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Abstract

Microbial culture collections play a crucial role in the collection, maintenance, and distribution of quality-assured living microbial strains, along
with their associated phenotypic and omics data. To enhance the find-able, accessible, interoperable, and re-usable (FAIR) data utilization of
microbial resources, the World Data Center for Microorganisms (WDCM) has developed the Global Catalogue of Microorganisms (GCM) and
the Global Catalogue of Type Strains (gcType). These platforms provide interactive interfaces for cataloging the holdings of collections, along
with detailed annotations of type strain genomes and curated metadata, including ecosystems, growth conditions, and collection locations.
The system maximizes the scientific impact of microbial resources and culture collections through an integrated data mining tool that links
strain- and species-related information from various public resources. Currently, the GCM and gcType include 574 422 strains from 154 culture
collections across 51 countries and regions, along with 25 980 genomes from type species. Additionally, 2 702 655 articles and 103 337 patents
are integrated with these microbial resources. The system supports microbial taxonomic research and provides evidence for implementing the
Nagoya Protocol in the field of microbial resources and their digital sequence information (DSI). Access is freely available at gcm.wdcm.org and
gctype.wdcm.org.
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Introduction

Microbial culture collections are established to preserve a di-
verse range of microbial species worldwide. They play a vital
role in providing authentic material for research, agriculture,
medicine, and industry. Ensuring high-quality material along-
side associated phenotypic and omics data is one of the pri-
mary responsibilities of culture collections, serving as modern
microbial biological resource centers (mBRCs) (1).

The World Data Center for Microorganisms (WDCM) ini-
tiated the Global Catalogue of Microorganisms project and its
database (gcm.wdcm.org) in 2012, starting with a demo ver-
sion involving 20 collections. The full-scale project has since
opened to the entire WFCC culture collections community,
maximizing visibility and promoting data access according to
the FAIR principles. As of August 2024, the number of par-
ticipating culture collections has reached 154. The updated
version of GCM and its partner databases aim to offer new
functions to accommodate the ongoing development of cul-
ture collections, address growing demands for integrated data,
evaluate contributions to the community, ensure compliance
with the Nagoya Protocol for benefit sharing, and connect
with industry (2).

One of the most important resources in culture collections
is type strains. The taxonomy of prokaryotes has evolved from
phenotype-based classification to polyphasic methods, ulti-
mately leading to genome-based taxonomic approaches (3).
Since 2018, genome sequence data have been required by the
International Journal of Systematic and Evolutionary Micro-
biology (IJSEM) when publishing a new species. The increase
in type strain genomes is essential for investigating evolution-
ary relationships in prokaryotic systematics and is invaluable
for synthetic biology and gene editing. The widespread use
of third-generation next-generation sequencing (NGS) tech-
nologies (e.g. PacBio and Oxford Nanopore) has increased the
availability of complete genomes, enabling in-depth studies of
functional genetic elements in type strains, such as defense sys-
tems, prophages, and mobile genetic elements(MGE).

Despite these advancements, a significant gap remains be-
tween the current sequenced type species and validly pub-
lished prokaryotic names. Many collections face limitations
in funding or human resources, hindering their ability to fully
support the transition of taxonomy requirements or bene-
fit from advancements in next-generation sequencing tech-
nology. In response, WDCM initiated the second stage of
the Global Catalogue of Microorganisms (GCM), the type
strain sequencing project, and the first version of the gcType
database in 2019.

The updated version of gcType significantly increases the
number of sequenced species and features abundant func-
tional annotations, an advanced search interface, and curated
metadata for all validly published type strains. We also built
an indexable reference database from gcType’s unique protein
sequences and incorporated deep learning methods to search
for functional components with structure-structure similari-
ties but low sequence similarity.

