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and efficient artificial coculture systems
as biosynthetic platforms for biomass
conversion
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Abstract

Inspired by the natural symbiotic relationships between diverse microbial members, researchers recently focused

on modifying microbial chassis to create artificial coculture systems using synthetic biology tools. An increasing
number of scientists are now exploring these systems as innovative biosynthetic platforms for biomass conversion.
While significant advancements have been achieved, challenges remain in maintaining the stability and produc-
tivity of these systems. Sustaining an optimal population ratio over a long time period and balancing anabolism

and catabolism during cultivation have proven difficult. Key issues, such as competitive or antagonistic relationships
between microbial members, as well as metabolic imbalances and maladaptation, are critical factors affecting the sta-
bility and productivity of artificial coculture systems. In this article, we critically review current strategies and methods
for improving the stability and productivity of these systems, with a focus on recent progress in biomass conversion.
We also provide insights into future research directions, laying the groundwork for further development of artificial
coculture biosynthetic platforms.
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Strategies and tools for optimization of artificial coculture
system as biosynthetic platforms for biomass conversion
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Introduction
The production of bio-based chemicals, derived from
various biotechnological or chemical processes using
organic streams such as non-food lignocellulosic bio-
mass or municipal wastes, as well as CO,, provides
environmentally friendly alternatives to fossil fuels and
derivatives [1]. Microbial cell factories employ various
strategies to convert renewable resources into ferment-
able sugars. However, converting these substrates for
biosynthesis presents challenges for the monoculture,
whether natural or engineered. For instance, strains of
the Trichoderma genus, one of the predominant genera
used in industrial enzyme production, exhibit relatively
low B-glucosidase activity, an enzyme crucial for cellulose
degradation that works synergistically with cellobiohy-
drolase and endoglucanase [2]. As a result, the monocul-
ture of Trichoderma is unable to produce the full range
of enzymes necessary for the complete breakdown of
cell wall components. While CO, conversion can be
performed by cyanobacteria or microalgae, extracting
sugars such as sucrose from the culture supernatant is
costly, and large-scale sucrose production often leads to
contamination issues [3]. In most cases, multiple modi-
fications to cellular metabolic pathways are necessary to
enable the synthesis of desired chemicals from CO, [4].
In nature, most microorganisms interact with microbial
communities or complex ecosystems to increase their
chances of survival and growth [5]. Natural microbial
symbioses have undergone millions of years of evolution-
ary selection, resulting in intricate yet stable interactions

among various strains. Lichens serve as a prime example
of such stable, self-sustaining symbiotic organisms, com-
posed of photosynthetic autotrophs and heterotrophic
fungi, and are distributed globally [6]. Utilizing natu-
rally occurring microbial communities offers a promis-
ing approach for degrading complex substrates, though
controlling the behaviour of community members can
be challenging [1]. For instance, in cocultures of naturally
occurring strains, the excessive accumulation of inter-
mediate products may negatively affect the final yield.
Moreover, unlike engineered strains, naturally occurring
strains in cocultures lack the ability to precisely fine-tune
the metabolic functions of individual bacteria to meet
specific needs.

Advances in synthetic biology technologies have ena-
bled researchers to mimic natural symbiotic systems by
creating artificial coculture systems with different micro-
bial chassis, serving as next-generation biosynthesis
platforms. Artificial microbial coculture involve the col-
laboration of two or more microbial members to establish
a reaction network for chemical production [1]. Using the
strategy of coculture, one-pot conversion of renewable
resources into fine chemicals can be achieved, offering
distinct advantages over cultivating each microorgan-
ism independently [7]. By dividing labor, the members of
the coculture system reduce metabolic burdens on indi-
vidual species, especially in lengthy product pathways [8].
Photosynthetic microorganisms, which can harness CO,
and light energy for organic carbon production, can be
incorporated into coculture systems to provide carbon
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sources for heterotrophic species [9, 10]. This approach
enables the environmentally friendly synthesis of prod-
ucts from CO, in systems that combine autotrophic and
heterotrophic species. Additionally, many anaerobic bac-
teria, such as Clostridia, are capable of degrading cellu-
lose through cellulosomes, spurring significant scientific
interest in developing coculture systems with cellulose-
degrading strains for biofuel production [11, 12].

Considering the advantages of artificial coculture sys-
tems, additional efforts have been made to establish
various coculture systems for the production of valuable
products, such as amino acids, peptides, proteins, lipids,
biofuels, polyphenols, alkaloids, terpenoids, and so on.
In Tables 1 and 2, we outline the applications of artifi-
cial coculture systems comprising two or more species.
The stability of an artificial coculture system refers to its
ability to sustain consistent microbial interactions and
performance over time, while productivity refers to the
amount of product generated per unit of time within the
coculture. To fully harness artificial microbial coculture
systems as innovative platforms for biomass conversion,
it is essential to enhance both the stability and productiv-
ity of these systems [5, 13].

In this article, we review recent advances in utilizing
coculture systems as biosynthetic platforms for biomass
conversion. We also discussed the factors that influence
stability and productivity in coculture systems, along
with strategies and tools to address these challenges.
Additionally, we proposed further perspectives on opti-
mizing coculture systems through the development of
novel tools, analysis of interspecies relationships, and the
regulation of metabolic balance. These insights provide a
foundation for future efforts aimed at production of bio-
based chemicals from renewable resources using cocul-
ture systems.

