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Abstract

Synthetic biology is undergoing a pivotal shift from single-species engineering to rational design of
synthetic microbial consortia, enabling more complex, efficient, and resilient functionalities. This
transition responds to the growing demand for microbial assemblies with synchronized behavior,
division of labor, and ecological stability for applications in synthetic biology, biomanufacturing,
bioremediation, and living therapeutics. The current single-species-centric paradigm cannot fully
capture the emergent properties of microbial communities, such as temporal coordination,
interspecies communication, ecological interactions, and niche specialization. Unlocking the full
potential of multicellular synthetic biology therefore requires a fundamentally new design
framework. In this perspective article, we introduce the symphony metaphor as a conceptual
framework for engineering synthetic consortia, where microbes act as individual musicians,
communication pathways as notes, genetic oscillators as rhythm, and artificial ecological dynamics
as harmony, conducted through the integration of computational and experimental approaches. We
synthesize advances in four interconnected areas: microbial communication as the language of
microbial ensembles; oscillatory modules for temporal synchronization; synthetic ecology for stable,
niche-specialized communities with controlled population size; and integrative modelling
frameworks that unite metabolic and ecological design. We also outline future priorities, including
modular and scalable engineering toolkits, real-time monitoring with feedback control, structural
elucidation of signaling molecules, process-scale strategies for industrial deployment, and the
creation of dedicated software platforms for designing multi-microbial systems. This framework
aims to reshape synthetic biology to better address the complexities of multicellular systems,
enhancing the rational design of synthetic microbial consortia for applications in sustainability,
health, and industry.

Keywords: synthetic biology; synthetic microbial consortia; synthetic ecology; interspecies
communication; genetic oscillators
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1. Introduction: From Unicellular to Multicellular Synthetic Biology

Synthetic biology has evolved from its early focus on the engineering of single microbial species
into a broader, more ambitious discipline that aims to design and control complex, multicellular
systems [1-6]. The formative years of the field were dominated by model chassis such as Escherichia
coli, Corynebacterium glutamicum, Bacillus subtilis, Saccharomyces cerevisiae and Pichia pastoris, which
provided tractable platforms for developing foundational genetic circuits, biosensors, and metabolic
pathways [2,7-10]. These monoculture-based systems were instrumental for proof-of-concept
demonstrations and for establishing the design-build—-test-learn framework [7]. However, they could
not reproduce the emergent behaviors and ecological interactions that define microbial life in natural
environments [11,12]. Current biological synthetic processes, therefore, usually rely on fully sterile
conditions and liquid feedstocks, making them costly and far removed from “real-life” microbial
ecosystems such as those underpinning food industry fermentations (e.g., beer, cocoa, wine, kimchi,
or citric acid production).

In nature, microbes rarely exist in isolation. They form self-organized communities whose
functionality arises from competitive and cooperative interactions, including syntropy, cross-feeding,
and mutualism [11,13]. Reproducing these properties in engineered systems requires moving beyond
monoculture engineering toward the rational design of synthetic microbial consortia [3,5,11,14]. Such
consortia can be tailored to perform complex, distributed tasks through mechanisms that are difficult
or impossible to encode within a single organism. The demand for these systems is rising across
diverse fields: in biomanufacturing and synthetic biology, division of labor reduces metabolic burden
and increases yields, and can improve gene (cluster) integration and genetic stability; in
bioremediation, cooperative degradation pathways enable the breakdown of complex pollutant
mixtures; and in living therapeutics, engineered communities can deliver drugs, modulate immunity,
or restore microbiome balance, outperforming single-strain probiotics [1,5,6,14-20].

Designing synthetic consortia with predictable functionality remains a major challenge. These
systems must integrate multiple layers of control (Figure 1), including precise microbial
communication, robust temporal synchronization, and stable ecological structuring, while also being
guided by predictive modelling that captures both metabolic and ecological dynamics, including
metabolite transport and kinetics between the species or strains [3,5,11,14]. Figure 1 presents this
vision and summarizes four fundamental objectives for the development of synthetic consortia
synchronized with predictable functionalities: (i) optimizing microbial communication through high-
precision quorum sensing systems, (ii) achieving precise temporal synchronization through genetic
oscillators, (iii) simulating and stabilizing ecological interactions that promote coexistence and
functional division of labor, and (iv) designing microbial communities based on integrative in silico
models.

Synchronized synthetlc consortla with predictable functlonallty

Figure 1. Conceptual roadmap for engineering synchronized synthetic consortia with predictable functionality.

Schematic representation of the four foundational pillars of rational synthetic consortia design: (i) interspecies
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communication via finely tuned quorum sensing networks; (ii) temporal synchronization through oscillatory
genetic modules; (iii) ecological stability achieved through niche partitioning, resource sharing, and keystone
species; and (iv) predictive computational modelling that integrates metabolic and ecological parameters. Icons
represent microbial cells, molecular signals, rhythmic oscillations, ecological interaction networks, and in silico

modelling interfaces.

This combination of communication, timing, ecological harmony, and computational integration
defines the frontier of multicellular synthetic biology. This perspective article aims to advance that
frontier by introducing the symphony metaphor as a conceptual framework for designing synthetic
consortia, examining recent progress in quorum sensing, temporal synchronization, synthetic
ecology, and integrative modelling, and outlining future priorities to enhance the rational design of
multi-microbial systems for applications in sustainability, health, and industry.