Contents

The database schema of GCM, gcType and
associated WDCM databases

GCM and gcType serve as public portals for a series of
WDCM databases (Figure 1) that collect, process, integrate,
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and publish data from culture collections, taxonomists, and
other sources to generate knowledge for the microbial com-
munity. Culture collections first register or update their meta-
data, including acronyms, contacts, services, holdings, and hu-
man resources, in the Culture Collection Information World-
wide (CCINFO) database. Each collection is assigned a unique
WDCM number, which is used to generate a list of unique
strain numbers for all holdings. FungalNames serves as a reg-
istry for fungal species names and their statuses. The GCM
database maintains the holdings of culture collections and es-
tablishes cross-links with CCINFO through acronyms. The
list of type strains and their taxonomic and functional anno-
tation results are stored in the gcType database.

Both GCM and gcType integrate publicly available articles,
patents, nucleotide sequences, and genomes, which are auto-
matically extracted and processed by the ABC (Analyzer of
Bio-Resources Citation) (4), a data mining engine for micro-
bial resources. The ABC was developed based on manually
curated regular expressions for species names, culture collec-
tion acronyms, phenotypic ontology, isolation sources, and lo-
cations to ensure accurate, comprehensive, and efficient data
processing. For example, we used culture collection acronyms
to search for strain numbers contained in papers, such as ‘JCM
10005°. However, sometimes, acronyms should be manually
curated, e.g. ‘DSM’ is applicable for strain preserved in the
culture collection with acronym of ‘DSMZ’. The isolated lo-
cations also needed for manual corrected if they are written in
irregular way and could not be automatically mapped onto a
world map.

Recently, GCM developed a list of its satellite databases,
including the Global Catalogue of Pathogens, which con-
tains genomic and epidemiological information on human
pathogenic microorganisms, and the Global Catalogue of
Phage, which provides comprehensive information on isolated
phages and prophages predicted from taxonomically diverse
host organisms. The Reference Strains Database maintains
recognized reference strains listed in ISO or other standards.
Together, these databases form a cross-linked network that
provides comprehensive data services for both mBRCs and
global microbiologists.

Data contents of GCM and gcType

As of August 2024, the WDCM CCINFO database registers
861 culture collections from 80 countries, with 294 belonging
to universities, 230 hosted by public research institutions, and
the remainder in industry or private sectors. The data in GCM
and gcType have significantly increased (Figure 2) to keep pace
with the growth of global culture collections and genome se-
quencing efforts. Currently, there are 574 422 strains from
154 culture collections in 51 countries and regions, including
90 257 type strains covering 21 983 validly published species,
with 25 980 genomes from sequenced type species included in
gcType. Additionally, 2 702 655 articles and 103 337 patents
are integrated with these microbial resources.

Improved standardization and data accessibility

Culture collections (CCs) that comply with a Quality Man-
agement System (QMS) and follow the Best Practice Guide-
lines proposed by the WFCC should employ standardized
data management for exchange and publication. However, a
universal data standard covering items relevant to microbial
resources and their management, including scientific names,
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Figure 1. Structure of the WDCM database. The WDCM database system consists of a series of databases. Culture collection users firstly register their
unique acronym and metadata in CCINFO database. After that, they register their digitalized catalogue information with the GCM database. If type
strains of their holdings were sequenced by WDCM or other sequencing efforts, genomic data are shared through gcType. FungalNames is a registry for
fungal species. The ABC data mining tools use species taxon data from FungalNames and other resources to extract publicly available articles, patents,
nucleotide sequences and genomes. All these data has been integrated in GCM and gcType. GCM also supports a list of satellite databases, including
the Global Catalogue of Pathogens, the Global Catalogue of Phage and the Reference Strains Database.

taxonomic statuses, growth conditions, and practical man-
agement details (e.g. storage conditions, methods of cultiva-
tion, personnel responsible for data entry/update), had not
yet been released. In 2020, the WDCM team and its global
partners published a new ISO standard, ‘ISO 21710:2020
Biotechnology—Specification on data management and pub-
lication in microbial resource centers’, by the Biotechnol-
ogy Technical Committee (TC 276) (https://www.iso.org/
standard/71384.html). This document specifies requirements
for in-house data management and online data publication
in microbial resource centers (mBRCs) to enable consistent
formatting and establish a quality control workflow to im-
prove data quality. It provides recommendations for mBRCs
to enhance data sharing and integration of microbial material
and associated data, as well as a list of minimum and rec-
ommended data-set items. All GCM and gcType data items
adhere to these ISO standards.

