey [27]. When 
the predator cell density is low, the prey cell density 
increases due to less suicide protein expression [27]. The 
authors developed a mathematical model to predict con-
ditions under which the system generates three different 
population dynamics: (1) prey domination, (2) oscilla-
tions between predator and prey, and (3) predator domi-
nation. They validated this model by demonstrating each 
type of behavior experimentally, where the dynamics in 
each experiment were controlled by varying inducer con-
centration [27].

Since then, many synthetic ecosystems have been 
constructed with additional strains or more complex 

interactions. A similar predator–prey ecosystem was 
designed where a prey strain deactivates antibiotics 
that target the predator, effectively protecting the pred-
ator [39]. Meanwhile the predator expresses a bacteri-
ocin that kills the prey. Additionally, an invader strain 
was introduced that kills both predator and prey. When 
the invader was designed to benefit from the prey’s 
antibiotic deactivation and to be killed by the preda-
tor’s bacteriocin, the predator and prey showed the 
same oscillatory behavior as without the invader, while 
the invader temporarily grew then died out. When the 
invader was designed to be killed by the predator but 
not benefit from the prey, both the predator and prey 
die out and the invader grows and thrives. These exam-
ples of modeling microbial interactions and imple-
menting communication through quorum sensing, 
antibiotics, and gene circuit components serve to help 
understand microbial interactions in nature and predict 
behaviors of more complex synthetic consortia.

Fig. 2 Engineering interactions in microbial consortia. A There are six possible pairwise interactions between two strains. These consist of no 
interactions (1: neutralism), one-way interactions (2: commensalism and 3: amensalism), and two-way interactions (4: mutualism, 5: competition, 
and 6: predation). Adapted from Kong et al. [25]. (1) Neutralism: Both populations exist with no impact on the other. (2) Commensalism: B benefits 
from A (i.e., the growth of B is promoted by the presence of A), but A is not affected by B. (3) Amensalism: B is inhibited by A, but A is not affected by 
B. (4) Mutualism: A and B are mutually beneficial. (5) Competition: A and B mutually inhibit each other. (6) Predation: B benefits from and inhibits A. 
B Predator strain constitutively expresses toxic ccdB which can be suppressed by ccdA that is induced by QS signal 3OC6HSL expressed by the prey 
strain using the lux system. The predator strain expresses QS molecule 3OC12HSL using the las system that induces toxic ccdB expression in the 
prey strain. Adapted from Balagadde et al. [27]. C E. limosum uses a native metabolic pathway to convert CO into toxic acetate. E. coli are engineered 
to intake acetate and convert it to itaconic acid (ITA) or 3-Hydroxypropionic acid (3-HP). Adapted from Cha et al. [44]. D Two strains expressing 
orthogonal synchronized lysis circuits. Both strains use quorum sensing to induce cell lysis. They also have competition due to limited space. Scott 
et al. found the LuxR and RapR quorum-sensing systems could be used orthogonally. Lysis will only be induced in a strain if its quorum-sensing 
molecule is at a high enough concentration. The LuxR system senses 3-oxo-C6 HSL (3OC6), and the RpaR system senses p-Coumaroyl HSL (pC). 
This resulted in the two strains coexisting despite different growth rates. Adapted from Scott et al. [26]. E (1) A microbial consortium in a well-mixed 
culture can have interactions between different populations. Spatial arrangement can decrease the strength of these interactions by controlling (2) 
the distance between different populations on a surface or (3) separating different populations with a physical barrier. Arrow thickness represents 
strength of interactions
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Mutualism
Mutualistic interactions are ubiquitous in natural com-
munities. Synthetic microbial communities have been 
engineered to provide quantitative insights into the per-
sistence and function of mutualistic systems [40–43]. 
Moreover, mutualistic interactions have been utilized to 
improve biofilm formation and metabolic production [24, 
44, 45]. For example, a synthetic microbial consortium 
consisting of an E. coli strain engineered to help a second 
engineered E. coli strain form a biofilm was mutualistic 
due to the reliance of both strains on biofilm formation 
for optimal growth or survival [45].

Synthetic consortia have been designed with mutual-
ism to improve metabolic engineering for producing 
valuable metabolites [24, 44]. Zhou et  al. constructed a 
mutualistic microbial consortium where E. coli excretes 
acetate, which inhibits its growth; Saccharomyces cerevi-
siae uses acetate as its sole carbon source in the culturing 
environment, which effectively reduces the acetate con-
centration, allowing E. coli to survive. By exploiting the 
advantages of each species, this study divided a metabolic 
pathway to produce taxanes between the mutualistic E. 
coli and yeast strains. The mutualistic design improved 
the stability of the co-culture composition, increased 
product titer, and decreased variability in product titer 
compared to competitive co-cultures [24].

Similarly, Cha et  al. designed a mutualistic co-culture 
to improve metabolic conversion of carbon monoxide 
(CO). In particular, Eubacterium limosum naturally con-
sumes CO as a carbon source and converts it to acetate, 
which negatively affects cells when it accumulates [44]. E. 
coli cells were engineered to convert acetate in the mixed 
culture into a useful biochemical, either itaconic acid or 
3-hydroxypropionic acid [44] (Fig.  2C). They demon-
strated more efficient CO consumption and biochemical 
production in the engineered mutualistic consortia than 
in E. limosum monoculture [44]. This mutualistic design 
represents a platform where adding a mutualistic engi-
neered strain can improve and exploit natural metabolic 
processes, like CO consumption, carried out by microbes 
that are difficult to engineer genetically.

Implementing negative feedback to mitigate competition
In the absence of mitigating mechanisms, two strains 
competing for the same nutrient and space in a co-cul-
ture cannot stably coexist unless they have the same 
growth rate. The faster-growing strain will eventually 
exclude the slower-growing strain. One approach to miti-
gate the competition is to impose negative feedback on 
each population through programmed population con-
trol [46].

Scott et  al. demonstrated this strategy by using two 
orthogonal synchronized lysis circuits (SLC) to generate 

a stable co-culture of two engineered E. coli populations 
(Fig.  2D) [26]. Each SLC uses QS molecules to induce 
lysis of the host population once the population increases 
to a sufficiently high density, which implements nega-
tive feedback. As a result, the faster-growing strain starts 
lysing upon reaching a high density, and this reduces its 
inhibition on the slower population (through competi-
tion). Once this lysis occurs, the slower-growing strain is 
able to grow to a higher density until it lyses as well. By 
introducing these negative feedback loops, each strain is 
self-limiting, which offsets the effects of competition and 
allows the strains to coexist.

Programming consortia based on pairwise interactions
Studies have demonstrated that well-defined pairwise 
interactions can enable predictable programming of 
more complex communities. In other words, in the com-
munities studied, the contribution of higher-order inter-
actions is not critical for the prediction of the overall 
community dynamics. Kong et  al. designed all six pair-
wise interactions into synthetic microbial consortia [25]. 
The interactions were designed by introducing gene cir-
cuits with beneficial or detrimental effects on the other 
population. For example, in their commensalistic pair, 
one strain secretes the signalling molecule nisin, which 
induces tetracycline resistance in the second strain. Also, 
they designed a competitive pair by engineering each 
strain to produce a toxin that kills the other strain. From 
their initial experiments, Kong et al. then designed three 
and four strain populations of synthetic microbial con-
sortia by controlling the pairwise interactions between 
each strain. They used models to guide their consortia 
design, and they successfully implemented stable consor-
tia with a variety of pairwise interactions.

Likewise, Friedman et al. assessed the predictive power 
of these interactions by using both computational and 
experimental frameworks for an eight-member commu-
nity [47]. First, they experimentally characterized all the 
pairwise interactions between the strains to determine if 
they could coexist or if one strain would exclude the sec-
ond. Using these results, they computationally predicted 
the behavior of all possible three-member communities. 
Upon experimental validation of the three-member com-
munities, they found their model correctly predicted the 
final composition of 89.5% of the consortia. Next, they 
used the results from their three-member consortia to 
build a predictive model for the composition in seven 
and eight member communities. By accounting for the 
three-way interactions, they were able to build a model 
which correctly predicted 86% of the final consortia com-
position, whereas using only the pairwise interactions in 
the model resulted in a 62% accuracy. This study dem-
onstrates the need for higher-order interactions in the 
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development of computational models for microbial con-
sortia. Similarly, in studying the impact of bacteria con-
taminants in yeast production of bioethanol, researchers 
found that using only pairwise interactions to develop 
a model led to large differences between the model and 
experiments [48]. They concluded that the unaccounted-
for higher-order interactions are responsible for stabiliz-
ing communities with more than two species [48].

