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Unlocking the potential of designed microbial consortia: A
breakthrough for sustainable waste management and climate
resilience
While the global waste crisis is intensifying, we are missing a
crucial opportunity to address this challenge by embracing a trans-
formative approach: engineered microbial consortia have the po-
tential to revolutionize industrial waste management, reduce
greenhouse gas emissions for climate mitigation, and promote a
sustainable bioeconomy.

Greenhouse gas emissions (GHG) from industrial processes pose
a notable threat to planetary health [1]. The need for biotechnolog-
ical solutions specifically targeting CO2 capture and recycling for
bio-based compounds and energy production is clear but far from
achieved [2]. There are one trillion microorganisms with a pange-
nome covering an unspeakable potential of processes. Microbes
could provide a solution to many of the challenges our planet is
currently facing, such as restoring environmental health, substitut-
ing fossil fuels-originating chemicals and products with biomass-
originating ones, enabling regenerative agriculture, restoring
eutrophic water recipients, reducing biodiversity losses, and miti-
gating pollution.

Traditional industrial fermentations, key processes in biotech-
nology, have limitations and cannot deal with complex environ-
ments and inhomogeneous substrates such as wastes and
residues. Biowastes, often incinerated or used for biogas, contain
valuable nutrients like nitrogen and phosphorus that are lost in
the process. By upcycling wastes into valuable products such as bio-
fuels and bioplastics, industries can cut costs and reduce environ-
mental impact at the same time [3]. Nonetheless, organic waste
streams tend to have an inherent complex nature, with consider-
able variations in the concentration of their constituents, making
pure culture fermentations incompatible with residual bio-
resources utilization [4]. Indeed, single-strain fermentations strug-
gle with fluctuating waste compositions, leading to inconsistent
yields and costly process adjustments. As a result, industries are
forced to invest in costly pretreatment processes or face substantial
inefficiencies in waste valorization. For too long, we have relied on
single-strain microbial systems, but these methods cannot compel
with the heterogeneous characteristics of wastes, thus limiting our
actions towards sustainability challenges [5]. Most importantly,
turning organic waste into useful products requires the combined
efforts of different microbial species. This teamwork among micro-
organisms leads to more stable fermentation processes, especially
in environments without oxygen, where microbes produce valu-
able chemicals for industrial processes instead of just growing
more cells [6]. Therefore, anaerobic microorganisms represent the
most promising candidates for advancements in green biotech-
nology. Nonetheless, to address the raised challenges, it becomes
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essential to explore alternative strategies to reach a circular bio-
economy, mitigating environmental impact.

The status quo is untenable. With over two billion tons of waste
generated annually and projected to increase [7], we are at a cross-
roads: either continue to rely on outdated systems or embrace the
transformative potential of designed microbial consortia. What we
need now is a shift in thinking: industry and policymakers should
invest in developing microbial consortia technologies specifically
tailored to handle the variability and complexity of biowaste
streams, which single strains are ill-equipped to manage.

1. The need for tailored microbial consortia

The shift to designed microbial consortia is not just a technolog-
ical upgrade; it is integral to achieving global sustainability goals.
With the potential to considerably reduce GHG and transform in-
dustrial waste into high-value products like biofuels and bio-
plastics, engineered consortia could help industries worldwide
meet climate targets while reducing reliance on finite resources
[8]. Current mixed culture fermentations (MCFs) face challenges
such as instability, metabolic competition, and limited control
over interspecies interactions. Advancing strategies to design and
monitor these communities will be key to their industrial scalabil-
ity. Anaerobic microorganisms can process organic matter without
oxygen, though they often rely on cooperative networks with other
microbes to thrive. Such partnerships help them survive harsh con-
ditions by sharing energy and resources [6]. It is especially for an-
aerobes that internal collaborations are imperatively important,
as they only gain limited energy from their oxidative processes
due to the lack of a strong electron acceptor such as oxygen. There-
fore, sharing energy is necessary for adenosine triphosphate pro-
duction [6]. The collaboration scheme provides resilience,
enabling several cooperative microorganisms to perform the
same reactions and compensate for the potential inhibition of indi-
vidual species, resulting in robust processes based on MCFs [9].
Despite their immense potential, anaerobic microbes are still un-
derused in biotechnology. Overcoming the challenges of managing
these microbial communities could revolutionize waste manage-
ment and drive the bioeconomy forward. Microbial communities
are complex, with different species competing and sometimes
reducing the process's efficiency, making it hard to get consistent
results when turning waste into useful products [10]. Unwanted
microbes can consume valuable materials or take over, preventing
the desired outcomes. A key challenge is our limited understanding
of how these microbial communities function, which makes it
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difficult to control or optimize them for industrial use. This lack of
control can result in incomplete waste breakdown, leading to
inconsistent results and lower efficiency in bioprocesses [11]. To
unlock the full potential of microbial consortia, we need to over-
come challenges in controlling their behavior. By developing tools
to guide these complex communities, industries can turn waste
into valuable products, helping meet climate targets while cutting
downwaste-related emissions. Governments and industries should
invest in pilot projects to test and scale up microbial consortia for
waste management. By accelerating research, developing infra-
structure, and fostering collaboration between industry and
academia, these projects will show how we can make this technol-
ogy work on a larger scale, reducing waste and emissions.

