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In nature, microorganisms live in multi-species communities
allowing microbial interactions. These interactions are lost
upon establishing a pure culture, increasing the metabolic
burden and limiting the metabolic potential of the isolated
microbe. In the past years, synthetic microbial co-cultivation,
using well-defined consortia of two or more microbes, was
increasingly explored for innovative applications in
biotechnology. As such, interspecies interactions take place
without the complexity of an open mixed culture, minimizing
undesired side reactions. Ultimately, synthetic co-cultivation
allows to take well-characterized microbes ‘off-the-shelf’ to
create ecosystems with improved process capabilities.

This review highlights some of the recent developments on
co-cultivation, focusing on waste-to-chemicals conversions. It
also addresses fundamental knowledge on microbial
interactions deriving from these studies, which is important to
further develop our ability to engineer functional co-cultures for
bioproduction.
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Introduction

The production of bio-based chemicals will play a vital
role in replacing fossil fuels and derivatives, while con-
tributing to closing carbon and nutrient cycles associated
with human activities. Microbes are regarded as promis-
ing catalysts to produce chemicals from renewable
sources. Organic streams (e.g. non-food lignocellulosic
biomass or municipal wastes) or CO, are currently the
preferred sources for biotechnological processes for their
availability and overall sustainability. Common examples
of such microbial-based processes are the conversion of
lignocellulosic biomass to alcohols by solventogenic
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bacteria, or the conversion of municipal wastes to meth-
ane (biogas) by anaerobic mixed communities (anaerobic
digestion) [1]. Conversion of CO, in biotechnological
processes can be performed by cyanobacteria or algae
[2]. Additionally, anaerobic acetogenic bacteria are
recently receiving increased attention to produce alcohols
or organic acids from gases containing CO, (and CO) [3].
Anyhow, conversion of these substrates is challenging for
microbes: lignocellulosic materials due to their rigidity,
and CO; for the high demand of reducing power. Micro-
bial catalysts are traditionally used in the form of i) a pure
culture of microorganisms (i.e. single microbial strains,
natural or genetically engineered) specialized on a
specific conversion, or ii) open mixed cultures (mainly
undefined, naturally occurring microbial communities).
The use of open mixed cultures works well for the conver-
sion of complex substrates to products at the end of the
anacrobic food-chain, such as methane [4], or products that
can be selected by steering process parameters, such as
microbial storage compounds [5]. However, competition
for substrate by different metabolic groups (decreasing e.g.
product specificity) or utilization of the desired (interme-
diary) product in the food chain are common problems in
open mixed cultures approaches (Figure 1). On the other
hand, monoculture production systems offer more control
over the production process but lack the robustness and
resilience of mixed cultures and are prone to contamination
events. In monocultures, genetic engineering is often a
promising approach for improving production of specific
cell metabolites, although it can also have effects on micro-
bial fitness.

In the past years, a new approach for developing microbial
catalysts has emerged that consists of designing and
constructing well-defined consortia of microbes [6]. Syn-
thetic co-cultures are composed of two or more microbes
that form a system where the different players interact,
establishing a reaction network for chemical production
(Figure 1). Co-cultures can be cultivated in ‘one-pot’,
functioning differently than when each microorganism is
cultivated independently (e.g. in a sequential process).
By design, the synthetic co-culture can be formed as such
that the culture has the advantages of microbial mixed
culture interactions but lacks strains that negatively influ-
ence the yield of the process.