The mission of Open Science is to make research results ac-
cessible to the entire scientific community. Culture collections
can serve as Open Science hubs by supplying and distributing
microbial materials for scientific studies (5). A globally unique
identifier for strains and their associated metadata can ensure
efficient retrieval and proper citation. Ideally, the strain num-
ber would serve as a global unique identifier, typically combin-
ing the culture collection’s acronym with a digit assigned by
each collection. However, these strain numbers are not glob-
ally unique (since a plant specimen, a reagent or any kind of
other items could have this number, e.g. the strain number of
DSM 962 refer to the strain of ‘Conidiobolus coronatus® and

also refer to a kind of Scanning Electron Microscope ‘Zeiss
DSM 962" produced by Carl Zeiss), which can lead to confu-
sion when tracking the use of microbial resources in publica-
tions and patents, resulting in numerous false-positive results.
To address this issue, the GCM database has assigned Digital
Object Identifiers (DOIs) to all 574 422 strains, linking them
to a unique strain number in the microbial world. The DOI
should be used not only when citing a strain in an article or
patent but also, according to the Nagoya Protocol (NP), in ac-
companying documents for strain exchanges, including prior
informed consent (PIC), mutually agreed terms (MAT), and
internationally recognized certificates of compliance (IRCC).
Recording the DOI in these documents ensures traceable and
legitimate exchanges of microbial resources and their digital
sequence information (DSI) (6).

History information and citation integration for
implementing the Nagoya Protocol and Access and
Benefit sharing (ABS)

Due to the frequent exchange of microbial strains between
culture collections, ‘equivalent strain numbers’ refer to strains
with documented exchange histories. Identifying these equiv-
alent strains is crucial for comprehensively understanding the
strains. The strainInfo database has previously contributed
significantly to this effort (7,8). However, strainnfo has been
inactive for some time, prompting WDCM to construct a
strain history tracking system (Figure 3) using a semantic web
schema based on a more comprehensive strain data volume. In
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Figure 3. Schematic representation of the data processing workflow for the history tracking system. We firstly process values of data items 'species
name’, ‘strain number’, ‘history’ and ‘other collection numbers’ contained in strain catalogue into separated values. Then, these separated values are
performed quality control and standardization. After that, the separated values and the ‘predecessor-successor’ relationships (e.g. IMET 7003 < 369-74)
are imported into a RDF schema, where strain numbers and original depositors are considered as ‘'nodes’(blue nodes), and the ‘predecessor-successor’
relationships are depicted as ‘relations’ (green lines with years). Nodes with identical values are automatically combined(green dashed lines). Strains
belong to the same species are grouped into a cluster (blue circle as a example). Then the RDF schema could automatically generate a history transfer
flow above. Number of genomes and papers are extracted by ABC from public resources.

this system, data from the ‘History’ ‘other collection numbers’
data item of each strain are separated into individual strain
numbers or original depositors. The separated values and
the ‘predecessor-successor’ relationships are imported into an
RDF schema, where strain numbers and original depositors
are considered as ‘nodes’, and the ‘predecessor-successor’ re-
lationships are depicted as ‘relations’ in the semantic web.
Nodes with identical values are automatically combined,
and similar values are manually verified to check whether they
refer to the same strains. In cases of conflicting relationships
between nodes, verification against the original catalog or ref-
erence publications is performed. Changes in culture collec-
tion acronyms and strain numbers are also considered. Re-
lationships between nodes automatically extend the history
chains and form clusters within a species. The online inter-
face provides multiple options to select cluster strain num-
bers, transfer routes, citations, and more. Strains are displayed
alongside their publications, patents, and genome sequences,
which are valuable for tracking utilization. This history and
transfer routes between countries and citations provide infor-
mation on the origin and transfer of strains together with the
further utilization of strains. The implementation of DOIs al-

lows for tracking by a global unique identify system in further
citations. As a result, they offer support and a feasible solution
for implementing the Nagoya Protocol and Access and Benefit
Sharing (ABS).