Similarly, Venturelli et al. developed a model to predict 
the final composition of a consortia of gut microbiota 
[49]. Their findings also indicate that inclusion of pairwise 
interactions into their model resulted in higher overall 
accuracy in predicting more complex consortia composi-
tion. One unique aspect of their study was the analysis of 
“history dependence” on the outcome of the composition. 
They initially tested the pairwise interactions between 
strains by seeding each pair in a 1:1 ratio, and then meas-
uring the change in population composition over time. 
Next, they performed the same experiments but tested 
initial seedings of 1:19 and 19:1. They found that the ini-
tial seeding quantity impacts the pairwise interactions 
because the final steady state compositions were different 
depending on the initial seeding quantity in these pair-
wise experiments. Using these results, they expanded 
their model to show that this history dependence is a 
function of how strong the interactions are between the 
strains. Depending on the interaction strength, they can 
predict whether or not there will be history dependence 
in the pairwise interaction.

Using signalling to control consortium gene expression
By design, both the engineering and overall function of 
a microbial community are tied to coordinated dynamics 
in and between constituent populations, which is often 
mediated by the synthesis and sensing of small, diffusible 
signaling molecules. These interactions between individ-
ual populations can be engineered to measure commu-
nity level dynamics. For example, a synthetic consortium 
was designed with two communicating populations that 
only express their respective signals when both popula-
tions are at high cell densities [50].

Chen et al. designed a synthetic consortium that gener-
ates synchronized oscillations in gene expression in two 
strains using QS molecules. The QS molecule produced 
by an activator strain upregulates fluorescent protein 
expression in both strains while the QS molecule pro-
duced by a repressor strain down-regulates the fluores-
cent protein expression in both strains [34]. This design 
along with a negative feedback loop produced robust 
coordinated oscillations of gene expression in the two 
populations [34].

Alnahhas et  al. developed two-population microbial 
consortia which could sense which strain was in the 

majority, and the majority strain would express its fluo-
rescent protein [51]. These consortia functioned using 
corepressive circuits, such that each population repressed 
the expression of the other’s quorum-sensing molecules. 
This resulted in whichever strain made up the majority 
of the consortia being the only strain to express its fluo-
rescent protein. In designing these consortia, the authors 
controlled the composition of the populations and dem-
onstrated functional sensing of the composition.

Spatial partitioning and arrangement to modulate 
interactions
While engineering ecological interactions between 
strains is one way to achieve stable coexistence [24–26], 
another method to control consortia stability without 
the need to engineer genetic circuits is through spatial 
separation [29, 30]. Kim et  al. found that a microbial 
community can be stabilized, despite differing growth 
rates, by spatially separating the subpopulations to an 
optimized distance [52]. In a well-mixed culture of three 
mutualistic bacterial species that cannot survive indi-
vidually, one population grew rapidly while the other two 
decreased in cell density over time [52]. However, when 
each population was physically separated but still able 
to chemically communicate with one another, all three 
had stable growth [52]. At increased distances though, 
the cell density of all three species declined, indicat-
ing that populations need to be close enough to benefit 
from positive interactions but separated enough to mini-
mize growth competition [52]. Spatial arrangement of 
microbes modulates both competitive and positive inter-
actions between different populations of a consortium 
by modifying the rate that communication molecules are 
exchanged between strains via distance or physical barri-
ers (Fig. 2E) [52].

Johnston et  al. used hydrogels to spatially separate 
two different organisms in a commensalistic microbial 
co-culture of engineered E. coli and yeast for biomanu-
facturing of betaxanthins. E. coli were engineered to 
produce L-dopa, and S. cerevisiae were engineered to 
convert L-dopa to betaxanthins [29]. No other ecologi-
cal interactions were engineered through genetic circuits 
[29]. Culturing each strain in separate hydrogel struc-
tures increased betaxanthin production and decreased 
variability between samples, compared to mixed consor-
tia [29]. The spatial separation also enables the final com-
position to be controlled by changing the mass ratio of 
gels added to the culture [29]. The hydrogels provided an 
additional advantage of enabling repeated use and pro-
tection for long term preservation of the consortia [29].

Similarly, Dai et  al. spatially separated E. coli popula-
tions in polymeric microcapsules to control the consortia 
composition for the division of labor of a multienzyme 
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metabolic pathway for fatty acid synthesis [53]. Control-
ling protein ratios is important for complex extracellu-
lar bioproduction pathways [31]. While expressing and 
purifying proteins in a one-pot culture is cheaper than 
individually culturing and purifying each one separately, 
protein ratio control has been a challenge in these mixed 
cultures [31]. To address this limitation, Dai et  al. spa-
tially separated strains in a one-pot culture to control 
strain composition and thereby control protein output 
ratios directly by the number of capsules of each strain 
added to the culture [53]. Using this design platform, they 
successfully constructed fatty acids with seven enzymes 
expressed in seven different strains each separated by the 
polymeric microcapsules in the same liquid culture [53].

Beyond spatially separating strains for composition 
control and higher product output, synthetic microbial 
consortia can be spatially arranged in specific structures 
for gene expression control, patterning, and observing 
cell signaling [16, 54, 55]. Despite providing higher com-
position stability, increased distance results in weaker 
interpopulation signaling because the signal molecules 
need to diffuse further distances [56]. However, gene 
expression can be coordinated among spatially distant 
populations of a consortia through engineered circuits 
[57]. Gupta et  al. utilized spatial separation and dis-
tance as a tool to tune gene expression. They developed 
a microfluidic platform to control the distance between 
populations that could only interact through diffusible 
molecules [54]. This demonstrated that increased dis-
tance improves the reliability of oscillatory signal trans-
mission between cells by reducing noise, but it also 
decreases the magnitude of gene expression induced by 
the signal [54]. Tei et  al. used a silicone mold in solid 
media to construct compartments and channels for cells 
to be physically separated and AHL molecules to flow 
between. By arranging a two-strain consortia with cross-
repressive gene expression, they found that changing the 
number of connecting channels from the center played a 
role in generating contrasting patterns in gene expression 
between the two strains [55]. This demonstrates that spa-
tial control of populations can have a more direct effect 
on interactions than biochemical parameters [55].

Applications
A major reason for engineering microbial consortia is 
to achieve complex processes. Synthetic biologists are 
shifting from proof-of-concept consortia design to using 
consortia for specific applications. In recent years, sci-
entists have engineered microbial consortia to improve 
the yield of metabolic pathways [58], achieve distributed 
production of multiple protein products [31], increase 
biofilm production in Bacillus subtilis communities [28], 
and implement logic gates using orthogonal bacterial 

signaling pathways [16]. These successes were possible 
due to division of labor, and each used multiple popula-
tions of bacteria to coordinate an overall function.

In general, it becomes more advantageous to use a 
microbial community with division of labor to carry out a 
metabolic pathway when burden, toxicity, complexity, or 
number of steps increase [17]. Conversely, using a single 
population can be more efficient for simpler metabolic 
pathways with less burdensome or toxic components. 
To quantify this reasoning, Tsoi et al. developed a math-
ematical model to determine criteria for when division 
of labor would be more efficient than monocultures for 
metabolic pathways. This logic can further be applied to 
biofilm production, biocomputing, and biosensing.

Metabolic pathways
Metabolic engineering aims to optimize production 
of metabolites and biomolecules using engineered 
cells. Research in metabolic engineering has primarily 
involved optimizing single strains [9, 10]. There is grow-
ing research to develop microbial consortia for metabolic 
engineering to divide genetic circuits for the pathways 
between strains [24, 44, 58–61]. More steps of a meta-
bolic pathway require more enzymes to be expressed, 
which can increase the burden on cells in a monocul-
ture [17]. Distributing the steps of the metabolic path-
way between multiple microbial populations in a culture 
can be advantageous for these more complex pathways 
[17]. When using multiple populations, the metabolites 
must transport effectively between different populations, 
which may mean passive diffusion, active transport, or 
reactions occurring in the extracellular space [17]. To this 
end, engineers have built specialized transporters [62, 63] 
and colocalized enzymes to maximize production [64, 
65]. Due to these transport requirements, some pathways 
are better suited for single strains.

Honjo et  al. developed a synthetic microbial consor-
tium composed of different strains designed to sequen-
tially carry out steps of a metabolic pathway processing 
cellobiose into isopropanol [59]. Two E. coli strains were 
constructed using gene circuits: one produces the 
enzyme to break down polysaccharides from cellobiose 
and the other strain converts processed polysaccharides 
into isopropanol. The enzyme-producing strain also 
expresses QS molecules to induce self-lysis at high cell 
density. Lysis releases the enzymes to process the poly-
saccharides. The QS molecules also induce the isopro-
panol production pathway in the second strain to convert 
the processed polysaccharides into isopropanol (Fig. 3A).