2. From Circuits to Symphonies: A Paradigm Shift

From its inception, synthetic biology has been guided by metaphors that both defined its
conceptual boundaries and inspired its methodologies. In its early days, the field drew heavily on the
analogy to electronic circuits, with genes envisioned as interchangeable parts, promoters as switches,
and regulatory networks as logic gates [21,22]. This metaphor helped create a structured design
language, simplifying complex cellular processes into standardized, modular units. It enabled
predictability and modularity in single-species systems, but its linear and deterministic logic
mirrored the behavior of isolated devices more than the complex and adaptive dynamics of living
communities [21,23,24].

As the scope of synthetic biology expanded to encompass multi-species systems, the circuit
metaphor began to show its limitations. While effective for describing controlled processes in isolated
chassis, it fell short in representing the bidirectional feedback between species, the adaptive plasticity
of microbial ecosystems, and the emergent properties that arise only in the context of community life
[11,13,25]. Addressing these complexities requires a novel conceptual framework that captures
diversity, coordination, and adaptive stability, qualities that are difficult to convey through the rigid
imagery of electronic wiring diagrams. In this regard, we propose the symphony metaphor as such a
framework for engineering synthetic microbial consortia. In this analogy, diverse microbial species
act as specialized musicians, each contributing unique metabolic capabilities and ecological roles.
Their interactions are coordinated through molecular "notes" and "rhythms", such as interspecies
communication networks (including quorum sensing, quorum quenching, and metabolic cross-
feeding) together with genetic oscillators. These oscillators provide a shared temporal framework,
aligning the activity of different community members in recurring cycles and thereby preventing
desynchronization that could disrupt collective performance.

Ecological stability emerges as harmony, achieved through niche partitioning, resource sharing,
spatial partitioning and three-dimensional structuring (e.g., biofilms), as well as population size
control and the mitigation of competitive exclusion. Overseeing these dynamics is the conductor,
embodied by integrative modelling frameworks such as constraint-based modelling approaches and
consumer-resource models (CRMs), which not only guide design choices and optimize interactions
but can also act as composers, rationally engineering new ensemble arrangements to ensure the
collective output remains balanced and functional over time. Figure 2 illustrates the conceptual shift
from circuits (logic—linear, deterministic,c and chassis-bound) to symphonies, where diverse
microbial ‘musicians’ coordinate through communication, rhythm, and ecological harmony under
the guidance of integrative modelling.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. From circuits to symphonies: a paradigm shift in synthetic biology. Conceptual illustration contrasting
the reductionist “circuit” metaphor with the proposed “symphony” paradigm. Left: the circuit view emphasizes
isolated, linear processes, where electronic components (switches, gates, and modules) are mapped onto single-
cell functions such as proteins, biochemical reactions, and metabolic pathways within a microbial chassis. Right:
the symphony view highlights coordinated, multi-species design, where microbes function as an ensemble.
Visual metaphors represent key principles: Microbial communication as “notes,” genetic oscillators as rhythmic
synchronization, division of labor as modular arrangement, and ecological dynamics as harmonic balance
between cooperation and competition. A conductor figure symbolizes integrative modelling frameworks,
guiding the system through an in silico-experimental iterative cycle. The figure illustrates the conceptual
transition from single-species, circuit-based engineering toward ensemble-level, ecologically informed synthetic

design.

This metaphor aligns naturally with the emergent properties observed in both natural and
synthetic communities. Just as an orchestra produces music that transcends the sum of its
instruments, microbial consortia exhibit functionalities such as robustness, adaptability, and division
of labor that cannot be reduced to the performance of an individual species [11,13,26-28]. Far from
being purely aesthetic, the symphony metaphor maps directly onto the design principles explored in
the following sections: Microbial communication (Section 3) defines the informational vocabulary for
coordination, genetic oscillators (Section 4) set the tempo, ecological interactions (Section 5) sustain
harmony, and integrated modelling (Section 6) balances metabolic potential with ecological
constraints.

Metaphors have long-shaped scientific paradigms [29,30]. The electronics analogy (see above)
provided a scaffold for early synthetic biology, just as the ancient concept of musica universalis (“music
of the spheres”) portrayed the cosmos as a harmonious orchestration of celestial motion, an idea later
refined by Johannes Kepler in Harmonices mundi to express the mathematical proportionalities of
planetary orbits [31]. Likewise, modern neuroscience often uses the “neural orchestra” metaphor,
where different brain regions coordinate like sections of an orchestra to produce coherent cognitive
function [32]. By adopting the symphony metaphor, we aim to shift the emphasis from isolated circuit
logic to coordinated ensemble performance, prioritizing coordination over isolation, diversity over
uniformity, and adaptive balance over rigid control. This reframing enables multicellular synthetic
biology to confront the interconnected challenges of sustainability, health, and industry by designing
systems that function as living, evolving performances rather than static devices.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Microbial Communication: The Language of Microbial Symphonies

Interspecies communication has emerged as a central design principle in synthetic biology, with
quorum sensing as one of the most versatile systems. Quorum sensing is a signalling process that
coordinates collective microbial behavior within and between species, through a multilayered
regulatory architecture that couples small-molecule autoinducers with transcriptional regulators and
post-transcriptional checkpoints [33-36]. Recent advances have refined classic LuxI/LuxR-type
modules, expanded multi-signal architectures with tunable activation thresholds, and developed
strategies to directly couple quorum sensing nodes to metabolic outputs, enabling precise control
over community-wide phenotypes [11,37-47]. The repertoire of channels has broadened beyond
canonical acyl-homoserine lactone (AHL) systems to include peptide-based signaling and hybrid
hierarchies, offering orthogonal modes of coordination for complex consortia [33,37,41-43,45,48,49]
(Figure 3).
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Figure 3. Microbial communication: the language of microbial symphonies. Infographic and comparative table
of quorum sensing (QS) and quorum quenching (QQ) systems relevant to synthetic consortia. Top panel:
representative QS systems (AHL-based, Al-2-based, peptide-based, fungal QS, and synthetic analogs) are
presented along with their key attributes (orthogonality, stability, diffusion range). Bottom panel: comparative
summary of natural producers, engineering applications, advantages, and limitations. The figure highlights QS

and QQ channels most suitable for the design of microbial consortia.