Microbial co-cultures for biotech industry

Microbial co-cultures can be used to produce a variety of
products ranging from small molecules, such as hydrogen
or short chain fatty acids, to more energy intense
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Summary of the main traits that characterize (a) open mixed cultures, (b) monocultures and (c) synthetic co-cultures, including possible microbial
interactions. Synthetic co-cultures have traits of both mixed and monocultures. They are relatively simple (i.e. limited amount of microbial species)
and yet display significant robustness and resilience. Like monocultures, the individual behavior of the species in synthetic consortia can be, to
some extent, well-predicted. Metabolic modelling can be applied to describe the microbial interactions involved and to identify opportunities for
process optimization. Complex substrates can rarely be completely utilized by a single microbial strain, which makes monocultures unsuitable for
several biotechnological applications. Synthetic co-cultures can be purposely designed to optimize resource utilization and to promote direct
cross-feeding of intermediates, thereby minimizing the presence of by-products. End-products that require longer pathways can be produced by
exploiting this division of labor. Exchange of public goods strengthens the fitness of the consortia as a whole and contributes to co-evolution, just
as it occurs in open mixed cultures. The latter, though, are inherently much more complex; multiple microbial interactions take place
simultaneously in open mixed cultures, which constantly reshape community composition and product dynamics. In addition, predictability of
open mixed cultures is limited due the technical impossibility of characterizing all microbial species and interactions present. Modularity is a
unique feature of synthetic co-cultures: partners in the consortia can be replaced, added or removed in order to meet the process needs.
Improving robustness and minimizing undesired interactions are targets to realise in synthetic co-cultures to increase their applicability in bio-
based processes.

products, such as wax esters or polyhydroxy-butyrate
(Table 1). Co-cultures can be designed for converting/
producing a specific substrate/product. They present sev-
eral advantages over mono and mixed cultures
(Figure 1) and allow for microbial interactions while being
less complex as mixed cultures. One has to keep in mind,
however, that co-cultures are likely less robust than mixed
cultures, and that some microbial interactions can also
negatively influence some aspects of culture performance
(e.g. parasitism). In this review we will address different
examples of synthetic microbial co-cultures, highlight their
advantages and disadvantages and discuss their applicabil-
ity, mainly focusing on applications to produce chemicals
from waste or other renewable sources.

Direct cross-feeding and division of labor for
more efficient valorization of waste streams

For biotechnological applications, a system is favored that
can convert a cheap, widely available substrate/energy
source (e.g. CO,, complex organic waste, light) into
intermediate metabolite(s) that can subsequently be con-
verted to a higher-value product by sequential and/or
parallel conversions. An example of such a co-culture is
the cultivation of the genetically engineered strain of the
cyanobacterium  Synechococcus  elongatus together with
several bacterial partners [22,23]. The engineered
§. elongatus strain excretes ~85% of its photosynthetically
fixed carbon in the form of sucrose, allowing growth of
sucrose consuming partners for production of, for
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Table 1

A selection of microbial co-cultures, their substrates and their target products. Here only the target product is listed, and in most cases
side products are formed. N.D. not determined, GMO genetically engineered organism

Substrate class Co-culture composition Substrate Intermediates Target products Ref.
Monosaccharides C. acetobutylicum + C. ljungdahlii glucose Ho, acetate, 2,3-butanediol, [7,8%]
acetone, acetoin isopropanol
Gluconobacter oxydans + Ketogulolicigenium  p-sorbitol L-sorbose 2-keto-L-gulonic acid [9]
vulgare
E. coli (GMO) + S. cerevisiae (GMO) xylose taxadiene, acetate = oxygenated taxanes, [10]
sesquiterpenes
C. butyricum, A. bayily (GMO) glucose + oxygen acetate, butyrate wax esters + hydrogen [11]
E. coli K12 + A. bayily glucose acetate biomass [12]
Polysaccharides  Trichoderma reesei + Lactobacillus lignocellulose lactate C3-Cg fatty acids [13°7]
pentosus + Clostridium tyrobutyricum,
Veilonella criceti, Megasphaera elsdenii
C. acetobutylicum + C. celluliticum cellulose pyruvate butanol [14]
C. acetobutylicum + E. aerogenes glucose/ N.D. hydrogen [15]
cellobiose
Shewanella oneidensis + Klebsiella glucose/ lactate electricity [16]
pneumoniae (GMO) cellobiose
Small organic E. coli + E. coli (GMO) glycerol 3-dehydroshikimic muconic acid [17]
molecules acid
G. sulfurreducens + C. pasteurianum glycerol + acetate electron transfer propanediol, butyrate [18]
C. Kluyveri + Methanogen 166 ethanol + acetate hydrogen caproate, methane [19]
E. coli + M. formicicum glycerol formate succinate [20,217]
CO, and CO Synechococcus elongatus (GMO) + B. subitillis, light, CO, Sucrose Polyhydroxybutyrate, [22,23]
E. coli, S. cereviseae, Halomonas boliviensis a-amylase
C. autoethanogenum + C. kluyveri CO, H,, CO, Acetate/ethanol C,4—Cg fatty-acids and [24°,25]
alcohols
C. ljungdahlii + C. kluyveri CO, H,, CO, Acetate/ethanol C,—Cg fatty-acids and [26]
alcohols
M. thermoautotrophicus + CO, H, Ho/CO, methane [27]

