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Rational design and paradigm shifts in synthetic microbiomes

TAN Jialin', LI Danning', JIANG Gengbo?, CHAO Yuangqing?®, LIN Qingqi'’, RUAN Zhepu"’,
QIU Rongliang'?

1 Guangdong Laboratory for Lingnan Modern Agriculture, Guangdong Provincial Key Laboratory of Agricultural &
Rural Pollution Abatement and Environmental Safety, College of Natural Resources and Environment, South China
Agricultural University, Guangzhou, Guangdong, China

2 School of Environmental Science and Engineering, Sun Yat-sen University, Guangzhou, Guangdong, China

Abstract: The application of natural microbiomes is limited by their complex composition and
uncontrollable functions, which makes synthetic microbiomes a core direction in microbiome
engineering. Early binary synthetic microbiomes can achieve functional synergy under controlled
conditions, whereas they exhibit poor stability and limited functional persistence in real complex
environments due to their simple metabolic pathways and insufficient ecological redundancy. In
recent years, the research on synthetic microbiomes has shifted from an empirically driven
approach to rational design, achieving significant progress in strain resource acquisition,
construction strategies (top-down, bottom-up, and their hybrid paradigms), and computational tools
(e.g., genome-scale metabolic models). However, current design frameworks still focus primarily
on functional realization, with insufficient attention paid to the long-term stability, system
robustness, and multi-level ecological interactions of communities in complex environments. This
paper systematically sorts out the evolutionary trajectory of synthetic microbiome construction
paradigms and reviews the key elements for enhancing community stability. By establishing a
multi-level metabolic network, this paradigm significantly improves the functional persistence and
ecological robustness of synthetic microbiomes in complex and fluctuating environments. The
future research on synthetic microbiomes needs to further integrate multidisciplinary technologies
to improve the predictability and long-term stability of engineered microbiomes, providing a
systematic theoretical framework and research directions for constructing highly robust synthetic
microbiomes.

Keywords: SuperCC modeling tool;
interactions; ecological coordination

synthetic microbiomes; rational design; metabolic
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Table 2 Core characteristics, advantages, and limitations of different synthetic microbiome construction
strategies

Construction Concept Core idea Basis for construction ~ Advantages Limitations

mode

Traditional Multi-strain Empirical Clear and intuitive Simple operation, clear Ignores interactions,

multifunctional functional combination of

functional traits

nutritional deficiencies mechanisms

(SuperCC), potentiator resistance, locks core

objectives strong competition,
poor stability, prone to

failure

Reduces direct Narrow functional

competition, improves coverage, poor
adaptability to

complex environments

community stability and
controllability

Suppresses “cheater”
strains, enhances target
function output

Competition is hard to
control, imbalance can
cause collapse

High community stability,
strong functional

Complex design,
highly dependent on
continuity, clear molecular multi-omics data and
mechanistic models

Outstanding stress Requires precise
genome-scale models
functions under complex

pollution pressure,

excellent colonization

stability

community stacking single-strain
functions
Narrow-band  Restrict Metabolic Resource utilization
community resource use, specialization,  spectrum
focus on niche
specific differentiation
functions
Competitive Maintain Resource Regulation of
community functional strain competition and competition intensity,
advantage via antagonistic exclusivity
controlled effects mechanisms
competition
Interaction- Maintain Metabolic Metabolic modeling
driven community via  interactions, (GSMMs),
community metabolic cross-feeding compensation for
complementarity
Reinforced- Non- Altruistic Digital modeling tools
strain driven competitive metabolic
community metabolic compensation;  contribution index
secretion, reinforced (PCI), metabolic
maintain strain simulation
community interactions
stability

Sl A AEIEEIC, A E S b A i
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BERY TR N, TR T A E AN, A
Fh A A R 135 S UM S 2 5 A S P
RGHEN . B —LIZE S O B
T HE S A W 2 T A5 S BE IR 3 14 fi7 B
[ 5 T A 25 RS R
24 MR ERFTER: E TR
=189 DHP-Com 3 HEZE

JUERIR DI RE W -H B o ok RAEZ 1%
S 2% SR AT ST E A 10 T AE 4y TS Rk
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Table 3 Summary of strategies for enhancing the robustness of synthetic microbiomes in complex environments

Challenge Engineering Core technology/tool Mechanism of action Expected outcome

dimension strategy

Environmental Microbe- Carbon-based materials Provide physical protection; Improve colonization

heterogeneity ~ material coupled (CBMs), carbon establish direct interspecies success in soil or water;

and system nanotubes, graphene electron transfer (DIET) channels  expand metabolic functional

fluctuations range

Limited Metagenome- MAG:s, culture- Mine functional element libraries ~ Break functional

functional driven design independent modeling, and metabolic pathways of homogenization; introduce

exploration deep learning uncultivable microbes naturally validated stress-

resistance modules

Uncontrolled  Full-process Dynamic flux balance Incorporate temporal parameters;  Enhance prediction accuracy

community dynamic analysis (dFBA), temporal simulate interspecies competition  and precision of

dynamics evolutionary multi-omics and succession under non-steady interventions in real
modeling states environmental communities

High system Integration of INTIMATE technology, Reconstruct long metabolic Reduce construction and

complexity multi-strain modular genetic circuits,  pathways into a single chassis cell ~ operational complexity;
functions into artificial organelles eliminate function disruption
single chassis from inter-strain competition

Metabolic Modular Stress-responsive Dynamically allocate energy (ATP) Maintain growth and target

load balancing adaptation units  promoters, antioxidant/

osmoregulation modules

and reducing power in response to
environmental changes

function stability of
engineered strains under
stress
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