Counterbalancing these activating circuits are quorum quenching mechanisms, mediated by
enzymes such as acylases, lactonases, and oxidoreductases, which degrade or modify signaling
molecules to disrupt communication channels [50] (Figure 3). Quorum quenching has been applied
in synthetic contexts to reduce crosstalk, prevent overactivation, and stabilize population dynamics
by dampening runaway feedback. Synthetic circuits employing quorum quenching analogues
illustrate how inhibitory channels can be integrated alongside activating ones, creating bidirectional
“dialogues” within consortia [51].

Together, quorum sensing and quorum quenching form a dynamic molecular language of
activation and inhibition. Yet engineering them for predictable functionality faces persistent
challenges. Crosstalk between homologous regulators can blur signal specificity, host metabolism
introduces background noise, and environmental variables such as pH, ionic strength, light (e.g.,
UVA radiation[52]), or enzymatic turnover alter activation, diffusion and degradation rates, shifting
activation thresholds [40,41,45,53]. In structured environments, uneven spatial distribution and
growth heterogeneity can desynchronize population-level responses. Overcoming these constraints
requires designs that incorporate insulation and feedback, as well as spatially aware placement of
signal senders and receivers. Recent strategies to improve precision include the use of insulated
promoters and engineered receiver specificity to suppress crosstalk, feedback controllers to sharpen
activation thresholds, and spatiotemporal patterning such as growth-phase-gated oscillators to
maintain coherence [11,33,39—44,46,47,54,55]. Multi-channel systems with differential sensitivities can
establish hierarchical programs that unfold in stages, enabling reliable division of labor and phase-
separated bioprocessing [33,39,43,44,49,56,57].

Beyond bacterial systems, new opportunities lie in the quorum sensing and quorum quenching
chemistries of fermentative yeasts. These channels could provide orthogonal signaling with distinct
stability and diffusion profiles in acidic, nutrient-rich fermentations, contexts where bacterial signals
often underperform [43,58-60]. These studies suggest the feasibility of porting yeast-derived
signaling into synthetic circuits, yet systematic discovery, characterization, and standardization
remain largely untapped. Another emerging frontier is the design of chemically modified
autoinducers to expand quorum sensing functionality. Tailored modifications can alter sensitivity,
dynamic range, and degradation kinetics, enabling finer tuning, multiplexing, and interference-
resistant coordination [46,56,57,61]. Where natural chemical space is limited, customized synthetic
quorum sensing analogs could create entirely new orthogonal channels [62-64], ideally even
controllable by an external stimulus. A valuable resource in this context is the Quorumpeps®
database (https://quorumpeps.ugent.be/search/), which catalogues the chemical space, microbial
origin, and functional diversity of quorum-sensing peptides [65]. Beyond serving as a reference
library, such datasets provide a foundation for rational design of custom-modified peptides and can
be mined with machine learning tools to explore novel functional variants and expand orthogonal
quorum sensing channels.

Nevertheless, quorum sensing and quorum quenching are only part of the ensemble. Microbial
consortia also communicate through metabolite cross-feeding, contact-dependent signaling, and
environmental sensing. Exchange of amino acids, vitamins, or other intermediates creates mutualistic
couplings that stabilize composition and enhance population evenness [66—68]. Engineered amino
acid cross-feeding in bacterial consortia, for example, has been shown to buffer competitive exclusion
and reinforce robustness even in complex environments such as the mammalian gut [66]. These
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exchanges act as a complementary layer of molecular “notes” expanding the score beyond canonical
signaling molecules.

Within the symphony metaphor, interspecies communication supplies the “notes” that score
community-wide programs. Distinct channels orchestrate specific roles such as switching between
biofilm and planktonic states, partitioning metabolic labor, or synchronizing production phases
across species [11,33,37,39,42,46,47]. In biofilms, graded-to-binary quorum sensing and quorum
quenching responses regulate matrix formation, stress tolerance, and dispersal timing, aligning local
microenvironments with the needs of the larger community [33,40,41,54,69,70]. When linked to
pathway branches, different quorum sensing modules can allocate upstream precursor synthesis to
one population and downstream conversion to another, reducing metabolic burden and improving
yield stability under fluctuating conditions [33,35,37,39,41,42,46,48,56,57,71,72]. Through feedback
loops and spatial organization, microbial ensembles can also “improvise” in response to
environmental fluctuations, much like an orchestra adapts to subtle changes in tempo or acoustics.

Looking forward, the challenge is to enrich this repertoire. Moving beyond classic bacterial
models, future work must explore the diverse communication chemistries of fungi, yeasts, and
archaea, while also developing synthetic analogues that resist interference and expand the functional
space of signals. By integrating natural diversity with designed molecules, synthetic biology can
compose richer and more interference-resistant communication networks. Mastering this expanded
molecular language will transform microbial consortia into true symphonies, capable of precision,
adaptability, and resilience in real-world applications.

4. Temporal Synchronization: Setting the Rhythm of Microbial Symphonies

Temporal synchronization in synthetic consortia is orchestrated by oscillatory genetic modules
that periodically modulate gene expression, metabolic fluxes, or intercellular signals, generating
predictable cycles of activity [14,33,40,73-75]. These modules, ranging from repressilator-based
circuits to coupled quorum sensing oscillators, act as rhythmic scaffolds that align the activities of
distinct community members. In multi-species settings, oscillators can be programmed to control
production phases, synchronize stress responses, or trigger sequential activation of biosynthetic
pathways, ensuring coordinated function even across spatially separated populations [14,54,74,76—
79].