Enhancing stability through the regulation

of interspecies relationships

The population composition not well maintained due

to the population instability

In coculture systems, the development of competitive
and antagonistic relationships among microbial members
can disrupt the intended optimal population ratio, lead-
ing to a shortened period of system stability (Fig. 1A).
In competitive relationships, both microbes vie for lim-
ited resources, which suppresses their growth, survival,
or reproduction [14]. For example, in an artificial auto-
trophic—heterotrophic coculture system comprising
Synechococcus elongatus cscB* and engineered E. coli,
the growth of E. coli significantly reduced compared to
its growth in LB medium [7, 15]. Subsequently, Ma et al.,
from the same research group identified the competi-
tive consumption of phosphate and nitrogen between
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microbial members in this system, as revealed through
multi-omics analyses [16]. Similarly, the construction of
a tri-member coculture system consisting of Azotobac-
ter vinelandii, Bacillus licheniformis and Paenibacillus
curdlanolyticus often results in system instability due to
the “winner-takes-all” dynamic, driven by competition
for nitrogen and substrates [17]. Antagonism is another
biological interaction where one organism inhibits the
growth of another by releasing toxins, inhibitory com-
pounds, or other means [18]. For example, plant micro-
biomes containing Bacillus cereus and Pseudomonas
fluorescens can protect plants from fungal and bacterial
pathogens, either through direct antagonism or by acti-
vating plant defense mechanisms [19]. However, under
iron-deficient conditions, P fluorescens inhibited the
vegetative growth of B. cereus by producing iron-chelat-
ing molecules [20]. Antagonistic interactions have also
been observed among nitrogen-fixing bacteria that pro-
mote plant growth. Notably, strains of Gluconacetobacter
diazotrophicus exhibit antagonistic activity against other
strains of the same species, as well as closely related spe-
cies like Gluconacetobacter johannae, Gluconacetobacter
azotocaptans and Gluconacetobacter liquefaciens [21].

Optimization of population relationships via reducing
competition and establishing cross-feeding interactions
between species members

Since interactions among microbial members in arti-
ficially designed coculture systems may not occur
naturally, unexpected behaviours can arise during cocul-
tivation. The nutritional patterns of microbial members,
designed according to specific requirements, can poten-
tially alter original interactions [22, 23]. Thus, regulating
these interactive relationships, such as minimizing com-
petition and establishing cross-feeding between species,
is anticipated to become an effective optimization strat-
egy (Fig. 2A).

Reducing competition between species members. Simi-
lar to the principle of survival of the fittest, microbial
members with less capacity to utilize available resources
may be outcompeted. In artificial coculture systems,
the poor growth of one member can lead to the col-
lapse of the entire system [22]. One approach to mitigate
resources competition in coculture systems is to allocate
carbon sources to different species [24]. For instance, to
minimize glucose competition between E. coli and Pseu-
domonas putida, the ptsG and manZ genes were knocked
out in E. coli to enable preferentially xylose utilization.
This create a coculture of xylose-utilizing E. coli and
glucose-utilizing P. putida, resulting in an efficient pro-
duction of medium-chain-length polyhydroxyalkanoate,
with a yield of 1.64 g/L [25]. Similarly, Li et al. improved
the stability of a three-strain coculture system by using
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Table 2 The applications of artificial more species coculture systems as biosynthetic platforms
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Products Coculture systems Carbon source, Production before Optimization method Coculture production Refs
precursor/ mid- optimization
products
Caffeic acid S. cerevisiae=S. cerevi- Carboxymethyl- 833 mg/L Adjusting environmen-  16.91 mg/L [143]
siae=S. cerevisiae cellulose/ glucose, tal parameters
p-Coumaric acid
Lipopeptide  C. glutamicum-B. Kitchen waste/ ~29.77 mg/L* Dividing metabolic 7413 mg/L [147]
amyloliquefaciens—P. L-proline, amylase pathways
pastoris
H, Enterococcus—Enterococ-  Wheat-straw xylan — Dividing metabolic 79.54 mL/g wheat- [148]
cus—Enterococcus pathways straw xylan
Lipid R. opacus—-R. jostii—R. Lignin, glucose/ acetyl- — Reducing competi- 0.08 g/g cell dry weight [149]
jostii CoA, B-ketoadipyl-CoA tion between species
members
Lipopeptides  B.amyloliquefaciens— Kitchen waste, glucose/  ~193.47 mg/L* Dividing metabolic 269.17 mg/L [150]
C. glutamicum-C. proline, serline, amylase pathways and enhanc-
glutamicum-P. pastoris ing the transport
of essential metabolites
Butyl Butyrate C. acetobutylicum-C. Microcrystalline cel- 13.52 g/L with glucose  Dividing metabolic 2.94 g/L without glu- [151]
tyrobutyricum-E. coli-T. lulose/ lipase, acetate, pathways cose
asperellum butyrate, butanol
Butyric acid T reesei-L. pentosus—C.  Cellulose, xylose/ 9.54g/L Membrane separation  10.2 g/L [103]
tyrobutyricum-L. brevis  acetate, lactate,
butyrate, O,
Electricity S. elongatus-E. coli-S. CO,/ sucrose, lactate, ~0.6W-m™2 Dividing metabolic 1.7W-m~2 [152]
oneidensis—G. sulfurre- acetate pathways and adjust-
ducens ing environmental
parameters
[turin A B.amyloliquefaciens-B.  Food waste/ amylase, 7.66 mg/L Dividing metabolic 8.12 mg/L [153]

subtilis—-B. subtilis lipase, glucose, fatty

acid chain

pathways

—, the production data were not provided in the original reference. *, data from monoculture production

different carbon substrates for three metabolically engi-
neered E. coli strains, achieving 172 mg/L rosmarinic
acid—38-fold more than the parent strain in monocul-
ture [26].