C. hydrogenoformans

example, polyhydroxybutyrate (PHB) or a-amylase.
T'his allows for the controlled and efficient production
of a valuable end-product from light and CO,_ Such a
result might be difficult to obtain by genetically modi-
fying Synechococcus alone, as the physiological/genetic
chassis for these specific end-products in this strain
might either be unsuitable or not well enough under-
stood for to be effective. Next to direct cross-feeding,
this co-culture shows another advantage of synthetic co-
cultivation: modularity. By pairing §. elongarus with
different acceptor strains that are suited to produce
specific products from sucrose, there is large potential
for the generation of different end-products from light
and CO,.

Direct cross-feeding and modularity are not the sole
advantages of synthetic co-cultivation. Scavenging of
toxic compounds from the environment by microbes
can be used to create process conditions amenable to
other microbes. An example of this is the growth of strict
anaerobes in co-culture with aerobes, making use of the
high energy yields of acrobic metabolism while simulta-
neously utilizing fermentative aspects of strict anae-
robes. This is exemplified by a co-culture of the acrobic

fungus Trichoderma reesei together with lactic acid bacte-
ria and other different fermentative bacteria, converting
lignocellulose to different end products (propionate,
butyrate, caproate) [13°°]. The authors from that study
exploited biofilm formation, adding spatial organization,
yet another important element of co-cultivation, to cre-
ate a redox gradient in the reactor and benefit from both
aerobic and anaerobic microbial metabolisms. Modular-
ity of the co-culture was used to switch between produc-
tion of butyric acid (Clostridium tyrobutyricum), propionic
acid (Veilonella cricerr) and longer chain acids (Megasphaera
elsdenii). A combination of aerobic and anaerobic micro-
organisms has been tried out before, also as means of
producing ‘energy-intense’ products. An example of this
is the co-culture of Clostridium butyricum with a Actineto-
bacter bayily mutant made deficient in glucose utilization,
enabling production of wax esters from glucose with
enhanced carbon and electron recovery compared
to solely the aerobic process [11]. The strict anaerobic
C. butyricum produced volatile fatty acids (VFAs) and
hydrogen from glucose, while A. bayily utilized VFAs to
produce wax esters and simultaneously deoxidizing the
environment (important for C. butyricum to operate
fermentatively).
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Division of labor, by distributing functions over different
partners, allows microbes to evolve towards a smaller
genome, being energy efficient for the individual strains
and therefore promoting the efficiency of the overall
culture [28°°]. About 98% of the microbes show amino
acid auxotrophy (i.e. inability to synthesize the full spec-
trum of required amino acids for growth), which is seen as
a consequence of co-evolution [29°]. Laboratory evolu-
tionary experiments also show that prolonged co-
cultivation of amino acid auxotrophs resulted in a
metabolic cooperation between the strains where both
partners evolved to produce significantly more of the
exchanged amino acid compared to the initial strains
[30°]. Exchange of metabolites synthesized in different
microbes can take place with both small metabolites and
macromolecules. An example of this is the co-culture of
Clostridium ljungdahlii and Clostridium acetobutylicum [7].
While the products 2,3-butanediol and isopropanol were
not formed from glucose by monocultures, potential
exchange of intermediates (e.g. acetone, acetoin) via direct
cell—cell contact could have resulted in the increased
formation of 2,3-butanediol and isopropanol [7]. Addition-
ally, the same co-culture was shown to perform transfer of
macromolecules such as proteins and RNA, causing the
strains to potentially influence each other’s metabolism
directly [8°°]. Direct cell-cell contact appears to be
required for these molecules to be transferred, suggesting
that the cells physically connect. Observations that cell-
cell contactin some cases is required for a stable culture was
shown before in a co-culture of C. acetobutylicum and Desul-
Jfovibrio vulgaris [31]. D. vulgaris can normally not thrive in
an environment with glucose as sole substrate, but in
conditions where it could physically interact with
C. acetobutylicum it was shown to do so.