Maintaining stable rhythmicity under real-world conditions remains a central challenge.
Oscillatory genetic modules typically operate on relatively fast timescales (ranging from minutes to
a few hours) whereas environmental fluctuations in temperature, nutrient availability, pH and other
factors often unfold over much longer periods (hours to days). These mismatched frequencies can
desynchronize population-level rhythms, as slow environmental drifts shift oscillation periods or
distort amplitudes [74,76,80-83]. Designing oscillators that remain robust across both short-term
stochastic noise and longer-term environmental perturbations is therefore essential for predictable
community-level synchronization. In structured environments such as biofilms or packed-bed
reactors, uneven signal diffusion can introduce phase lags between subpopulations. Genetic
instability through mutation or evolutionary drift may gradually dampen oscillatory behavior.
Strategies to address these issues include incorporating negative feedback loops to sharpen phase
transitions, coupling oscillators to environmental cues via multi-signal synchronization schemes, and
adopting noise-resistant architectures that minimize stochastic fluctuations [74,76,80,81].

Several case studies highlight the versatility of engineered rhythmic modules. The original
bacterial repressilator and synchronized quorum sensing loops have been adapted to control spatial
pattern formation, timed metabolite release, and alternating biofilm morphologies [36,79,84-86]. In
bioprocessing, oscillators have enabled “just-in-time” division of labor, where one population
produces precursors during the high phase and another converts them during the low phase,
reducing metabolic interference [27,84,87-89]. Other advances include temperature-gated oscillators
to coordinate fermentation steps and light-responsive modules that synchronize photosynthetic and
heterotrophic partners in mixed consortia [48,90,91]. These examples demonstrate how oscillators
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serve not only as abstract timing devices but also as practical controllers of spatial organization,
metabolite flow, and cooperative behavior. Figure 4 illustrates how oscillatory genetic modules act
as a metronome, aligning diverse microbial populations to shared rhythmic cycles that sustain
coherence and coordinated outputs. The figure highlights the key oscillator types (i.e., repressilators,
quorum sensing-based circuits, and environmentally gated modules), and links them to practical
applications such as division of labor, biosynthetic sequencing, and stress-response synchronization.

Key Applications

e Just-in-time division
of labor
¢ Sequential activation
] 4 of biosynthetic
BIOLOGICAL PACEMAKERS |  pathways
¢ Synchronization of
stress responses

REPRESSILATORS

gene
expression
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Figure 4. Temporal synchronization: setting the rhythm of microbial symphonies. Conceptual representation of

oscillatory genetic modules as temporal regulators in synthetic consortia. Multiple microbial populations align
to a common metronome and harmonized waveforms, symbolizing synchronized gene expression cycles.
Representative oscillator types include repressilator loops, quorum sensing-based oscillators, and modules
gated by environmental cues. A side panel lists key applications: just-in-time division of labor, sequential

activation of biosynthetic pathways, and synchronization of stress responses.

Within the symphony metaphor, temporal synchronization functions as the metronome that keeps
every microbial “musician” in time. In this symphony, interspecies communication not only provides
the “notes” but also interacts with genetic oscillators and feedback loops to set the “rhythm”,
coordinating the timing of gene expression and metabolic activity across the community. Rhythmic
alignment prevents discordant activity that can waste resources or destabilize the community. A
consortium whose oscillators drift out of phase resembles an orchestra losing its tempo, with
coherence and performance rapidly degrading. Robust temporal control therefore becomes essential
for predictable multicellular behavior. Achieving it will require integrating oscillatory modules with
feedback regulation, multi-signal coupling, and ecological context, enabling synthetic communities
to sustain a stable rhythm that withstands environmental variability while maintaining coordinated
function over time.

5. Synthetic Ecology: Ecological Dynamics as the Harmony of the Symphony

Ecological stability denotes the capacity of a community to maintain its structure and function
through time, encompassing persistence, resistance to perturbations, and resilience in recovering
from disturbances [92]. In practice, stability emerges from the dynamic balance of competitive and
cooperative interactions, often reinforced by niche partitioning, where populations specialize in
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distinct metabolic roles or environmental microhabitats. In engineered systems, stability also
depends on controlling not only which species are present but also their relative abundances. Just as
orchestras balance entire sections of violins against a single piano, synthetic consortia require fine-
tuned population ratios to avoid dominance or collapse. Spatial partitioning and three-dimensional
structuring (e.g., biofilms, encapsulation, microcompartments) further define where each microbial
“instrument” is placed within the ensemble, shaping diffusion, nutrient access, and contact-
dependent interactions. Such strategies reduce direct competition, enhance functional diversity, and
buffer communities against destabilizing perturbations [93]. Importantly, stability is not solely a
product of pairwise relationships but often arises from higher-order interactions that generate
emergent properties beyond the sum of individual components [94-96].

Building on ecological theory, recent advances in synthetic ecology have applied tools from
metabolic engineering, model-guided design, and directed evolution to construct microbial consortia
with predefined and stable interaction architectures [38,94,96-101]. These efforts translate abstract
ecological concepts into tangible design strategies by reconstructing and modeling distinct
interaction modes (e.g., mutualism, competition, commensalism, interference, exploitation) in
simplified systems, providing a quantitative basis to predict their dynamics [38,94]. Non-transitive
motifs such as “rock-paper-scissors” dynamics can also be intentionally engineered to stabilize
coexistence and prevent dominance by a single strain [94].