For effective implementation of complex metabolic 
pathways, multiple enzymes need to be expressed at bal-
anced ratios to optimize productivity [31, 53, 58, 66]. 
Enzyme ratios in microbial consortia can be controlled 
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by population composition [31]. Stable coexistence of 
multiple populations has been achieved through syn-
thetic gene circuits and spatial arrangement [24–27, 52]. 
Furthermore, synthetic biologists are developing tools for 
more precisely tuning the final composition of microbial 
consortia [29, 51, 53].

A method to control population composition is to 
inoculate the populations of a synthetic consortium at 
specific initial ratios [58]. However, the relative ratios 
can change over time due to interactions and varying 
growth dynamics of the strains. Dinh et al. addressed this 
limitation by utilizing a QS circuit to regulate growth of 
a strain over time in co-culture as a method to control 
final strain composition for naringenin production [58]. 
The growth control circuit uses QS molecules produced 
by a strain that accumulate as it grows to downregulate 
its growth rate at higher cell densities. When implement-
ing the growth control circuit in a co-culture designed to 
carry out the naringenin production pathway, the nar-
ingenin titer was higher than both monoculture and co-
culture without the growth control.

Another method to control population composition is 
through spatial arrangement. Shahab et al. created mod-
ular synthetic microbial consortia using an oxygen gradi-
ent to spatially arrange different populations [67]. Using a 

membrane-aerated reactor, they cultured three different 
strains to convert cellulose and xylose into short-chain 
fatty acids [67]. The aerobic Trichoderma ressei provided 
cellulolytic enzymes to break down cellulose and xylose, 
the facultative anaerobic bacteria Lactobacillus pentosus 
converts the intermediate sized sugars to lactate, and the 
anaerobic Clostridium tyrobutyricum converts lactate 
into butyric acid [67]. Due to their differences in oxygen 
usage, they exist in a gradient from high oxygen concen-
tration at the membrane to low concentration furthest 
from the membrane in the reactor. This gradient allows 
for the coexistence of different populations. To demon-
strate modularity, they exchanged C. tyrobutyricum for 
other anaerobes to produce other short-chain fatty acids 
including acetic, propionic, valeric, and caproic acids 
[67]. These researchers took advantage of natural meta-
bolic pathways and oxygen requirements to engineer a 
modular system capable of converting biomass into rel-
evant chemicals.

Biofilm productivity
Synthetic biologists are engineering materials as living 
systems because living systems can evolve, self-organ-
ize, and respond to the environment [68]. One common 
strategy to design engineered living materials (ELMs) 

Fig. 3 Applications of engineered microbial consortia. A Example of a two-strain microbial consortium for metabolic pathway engineering. Strain 
one breaks down polysaccharides and lyses to release the monosaccharides and QS signals which induce conversion of the monosaccharide to 
a final product. Adapted from Honjo et al. [59]. B Schematic of biofilm productivity as a function of starting ratio between strains expressing EPS 
or TasA. The biofilm productivity can be tuned by using different starting ratios. At its maximum, the synthetic consortium biofilm productivity is 
greater than the wild-type consortium. Adapted from Dragoš et al. [28]. C An implementation of an AND-XOR logic gate. This implementation uses 
7 cells and 4 communication signals. Cells 1 through 6 are NOR gates, so if a signal molecule is present they will be OFF. Cell 7 is a buffer, so either 
signal from cell 5 or 6 is shown as the output. To the right of the logic gate is a schematic showing the implementation of one set of inputs for the 
system. Adapted from Du et al. [16]
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is to use biofilm-forming bacteria to form a structured 
material because biofilms can be controlled via protein 
and genetic engineering of cells [69]. In natural systems, 
bacteria form biofilms to colonize plants and form sym-
biotic relationships [70] or to provide antibiotic resist-
ance on wound infections [71]. Biofilms are formed by 
many organisms, including E. coli and Salmonella spp. 
[72], Pseudomonas aeruginosa [73], and B. subtilis [74]. 
Applications of engineered biofilms include manufac-
turing aquaplastics [75], minimizing fouling on reverse-
osmosis membranes [76], and producing electricity in 
microbial fuel cells [77, 78]. Controlling and optimiz-
ing the production of biofilms provides a foundation for 
further development of ELMs.

Biofilms can be used to promote mutualism in syn-
thetic communities, and an early example of this was 
shown in experiments by Brenner and Arnold [45]. 
Their experiments involved using two strains of bac-
teria. The “blue population” could produce biofilms, 
but repression of the gene DapD resulted in a strain 
which could not synthesize diaminopimelate and lysine. 
Meanwhile, the “yellow population” lacked the genes to 
produce biofilms, but this strain expressed butanoyl-
homoserine lactone (C4HSL). The yellow population 
could not survive in the flow experiments alone due to 
its inability to produce biofilms. The C4HSL molecule 
from the yellow population induced DapD expression 
in the blue population, which resulted in biofilm for-
mation. With the formation of the biofilm, both strains 
mutually benefited from the presence of the second 
strain, and their overall growth was higher when both 
strains were present.

Dragoš et  al. explored different strategies using divi-
sion of labor within a biofilm-forming strain of B. subtilis 
[28]. The B. subtilis forms an extracellular matrix by pro-
ducing both exopolysaccharides (EPS) and the structural 
protein TasA. Their study included a natural strain with 
three phenotypically different subpopulations as well as 
an engineered consortia with two genetically different 
populations. In the wild type, each subpopulation has a 
different production requirement: (1) EPS and TasA pro-
ducing, (2) EPS only producing, and (3) neither produc-
ing. These differences in the subpopulations are driven 
by phenotype, meaning that they all have the genotype to 
produce both EPS and TasA, but different expression lev-
els drive the division of the strains.

Following this natural example, Dragoš et al. designed 
a microbial consortium consisting of two genetically 
different populations: (1) EPS producing and (2) TasA 
producing. The strict division of labor in the synthetic 
consortium results in higher biofilm production than the 
wild type when seeded with the proper ratio between the 
two populations (Fig. 3B).

Biocomputing
Biocomputing is a field in which biological parts are used 
to complete computations. Some common examples of 
biocomputing include implementing logic gates in cells 
[79]. Recent advances include applying CRISPR/Cas9 to 
turn human cells into central processing units [80], using 
DNA origami to cryptographically secure data [81], and 
implementing an AND-XOR logic gate using 4 unique 
communication pathways [16]. While these advances 
encompass a broad array of biocomputing, the work by 
Du et  al. and their design of the AND-XOR gate relies 
directly on the use of microbial consortia. This work 
builds on previous examples of developing distributed 
biocomputing systems, such as using quorum-sensing to 
“wire” signals between two different strains [5] or imple-
menting a 1-bit adder in yeast populations [6].

Biocomputing is limited by the difficulty in optimiz-
ing large-scale gene circuits in a single strain [16]. An 
alternative is to use multiple strains to distribute the 
computations. To use multiple strains, the strains must 
communicate concurrently and orthogonally, which can 
be done using QS signals as “wires” between different 
strains [82]. Tasmir et  al. constructed a library of all 16 
two-input logic gates in E. coli using two orthogonal QS 
systems [5]. These communication channels were incor-
porated into cells to build OR and NOR gates, which 
can be combined to form the entire library. Their work 
demonstrated an effective way to implement orthogonal 
communication “wires” in multicellular logic gates. Using 
a similar approach, Regot et al. implemented logic gates 
in yeast using two orthogonal signalling pheromones [6]. 
In their work, they used these logic gates to build both a 
multiplexer and 1-bit adder. The multiplexer is capable of 
computing three inputs into one output. The 1-bit adder 
is the building block for a binary calculator. The creation 
of these computational blocks is still used to demonstrate 
new circuitry, as seen in a 2019 paper using human cells 
as CRISPR/Cas9 central processing units [80].