Environmental constrains to steer synthetic
microbial co-cultures

As seen in the previous section, cross-feeding and division
of labour are beneficial for microbes and can increase the
overall efficiency microbial metabolism. However,
metabolically active microbes also influence the concentra-
tions of compounds in their environment and, conse-
quently, the thermodynamics and affinity of reactions of
other microbes. A famous example of this is the syntrophic
degradation of fatty acids [32]. Oxidation of these acids is
made possible by generation of a low hydrogen pressure by
the methanogenic partner. A more recent discovery in the
field of syntrophy was the interaction between an Asgard
archeon and a bacterium for the degradation of amino acids,
hypothesized to form a basis for eukaryogenesis [33]. This
syntrophic interaction is theorized to be both dependent on
the removal of hydrogen/formate and the exchange of
secondary metabolites by a bacterium to support anabolism
and catabolism of the archaeon.

Like in syntrophy, the removal or production of intermedi-
ates by non-obligate syntrophic species can alter the
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thermodynamics of certain reactions and, in turn, their
feasibility. This directly influences the end-product spec-
trum and growth characteristics of the overall culture. An
example of this is the co-culture of CO-utilizing acetogens
like Clostridium autoethanogenum and C. l[jungdahlii with the
reverse B-oxidizer Clostridium #luyveri, converting CO to
chain elongated products [25,34]. When growing on CO,
C. autoethanogenum produces acetate and ethanol, acting as
substrates for chain elongation by C. #/uyver:. It was noticed,
however, that the ethanol production in monocultures of
C. autoethanogenum could not have been sufficient to support
the observed chain elongation activity in co-cultures. While
direct electron transfer mechanisms cannot be ruled out, a
follow-up study suggests that C. £/uyveri enhances solven-
togenic metabolism in C. autoethanogenum by lowering the
ethanol concentration in the environment [24°]. Interest-
ingly, C. autoethanogenum shows no changes in gene tran-
scription of its central metabolism, implying that the origin
of the ethanol shift is thermodynamically driven.
"This is supported by findings that claim that the flux trough
gas fermentation metabolism of acetogens is controlled by
thermodynamics rather than gene expression [34,35]. A
similar example of a metabolic shift driven by a non-
syntrophic metabolic interaction is the co-cultivation of
Escherichia coli grown on glycerol together with the for-
mate-oxidizing methanogen Methanobacterium formicicum
[20]. Natively, E. co/i produces mainly ethanol and formate
as end-productof glycerol fermentation, with succinate and
acetate as byproducts. In co-culture with M. formicicum, the
spectrum  shifts to succinate production instead [20].
Additionally, glycerol consumption increased 11-fold in
the co-culture and the growth rate of the culture was
~10-fold higher, suggesting that the accumulation of for-
mate in single cultures of K. co/i is potentially determining
its spectrum of end products. Prolonged cultivation
of this co-culture showed that the yield of succinate could
be further increased to almost twice the initial amounts
compared to non-adapted co-cultures [21°]. Additionally,
the methane vyield in the final cultures increased
significantly.

In contrast to the two cases above, where a significant
amount of intermediates are transferred between the
strains, sometimes only a small push is needed to obtain
a large effect in product shift. An example of this is the
co-culture of Clostridium pasteurianum and Geobacter
sulfurreducens, where G. sulfurreducens donates its
electrons from acetate oxidation to C. pasteurianum
[18]. While during co-cultivation C. pasteurianum only
obtained 0.6% of its electrons from G. sulfurreducens, a
significant shift was observed in its product spectrum:
from butanol and ethanol to butyrate (+38%) and pro-
panediol (+37%).

The product spectrum shifts discussed above pose an
interesting effect of co-cultivation that is challenging or
potentially impossible to achieve in monocultures. Like
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Box 1 Discovering new interspecies interaction mechanisms

C))

Exchange of
nutrients (?)