Nevertheless, several challenges limit the stability of engineered communities. Evolutionary
escape mutants can erode engineered dependencies, cheaters can exploit cross-feeding or quorum
sensing networks without contributing, and environmental heterogeneity can amplify stochastic
fluctuations that drive compositional drift. Unintended interactions, such as cross-inhibition by
secondary metabolites, may further destabilize networks [99,101]. Moreover, interaction outcomes
are highly context-dependent: relationships cooperative in controlled conditions may invert into
competition or interference under fluctuating resources or spatial constraints [97]. Even cooperative
architectures may collapse due to emergent dynamics, underscoring the need to evaluate function at
the systems level rather than only at pairwise interactions [94].

Addressing these issues requires adaptive ecological scaffolds that integrate genetic feedback
circuits, spatial partitioning, and environmental modulation. Keystone species may serve as
ecological anchors, buffering variability and maintaining coherence even under perturbations [97].
However, overreliance on keystones is risky: their centrality can create bottlenecks, render them
evolutionary liabilities, or shift their ecological roles across environments, ultimately risking
community collapse [102]. Thus, the design of stable consortia must incorporate redundancy and
distributed resilience to avoid overdependence on single nodes. Methods such as auxotrophy-based
dependencies, feedback-controlled kill-switches, or tunable metabolic cross-feeding can actively
regulate consortium composition, ensuring that no strain overwhelms the ensemble [103-106]. These
strategies allow population ratios to be dynamically optimized for specific tasks. Table 1 summarizes
key design principles and challenges in synthetic ecology, illustrating how interaction modes (from
predator—prey dynamics to engineered mutualisms and non-transitive motifs) can be orchestrated
into stable consortia. Just as musical scores specify both harmony and counterpoint, these ecological
scaffolds, combined with spatial partitioning and division of labor, provide the structural framework
for robust microbial symphonies.

Table 1. Design principles and challenges for engineering ecological stability. Key strategies for stabilizing

synthetic microbial consortia, their main limitations, and representative examples.

Design principle Challenges Examples
Feedback circuits regulate predator-prey Population crashes; Predator—prey E. coli with toxin—
oscillations and prevent collapse partner dominance antitoxin kill switches [185,186]
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Mutualism and division of labor enforce

Escape mutants; social

E. coli-S. cerevisine acetate cross-

metabolic interdependence and reduce cheaters feeding; amino acid auxotrophies
competition [187-189]

Competitive balance via negative Ecological drift; Synthetic  bacteriocin =~ modules;
feedback avoids exclusion and stabilizes unintended dominance  programmed toxin—antitoxin
coexistence systems[190,191]

Spatial  partitioning and  niche Loss of redundancy; Microfluidic consortia; structured

specialization buffer direct competition

and enhance robustness

stochastic fluctuations

starter cultures in wine/cheese [192—

194]

Higher-order motifs (e.g. rock-paper- Context dependence; Non-transitive E. coli consortia
scissors)  promote coexistence and collapse under [195,196]

emergent stability fluctuation.

Functional redundancy distributes key Keystone loss; Multi-strain cellulose degradation;

tasks across partners, increasing resilience

cascading failures

trait-based lignocellulose consortia

d0i:10.20944/preprints202509.1416.v1

[197,198]

Parallels to natural fermentation ecosystems provide concrete illustrations of these principles.
During wine fermentation, one of the oldest biotechnological processes known to humankind, yeasts
and other microorganisms grow and interact simultaneously [107]. These interactions are often
physiological and metabolic in nature, occurring either directly through cell-to-cell mechanisms
[108], or indirectly via physicochemical changes in the medium caused by one strain affecting another
[109]. While the wine industry has historically used pure cultures for fermentation, recent years have
seen a shift towards cocultivation strategies. This approach addresses modern challenges such as
reducing alcohol content and enhancing aroma production[110,111]. However, designing a microbial
consortium for wine fermentation is challenging because Saccharomyces cerevisiae is highly effective
in alcoholic fermentation, outcompeting and displacing other yeast and bacterial species that are
dominant in the grape must and at the beginning of the process. Therefore, understanding the
interaction mechanisms developed during multispecies fermentation is important for properly
designing the most interesting combination of yeast strains and species [112]. Nevertheless, a clear
example of division of labour can also be observed during winemaking, as most wines undergo
malolactic fermentation after alcoholic fermentation. During this process, yeast species, primarily S.
cerevisiae, are replaced by lactic acid bacteria, predominantly Oenococcus oeni [113,114]. These bacteria
decarboxylate L-malic acid into L-lactic acid and CO,, a transformation that reduces wine acidity,
softens mouthfeel, and contributes to microbial stability. Beyond deacidification, malolactic
fermentation also generates aroma-active compounds that shape the sensory profile, further
illustrating how sequential microbial succession underpins complementary roles in the overall
fermentation process. In cheese rinds, spatial partitioning and cross-feeding between yeasts and
filamentous fungi stabilize multispecies assemblies, while bacteriocin-producing bacteria
demonstrate competitive inhibition strategies [115]. Cocoa fermentations further exemplify
mutualistic and commensal interactions, where yeasts liberate metabolites that fuel bacterial
succession, echoing synthetic cross-feeding designs [116,117].