Establishing cross-feeding interactions between mem-
ber species. More artificial coculture systems still
rely on the transfer of a single metabolite as a linker
between upstream and downstream strains [27, 28].
In such setups, the growth of upstream strains is mini-
mally affected by downstream strains, while down-
stream strains are heavily dependent on upstream
strains, placing them in a disadvantaged ecological
niche [29]. Establishing metabolite cross-feeding inter-
actions within coculture systems shifts the relationship
toward mutualistic symbiosis, where the growth and
production of strains are influenced by environmen-
tal conditions and the regulatory behavior of partner
strains. This mutualism enhances system stability [1].
Key metabolites like amino acids, vitamins and ATP
are often used to establish cross-feeding relationships,
a strategy widely adopted to improve performance
in an artificial coculture systems [30]. For example,

Konstantinidis et al. used WT lactic acid bacteria
capable of secreting B-group vitamins, such as ribo-
flavin and folate, to cocultivate with vitamin-deficient
S. cerevisiae. Through adaptive laboratory evolution,
they increased riboflavin production 14.4-fold (up to
144 +55.1 ng/mL) and enhanced folate secretion from
48.3+10.5 ng/mL to 190+ 35.6 ng/mL in the evolved
strain [31]. Nutritional co-dependence, or syntrophy,
also shows potential for enhancing biotechnological
processes by leveraging cooperation between cell types.
For example, Losoi et al. developed a carbon cross-
feeding system using E. coli and Acinetobacter baylyi
ADP1 strains, both engineered to be incapable of grow-
ing on glucose independently. When cultured together
with glucose as the sole carbon source, their growth
was supported by the exchange of gluconate and ace-
tate, enabling intrinsic control over carbon availabil-
ity and population balance [32]. Similarly, Peng et al.
engineered a cross-feeding relationship using nutrient-
deficient and metabolite-overexpressing yeast strains to
efficiently synthesize resveratrol [33].
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Fig. 1 Challenges in enhancing the stability and productivity of coculture systems. A The population composition not well maintained due

to the population instability. Left, competitive and antagonistic relationships disturb the optimal population ratio. Moreover, an imbalance

in the proportions of members leads to poor maintenance of system stability. B Stability and productivity benefited from optimal metabolic
balance. Left, cross-feeding imbalance and metabolic maladaptation disturb the metabolic balance. Right, an imbalance in synthetic and catabolic
metabolism leads to undesired products. C Stability and productivity are affected by environmental factors. The environmental factors included
fermentation parameters (such as temperature/pH/light (for autotrophic species)), ROS and spatial grouping between the member species



Song et al. Biotechnology for Biofuels and Bioproducts (2024) 17:148 Page 8 of 19

A) Enhancing stability through the regulation of interspecies relationships
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Fig. 2 Strategies for enhancing the stability and productivity of coculture systems. A Enhancing stability through the regulation of interspecies
relationships; B enhancing productivity by adjusting metabolic capability; and C improving performance by controlling fermentation parameters
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Enhancing biosynthetic performance by adjusting
metabolic capability

Stability and productivity benefited from optimal
metabolic balance

Disruptions in metabolic balance or maladaptation dur-
ing the transition from monoculture to coculture can
negatively impact the productivity of coculture systems
(Fig. 1B). In monoculture, the metabolic pool is uni-
fied within a single strain, but in coculture, it is divided
between multiple strains, introducing complexity and
uncertainty into the fermentation process [34]. Spe-
cially, intermediate metabolites are excreted into the
extracellular environment and transferred from donor
to recipient cells through synthetic metabolic pathways
during cocultivation. Since the extracellular volume
typically exceeds the intracellular volume, metabolites
become diluted, reducing the efficiency of synthetic
metabolism in recipient strains, ultimately affecting the
productivity of coculture systems [34]. For example,
Kawai et al. divided the glucose-to-isoprenol synthesis
pathway into two modules, assigning them to two E.
coli strains [34]. The upstream strain converted glucose
to mevalonate, while the downstream strain converted
mevalonate to isoprenol. However, the conversion effi-
ciency of mevalonate to isoprenol in the downstream
strain was initially low. Through adaptive laboratory
evolution and rational metabolic pathway design of
the metabolic pathway in the downstream chassis, the
conversion efficiency in the downstream strain, conver-
sion efficiency improved, ultimately enhancing overall
productivity. The shift from monoculture to coculture
introduced complex ecological and metabolic dynam-
ics. In microbial cell factories, key metabolite pathways
are optimized by enhancing key enzymes and silenc-
ing competitive pathways to increase product yield [35,
36]. However, changes in cultivation patterns can alter
metabolic behavior. For instance, Seo et al. developed a
coculture system with engineered E. coli strains for the
simultaneous consumption of mixed sugars, including
glucose and xylose [37]. They isolated a mutant strain
(HSEC0415xyl) with mutations in the xy/R gene (R121C
and P363S) to overcome glucose-driven carbon catabo-
lite repression [37]. Despite these efforts, 0.6 g/L xylose
remained in the culture when glucose consumption
began, indicating that the strain still preferentially con-
sumed glucose [37]. This preferential glucose consump-
tion, also known as carbon catabolite repression, has
been observed in other studies. Take an example, Shin
et al. designed a coculture system with strains special-
ized in either glucose or xylose utilization for ethanol
production. However, the fermentation rate of xylose
specialist in mixed sugar is significantly lower than that
in xylose alone [38].
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Adjusting metabolic capability by improving

the biosynthesis or transport of essential intermediate
metabolites

Microbial interactions can reduce the metabolic burden
on individual strains, benefiting overall metabolic pro-
ductivity [39]. In coculture systems, cooperative rela-
tionships are typically established by designing specific
metabolites to synthesize target products. Optimizing
both anabolic and catabolic processes—by enhancing the
biosynthesis of crucial metabolites and improving their
transport—can significantly increase system productivity
(Fig. 2B).