In the previous examples, the authors used orthogo-
nal communication molecules to separate the biological 
wires between strains [5, 6]. Using a different approach, 
Macia et  al. developed circuits using up to six inputs 
while only using one communication molecule between 
cells [8]. To distribute the sensing, Macia et  al. devel-
oped a spatially separated system where they divided 
the computations into two layers. First, they used an 
input layer where cells would sense input molecules. 
They used six different inputs, and all of the cell types 
would only sense one of those inputs. Depending on 
whether the cells were IDENTITY or NOT gates, they 
would express a communication pheromone which 
could be sensed in the output layer. In the output layer, 
cells would sense whether or not the communication 
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pheromone was present. From this, the output layer 
signal could be compiled into one BUFFER gate which 
would give a binary output of the system. The input 
and output layers were physically separated by using 
different flow chambers. This allowed the experiments 
to be completed using minimal engineering compo-
nents: only one signalling molecule was used, and each 
cell had a one-input-one-output circuit. Using these 
modular cells, they implemented a variety of complex 
logic functions. In one experiment, they programmed a 
“3-input majority rule” system which would give a posi-
tive output if at least two of the three inputs were pre-
sent. This system is important in electronics, because 
it functions as a redundant communication system 
between components to prevent failure. In another 
experiment, they create a “4-input comparator” which 
would compute whether binary signal A was less than, 
equal to, or greater than binary signal B. They finally 
demonstrated how scalable their system was by using 
the cells to implement a “4-to-1 multiplexer”, which had 
not been done previously in biological circuits. This 
system computed the 6 different inputs in 64 differ-
ent configurations. This provides a benefit because the 
multiplexer is able to function as different logic gates 
depending on which selector inputs are given.

Du et al. implemented an AND-XOR gate by combin-
ing six NOR gates and one buffer gate (Fig.  3C) [16]. 
Each of these seven gates were implemented in an indi-
vidual cell strain. The cell strains communicated using 
four orthogonal signalling pathways, which is the first 
time that four pathways have been used in one imple-
mentation. Their system relies on spatial organization 
to control the interactions between strains. The cellu-
lar signalling pathways work by having a sender strain 
express a small molecule which is sensed by a receiver 
strain. The pathways are implemented by placing these 
sender/receiver pairs in proximity, which they did by 
spotting E. coli on agar plates. This spatial separation 
allowed all the strains to exist without competition or 
other unintended interactions. After they developed the 
sender/receiver pairs, they implemented two-, three-, 
and four-channel pathways. The fluorescence patterns 
in these pathways showed the orthogonal signalling of 
each circuit: only the cells closest to the sender mol-
ecule expressed fluorescence. Finally, they built the 
seven-strain, four-channel AND-XOR gate (Fig.  3C). 
The distribution of the AND-XOR logic circuit was 
possible due both the orthogonality of the signalling 
pathways and the spatial separation of the strains. The 
orthogonality allowed for each computation to execute 
independently of the other computations. The spatial 
separation allowed each strain to coexist without any 
influence or crosstalk from the other strains.

Biosensing
Microbes can be engineered to sense a variety of signals 
for applications like sensing disease biomarkers [83–
85], detecting environmental contaminants [86–88], 
and measuring product formation in biomanufactur-
ing [89–91]. These living biosensors are an alternative 
or complement to chemical or electrical based analyti-
cal methods that enable in situ, real-time, and low-cost 
sensing. Biosensors have been constructed in microbes 
to detect light, chemicals, biomolecules, pH, and tem-
perature [83, 92–95]. Cells are programmed to output 
fluorescent or colorimetric reporters, antibiotic resist-
ance, toxins, or functional actuators, such as therapeu-
tics. Existing sensors are being combined and enhanced 
to create more complex sensing systems using single 
strains [96] or engineered microbial consortia.

Synthetic biologists have designed microbial consor-
tia to control the response to a signal [97]. Shaw et al. 
increased the operational range of sensors for adeno-
sine and melatonin when using microbial consortia 
compared to a single strain [97]. They combined mul-
tiple yeast populations which were engineered with 
different sensitivities to the respective signal and took 
the average readout of the consortia [97]. Increased 
operational range enables quantification of the respec-
tive analyte. Additionally, they used mixed popula-
tions of yeast strains to convert linear sensor responses 
to digital responses to the presence of melatonin 
or Paracoccidioides brasiliensis [97]. They achieved 
greater sensitivity than the single strain, and the digital 
response can be used in point-of-care applications [97].

Microbial consortia can integrate several different 
signals [86]. Wang et  al. created a three-input sensor 
consortium that generated a fluorescent response only 
when arsenic, mercury, and copper were all detected 
[86]. One population contained transcriptional regula-
tor sensors for arsenic and mercury, which were con-
nected by a genetic AND gate to output a QS molecule 
[86]. The other population had sensors for both copper 
and the QS molecule produced by the first population 
connected by an AND gate with a fluorescent protein 
output [86].

Additionally, microbial consortia can improve sens-
ing of a single target by amplifying the signal or reduc-
ing crosstalk between steps of the sensing pathway [87, 
88]. Khatun et al. used a microbial consortium to detect 
organophosphorus pesticides (OPs), an environmen-
tal contaminant [87]. Cells can indirectly detect OPs by 
sensing p-nitrophenol (PNP), a product of OP hydroly-
sis, via a transcriptional regulatory protein [98]. Khatun 
et al. distributed the OP hydrolysis pathway and the PNP 
sensor-reporter circuit between two strains to eliminate 
interference between the two processes, thus dividing 
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multiple steps of sensing this type of compound between 
strains [87].

Microbial communities enable the combination of dif-
ferent applications, such as metabolic engineering and 
biosensing. Meyer et  al. created a two-population com-
munity consisting of a B. subtilis producer strain for 
vitamin B2 and an E. coli sensor strain to sense B2 to 
optimize biomanufacturing [91]. Microbial consortia 
provide a platform to expand the capabilities and applica-
tions of the microbial biosensing field.

Conclusions and future prospects
Synthetic consortia have been successfully used in a vari-
ety of applications, and they have been designed both by 
utilizing and by minimizing their ecological interactions. 
Within synthetic biology, there is a push for creating a 
toolbox of standard parts to use in synthetic consortia 
design [99]. A few examples of this include using pairwise 
interactions to develop multi-population consortia [25], 
creating a cellular adhesion toolbox for different biofilm 
structures [100], and designing orthogonal signalling 
pathways for cell-to-cell communication [16].

Moving forward, there are still many challenges in the 
development of synthetic microbial consortia. Some 
areas to be improved are understanding natural complex 
communities, developing orthogonal cell-to-cell signal-
ling, reducing mutants in genetically modified consortia, 
and controlling population composition.

Ecological interactions can be used to control the 
composition of a synthetic microbial consortium, and 
as these interactions are more tightly controlled there 
will be room for more complexity in these consortia. As 
researchers learn more from natural complex commu-
nities, such as gut or soil microbiomes, these learnings 
can be applied to the design of synthetic microbial con-
sortia. Conversely, the control of engineered microbial 
consortia will help researchers understand the complex 
interactions that can happen in natural communities. 
For example, after Dragoš et al. concluded their synthetic 
consortia could produce biofilms similar to the wild-type, 
they used the synthetic consortia to colonize plant roots 
[28]. From this experiment, they found that the consortia 
behaved similarly in the plant root experiments as in the 
laboratory experiments.

As synthetic systems increase in size with interacting 
parts, there is a strong need for orthogonal signalling 
between cells. Much progress has been made in inter-
cellular communication, including the implementation 
of logic gates in multi-strain systems [5, 6], spatial par-
titioning as a method to limit crosstalk [8, 30, 53], and 
the development of libraries of orthogonal signalling 
pathways [16]. This work is promising, but there is still 

a need for increasing the number of signals which can 
be used in cell-to-cell signalling. As synthetic biolo-
gists develop orthogonal signalling pathways, this can 
be compounded with spatial control to design more 
advanced logic circuits.

Another challenge in designing synthetic microbial 
consortia is the emergence of mutants. While strategies 
have been developed for managing mutants that occur, 
strategies to prevent their occurrence will drastically 
increase the robustness of synthetic microbial consor-
tia [101]. As these underlying mechanisms are further 
understood, synthetic biologists will continue to design 
modular toolboxes to implement increasingly complex 
designs.

Microbial consortia provide a platform to divide the 
labor of metabolic pathways. An efficient metabolic 
pathway requires stoichiometric control of the enzymes 
from each population, which requires control of the 
ratio between different populations. There has been 
success in this regard, such as Dinh et  al. using a QS 
circuit to decrease growth as cell density increases [58] 
and Dai et al. encapsulating cells to express enzymes for 
a 7-step fatty acid pathway in one culture [53]. Future 
challenges will require tighter control of the popula-
tions, especially as the number of populations in a cul-
ture increases. To address these challenges, engineers 
will continue to build on innovative work using circuits 
to sense the relative population density between strains 
[51], applying inducible signalling to control when 
genes are expressed [102], and spatially separating 
populations to control relative population ratio [53]. 
Additionally, metabolite transport will need to be con-
sidered in the development of these consortia.

Abbreviations
QS: Quorum sensing; CO: Carbon monoxide; SLC: Synchronized lysis circuit; 
C4HSL: Butanoyl-homoserine lactone; EPS: Exopolysaccharides; OP: Organo-
phosphorus pesticide; PNP: p-Nitrophenol; ELM: Engineered living material.

