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Large language models (LLMs) accelerate the research and design of fermentation microbiome




{: Highlights

O From Transport Limitations to Spatial Niche Design: Reframing spatial heterogeneity
in high-solids fermentation to enable ecological niche engineering through
microenvironmental and resource management.

OFrom Fragmented Omics Data to Reusable Fermentation Knowledge: Integrating
multi-omics, process metadata, and phenotypic information across studies to support
knowledge reuse, cross-system comparison, and predictive fermentation design.

O From General-Purpose LLMs to Domain-Specific Tool Orchestration: Leveraging LLMs
to orchestrate specialized Al models, analytical tools, and computational workflows

for intelligent biomanufacturing.
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Community assembly and spatial niche design
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Figure 1C. Microecological regulation driven by community assembly and spatial niche construction



Cross-system omics integration and knowledge discovery
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Figure 2A. From fragmented omics data to reusable fermentation knowledge
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Al for fermentation microbiome research
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Figure 2B. A hierarchical Al framework integrating large language models and domain-specific models




4{: Summary

[ Spatial heterogeneity is a defining feature of high-solids fermentation and a major barrier to process

optimization and scale-up, requiring a shift from transport-oriented thinking toward spatial niche design.

[ Integrating multi-omics, process metadata, and phenotypic information across studies and fermentation

systems will transform fragmented datasets into reusable knowledge for cross-system learning and

predictive discovery.

0 Multi-layer Al frameworks centered on large language models and domain-specific models will accelerate

causal understanding, predictive design, and intelligent biomanufacturing of fermentation microbiomes.
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