Other traditional beverages illustrate similar ecological motifs. Kombucha, for example, is
driven by a naturally assembled, back-slopped consortium of yeasts and acetic acid bacteria (AAB)
embedded within a floating cellulose-based SCOBY (Symbiotic Culture of Bacteria and Yeast). Yeast
invertase hydrolyzes sucrose into glucose and fructose, which are fermented to ethanol, CO,, and
glycerol. AAB then oxidize ethanol to acetic acid and glucose to gluconic and glucuronic acids,
establishing reciprocal cross-feeding and acidification that suppresses competitors. As a cellulose-
producing Komagataeibacter pellicle develops at the air-liquid interface, oxygen transfer becomes
spatially structured, reinforcing niche partitioning between aerobes and facultative fermenters.
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Feedback loops further stabilize the process: low ethanol stimulates bacterial cellulose formation,
while AAB-derived acetic acid can enhance yeast ethanol production, steering succession toward a
sour, low-pH endpoint [118-120]

Kefir offers another example of a structured, cooperative consortium. Kefir grains are gelatinous
starter cultures containing ~108 CFU/g lactic acid bacteria, 100107 CFU/g yeasts, and ~10° CFU/g
acetic acid bacteria embedded in a polysaccharide matrix. Their spatial organization is stratified: rod-
shaped LAB dominate the outer layer, yeasts predominate toward the core, and intermediate zones
contain a balanced mix, creating gradients along the core-to-surface axis. Within the grains, yeasts
and lactobacilli co-grow in balanced proportions, while broader symbioses involving yeasts,
lactobacilli, and streptococci shape both fermentation dynamics and flavor. Yeasts create conditions
favorable for bacterial growth and release metabolites that contribute to the beverage’s organoleptic
profile. Together, bacteria and yeasts form a cooperative metabolic network that sustains lactic and
alcoholic fermentations in parallel [121-123].

More broadly, natural fermented food systems (e.g., wine, cheese, cocoa, kombucha, and kefir)
highlight how sequential inoculation, spatial organization, and metabolite cross-feeding stabilize
consortia and shape functionality [124-126]. A recurring theme is niche complementarity: yeasts,
lactic acid bacteria, acetic acid bacteria, and other microbes occupy distinct metabolic roles, reducing
competition and enhancing resilience [126]. Division of labor, ecological succession, and
complementarity together enable robustness and reproducibility [94,100]. Translating these lessons
into synthetic systems requires identifying key ecological interactions, engineering them into defined
strains, and maintaining them under controlled yet realistic conditions [127]. While heterologous
pathway transfer into microorganisms is now well established, efficient transport of metabolites and
cofactors in and out of cells or organelles remains a major challenge. For example, S-
adenosylmethionine (SAM), an essential cofactor in many pathways that also shows metabolic
toxicity at elevated concentrations, is sequestered in vacuoles by some producer yeasts, making it
inaccessible to partner organisms within a consortium[128-132].

Within the symphony metaphor, ecological design defines not only the harmonic progression
but also the ensemble composition. Some instruments are represented by entire sections, like violins,
while others, such as timpani or piano, play solo roles. Similarly, microbial consortia must balance
population sizes across functions, while spatial partitioning determines where each section “sits” in
the orchestral arrangement. When numbers or placement are mistuned, harmony collapses; when
balanced, the ensemble achieves coherence and stability.

Synthetic ecology can thus be envisioned as the art of composing microbial harmony, a dynamic
equilibrium of diverse, specialized players whose coordinated interactions sustain robust and
predictable functionality. Building and maintaining this harmony will depend on uniting ecological
theory, advanced modelling, and insights from both engineered and traditional systems to create
ecological networks that are resilient, adaptable, and functionally rich. Future progress will require
explicitly incorporating higher-order ecological motifs into design principles. Although pairwise
interactions have long formed the default modeling substrate, emergent higher-order interactions
increasingly appear to dictate collective behavior in complex microbial consortia. Nevertheless, the
debate remains open: in certain contexts, higher-order interactions may promote stability, while in
others (especially when structured) they could undermine or fundamentally reshape community
dynamics [94,133,134]. Equally critical is the development of adaptive monitoring frameworks
capable of tracking dynamics in real time and reshaping scaffolds as communities evolve, ensuring
that higher-order motifs remain functional under changing conditions [97]. Such adaptive monitoring
must ultimately converge with predictive and integrative modelling, as discussed in the following
section.

6. Data Integration and Modelling: The Conductor of Synthetic Microbial
Orchestras
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Model microbial communities or consortia, which provide simplified systems resembling
natural microbial diversity, offer opportunities to investigate population dynamics and understand
the role of community diversity in ecosystem performance. The complexity of synthetic microbial
consortia calls for computational frameworks that unite ecological and metabolic processes into
coherent design tools. Computational models can facilitate the strategic design of synthetic
communities and help forecast behaviours well beyond what can be feasibly tested experimentally.
A diverse set of approaches has emerged, capturing complementary dimensions of community
dynamics [13,15,45,135-143]. These models can be broadly grouped into four categories: network-
based, population-based, individual-based, and constraint-based, each contributing its own “voice”
to the orchestral score of synthetic ecology (Figure 5).

Population-based models
Community dynamics &
interactions I- anava”

\
X2
o
& e
e e€

W0 S e L
o e

'

Network-based models
Taxa & genes =& ?2(.
1 associations ;bé

MODELLING II\IITEG RATION

Constraint-based (‘\-
)

models
Metabolism & Fluxes

Individual-based _
models \;3%%
Cells & Dynamics

-
MODEL FOCUs SCALE STRENGTHS LIMITATIONS
Network-based models  Associations Genes to species Scalable to large sample sizes Based on correlations, not
between taxa or inacommunity mechanistic
genes
Population-based Community Communities/  Simple and widely used; captures Interaction coefficients abstract;
models (e.g. CRM, LVM)  dynamics & Populations temporal dynamics; good for stability  limited to simple stoichiometric or
interactions analysis physiological relationships; simplified
communities
Individual-based models Cells & Single-cell / Captures spatial heterogeneity and Computationally intensive; limited
dynamics spatial population stochasticity; good for scalability; simplified communities
biofilms
Constraint-based Metabolism & Genome-scale to Detailed metabolic predictions; Assumes a steady-state; restricted to
models fluxes community-scale enables cross-feeding design known metabolic pathways; limited