Improving the biosynthesis of essential intermediate
metabolites. An unequal distribution of metabolite “pro-
duction” and “consumption” is a key factor limiting effi-
cient production in coculture systems [40]. For instance,
Wang et al. developed an E. coli—E. coli coculture system
for sakuranetin biosynthesis, but low concentration of
the malonyl-CoA, a crucial precursor, limited production
[41]. By adding malonate (the precursor of malonyl-CoA)
to the medium and overexpressing of two heterolo-
gous enzymes involved in malonyl-CoA synthesis, they
increased sakuranetin yield from lower than 10 mg/L in
monoculture to 29.7 mg/L in coculture [41]. Similarly,
Thuan et al. used an E. coli-E. coli coculture system to
produce apigetrin [42]. They knocked out the gene such
as ushA (encoding UDP-glucose hydrolase), zwf (glucose-
6-phosphate 1-dehydrogenase), and pgi (glucose-6-phos-
phate isomerase) to redirect carbon flux, enhancing the
synthesis of UDP-glucose, a key precursor. This optimi-
zation resulted in an apigenin yield of 16.6 mg/L [42].
Additionally, metabolic pathway can be optimized by
selecting enzymes from different sources for cocultured
strains. For instance, Liu et al. employed a three-strain
E. coli coculture system for the biosynthesis of genistein,
a natural plant product with various plant-derived bio-
logical activities [29]. In the study, six different sources
of chalcone synthase (CHS) and four sources of chalcone
isomerase-like proteins (CHILs) were tested to optimize
genistein yield. The combination of EbCHS from Erigeron
breviscapus and PhCHIL from a Petunia hybrid result
in the highest production of genistein and the lowest
byproducts formation [29]. Additionally, for target prod-
ucts of eukaryotic origin, coculture systems incorporat-
ing prokaryotic—eukaryotic or eukaryotic—eukaryotic
interactions may represent a more promising strategy for
optimizing key enzymes functionality [43].

Enhancing the transport of essential metabolites.
Metabolites are typically transferred between intracel-
lular and extracellular environments to maintain cel-
lular homeostasis [44]. Engineering transport proteins
can improve the use of low-cost alternative substrates,
reduce losses of pathway intermediates, and enhance
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the efficacy and vyield of target products [45]. Designing
methods for transporting small molecules is an effective
strategy for improving the performance of coculture sys-
tems. For example, Gargatte et al. combined the amino
acid exporter protein PhpCAT with biosensor-assisted
cell selection to increase the biosynthesis of tyrosine,
a key pathway intermediate [46]. This strategy led to a
96% increase in the production of 4-hydroxystyrene in
an E. coli-E. coli coculture system compared to a control
coculture without the exporter tyrosine [46]. In another
study involving cis, cis-muconic acid (MA) production,
Zhang et al. observed that the most of the precursor of
3-dehydroshikimic acid (DHS) accumulated outside
the cell, suggesting that the intracellular availability of
DHS for conversion to MA was a limiting step [47]. To
improve MA production, they engineered a membrane-
bound transporter, ShiA, to transport DHS into the cell,
significantly increasing the yield of MA [47].

Enhancing performance by modulating

the internal and external environment

Stability and productivity are affected by environmental
factors

The parameters of a coculture systems, such as inocu-
lation timing, carbon sources, temperature, pH, light
intensity (only for autotrophy), and other inducers, can
significantly impact the production of individual metab-
olites (Fig. 1C) [48]. Even small changes in these factors
can dramatically influence system performance. Typi-
cally, to accommodate the growth conditions of all mem-
bers in a coculture system, individual strains often must
compromise on their optimal requirements. For example,
E. coli grows best at 37 °C, but in a coculture with photo-
trophic cyanobacteria—producers of carbon sources for
E. coli—the temperature is adjusted to 30 °C to support
cyanobacterial growth. As a result, E. coli’s productivity
is expected to decrease [7, 49]. Similarly, oxygen levels in
the medium affect the growth and production of strains,
especially in systems involving microalgae and bacteria
for H, production [50].

In autotrophic—heterotrophic coculture systems,
reactive oxygen species (ROS) also play a critical role
in affecting cell growth and productivity. While pho-
totrophs provide organic carbon to heterotrophs, the
heterotrophs help phototrophs from oxidative stress,
contributing to their survival and robust growth. This
mutualistic interaction is essential for maintaining sys-
tem stability. Similar findings have been observed in
other autotrophic—heterotrophic cocultures [7, 51, 52].

Spatially structuring within coculture systems can
further stabilize mutualistic cross-feeding [53]. Spatial
organization strengthens local interactions, prevents
exogenous microbes from outcompeting functional
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strains, and improves system resilience to environmental
stresses [54, 55]. Kim et al. used mathematical models to
highlight the significance of spatial structure in bacterial
communities, demonstrating its influence on both sym-
biotic and competitive interactions [17]. For example, in
tri-member coculture of A. vinelandii, B. licheniformis
and P. curdlanolyticus, separating into different compart-
ments transformed their relationship from competitive to
mutualistic [17].

Improving performance by optimizing environmental
parameters and space organization

To achieve controlled fermentation in coculture systems,
as in monoculture, it is essential to establish optimal
environmental parameters (e.g., pH, temperature, oxy-
gen demand) and define acceptable ranges of substrate
and product concentrations [56, 57]. Moreover, the com-
plexity of microbial—whether positive or negative—can
be influenced by the spatial distribution of bacteria [58].
Therefore, adjusting environmental parameters and con-
structing confined spaces to optimize system perfor-
mance are key strategies for improving the stability and
productivity of coculture systems (Fig. 2C).