(b)

Exchange of
proteins and RNA

(c)

Metal

Flagellum

In addition to application in bioprocesses, synthetic co-cultures can
aid in the discovery and elucidation of interspecies interaction
mechanisms. Syntrophic exchange of metabolites, such as H, and
formate, in obligate syntrophic co-cultures is well studied [32,42].
However, other types of interaction can occur that are not so well
explored or even not known. For example, formation of nanotubes (a)
has been documented for several co-cultures, mainly in auxotrophs
[43,44]. The study by Pande et al. [43] suggests the exchange of
amino acids via nanotubes between A. baylyi and E. coli. However,
a recent study [45] shows that Bacillus subtilis forms tubular
structures on their membrane as a postmortem phenomenon,
questioning the role of these structures in species interaction.
Another type of interaction gaining interest recently is cell membrane
fusion (b). This has been serendipitously discovered while studying
co-cultivation, and has shown that this might result in the formation
of persistent hybrid cells [7,8°°]. Similar observations regarding
physical cell-cell contact had been previously reported for co-

during syntrophy, housing these interactions in the same
cell compartment would not allow for the proper intracel-
lular conditions to run two different types of metabolisms
simultaneously.

Mutualism, competition or parasitism
Interactions in microbial communities are strongly
affected by the environment (e.g. medium composition,
temperature, pH), by the microbial diversity in culture,
but also by the experimental set-up. An example of this is
the co-culture of Enterobacter aerogenes and C. acetobutyli-
cum producing hydrogen from glucose or cellobiose [15].
The Thauer limit poses that maximally 4 mol of H, per
mole of sugar can be formed via dark fermentation of
sugars to acetate [36]. However, the co-culture of
E. aerogenes and C. acetobutylicum shows a production of
5.6 mol of H; per mol sugar consumed (~40% higher than
the Thauer limit) [15]. Because of the competitive nature
of these two strains for sugars, initiating the co-culture ata
1:2 ratio (E. aerogenes:C. acetobutylicum) resulted in
E. aerogenes overgrowing the culture, removing the ben-
efits of co-cultivation. Tuning the initial condition to a
ratio of 1:10000 resulted in an efficient co-culture system,
increasing H, yield significantly and decreasing byprod-
uct formation. While this co-culture is probably not stable
for prolonged cultivation, this example shows that pro-
duction processes involving bacteria, that otherwise
would outcompete each other, can be tuned by changing
the initial cultivation conditions.

One might expect that co-cultures that are dependent on
each other’s activity result in more stable cultures over
time. However, some ‘dependent’ co-cultures are not
viable over time when the microbes grow in the same
compartment and lose their stability because of a ‘winner-
takes-all’ behavior of one of the microorganisms. This is
shown by a tri-culture of Azorobacter vinelandii, Bacillus

cultures of D. vulgaris and C. acetobutylicum [31]. Whether this
applies to other species needs to be further assessed. All seems
rather incipient in this field, and it is possible that many other
mechanisms are important. It often occurs that when two organisms
are put together, some yet unexplained interactions take place. This
happened too with the co-culture of C. autoethanogenum and
C. kluyveri developed at our laboratory [24°]. Despite that no
changes were observed in transcripts of central metabolic pathways
of C. autoethanogenum in mono-culture versus in co-culture,
expression of flagella and pili genes by C. autoethanogenum was
significantly higher during co-cultivation (c). If these expression pat-
terns are related to interspecies interaction or cell sensing remains to
be investigated. The expression of electrically conductive pili (e-pili)
has been reported for direct electron transfer in different microbes
[46]. The role of flagella in electron transfer is more controversial [47].
Some authors defend that it mainly facilitates interspecies electron
transfer by allowing the establishment of biofilms and provision of
increased surface area for the anchoring of cytochromes in the
biofilm matrix [48]. In archaea, archaella may have a similar role to
bacterial e-pili, as it has been recently shown for Methanospirillum
hungatei [49].
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licheniformis and Paenibacillus curdlanolyticus depending on
each other for nitrogen and substrate availability [37]. In a
single compartment, this tri-culture was unstable in both
rich (making strains independent) and poor (making
strains-dependent) medium conditions, resulting in a
single strain dominating at the end of cultivation. How-
ever, when applying spatial separation in different cham-
bers connected via channels with the same medium, the
tri-cultures were shown to be viable for all three microbes.
This shows that a thin line exists between competition
and mutualism, and that diversion from one to the other
behavior can be prompted by applying the proper culti-
vation conditions.