ecological realism

Figure 5. Modelling integration as the conductor of synthetic microbial symphonies. Conceptual illustration of
modelling approaches used to design synthetic microbial consortia. Each model captures a distinct layer of
community dynamics: Lotka—Volterra models (populations and interactions), consumer—resource models
(resources and consumption), constraint-based models (networks and fluxes), and individual-based models
(cells and dynamics). The conductor symbolizes the iterative in silico-experimental design cycle, where
predictions and data are continuously refined to orchestrate stable, productive communities. The accompanying
table summarizes the focus, scale, strengths, and limitations of each modelling framework, highlighting how

their integration enables a global perspective on ecological and metabolic design.

Network-based models analyse abundances of microbial taxa or functions across communities.
Grounded in the assumption that non-random co-occurrence patterns reflect ecological processes,
they can identify potential interactions and core features [144]. Species that co-occur more often than
expected by chance are more likely to share positive interactions, while organisms with high
centrality in network analyses may act as keystone taxa, offering promising candidates for synthetic
consortia.

Population-based models include Lotka-Volterra models (LVMs) and consumer-resource
models (CRMs). LVMs represent population-level behaviour through interaction coefficients that
capture growth, inhibition, and stability patterns, forming the bassline of populations and
interactions [135,145-147]. They have been refined with non-linear feedbacks and environmental
dependencies to improve stability predictions [145-149]. CRMs describe species interactions through
the uptake and transformation of shared resources, predicting coexistence, competitive exclusion,
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and niche differentiation, the rhythmic foundation of resources and consumption [136,150-152].
Modern CRMs incorporate adaptive uptake strategies and variable stoichiometry, reflecting
metabolic plasticity in dynamic environments [136,152-154].

Individual-based models (IBMs) simulate the behaviours of single cells in spatial environments,
incorporating stochasticity, diffusion, and microcolony formation, much like solo voices that capture
the dynamics of individual cells [138,141,142,155]. Increasingly, IBMs integrate mechanistic gene
regulatory networks, coupling intracellular oscillators with spatial diffusion to capture emergent
synchronization [138,141,156].

Constraint-based metabolic models focus on intracellular metabolism at the reaction level. Based
on genome-scale metabolic models (GEMs) and flux balance analysis, they provide the harmonic
detail of networks and fluxes by mapping nutrient requirements, reaction fluxes, and potential
metabolic exchanges [135,137,157,158]. Originally restricted to individual species, they are now
applied at the scale of communities and microbiomes, enabling analysis of metabolic division of labor
and cross-feeding [159-162]. Importantly, their flexibility allows integration of multi-omics data and
experimental observations as “constraints,” refining predictions and improving accuracy [157].

A critical frontier now lies in combining these approaches into hybrid frameworks that integrate
metabolic and ecological variables. Constraint-based metabolic models, based on GEMs, usually
assume steady-state and are therefore static in time, but they can be coupled with dynamic
frameworks to orchestrate synthetic biology applications. Embedding flux predictions from GEMs
into network-based models [163,164], Lotka—Volterra models [165], or individual-based models [166]
enables simulations that account for both intracellular metabolism and interspecies interactions. For
example, Ravikrishnan and colleagues proposed a method that combines GEMs with network-based
analysis to infer all possible pathways between a source and a target metabolite, helping identify
potential nutrient exchanges between organisms [164]. Brunner and Chia integrated constraint-based
models with LVMs to predict probiotic engraftment in gut communities. Bauer, Zimmerman, and
colleagues developed a tool that combines metabolic reaction information from GEMs with IBMs to
simulate growth and interactions in space and time. While powerful, these hybrid models remain
computationally demanding and require estimation of large numbers of parameters, limiting their
routine use. Nevertheless, their critical value lies in supporting the rational design of consortia with
balanced resource allocation, stable coexistence, and optimized metabolic output [135,167,168]. They
also help identify synergistic strain combinations, optimal feedstocks, and environmental conditions
that maximize intended functions [15].

Complementary multi-omics provide the quantitative “score” for this orchestration.
Metagenomics, metatranscriptomics, metaproteomics, and (meta-)metabolomics together trace the
flow of information from genetic potential to realized function, linking community membership to
activity and phenotype. These datasets can constrain and validate models by supplying taxonomic
and functional potential (metagenomics), real-time expression states (metatranscriptomics), realized
enzymatic functions (metaproteomics), and metabolic outputs (metabolomics). Integrated omics
therefore enable data-anchored parameterization and hypothesis testing, reducing uncertainty in
model predictions [169-171]. Translating this integration into practice requires careful bioinformatics
design: selecting omics layers matched to hypotheses, planning sampling depth and platforms to
minimize bias, provisioning high-performance computing or cloud resources, and applying
statistical frameworks that account for heterogeneity, compositionality, sparsity, and missingness, all
within reproducible pipelines.

The value of modelling integration increases when coupled to iterative experimental validation.
This process can be likened to a conductor refining an orchestra’s performance through repeated
rehearsals. In practice, the conductor is also a composer: iterative model-guided design, experimental
testing, and feedback refinement form the design-build-test-learn cycle. Like a musical score revised
between rehearsals, models evolve with each iteration to compose new arrangements of microbial
interactions. Instruments available to the conductor extend beyond in silico predictions. Real-time
monitoring technologies such as online flow cytometry [172], optical biosensors [173], and Raman
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spectroscopy [174] provide continuous measurements of growth rates, metabolite levels, and
population structures. Feeding these data into models allows dynamic recalibration, turning the
conductor’s role from passive prediction to active adjustment by setting tempo, balance, and
harmony in real time to maintain coherence across the ensemble.