Adjusting environmental parameters. Early studies have
shown that optimizing fermentation parameters such as
temperature, pH, inoculum ratio, medium components,
inoculation time, and anaerobic conditions plays a crucial
role in enhancing the stability and productivity of cocul-
ture systems [59, 60]. pH, in particular, is a critical fac-
tor affecting cell growth and inducing metabolic shifts
[61]. Strategies for controlling pH—such as adjusting the
phosphate buffer concentrations, maintaining a fixed pH,
or adding exogenous regulators like eggshell biowaste,
have also been shown to improve the stability and pro-
ductivity of many other coculture systems [62—64]. Tem-
perature is another important factor, especially when
coculture members have different optimal temperature
ranges. For example, high temperatures favour E. coli,
while low temperatures favor P. putida. To address this,
enable coexistence and program the community compo-
sition of such systems, Krieger et al. developed a cycling
regime that alternates between temperature conditions,
allowing the two strains to coexist and enabling tunable
control over community composition [65].

Redox levels in the culture medium also impact
coculture stability and productivity. Microbial inter-
actions can alter the redox conditions, which in
turn affects growth and metabolite production.
For instance, E. coli was found to reduce ROS lev-
els under cocultivation conditions, enhancing the
growth of autotrophs in a coculture system with S.
elongatus 2973 [7]. Similarly, Li et al. observed a sig-
nificant reduction in ROS levels in a coculture system
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involving S. elongatus 7942 and S. cerevisiae [66].
These studies revealed that well-designed coculture
systems, particularly those involving photoautotrophs
and heterotrophs, can establish interactions that natu-
rally reduce ROS, contributing to the system stability
and productivity.

Constructing confined spaces. Compartmentaliza-
tion is a key feature of natural systems and a promising
tool for engineering biochemical pathways in both cells
and cell-free environments [67]. By creating confined
spaces through immobilization, the natural microenvi-
ronment of enzymes can be simulated, reducing mass
transfer limitations and enhancing system performance
[68]. For instance, immobilization can boost hydrogen
production, acclimatize bacteria more effectively, and
reduce the lag phase in bacterial cultivation [69]. In a
study by Kao et al., biohydrogen production increased
in an immobilized coculture system consisting of
Clostridium butyricum and Rhodopseudomonas palus-
tris compared to free coculture. Immobilized cell beads
can achieved high cumulative hydrogen production
[70]. Similarly, Izmirlioglu et al. used biofilm reactors to
coculture Aspergillus niger and Saccharomyces cerevi-
siae for ethanol production from potato waste through
simultaneous saccharification and fermentation [71]. A
plastic composite scaffold to supported biofilm forma-
tion, while the hyphae of A. niger provided additional
attachment sites for S. cerevisiae [71]. Under optimal
conditions, ethanol production reached 37.93 g/L [71].

Tools for enhancing the stability and productivity
of coculture systems

Researchers have developed numerous to enhance
the stability and productivity of coculture systems by
focusing on intercellular communication and the envi-
ronmental conditions. These strategies include the use
of genetic circuits, spatial partitioning, and advanced
biotechnological tools to optimize coculture system.

Engineering coculture systems via novel genetic
approaches

Strategies to reduce competition between species,
establish cross-feeding interactions, and enhance the
synthesis of key metabolites were focused on individual
chassis and typically lacked considerations of the inter-
actions between microorganisms, which could result in
less than optimal performance in coculture systems. To
address this, genetic circuits that enable microbial part-
ners to collaborate and respond dynamically to envi-
ronmental changes have been developed to optimize
coculture systems [72].
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Fig. 3 Genetic tools for enhancing the stability and productivity

of coculture systems. A The population proportions were balanced
using biosensor tools; B the expression level of the target gene

was adjusted by the QS signal to the cell density; C the balance
between growth and production was adjusted using computer
monitoring and photosensitivity; D cell growth and production were
regulated using electrical signals

Application of biosensors

Biosensors detect and convert biological signals into
measurable outputs, serving as regulatory tools that
respond to metabolite concentrations and guide cocul-
ture system performance (Fig. 3A) [73]. In a coculture
system, biosensors can serve as regulatory components
that respond to the concentration of target metabolites
and, depending on the specific function of the sensor,
provide different guidelines to regulate the performance
of the coculture system [74, 75]. For instance, Kang et al.
constructed a coculture system using Vibrio sp. dhg and
E. coli to produce 3-hydroxypropionic acid (3-HP) from
alginate [76]. A biosensor sensitive to 3-HP was intro-
duced into E. coli, enabling it to degrade ampicillin in
response to 3-HP production. This modification led to
a 20-fold increase in 3-HP production compared to an
unmodified control system [76]. Similarly, Chacén et al.
developed a hydroxy cinnamic acid-inducible biosen-
sor that responds to ferulic acid and coumaric acid in a
coculture system of Bacillus subtilis and E. coli for the
synthesis coniferol and chavicol from corncob lignocel-
lulose [77]. The biosensor induced enzyme production
in response to these acids, resulting in 173+9.3 mg/L of
coniferol and chavicol without external inducers [77].

Utilization of quorum-sensing
Quorum sensing (QS) is a common phenomenon in
the cell-cell communication process that involves the
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detection of and responses to changes in cell popula-
tion density caused by specific signalling molecules,
such as autoinducer 1 (AI-1), autoinducer 2 (AI-2), and
acylated homoserine lactone (AHL), which regulate gene
expression (Fig. 3B) [78—80]. Several components of the
QS system were employed to enhance coculture system
performance by autonomously regulating population
density. Honjo et al. designed a synthetic QS system to
cascade task execution through cell-cell communication
within the coculture system [81]. When the cell density
of the P-glucosidase-secreting strain reached a thresh-
old, cells lysed and released B-glucosidase. Cellobiose was
then broken down into glucose in the medium, and the
production strain initiated the isopropanol production
pathway by recognizing AHL signalling. The isopropanol
yield of the coculture system was nearly three times
more than that of the single-strain system [81]. Wu et al.
employed a series of combinations of four AHL-based
QS systems (lux, rpa, tra, las) to determine the feasibil-
ity and optimality of these systems, which simultane-
ously involved cell growth competition and cooperative
isopropanol production; subsequently, they constructed a
coculture system for the production of salidroside from
glucose, xylose, and cellobiose using the selected /ux and
rpa systems, with a yield nine times higher than that of
the control group [82].