Acknowledgements
Research in our lab related to the topic of this article is in part supported by 
the National Science Foundation, the Office of Naval Research, the Air Force 
Office of Scientific Research, the National Institutes of Health, and the David 
and Lucile Packard Foundation.

Authors’ contributions
All authors have read and approved the final manuscript.

Availability data and materials
No new research data were generated for this article.

Declarations

Competing interests
The authors declare that they have no competing interest.



Page 11 of 13Duncker et al. Microbial Cell Factories          (2021) 20:211  

Received: 24 August 2021   Accepted: 23 October 2021

References
 1. Kotula JW, et al. Programmable bacteria detect and record an 

environmental signal in the mammalian gut. Proc Natl Acad Sci USA. 
2014;111(13):4838–43. https:// doi. org/ 10. 1073/ pnas. 13213 21111.

 2. Zhang F, Carothers JM, Keasling JD. Design of a dynamic sensor-regu-
lator system for production of chemicals and fuels derived from fatty 
acids. Nat Biotechnol. 2012. https:// doi. org/ 10. 1038/ nbt. 2149.

 3. Tabor JJ, et al. A synthetic genetic edge detection program. Cell. 
2009;137(7):1272–81. https:// doi. org/ 10. 1016/j. cell. 2009. 04. 048.

 4. Levskaya A, et al. Engineering Escherichia coli to see light. Nature. 2005. 
https:// doi. org/ 10. 1038/ natur e04405.

 5. Tamsir A, Tabor JJ, Voigt CA. Robust multicellular computing using 
genetically encoded NOR gates and chemical ‘wires.’ Nature. 2011. 
https:// doi. org/ 10. 1038/ natur e09565.

 6. Regot S, et al. Distributed biological computation with multicellular 
engineered networks. Nature. 2011. https:// doi. org/ 10. 1038/ natur 
e09679.

 7. Anderson JC, Voigt CA, Arkin AP. Environmental signal integration by a 
modular AND gate. Mol Syst Biol. 2007. https:// doi. org/ 10. 1038/ msb41 
00173.

 8. Macia J, et al. Implementation of complex biological logic circuits 
using spatially distributed multicellular consortia. PLOS Comput Biol. 
2016;12(2): e1004685. https:// doi. org/ 10. 1371/ journ al. pcbi. 10046 85.

 9. Steen EJ, et al. Microbial production of fatty-acid-derived fuels and 
chemicals from plant biomass. Nature. 2010. https:// doi. org/ 10. 1038/ 
natur e08721.

 10. Paddon CJ, et al. High-level semi-synthetic production of the potent 
antimalarial artemisinin. Nature. 2013. https:// doi. org/ 10. 1038/ natur 
e12051.

 11. Stephanopoulos G, Vallino JJ. Network rigidity and metabolic engineer-
ing in metabolite overproduction. Science. 1991;252(5013):1675–82.

 12. Bailey JE. Toward a science of metabolic engineering. Science. 
1991;252(5013):1668–76.

 13. Yim H, et al. Metabolic engineering of Escherichia coli for direct produc-
tion of 1,4-butanediol. Nat Chem Biol. 2011. https:// doi. org/ 10. 1038/ 
nchem bio. 580.

 14. Elowitz MB, Leibler S. A synthetic oscillatory network of transcriptional 
regulators. Nature. 2000. https:// doi. org/ 10. 1038/ 35002 125.

 15. Gardner TS, Cantor CR, Collins JJ. Construction of a genetic toggle 
switch in Escherichia coli. Nature. 2000. https:// doi. org/ 10. 1038/ 35002 
131.

 16. Du P, et al. De novo design of an intercellular signaling toolbox for 
multi-channel cell–cell communication and biological computation. 
Nat Commun. 2020. https:// doi. org/ 10. 1038/ s41467- 020- 17993-w.

 17. Tsoi R, Wu F, Zhang C, Bewick S, Karig D, You L. Metabolic division of 
labor in microbial systems. Proc Natl Acad Sci USA. 2018;115(10):2526–
31. https:// doi. org/ 10. 1073/ pnas. 17168 88115.

 18. Glick BR. Metabolic load and heterologous gene expression. Biotechnol 
Adv. 1995;13(2):247–61. https:// doi. org/ 10. 1016/ 0734- 9750(95) 00004-A.

 19. Tan C, Marguet P, You L. Emergent bistability by a growth-modulating 
positive feedback circuit. Nat Chem Biol. 2009. https:// doi. org/ 10. 1038/ 
nchem bio. 218.

 20. Jiang W, et al. Two completely orthogonal quorum sensing systems 
with self-produced autoinducers enable automatic delayed cascade 
control. ACS Synth Biol. 2020;9(9):2588–99. https:// doi. org/ 10. 1021/ 
acssy nbio. 0c003 70.

 21. Müller IE, Rubens JR, Jun T, Graham D, Xavier R, Lu TK. Gene networks 
that compensate for crosstalk with crosstalk. Nat Commun. 2019. 
https:// doi. org/ 10. 1038/ s41467- 019- 12021-y.

 22. Wu F, Menn DJ, Wang X. Quorum-sensing crosstalk-driven synthetic cir-
cuits: from unimodality to trimodality. Chem Biol. 2014;21(12):1629–38. 
https:// doi. org/ 10. 1016/j. chemb iol. 2014. 10. 008.

 23. Zhang R, et al. Winner-takes-all resource competition redirects cascad-
ing cell fate transitions. Nat Commun. 2021. https:// doi. org/ 10. 1038/ 
s41467- 021- 21125-3.

 24. Zhou K, Qiao K, Edgar S, Stephanopoulos G. Distributing a metabolic 
pathway among a microbial consortium enhances production of 
natural products. Nat Biotechnol. 2015;33(4):377–83. https:// doi. org/ 
10. 1038/ nbt. 3095.

 25. Kong W, Meldgin DR, Collins JJ, Lu T. Designing microbial consortia 
with defined social interactions. Nat Chem Biol. 2018;14(8):821–9. 
https:// doi. org/ 10. 1038/ s41589- 018- 0091-7.

 26. Scott SR, Din MO, Bittihn P, Xiong L, Tsimring LS, Hasty J. A stabi-
lized microbial ecosystem of self-limiting bacteria using synthetic 
quorum-regulated lysis. Nat Microbiol. 2017;2:17083. https:// doi. org/ 
10. 1038/ nmicr obiol. 2017. 83.

 27. Balagadde FK, et al. A synthetic Escherichia coli predator-prey ecosys-
tem. Mol Syst Biol. 2008;4:187. https:// doi. org/ 10. 1038/ msb. 2008. 24.

 28. Dragoš A, et al. Division of labor during biofilm matrix production. 
Curr Biol CB. 2018;28(12):1903-1913.e5. https:// doi. org/ 10. 1016/j. cub. 
2018. 04. 046.

 29. Johnston TG, et al. Compartmentalized microbes and co-cultures in 
hydrogels for on-demand bioproduction and preservation. Nat Com-
mun. 2020;11(1):563. https:// doi. org/ 10. 1038/ s41467- 020- 14371-4.

 30. Huang S, et al. Coupling spatial segregation with synthetic circuits 
to control bacterial survival. Mol Syst Biol. 2016;12(2):859. https:// doi. 
org/ 10. 15252/ msb. 20156 567.

 31. Villarreal F, et al. Synthetic microbial consortia enable rapid assembly 
of pure translation machinery. Nat Chem Biol. 2018. https:// doi. org/ 
10. 1038/ nchem bio. 2514.

 32. Faust K, Raes J. Microbial interactions: from networks to models. Nat 
Rev Microbiol. 2021. https:// doi. org/ 10. 1038/ nrmic ro2832.

 33. Scott SR, Hasty J. Quorum sensing communication modules for 
microbial consortia. ACS Synth Biol. 2016;5(9):969–77. https:// doi. org/ 
10. 1021/ acssy nbio. 5b002 86.

 34. Chen Y, Kim JK, Hirning AJ, Josi K, Bennett MR. Emergent genetic 
oscillations in a synthetic microbial consortium. Science. 
2015;349(6251):986–9. https:// doi. org/ 10. 1126/ scien ce. aaa37 94.

 35. Wootton JT. Indirect effects in complex ecosystems: recent progress 
and future challenges. J Sea Res. 2002;48(2):157–72. https:// doi. org/ 
10. 1016/ S1385- 1101(02) 00149-1.

 36. Bairey E, Kelsic ED, Kishony R. High-order species interactions shape 
ecosystem diversity. Nat Commun. 2016. https:// doi. org/ 10. 1038/ 
ncomm s12285.