Modelling integration therefore acts as the conductor of the microbial symphony, bringing
together metabolic detail and ecological realism to orchestrate complex, stable, and productive
communities. Figure 5 illustrates these complementary frameworks, their integration, and their
iteration within model-experiment feedback cycles, supported by a comparative table of their focus,
scale, strengths, and limitations. The convergence of static and dynamic models, reinforced by
continuous data-driven refinement, offers a path to designing synthetic ecosystems that are not only
predictable but also resilient and scalable for industrial, environmental, and therapeutic applications.

7. Future Perspectives and Conclusion: The Symphony of Multimicrobial
Synthetic Biology

The shift from single-species engineering to multicellular synthetic biology represents a
profound transformation in the way microbial systems are designed, implemented, and scaled. In
this symphony, engineered microbes act as musicians with distinct capabilities. Their coordination
depends on precise communication “notes”, temporal “rhythms” and ecological “harmony”,
orchestrated through the integration of genetic, metabolic and ecological design principles. This
perspective moves beyond the notion of synthetic consortia as simple aggregates of engineered
strains, instead framing them as coordinated ensembles whose performance depends on interactions
across multiple scales.

Future advances in synthetic consortia design have the potential to address global challenges in
sustainability, health, and industrial biotechnology. For sustainability, distributed metabolic tasks
can optimize biomass conversion, waste valorization, and carbon capture in bioenergy systems
[175,176]. In health, engineered microbiomes may deliver targeted therapeutics or modulate immune
responses with greater stability and specificity than single-strain probiotics [177,178]. Industrially,
cooperative microbial production systems can increase yields, reduce metabolic burden, and enhance
robustness in large-scale bioprocesses [179]. Realizing these possibilities will require modular and
scalable design frameworks that can be rapidly adapted to new hosts, metabolic pathways, and
environments [180], as well as real-time monitoring and feedback control systems capable of tracking
interspecies dynamics and maintaining desired community structures [90,181]. Integration of
structural elucidation tools, ideally such as NMR spectroscopy (yet to become more sensitive vs. mass
spectrometry), will be essential for validating the identity and stability of signaling molecules in situ,
ensuring fidelity in quorum sensing and metabolic coordination [182,183]. Process-scale engineering
must bridge the gap between laboratory-scale demonstrations and industrial deployment, tackling
oxygen transfer, intermediate build-up and metabolite transport, mixing efficiency, spatial
heterogeneity, relative abundances of strains and species, and evolutionary stability in large-scale
fermenters.

A critical barrier to progress lies in the lack of dedicated software platforms for consortia design
[184]. Existing tools have streamlined the engineering of single-organism constructs, but they
generally lack support for interspecies interactions, spatial organization, and dynamic feedback
loops. While some initiatives begin to address aspects of ecological modelling, there is still no widely
adopted environment that integrates genetic circuit design with ecological dynamics and process-
scale simulation. Developing such a resource remains an urgent priority, as it would enable the
predictive design of consortia from the molecular to the reactor scale.

Table 2 outlines the outstanding challenges and priorities that must be addressed for
multimicrobial synthetic biology to mature, mapping the path from current limitations to future
opportunities across communication, synchronization, stability, modelling, and process-scale
translation. The future of multicellular synthetic biology will depend on the ability to integrate
predictive modelling, high-resolution experimental data, and iterative design into a continuous
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feedback loop, in which in silico predictions inform strain engineering and cultivation strategies,
while experimental results refine the underlying models. This process mirrors the work of a
conductor, adjusting tempo, balance, and harmony to maintain coherence across the ensemble. By
fully embracing the symphony metaphor and committing to the integration of communication,
temporal synchronization, and ecological design, the field can produce microbial systems that are
functional, robust, and adaptable to the demands of sustainability, health, and industry. Realizing
this vision will require closing methodological gaps across molecular characterization, process
engineering, and computational modelling, and orchestrating these dimensions into a coherent
discipline of multicellular synthetic biology.

Table 2. Outstanding challenges and priorities in multimicrobial synthetic biology. Key domains where

progress is required to move from conceptual consortia to robust, scalable applications.

Domain Current challenge Gap / limitation Bullet points
Expand chemical space
Crosstalk
Microbial (engineered autoinducers, peptide
Environmental noise Signal instability; lack
communication libraries, bioprospecting);
Undermine of insulated channels
(language) standardize orthogonal systems;
orthogonality
implement real-time monitoring
Temporal Oscillators drift under No robust frameworks Engineer noise-resistant, feedback-
synchronization fluctuations and scale- for multi-signal  stabilized oscillators; embedded
(rhythm) up coupling within ecological contexts
Design adaptive scaffolds;
Ecological Evolutionary escape, Fragile reliance on
incorporate  redundancy and
stability cheaters, shifting  keystones; limited
distributed resilience; monitor
(harmony) keystones redundancy
higher-order motifs dynamically
Fragmented tools No unified platform Develop hybrid frameworks;
Modelling
(GEMs?, CRMsP, across genetic— create dedicated software; link
integration
IBMs¢) rarely ecological-process directly to design-build-test-learn
(conductor)
connected scales cycles
Couple bioprocess engineering
Process-scale Scale-up  introduces
Few validated lab-to- with synthetic design from the
translation heterogeneity, mixing
industry workflows outset; establish microfluidics-to-
(bridge) and oxygen limits

fermenter pipelines

3*GEMs, genome-scale metabolic models; "CRMs, consumer-resource models; <IBMs, individual-based models.
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