Application of optogenetics technology

Optogenetics is a novel technique in which light is uti-
lized to control specific genes and proteins by employ-
ing natural and engineered photoreceptors [83]. Since
light can be easily adjusted in both time and space, it
can dynamically regulate microbial metabolic processes
(Fig. 3C) [84-86]. In coculture systems, regardless of
the population ratio and the composition of the culture
medium, engineered strains carrying optogenetic com-
ponents can be dynamically controlled based on the flexi-
bility of light usage [87]. This characteristic also facilitates
easy integration of the coculture system with computers,
enabling visual monitoring and the automatic adjustment
of cultivation processes [88]. Lalwani et al. employed an
optogenetic circuit combined with the MazEF toxin—
antitoxin (TA) system in a coculture system consisting
of E. coli and S. cerevisiae, in which E. coli growth could
be tuned using only blue light to control the popula-
tion composition of E. coli and S. cerevisiae [87]. E. coli
growth was suppressed in the dark through P, expres-
sion of mazF leading to mRNA degradation. E. coli
growth was enabled in blue light through Py expression
of mazE, which ceases expression of mazF and inhibits
MazF. As a result, this coculture system exhibited an 83%
greater isobutyl acetate yield than the control [87].
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Application of electrogenetics tools

In electrogenetics, selective chemicals are utilized to
convert electrical signals into biological signals, initiat-
ing oxidative stress mechanisms within cells to regulate
the population density of a single strain in a coculture
system to control the strain-to-strain ratio or the biosyn-
thetic ability of the strains (Fig. 3D) [89]. By leveraging
electrogenetic principles, genetic tools can be developed
that allow for the modulation of interactions and behav-
iours among cocultured organisms through electrical
signalling or the manipulation of cellular activities. Like
in optogenetics, the controllability and monitorability of
electrical signals can also be integrated with computers
or various sensors to achieve autonomous and automated
processes [90]. For instance, VanArsdale et al. combined
electrogenetics with QS to modulate the production
of tryptophan in a coculture system [91]. The research-
ers used electrogenetics to transform redox signals into
the quorum-sensing autoinducer AI-1, which in turn,
induced a tyrosine biosynthesis in a second popula-
tion [91]. An electrogenetic method was used to stimu-
late AI-1 to actuate the expression of ptsH, increasing
the growth rate of tyrosine-producing cells, and finally
achieving approximately 0.15 g/L of tyrosine [91]. Simi-
larly, VanArsdale et al. employed a combination of elec-
trogenetics and QS to convert electrical signals into AI-1
and control cell lysis through the oxidative stress tran-
scription factor OxyR to regulate population density in a
coculture system [92]. Tschirhart et al. presented a simple
electrogenetic device that employs the native transcrip-
tional regulator SoxR and the promoter P, ¢ to control
cell responses quickly and reversibly and is dependent on
the amplitude and frequency of the imposed electronic
signals [93].

Optimizing coculture systems by spatial partitioning
Beyond genetic modifications, physical methods such
as adjusting inoculation ratios, medium composition,
and environmental conditions (e.g., temperature, pH)
are often applied to optimize coculture systems [94—96].
However, manual adjustments alone are insufficient for
maintaining optimal conditions throughout the process.
Spatial partitioning, which divides microbial popula-
tions into distinct compartments, enhances resource
utilization, alleviates feedbacks inhibition, and reduces
competition, thereby promoting system synergy and per-
formance [1, 97].

Hydrogel encapsulation

Hydrogels, composed of polymers that allow the diffu-
sion of proteins, nutrients, and metabolites while con-
fining microbes, have been used to construct spatially
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Fig. 4 Optimizing coculture systems by spatial partitioning. A
Microcapsule-based spatial arrangement using hydrogels; B 3D
printing technology to form a spatial isolation structure; C separating
different strains using a semipermeable membrane; D using
microfluidics technology to control the contact frequency of strains

segregated microbial consortia (Fig. 4A) [98]. Wang et al.
developed a microcapsule-based method to arrange 34
strains in a stable and controllable coculture system [99].
Weiss et al. encapsulated S. elongatus 7942 in alginate to
increase sucrose export rates and enhance the stability of
its coculture with Halomonas boliviensis, achieving stable
coculture performance for over 5 months [9].

3D printing

More recently, combined 3D printing technology and
material encapsulation for spatial isolation has been
considered a feasible approach for optimizing coculture
systems. 3D printing enables the precise customization
of spatial requirements for any coculture system, which
provides researchers with the flexibility to effectively
adjust microbial population density (Fig. 4B) [100]. Sun
et al. used 3D printing to encapsulate cocultured algae,
achieving heterotrophic growth and flexible spatial distri-
bution [101]. Gao et al. constructed a 3D-printed biore-
actor for lactate production, achieving 13.82 g/L lactate
from 40 g/L microcrystalline cellulose in a coculture sys-
tem [102].

Membrane separation

Membrane separation is typically achieved by using phys-
ical membranes, such as dialysis bags or other materials,
to directly isolate cells, permitting the passage of metabo-
lites while constraining the movement of cells. Another
approach involves utilizing biofilms to establish spatial
ecological niche separation under specific conditions
(Fig. 4C). Xie et al. employed membrane separation to
coculture Cellvibrio pealriver with microalgae, increas-
ing lipid production by 1.7 to 1.9 times [97]. Similarly,
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Shahab et al. used a membrane-aerated biofilm reactor to
create an oxygen-replete niche for cross-kingdom micro-
bial coculture system, demonstrating the advantages of
spatial segregation in lignocellulose processing, such as
regulating oxygen, temperature, light, or pH [103].