 37. Blanchard AE, Lu T. Bacterial social interactions drive the emergence 
of differential spatial colony structures. BMC Syst Biol. 2015;9(1):59. 
https:// doi. org/ 10. 1186/ s12918- 015- 0188-5.

 38. Coyte KZ, Schluter J, Foster KR. The ecology of the microbiome: 
networks, competition, and stability. Science. 2015;350(6261):663–6.

 39. Liu F, Mao J, Lu T, Hua Q. Synthetic, context-dependent microbial 
consortium of predator and prey. ACS Synth Biol. 2019;8(8):1713–22. 
https:// doi. org/ 10. 1021/ acssy nbio. 9b001 10.

 40. Wu F, Lopatkin AJ, Needs DA, Lee CT, Mukherjee S, You L. A unifying 
framework for interpreting and predicting mutualistic systems. Nat 
Commun. 2019. https:// doi. org/ 10. 1038/ s41467- 018- 08188-5.

 41. Shou W, Ram S, Vilar JMG. Synthetic cooperation in engineered yeast 
populations. Proc Natl Acad Sci USA. 2007;104(6):1877–82. https:// 
doi. org/ 10. 1073/ pnas. 06105 75104.

 42. Yurtsev EA, Conwill A, Gore J. Oscillatory dynamics in a bac-
terial cross-protection mutualism. Proc Natl Acad Sci USA. 
2016;113(22):6236–41. https:// doi. org/ 10. 1073/ pnas. 15233 17113.

 43. Mee MT, Collins JJ, Church GM, Wang HH. Syntrophic exchange 
in synthetic microbial communities. Proc Natl Acad Sci USA. 
2014;111(20):E2149–56. https:// doi. org/ 10. 1073/ pnas. 14056 41111.

 44. Cha S, Lim HG, Kwon S, Kim DH, Kang CW, Jung GY. Design of mutu-
alistic microbial consortia for stable conversion of carbon monoxide 
to value-added chemicals. Metab Eng. 2021;64:146–53. https:// doi. 
org/ 10. 1016/j. ymben. 2021. 02. 001.

 45. Brenner K, Arnold FH. Self-Organization, layered structure, and aggre-
gation enhance persistence of a synthetic biofilm consortium. PLoS 
ONE. 2011;6(2): e16791. https:// doi. org/ 10. 1371/ journ al. pone. 00167 
91.

 46. You L, Cox RS, Weiss R, Arnold FH. Programmed population control 
by cell–cell communication and regulated killing. Nature. 2004. 
https:// doi. org/ 10. 1038/ natur e02491.

https://doi.org/10.1073/pnas.1321321111
https://doi.org/10.1038/nbt.2149
https://doi.org/10.1016/j.cell.2009.04.048
https://doi.org/10.1038/nature04405
https://doi.org/10.1038/nature09565
https://doi.org/10.1038/nature09679
https://doi.org/10.1038/nature09679
https://doi.org/10.1038/msb4100173
https://doi.org/10.1038/msb4100173
https://doi.org/10.1371/journal.pcbi.1004685
https://doi.org/10.1038/nature08721
https://doi.org/10.1038/nature08721
https://doi.org/10.1038/nature12051
https://doi.org/10.1038/nature12051
https://doi.org/10.1038/nchembio.580
https://doi.org/10.1038/nchembio.580
https://doi.org/10.1038/35002125
https://doi.org/10.1038/35002131
https://doi.org/10.1038/35002131
https://doi.org/10.1038/s41467-020-17993-w
https://doi.org/10.1073/pnas.1716888115
https://doi.org/10.1016/0734-9750(95)00004-A
https://doi.org/10.1038/nchembio.218
https://doi.org/10.1038/nchembio.218
https://doi.org/10.1021/acssynbio.0c00370
https://doi.org/10.1021/acssynbio.0c00370
https://doi.org/10.1038/s41467-019-12021-y
https://doi.org/10.1016/j.chembiol.2014.10.008
https://doi.org/10.1038/s41467-021-21125-3
https://doi.org/10.1038/s41467-021-21125-3
https://doi.org/10.1038/nbt.3095
https://doi.org/10.1038/nbt.3095
https://doi.org/10.1038/s41589-018-0091-7
https://doi.org/10.1038/nmicrobiol.2017.83
https://doi.org/10.1038/nmicrobiol.2017.83
https://doi.org/10.1038/msb.2008.24
https://doi.org/10.1016/j.cub.2018.04.046
https://doi.org/10.1016/j.cub.2018.04.046
https://doi.org/10.1038/s41467-020-14371-4
https://doi.org/10.15252/msb.20156567
https://doi.org/10.15252/msb.20156567
https://doi.org/10.1038/nchembio.2514
https://doi.org/10.1038/nchembio.2514
https://doi.org/10.1038/nrmicro2832
https://doi.org/10.1021/acssynbio.5b00286
https://doi.org/10.1021/acssynbio.5b00286
https://doi.org/10.1126/science.aaa3794
https://doi.org/10.1016/S1385-1101(02)00149-1
https://doi.org/10.1016/S1385-1101(02)00149-1
https://doi.org/10.1038/ncomms12285
https://doi.org/10.1038/ncomms12285
https://doi.org/10.1186/s12918-015-0188-5
https://doi.org/10.1021/acssynbio.9b00110
https://doi.org/10.1038/s41467-018-08188-5
https://doi.org/10.1073/pnas.0610575104
https://doi.org/10.1073/pnas.0610575104
https://doi.org/10.1073/pnas.1523317113
https://doi.org/10.1073/pnas.1405641111
https://doi.org/10.1016/j.ymben.2021.02.001
https://doi.org/10.1016/j.ymben.2021.02.001
https://doi.org/10.1371/journal.pone.0016791
https://doi.org/10.1371/journal.pone.0016791
https://doi.org/10.1038/nature02491


Page 12 of 13Duncker et al. Microbial Cell Factories          (2021) 20:211 

 47. Friedman J, Higgins LM, Gore J. Community structure follows simple 
assembly rules in microbial microcosms. Nat Ecol Evol. 2017. https:// doi. 
org/ 10. 1038/ s41559- 017- 0109.

 48. Lino F, Bajic D, Vila J, Sánchez A, Sommer M. Complex yeast–bac-
teria interactions affect the yield of industrial ethanol fermenta-
tion. Nat Commun. 2021;12(1):1498. https:// doi. org/ 10. 1038/ 
s41467- 021- 21844-7.

 49. Venturelli OS, et al. Deciphering microbial interactions in synthetic 
human gut microbiome communities. Mol Syst Biol. 2018;14(6): e8157. 
https:// doi. org/ 10. 15252/ msb. 20178 157.

 50. Brenner K, Karig DK, Weiss R, Arnold FH. Engineered bidirectional com-
munication mediates a consensus in a microbial biofilm consortium. 
Proc Natl Acad Sci USA. 2007;104(44):17300–4. https:// doi. org/ 10. 1073/ 
pnas. 07042 56104.

 51. Alnahhas RN, et al. Majority sensing in synthetic microbial con-
sortia. Nat Commun. 2020;11(1):3659. https:// doi. org/ 10. 1038/ 
s41467- 020- 17475-z.

 52. Kim HJ, Boedicker JQ, Choi JW, Ismagilov RF. Defined spatial structure 
stabilizes a synthetic multispecies bacterial community. Proc Natl Acad 
Sci USA. 2008;105(47):18188–93. https:// doi. org/ 10. 1073/ pnas. 08079 
35105.

 53. Dai Z, et al. Versatile biomanufacturing through stimulus-responsive 
cell–material feedback. Nat Chem Biol. 2019;15(10):1017–24. https:// 
doi. org/ 10. 1038/ s41589- 019- 0357-8.

 54. Gupta S, Ross TD, Gomez MM, Grant JL, Romero PA, Venturelli OS. 
Investigating the dynamics of microbial consortia in spatially struc-
tured environments. Nat Commun. 2020. https:// doi. org/ 10. 1038/ 
s41467- 020- 16200-0.

 55. Tei M, Perkins ML, Hsia J, Arcak M, Arkin AP. Designing spatially distrib-
uted gene regulatory networks to elicit contrasting patterns. ACS Synth 
Biol. 2019;8(1):119–26. https:// doi. org/ 10. 1021/ acssy nbio. 8b003 77.

 56. Alnahhas RN, et al. Spatiotemporal dynamics of synthetic microbial 
consortia in microfluidic devices. ACS Synth Biol. 2019;8(9):2051–8. 
https:// doi. org/ 10. 1021/ acssy nbio. 9b001 46.