2. A call to action

The anaerobic microcosm is a “treasure trove” representing a
huge reservoir for discovering novel microorganisms, enzymes, or
genetic information to novel ways to transformwaste into valuable
products, helping industries worldwide address waste and reduce
emission [12]. Nonetheless, the design of anaerobic microbial con-
sortia to develop a robust platform for upcycling and valorizing
waste streams still has several unknowns. To develop effective mi-
crobial consortia, we need to identify key microbial partnerships
and exploit their cooperative interactions to ensure efficient and
stable performance [13]. One of the biggest challenges is our
limited understanding of the complex metabolic networks that
allow these microbial communities to function smoothly. However,
mapping these metabolic activities and interdependencies remains
one of the toughest obstacles, as in some cases, microbes have
unique nutritional needs that can only be met by exchanging me-
tabolites with other species [9]. Computational models play a
crucial role in addressing these challenges by enabling the system-
atic analysis of microbial networks, resource allocation, and meta-
bolic fluxes [14,15]. Approaches such as genome-scale metabolic
models (GEMs), flux balance analysis (FBA), and machine learning
provide valuable insights into microbial interactions, allowing re-
searchers to predict community behavior under different condi-
tions and design consortia with improved stability and efficiency
[15]. Recent advances in artificial intelligence demonstrated the
capability to predict microbial communities and key functional
groups in activated sludge [16]. Computational modeling has
been instrumental in identifying keymetabolic exchanges that sup-
port cooperative growth, minimizing competition, and optimizing
nutrient utilization in synthetic consortia. For instance, the combi-
nation of GEMs and FBA can predict how metabolic fluxes shift in
response to environmental changes, guiding the design of consortia
that are resilient to perturbations [15]. Moreover, machine learning
algorithms are increasingly being applied to analyze large-scale mi-
crobial datasets, uncovering hidden patterns of cooperation that
could be exploited for industrial applications [14]. Most of current
research has focused on engineering microbial communication
within Escherichia coli multiple-strains consortia by exploiting
quorum sensing mechanisms [17,18]. The first study developed a
set of synthetic acyl homoserine lactones-receiver devices for
fine-tuned gene expression control in microbial consortia. A soft-
ware tool was designed to pinpoint orthogonal communication
channels to enhance consortia designs [17]. The second study
developed a co-repressive microbial consortium, demonstrating
tunable gene expression based on strain ratio and howQS signaling
governs fluorescence patterns in fluctuating environments [18]. To
design synthetic microbial communities by assembling naturally
occurring microorganisms and exploiting their synergistic interac-
tions, rather than engineering and combining single strains, future
research needs to combine advanced computational models with
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experiments. Understanding microbial interactions enables devel-
oping efficient waste-to-product systems by identifying key ex-
changes, metabolic capabilities, and limitations [15]. However,
computational predictions alone risk overlooking real-world vari-
ability, necessitating laboratory experiments to ensure reliability
and guide future designs. This dual approachdcombining compu-
tational insights with empirical testingdis essential for advancing
synthetic microbial consortia from theory to real-world industrial
applications.

