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Background

A » Extreme environments are defined by one or more harsh
&ﬁ —— physicochemical parameters—such as extreme temperature,
v om0 pressure, salinity, or pH. Typical habitats include hot springs,
polar glaciers and permafrost, salt lakes, acid mine drainage,
Glacier Salt mine and the deep sea.

» Extreme environments host unique extremophiles
distinguished by high novelty and diversity.
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» The genetic diversity of extremophiles represents a rich
resource for bioprospecting, c¢.g., Taq DNA polymerase
and deep-sea PETases.

Acid mine drainage Deep sea



Background

Current challenges

01 Data fragmentation and lack of
standardization
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|51.E Fragmentation impedes integration

Metagenomic data are scattered across global
repositories without unified indexing or retrieval,
making cross-repository integration laborious and
hindering large-scale mining.

@ Inconsistent metadata standards

Inconsistent sample annotations and environmental
metadata, coupled with missing or ambiguous
information, hinder cross-environment and cross-
study comparisons and data mining.

@ 02 Database breadth-depth
imbalance

MGnify offers broad coverage but limited depth in extreme
environments, whereas databases such as 4GDB focus on
specific habitats (e.g., glaciers).

Q@ 03 Sequence-centric resources limits
dark-matter exploration

Existing resources focus on nucleic acid sequences but lack
complementary protein structural information, hindering
the annotation of microbial “dark matter” and the
discovery of novel functional enzymes and biomolecules.




Highlights

Environment types ExMODE's core resources Functional modules
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Standard analysis pipeline

» ExXxMODE integrates 3,518 samples into a unified resource containing 1.35 billion genes, 5.25 million protein
structures, 67,026 MAGs, and 164,132 BGCs.

» ExXxMODE enables integrated sequence-, structure-, and genome-based exploration across five extreme
environments to uncover microbial dark matter.

» Cross-habitat mining of microviridins demonstrates ExXMODE'’s potential for discovering novel BGCs and
valuable natural products.



Analysis workflow
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Standard analysis pipeline
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» Large-scale resource integration: 3,518
samples yielding 1.35 billion genes, 5.25
million protein structures, 67,026 MAGs, and
164,132 BGCs.

» Rich functional dark matter: Most genes lack

database annotations, harboring substantial
potential for novel functions.

» Structure-enabled functional mining: 5.25

million representative protein structures support
structure-guided exploration of uncharacterized
proteins.

» Broad microbial diversity: Many MAGs

remain unclassified at the species level,
revealing potentially novel microbial resources.

» Diverse biosynthetic potential: 164,132 BGCs

span five extreme environments, exhibiting
distinct biosynthetic profiles.

Fig 1. Comprehensive analysis of EXMODE’s
extremophile resources



ExMODE's platform interface and functional modules
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Microviridins belong to the graspetide family and feature a tricyclic
cage structure formed by w-ester and w-amide bonds.

ExMODE identified 51 non-redundant microviridin BGCs across four
extreme environments: hyperbaric (22), thermal (18), cryogenic (8),
and saline (5). Most hyperbaric BGCs did not cluster with known
reference sequences, highlighting the deep sea as a rich source of
uncharacterized BGCs.

Hyperbaric Myxococcota carried additional copies of ATP-grasp
ligases, potentially linked to pressure adaptation. Thermal
Chryseobacterium contained multiple precursor-peptide genes,
whereas cryogenic Archangium and saline Hormoscilla BGCs
retained more typical biosynthetic architectures.

Fig 2. Cross-habitat distribution and phylogenetic analysis of microviridin



Summary

1 ExMODE integrates microbiome data from five extreme environments, providing
multidimensional resources spanning genes, protein structures, MAGs, and BGC:s.

L The database enables interactive searches of gene/protein sequences, protein
structures, genomes, and BGCs, supporting cross-environment comparisons and

functional mining.

[ A cross-environment mining of microviridin BGCs demonstrates EXMODE’s
potential for natural product discovery.

L Website: https://db.genomics.cn/exmode/
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