 57. Kim JK, Chen Y, Hirning AJ, Alnahhas RN, Josić K, Bennett MR. Long-
range temporal coordination of gene expression in synthetic microbial 
consortia. Nat Chem Biol. 2019;15(11):1102–9. https:// doi. org/ 10. 1038/ 
s41589- 019- 0372-9.

 58. Dinh CV, Chen X, Prather KLJ. Development of a quorum-sensing based 
circuit for control of coculture population composition in a naringenin 
production system. ACS Synth Biol. 2020;9(3):590–7. https:// doi. org/ 10. 
1021/ acssy nbio. 9b004 51.

 59. Honjo H, Iwasaki K, Soma Y, Tsuruno K, Hamada H, Hanai T. Synthetic 
microbial consortium with specific roles designated by genetic circuits 
for cooperative chemical production. Metab Eng. 2019;55:268–75. 
https:// doi. org/ 10. 1016/j. ymben. 2019. 08. 007.

 60. Zhang H, Stephanopoulos G. Co-culture engineering for microbial 
biosynthesis of 3-amino-benzoic acid in Escherichia coli. Biotechnol J. 
2016;11(7):981–7. https:// doi. org/ 10. 1002/ biot. 20160 0013.

 61. Zhang H, Pereira B, Li Z, Stephanopoulos G. Engineering Escherichia 
coli coculture systems for the production of biochemical products. Proc 
Natl Acad Sci USA. 2015;112(27):8266–71. https:// doi. org/ 10. 1073/ pnas. 
15067 81112.

 62. Shin HY, Nijland JG, de Waal PP, Driessen AJM. The amino-terminal tail 
of Hxt11 confers membrane stability to the Hxt2 sugar transporter and 
improves xylose fermentation in the presence of acetic acid. Biotechnol 
Bioeng. 2017;114(9):1937–45. https:// doi. org/ 10. 1002/ bit. 26322.

 63. Steiger MG, Rassinger A, Mattanovich D, Sauer M. Engineering of the 
citrate exporter protein enables high citric acid production in Aspergil-
lus niger. Metab Eng. 2019;52:224–31. https:// doi. org/ 10. 1016/j. ymben. 
2018. 12. 004.

 64. Zhao EM, et al. Light-based control of metabolic flux through assembly 
of synthetic organelles. Nat Chem Biol. 2019. https:// doi. org/ 10. 1038/ 
s41589- 019- 0284-8.

 65. Liu M, Han P, Zhang L, Zhong C, You C. Biofilm-mediated immobiliza-
tion of a multienzyme complex for accelerating inositol production 
from starch. Bioconjug Chem. 2021;32(9):2032–42. https:// doi. org/ 10. 
1021/ acs. bioco njchem. 1c003 38.

 66. Li Z, Wang X, Zhang H. Balancing the non-linear rosmarinic acid 
biosynthetic pathway by modular co-culture engineering. Metab Eng. 
2019;54:1–11. https:// doi. org/ 10. 1016/j. ymben. 2019. 03. 002.

 67. Shahab RL, et al. A heterogeneous microbial consortium pro-
ducing short-chain fatty acids from lignocellulose. Science. 
2020;369(6507):eabb1214. https:// doi. org/ 10. 1126/ scien ce. abb12 14.

 68. Chen AY, Zhong C, Lu TK. Engineering living functional materials. ACS 
Synth Biol. 2015;4(1):8–11. https:// doi. org/ 10. 1021/ sb500 113b.

 69. Nguyen PQ, Courchesne N-MD, Duraj-Thatte A, Praveschotinunt P, Joshi 
NS. Engineered living materials: prospects and challenges for using 
biological systems to direct the assembly of smart materials. Adv Mater. 
2018;30(19):1704847. https:// doi. org/ 10. 1002/ adma. 20170 4847.

 70. Bogino PC, de Oliva Las Mercedes M, Sorroche FG, Giordano W. The role 
of bacterial biofilms and surface components in plant-bacterial associa-
tions. Int J Mol Sci. 2013;14(8):15838–59. https:// doi. org/ 10. 3390/ ijms1 
40815 838.

 71. Römling U, Balsalobre C. Biofilm infections, their resilience to therapy 
and innovative treatment strategies. J Intern Med. 2012;272(6):541–61. 
https:// doi. org/ 10. 1111/ joim. 12004.

 72. Barnhart MM, Chapman MR. Curli biogenesis and function. Annu Rev 
Microbiol. 2006;60(1):131–47. https:// doi. org/ 10. 1146/ annur ev. micro. 60. 
080805. 142106.

 73. Lieleg O, Caldara M, Baumgärtel R, Ribbeck K. Mechanical robustness 
of Pseudomonas aeruginosa biofilms. Soft Matter. 2011;7(7):3307–14. 
https:// doi. org/ 10. 1039/ C0SM0 1467B.

 74. Vlamakis H, Chai Y, Beauregard P, Losick R, Kolter R. Sticking together: 
building a biofilm the Bacillus subtilis way. Nat Rev Microbiol. 
2013;11(3):157–68. https:// doi. org/ 10. 1038/ nrmic ro2960.

 75. Duraj-Thatte AM, et al. Water-processable, biodegradable and coatable 
aquaplastic from engineered biofilms. Nat Chem Biol. 2021;17(6):732–8. 
https:// doi. org/ 10. 1038/ s41589- 021- 00773-y.

 76. Mukherjee M, Hu Y, Tan CH, Rice SA, Cao B. Engineering a light-
responsive, quorum quenching biofilm to mitigate biofouling on water 
purification membranes. Sci Adv. 2018;4(12):1459. https:// doi. org/ 10. 
1126/ sciadv. aau14 59.

 77. Greenman J, et al. Microbial fuel cells and their electrified biofilms. 
Biofilm. 2021. https:// doi. org/ 10. 1016/j. bioflm. 2021. 100057.

 78. Atnafu T, Leta S. New fragmented electro-active biofilm (FAB) reac-
tor to increase anode surface area and performance of microbial 
fuel cell. Environ Syst Res. 2021;10(1):31. https:// doi. org/ 10. 1186/ 
s40068- 021- 00234-4.

 79. Goñi-Moreno A, Nikel PI. High-performance biocomputing in synthetic 
biology-integrated transcriptional and metabolic circuits. Front Bioeng 
Biotechnol. 2019. https:// doi. org/ 10. 3389/ fbioe. 2019. 00040.

 80. Kim H, Bojar D, Fussenegger M. A CRISPR/Cas9-based central process-
ing unit to program complex logic computation in human cells. Proc 
Natl Acad Sci USA. 2019;116(15):7214–9. https:// doi. org/ 10. 1073/ pnas. 
18217 40116.

 81. Zhang Y, et al. DNA origami cryptography for secure communication. 
Nat Commun. 2019. https:// doi. org/ 10. 1038/ s41467- 019- 13517-3.

 82. Li B, You L. Division of logic labour. Nature. 2011. https:// doi. org/ 10. 
1038/ 46917 1a.

 83. Daeffler KN-M, et al. Engineering bacterial thiosulfate and tetrathionate 
sensors for detecting gut inflammation. Mol Syst Biol. 2017;13(4):923. 
https:// doi. org/ 10. 15252/ msb. 20167 416.

 84. Riglar DT, et al. Engineered bacteria function in the mammalian 
gut as long term live diagnostics of inflammation. Nat Biotechnol. 
2017;35(7):653–8. https:// doi. org/ 10. 1038/ nbt. 3879.

 85. Mimee M, et al. An ingestible bacterial-electronic system to monitor 
gastrointestinal health. Science. 2018;360(6391):915–8. https:// doi. org/ 
10. 1126/ scien ce. aas93 15.

 86. Wang B, Barahona M, Buck M. A modular cell-based biosensor using 
engineered genetic logic circuits to detect and integrate multiple 
environmental signals. Biosens Bioelectron. 2013;40(1):368–76. https:// 
doi. org/ 10. 1016/j. bios. 2012. 08. 011.

 87. Khatun MA, et al. Bacterial consortium-based sensing system for detect-
ing organophosphorus pesticides. Anal Chem. 2018;90(17):10577–84. 
https:// doi. org/ 10. 1021/ acs. analc hem. 8b027 09.

 88. Tang T-C, et al. Hydrogel-based biocontainment of bacteria for continu-
ous sensing and computation. Nat Chem Biol. 2021. https:// doi. org/ 10. 
1038/ s41589- 021- 00779-6.