Other co-cultures are stable and can be transferred and
sustained over multiple cultivations. In several of these
cases, both microbial partners benefit from the interac-
tion. Examples are the aerobic/anaerobic systems where
the anaerobe profits from oxygen removal, while the
aerobe profits from products produced via fermentative
metabolism [11,13°°]. However, in some co-cultures one
of the strains is strictly dependent on the other but not the
other way around. For example, in the co-culture of
C. autoethanogenum and C. kluyveri [25], the acetogen
has the advantage of having substrate (in this case,
CO) and does not need to adapt to C. #luyveri to survive.
On the contrary, a shift towards more ethanol production
would be energetically less favorable for C. autoethano-
genum and even diminishes its overall ATP yield. This
downside for C. autoethanogenum is also seen back in the
biomass density of C. autoethanogenum, estimated to be
lower in co-culture compared to monoculture conditions
[24°]. As no direct energetic advantage for C. autoethano-
genum appears to be the case in these co-cultures,
C. kluyveri can be viewed as a parasite, profiting from
ethanol production by C. autoethanogenum. On the other
hand, one could argue that some of these thermodynami-
cally driven product shifts are not under the control of the
microbes themselves but are the result of kinetics and
thermodynamic parameters of the microbial metabolism.
For now this leaves the question open on why these
co-cultures are very stable over multiple transfers.

Conclusions and outlook

In the transition to a circular economy, and aiming at
closing carbon and nutrient cycles, it is important to
create innovation in the field of biotechnology. Microbial
synthetic co-cultures are a promising alternative and are
potentially more robust and resilient than monoculture
approaches, while being less complex compared to mixed
culture approaches. Therefore, co-cultures offer possibil-
ities for efficient conversion of complex substrates
towards specific products of interest. In addition to the
in vivo studies reviewed here, there are increasing efforts
to model synthetic co-cultures 7z sifico based on genomic
and/or kinetic data [38-41]. These approaches can shed
light on microbial function and interactions in co-cultures,
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and eventually aid the optimization of these systems. A
microbial co-culture is more than the sum of its parts and,
by combining experimental work and 7z sz/ico simulations,
understanding of the consortia ecology can be acceler-
ated, resulting in further advancing microbial cultivation
technology.

While making use of cross-feeding and division of labor is
the most intuitive approach for the design of synthetic
communities, some microbial interactions such as
competition and excretion of unfavorable secondary
metabolites (e.g. antimicrobials/signaling molecules)
can possibly result in non-optimal functioning of the
co-culture. However, these ‘undesired’ interactions could
also be used to create ‘artificial’ interdependencies to aid
in getting more robust cultures. Negative relations could
be exploited — for example, strains that produce toxins to
kill an undesired contaminant, or a strain that produces
inhibitors of specific metabolic activity by microbes in the
co-culture (or that triggers a certain metabolism).
Additionally, we can likely still learn substantially from
microbial interactions observed in natural obligate syn-
trophic co-cultures and in synthetic co-cultures (Box 1).
In addition to exploring microbial interactions, questions
regarding robustness of co-cultures and effects of pro-
longed co-evolution during application in production
processes remain largely unanswered. These topics will
need to be addressed by future studies to gain further
insight in the applicability of the co-cultures for the
biotech industry.

In the future, synthetic microbial communities for bio-
technology may include hybrid solutions involving native
and genetically engineered microorganisms. The chal-
lenge is to explore directions and implement rules for
designing and constructing effective synthetic microbial
communities that can be applied in biotechnology. These
rules may be related with the adequate selection of
microorganisms for setting-up synthetic microbiomes or
involve genetic engineering of microbial player(s) to
provide communities with key social traits (e.g. effective
mechanisms for electron transfer, inclusion of quorum
sensing pathways, etc.).
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