Microfluidics

Microfluidics, a high-throughput platform capable of
precise manipulation of microbial communities, has
been employed to optimize coculture interactions
(Fig. 4D) [104, 105]. Wei et al. constructed a coculture
system consisting of Symechocystis sp. PCC 6803 and
Shewanella oneidensis MR-1 in a microfluidic chip, in
which Symnechocystis 6803 utilizing solar energy to pro-
duce O, and organic substrates in the upper layer, while
the S. oneidensis MR-1 utilize O, and organic substrates
to discharge electricity in the lower layer [106]. Without
additional organic substrates, the coculture system gen-
erated self-sustaining current at a density of 6 pA/cm?
approximately 400 times higher than that achieved using
only photosynthetic autotrophs [106]. Liu et al. utilized
microfluidic droplet generators to encapsulate Chlorella
vulgaris and Bacillus licheniformis, resulting in a 62.91%
increase in lipid content in C. vulgaris compared to mon-
oculture [107].

Perspectives and future directions

Developing novel tools for coculture system studies

Due to the presence of two or more different engineered
strains in coculture systems, sometimes involving multi-
ple species, favourable interactions should be considered,
and beneficial metabolic sharing among various mem-
ber strains should be established in the optimization of
coculture systems. The development of novel tools pro-
vides necessary technical support for the construction
of stable and efficient coculture systems and is expected
to offer promising solutions for addressing the chal-
lenges associated with the industrial application of these
systems.

Multiomics technologies. Multiomics analysis could
provide a “global view” of various microbial family
members in microbial coculture systems, increasing the
understanding of the interactions between microbial
members [108—110]. The development of multi-omics
technologies contributes to a greater understanding of
the diversity, functions, and interactions within micro-
bial communities in coculture systems and is crucial for
designing more complex and efficient coculture systems.

High-throughput screening. The “switch”-controlled
fermentation processes used in manufacturing and in
laboratory-scale models can significantly impact the
metabolic state of strains, potentially through interac-
tions with designed or random genetic modifications
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[111]. High-throughput screening techniques provide
opportunities for establishing ideal screening models,
which can contribute to the identification of engineered
strains with robust metabolic capabilities [111, 112]. The
development of high-throughput screening methods that
allow for coculture systems to rapidly assess the synergis-
tic effects and product synthesis capabilities of different
microbial combinations could expedite the design pro-
cess of coculture systems.

Genetic tools. Using synthetic biology and gene editing
tools and methods, fine-tuning the expression levels of
genes, introducing new metabolic pathways, or optimiz-
ing existing pathways can achieve more precise metabolic
engineering of host strains [113, 114]. To further opti-
mize coculture systems, it is necessary to continuously
improve gene editing and regulation tools to precisely
design and adjust the gene expression of microbial com-
munities, achieving specific cooperative relationships
and product syntheses.

Analysing interspecies relationships between microbial
members

Inspection of failed mechanisms can also help inform the
development of future strategies. However, researchers
have not systematically examined why some coculture
systems did not function in the past. Liu et al. established
a coculture system consisting of S. elongatus—E. coli for
isoprene production, achieving an eightfold increase in
isoprene production compared to that of an axenic cul-
ture [115]. The authors also demonstrated that oxidative
stress mitigation pathways might contribute to a long-
lasting fermentation process, which lasts longer than
400 h, as revealed through analysis of differential omics
profiles [115]. Similarly, Ma et al. employed an integrated
proteomics, transcriptomics and metabolomics approach
to analyse the metabolic responses of cyanobacteria to
a heterotrophic partner in an artificial coculture sys-
tem consisting of sucrose-secreting cyanobacteria and
sucrose-utilizing E. coli and demonstrated that the
improved cell growth of cultured cyanobacteria may be
due to synergistic effects, including oxidative stress alle-
viation, enhanced CO, availability and increased sucrose
sink capacity [16]. According to omics analyses, the sup-
ply of phosphate and nitrogen in the coculture system
was insufficient, which informed the optimization of the
performance of the coculture system [16]. The mecha-
nisms operating within coculture systems have been ana-
lysed using multi-omics techniques, alongside strategies
like genetic circuits construction and spatial segregation.
Inspired by these studies, this combined approach may
offer a novel and precise method for optimizing cocul-
ture systems.
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Moreover, despite the application of numerous genetic
circuit tools in coculture systems, an understanding of
the potential benefits of dynamically adjusting these
components over time is lacking, which could limit the
development of reliable gene circuits, especially in large-
scale cultivation scenarios. The integration of Al, high-
throughput screening and synthetic biology technologies
holds great promise for advancing the ability of research-
ers to engineer biological systems with precision and effi-
ciency [116, 117]. Researchers have initiated preliminary
attempts to analyse the effect of gene(s) burden on cocul-
ture systems by constructing a mechanistic mathemati-
cal model describing the three modules and their impact
on the growth of two bacterial species sharing a single
growth compartment [118]. The use of computer simula-
tion and artificial intelligence (AI) technology allows for
real-time modelling and prediction of microbial behav-
iour in coculture systems. Researchers could construct a
metabolic network model of a coculture system to guide
the reconstruction of coculture systems by integrating
and analysing information from metabolic pathways,
metabolic reactions, and cross-feeding relationships of
multiple microbial consortia.