3. Innovation in action: roadmap for sustainable industrial
fermentation

With growing environmental challenges and the urgent need for
more sustainable industrial processes, designed microbial consortia
offer a groundbreaking solution for improving fermentation
methods.We urgently need to shift toward precision-engineeredmi-
crobial communities that can transform waste into valuable re-
sources, helping industries move toward a circular economy. To
achieve this, we first need to identify the keymembers of amicrobial
community that are essential for carrying out the desired process. By
using computational tools, we can better understand how these mi-
crobes work together and what they need from each other to func-
tion efficiently. The combination of omics technologies is used to
discover the full potential of a microbial community by identifying
which species are interacting and which metabolites are exchanged.
This information can be used to predict how they will behave in
different conditions, building GEMs and estimating metabolic fluxes
exchanged with FBA, helping us fine-tune their interactions. From
there, we can design microbial communities tailored for specific
tasks, ensuring that the microbes cooperate effectively to maximize
waste conversion. Using genetic information, techniques like live-
fluorescence in situ hybridization (live-FISH) and FISHeTranscript
Annealing Molecular Beacon (FISHeTAMB) can be applied to isolate
the identified synergistic microorganisms for the specific process
[19]. Once the consortium is established, effort needs to be put
into its stabilization (e.g., 3D-printed gel matrix), which can ensure
the proximity of symbiotic microbes and the stability of the process.
The hydrogel-based printed filamentous structure substitutes the
microbial filaments, known to give a template structure around
which other microorganisms are entangled, and form granules
(Fig. 1). Stabilization is a key challenge in the design of synthetic mi-
crobial consortia. Indeed, while reactor retention can be addressed
through immobilization, maintaining the stability of the consor-
tium's microbial composition requires careful consideration [20].
Although mutualistic relationships can be leveraged to regulate con-
sortium dynamics, this strategy is insufficient for controlling muta-
tions and horizontal gene transfer, which may lead to undesirable
changes in both functional groups and the production of target bio-
molecules [20]. Overcoming this challenge would significantly
enhance the application of engineered microbial consortia. While a
detailed techno-economic analysis is not yet feasible due to limited
commercialization, increased process specificity is known to
enhance yield and economic viability, whereas the lack of process
stability remains a key barrier to large-scale implementation. By
adopting this roadmap, industries can shift fromoutdated, inefficient
methods toward sustainable, precision-driven fermentation technol-
ogies. The broader implications are clear: designedmicrobial consor-
tia enable the full exploitation of biowaste streams, transforming
organic residues into high-value bio-based products such as biofuels,
bioplastics, and biochemicals [21]. This shift will reduce reliance on
finite fossil resources and advance a sustainable bioeconomy. By
turning waste into useful products and reducing landfill use, anaer-
obicmicrobial communities can help lower GHG emissions and even
capture carbon.



Fig. 1. The transition from randomly assembled mixed culture fermentations to tailored microbial consortium fermentations. On the top part, the figure displays the main
drawbacks related to randomly assembled MCFs. At the bottom, the novel approach proposed is depicted. Starting from the characterization of the whole microbial community
considering both biochemical parameters (total volatile fatty acids e TVFA e,chemical and biological oxygen demand e COD and BOD e, total and soluble organic carbon e TOC and
SOC e, total, volatile, and volatile suspended solids e TS, VS, and VSS e, ammonia, phosphates, and sulfates e NH4

þ, PO4
3�, SO4

2� e, and omics analyses (1), computational tools like
genome-scale metabolic modeling e GSMM e, flux balance analysis e FBAe, machine learning eML e are employed to select the species of interest to perform the desired process.
Afterwards, the genetic information is used for isolation by using fluorescence in situ hybridization techniques like live-FISH and FISH transcript annealing molecular beacon eFISH-
TAMB e, retaining the microbial cells alive, and the interacting microorganisms are put together to select the best-performing consortium in a design-build-test-lean cycle (2). The
microbial consortium is then immobilized in a hydrogel matrix (3). Finally, the designed microbial consortium is tested to improve the process's predictability, stability, and ef-
ficiency (4).
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To create a sustainable future, industries must embrace microbi-
al consortia to unlock new levels of efficiency, resilience, and envi-
ronmental sustainabilitydhelping us address the global waste
crisis and meet climate goals. Microbial consortia offer a clear
path toward a greener, more sustainable bioeconomy. The time to
act is nowdbefore we lose the chance to revolutionize the way
we manage waste and protect our planet.
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