 89. Hanko EKR, Minton NP, Malys N. A transcription factor-based biosen-
sor for detection of itaconic acid. ACS Synth Biol. 2018;7(5):1436–46. 
https:// doi. org/ 10. 1021/ acssy nbio. 8b000 57.

https://doi.org/10.1038/s41559-017-0109
https://doi.org/10.1038/s41559-017-0109
https://doi.org/10.1038/s41467-021-21844-7
https://doi.org/10.1038/s41467-021-21844-7
https://doi.org/10.15252/msb.20178157
https://doi.org/10.1073/pnas.0704256104
https://doi.org/10.1073/pnas.0704256104
https://doi.org/10.1038/s41467-020-17475-z
https://doi.org/10.1038/s41467-020-17475-z
https://doi.org/10.1073/pnas.0807935105
https://doi.org/10.1073/pnas.0807935105
https://doi.org/10.1038/s41589-019-0357-8
https://doi.org/10.1038/s41589-019-0357-8
https://doi.org/10.1038/s41467-020-16200-0
https://doi.org/10.1038/s41467-020-16200-0
https://doi.org/10.1021/acssynbio.8b00377
https://doi.org/10.1021/acssynbio.9b00146
https://doi.org/10.1038/s41589-019-0372-9
https://doi.org/10.1038/s41589-019-0372-9
https://doi.org/10.1021/acssynbio.9b00451
https://doi.org/10.1021/acssynbio.9b00451
https://doi.org/10.1016/j.ymben.2019.08.007
https://doi.org/10.1002/biot.201600013
https://doi.org/10.1073/pnas.1506781112
https://doi.org/10.1073/pnas.1506781112
https://doi.org/10.1002/bit.26322
https://doi.org/10.1016/j.ymben.2018.12.004
https://doi.org/10.1016/j.ymben.2018.12.004
https://doi.org/10.1038/s41589-019-0284-8
https://doi.org/10.1038/s41589-019-0284-8
https://doi.org/10.1021/acs.bioconjchem.1c00338
https://doi.org/10.1021/acs.bioconjchem.1c00338
https://doi.org/10.1016/j.ymben.2019.03.002
https://doi.org/10.1126/science.abb1214
https://doi.org/10.1021/sb500113b
https://doi.org/10.1002/adma.201704847
https://doi.org/10.3390/ijms140815838
https://doi.org/10.3390/ijms140815838
https://doi.org/10.1111/joim.12004
https://doi.org/10.1146/annurev.micro.60.080805.142106
https://doi.org/10.1146/annurev.micro.60.080805.142106
https://doi.org/10.1039/C0SM01467B
https://doi.org/10.1038/nrmicro2960
https://doi.org/10.1038/s41589-021-00773-y
https://doi.org/10.1126/sciadv.aau1459
https://doi.org/10.1126/sciadv.aau1459
https://doi.org/10.1016/j.bioflm.2021.100057
https://doi.org/10.1186/s40068-021-00234-4
https://doi.org/10.1186/s40068-021-00234-4
https://doi.org/10.3389/fbioe.2019.00040
https://doi.org/10.1073/pnas.1821740116
https://doi.org/10.1073/pnas.1821740116
https://doi.org/10.1038/s41467-019-13517-3
https://doi.org/10.1038/469171a
https://doi.org/10.1038/469171a
https://doi.org/10.15252/msb.20167416
https://doi.org/10.1038/nbt.3879
https://doi.org/10.1126/science.aas9315
https://doi.org/10.1126/science.aas9315
https://doi.org/10.1016/j.bios.2012.08.011
https://doi.org/10.1016/j.bios.2012.08.011
https://doi.org/10.1021/acs.analchem.8b02709
https://doi.org/10.1038/s41589-021-00779-6
https://doi.org/10.1038/s41589-021-00779-6
https://doi.org/10.1021/acssynbio.8b00057


Page 13 of 13Duncker et al. Microbial Cell Factories          (2021) 20:211  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 90. Rogers JK, Church GM. Genetically encoded sensors enable real-
time observation of metabolite production. Proc Natl Acad Sci USA. 
2016;113(9):2388–93. https:// doi. org/ 10. 1073/ pnas. 16003 75113.

 91. Meyer A, et al. Optimization of a whole-cell biocatalyst by employing 
genetically encoded product sensors inside nanolitre reactors. Nat 
Chem. 2015. https:// doi. org/ 10. 1038/ nchem. 2301.

 92. Schmidl SR, et al. Rewiring bacterial two-component systems by modu-
lar DNA-binding domain swapping. Nat Chem Biol. 2019;15(7):690–8. 
https:// doi. org/ 10. 1038/ s41589- 019- 0286-6.

 93. Stirling F, et al. Synthetic cassettes for pH-mediated sensing, counting, 
and containment. Cell Rep. 2020;30(9):3139-3148.e4. https:// doi. org/ 10. 
1016/j. celrep. 2020. 02. 033.

 94. Farzadfard F, Lu TK. Genomically encoded analog memory with 
precise in vivo DNA writing in living cell populations. Science. 
2014;346(6211):1256272. https:// doi. org/ 10. 1126/ scien ce. 12562 72.

 95. Tscherner M, Giessen TW, Markey L, Kumamoto CA, Silver PA. A 
Synthetic system that senses Candida albicans and inhibits virulence 
factors. ACS Synth Biol. 2019;8(2):434–44. https:// doi. org/ 10. 1021/ acssy 
nbio. 8b004 57.

 96. Meyer AJ, Segall-Shapiro TH, Glassey E, Zhang J, Voigt CA. Escherichia 
coli ‘Marionette’ strains with 12 highly optimized small-molecule 
sensors. Nat Chem Biol. 2019;15(2):196–204. https:// doi. org/ 10. 1038/ 
s41589- 018- 0168-3.

 97. Shaw WM, et al. Engineering a model cell for rational tuning of GPCR 
signaling. Cell. 2019;177(3):782-796.e27. https:// doi. org/ 10. 1016/j. cell. 
2019. 02. 023.

 98. Chong H, Ching CB. Development of colorimetric-based whole-cell 
biosensor for organophosphorus compounds by engineering transcrip-
tion regulator DmpR. ACS Synth Biol. 2016;5(11):1290–8. https:// doi. 
org/ 10. 1021/ acssy nbio. 6b000 61.

 99. McCarty NS, Ledesma-Amaro R. Synthetic biology tools to engi-
neer microbial communities for biotechnology. Trends Biotechnol. 
2019;37(2):181–97. https:// doi. org/ 10. 1016/j. tibte ch. 2018. 11. 002.

 100. Glass DS, Riedel-Kruse IH. A Synthetic bacterial cell–cell adhesion tool-
box for programming multicellular morphologies and patterns. Cell. 
2018;174(3):649-658.e16. https:// doi. org/ 10. 1016/j. cell. 2018. 06. 041.

 101. Liao MJ, Din MO, Tsimring L, Hasty J. Rock-paper-scissors: engi-
neered population dynamics increase genetic stability. Science. 
2019;365(6457):1045–9. https:// doi. org/ 10. 1126/ scien ce. aaw05 42.

 102. Miano A, Liao MJ, Hasty J. Inducible cell-to-cell signaling for tunable 
dynamics in microbial communities. Nat Commun. 2020;11(1):1193. 
https:// doi. org/ 10. 1038/ s41467- 020- 15056-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1073/pnas.1600375113
https://doi.org/10.1038/nchem.2301
https://doi.org/10.1038/s41589-019-0286-6
https://doi.org/10.1016/j.celrep.2020.02.033
https://doi.org/10.1016/j.celrep.2020.02.033
https://doi.org/10.1126/science.1256272
https://doi.org/10.1021/acssynbio.8b00457
https://doi.org/10.1021/acssynbio.8b00457
https://doi.org/10.1038/s41589-018-0168-3
https://doi.org/10.1038/s41589-018-0168-3
https://doi.org/10.1016/j.cell.2019.02.023
https://doi.org/10.1016/j.cell.2019.02.023
https://doi.org/10.1021/acssynbio.6b00061
https://doi.org/10.1021/acssynbio.6b00061
https://doi.org/10.1016/j.tibtech.2018.11.002
https://doi.org/10.1016/j.cell.2018.06.041
https://doi.org/10.1126/science.aaw0542
https://doi.org/10.1038/s41467-020-15056-8

	Engineered microbial consortia: strategies and applications
	Abstract 
	Introduction
	Programming microbial consortia interactions
	Predator–prey
	Mutualism
	Implementing negative feedback to mitigate competition
	Programming consortia based on pairwise interactions
	Using signalling to control consortium gene expression
	Spatial partitioning and arrangement to modulate interactions

	Applications
	Metabolic pathways
	Biofilm productivity
	Biocomputing
	Biosensing

	Conclusions and future prospects
	Acknowledgements
	References