Improving the metabolic balance of microbial members
The microbial population of a coculture system with dif-
ferent physiological attributes can rarely be controlled
simply by using initial conditions because the growth of
each cell is significantly affected by the medium compo-
sition, which changes dynamically throughout the culti-
vation period. The general optimization process depends
on predetermined empirical parameters, which must
be determined through labour-intensive experiments.
However, this approach poses numerous challenges in
industrial applications, especially for coculture systems.
Adaptive laboratory evolution is a crucial approach for
enhancing microbial growth, stress resistance, and pro-
duction efficiency [119]. Synthetic acclimation is pro-
posed to serve as an efficient strategy for improving the
production of diverse value-added biochemicals via arti-
ficial coculture systems. A representative example is the
coculture system consisting of alginate-utilizing Vibrio
sp. dhg and an engineered E. coli strain for the direct pro-
duction of 3-HP constructed by Kang et al. [76]. Via sys-
tematic design, 3-HP production increased up to 4.3-fold
with minimal accumulation of acetate, which was attrib-
uted to changes in the population composition of cocul-
tures based on the concentrations of growth-inhibiting
compounds [76]. All these results provide us with the
insight that constructing gene circuits, combined with
domestication methods, is an effective means of improv-
ing the performance of coculture systems.
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Designing specific bioreactors for coculture cultivation
Microbial growth necessitates suitable conditions in
terms of factors, such as temperature, pH, and gas sup-
ply. For instance, ensuring that a reactor maintains stable
temperature and pH is crucial for optimizing microbial
growth and metabolism. An adequate oxygen supply
must be ensured to meet microbial respiratory needs.
Photoautotrophic microorganisms typically require light
and CO, for photosynthesis, and factors such as the
design of appropriate light sources, light intensity, light
cycling, and ventilation are especially critical for pho-
toautotrophic—heterotrophic coculture systems. This
complexity in designing bioreactors is heightened in
coculture systems, as different member microorganisms
have different requirements. Bioreactors offer precise
control over production conditions such as temperature,
pH, and gas composition, enabling better regulation of
microbial growth processes and consequently improving
the quality and stability of the products [120]. Currently,
there is limited research on the design of bioreactors
specifically for coculture systems. To meet the indus-
trial application requirements of coculture systems, it is
essential to design bioreactors that are specifically tai-
lored to the characteristics of coculture systems to ensure
the stable and efficient operation of these systems.
Immobilized fermentation is a process in which
selected microorganisms are cultivated on a moist, solid,
nonsoluble organic material that serves as both a support
and nutrient source, allowing growth in the absence or
near-absence of free-flowing water [121]. Immobilized
fermentation allows a system to maintain aseptic condi-
tions and meet oxygen requirements for aerobic fermen-
tation and allows for the monitoring of heat transfer and
mass transfer effects and regulation of environmental
conditions to increase growth and yield [56]. Moreover,
immobilized fermentation has become a crucial strat-
egy for enhancing the performance of coculture systems
[122]. This includes optimizing the spatial distribution
of different microbial populations to reduce competition
and antagonistic relationships and promoting collabo-
rative cooperation, thereby improving the productiv-
ity of coculture systems [48]. Additionally, immobilized
fermentation contributes to simplifying the separation
process, mitigating mutual interference from substances
in the mixture [48]. Wang et al. developed a microcap-
sule-based spatial arrangement method using polymeric
microcapsules to construct coculture systems [99]. In
this study, the immobilization of member species within
microcapsules was employed to create coculture sys-
tems, which included a single-species E. coli system, a
two-species consortium containing E. coli and S. cerevi-
siae or E. coli and P, pastoris; a multispecies consortium
containing E. coli, S. cerevisiae and C. glutamicum; and
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a phototrophic—heterotrophic consortium containing S.
elongatus and E. coli [99]. This study inspires us to believe
that designing biological materials for immobilized bio-
reactors may become a strategy to expand the industrial
application of coculture systems.

Although some researchers have employed omics
approaches to explore interactions among member
microorganisms, there have been limited or no efforts to
comprehend the dynamic interactions between member
microbial species. A significant constraint in such studies
is the lack of real-time monitoring systems for coculture
systems. Kim et al. developed a membrane-separated
bioreactor and associated protocols and control strat-
egies to facilitate the quantitative study of coculture
systems [123]. Through the in-house developed cell
retention modules and gas mixing apparatuses, as well
as dual-mode continuous/pseudocontinuous operation,
Kim et al. were able to not only independently monitor
and control the biomass development of each strain but
also independently control the different oxygen utiliza-
tion rate conditions for each strain [123]. Establishing a
real-time monitoring system in artificial coculture sys-
tems to track the growth of member microorganisms,
the accumulation of metabolic products, and other key
parameters will facilitate timely adjustments to opera-
tional conditions, enhancing the stability and yield of
systems.

Conclusions

Artificial microbial coculture systems have gained
increasing attention due to their unique characteristics
and functionalities, often surpassing those of individual
microbial populations. In coculture systems, members
can engage in one-way, two-way, or even multi-way
communication through the exchange of signalling mol-
ecules, detection, and mutual responses [124, 125]. This
mutual coordination ensures the stability of the commu-
nity’s structure and function [126, 127]. By specializing in
distinct tasks, each member enables the system to per-
form complex functions that are beyond the capabilities
of a single strain. However, constructing stable and pro-
ductive coculture systems is far more challenging than
cultivating individual strains, primarily due to the diffi-
culty in maintaining optimal population ratios and strik-
ing a balancing anabolism and catabolism over long-term
cultivation. In this review, we summarized the issues
challenging the stability and productivity of coculture
systems. We also introduce strategies and tools for opti-
mizing these systems for biomass conversion. Finally, we
provided perspectives and future research directions for
coculture systems as novel biosynthetic platforms, laying
a foundation for the development of more sophisticated
coculture systems in the future.
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