Expansion of functional annotation of type strain
genomes with manually curated metadata

In addition to protein annotation with COG (9), KEGG
(10), Antibiotic Resistance Gene(ARGs) (11), Virulence Fac-
tors (12), and CAZy (13), the updated version significantly
expands functional annotation to include mobile genetic el-
ements, biosynthetic gene clusters (BGCs), defense systems,
and prophages, exploring the diversity of isolated strains pre-
served in culture collections. Core genes analysis was per-
formed using Roary (14) (v3.13.0, parameters: -i 70 -ap) at
the genus level for genera with no less than 50 type strain
genomes. The annotated results cover a wide range of taxo-
nomic groups, serving as reference datasets for studies on gene
distribution across wide taxonomic categories. As a result, we
provide downloadable files for various kinds of annotation
results.
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higher than 0.5 assume generally the same fold in SCOP (26)/CATH (27).

MobileElementFinder (15) (v1.1.1) is used to detect mobile
genetic elements, e.g. plasmid, insertion sequence (IS) and in-
tegrative and conjugative elements (ICE). Results are filtered
with criteria: e_value <0.00001, identity >90% and cover-
age >80%. Plasmid and integron predictions are based on
Platon (16) (v1.6) with default parameters and BacAnt (17)
(v3.4.0, parameters: -¢c 80,80,80 -i 90,90,90), respectively.
ARGs or virulence factors were considered to co-localize with
an MGE if they shared a contig with an MGE gene in a nearby
area (<10 kilo-bases). Defense systems are analyzed using
Defense-finder (18) (v 1.2.0), and prophage sequences are pre-
dicted with geNomad (19) (v1.7.1, parameters: —enable-score-
calibration and —max-fdr 0.02). Initial prophage sequences
are filtered using a length cutoff of 2000 bp. CheckV (20)
(v1.0.1) is utilized to assess completeness and refine prophage
boundaries, followed by inspection of sequences with signifi-
cant abnormalities, such as anomalous GC content. Secondary
metabolite BGCs are predicted using AntiSMASH (v7.0.0)
(21). To categorize BGC biochemistry, families generated by
AntiSMASH are classified into eight broader categories: PKSI,
PKS-NPR_Hybrids, PKSothers, NRPS, RiPPs, Terpene, Sac-
charides and Others, based on BiG-SCAPE (22). Pan-genome
analysis at the genus level is conducted using Roary (14)
(v3.13.0, parameters: -1 70 -ap).

Curated metadata, such as ecosystem and growth condi-
tions (temperature, pH values), and collection locations, are
essential features. Habitat information when species were

first described can often be irregular, often falling to be as-
signed into formatted ontology categories automatically. Con-
sequently, in the current version of gcType, different habitat
values are manually assigned to an environment ontology (23)
according to which level the values belong to. Growth condi-
tions are categorized by temperature range, oxygen tolerance,
Gram type, and cell shape of type strains. An online search
interface allows users to select type strain genomes based on
various metadata categories. These curated metadata, com-
bined with richer annotation results, enhance comparative ge-
nomic studies and facilitates analysis of metabolic, biosyn-
thetic, antibiotic resistance, and pathogenic features within
specific groups.

Structure-based alignment method for searching
the gcType reference protein database

Current annotation approaches primarily rely on alignment-
based sequence homology methods (24). Similarly, sequence
homology methods are commonly used to identify proteins
with potentially similar functions. However, proteins perform
their functions based on structure, and current sequence ho-
mology methods may fail to recognize proteins with remote
evolutionary distances and low sequence similarity. Structure-
based alignment methods are needed to align proteins with the
gcType protein structure database to fully exploit the poten-
tial of type strain protein diversity. We utilize TM-Vec and
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Figure 5. Features in the GCM and gcType web interfaces (A) The homepage provides multiple search options and displays the submission collections
through a world map. (B) The overview page of ‘species’ shows the integrated information for a species, which includes type strains, marker genes,
genomes and gene sequences, related articles and patents. (C) Institutes and authors’ information of publications could be extracted to construct the
cooperation network. The dots represent individual author or institute, the lines between dots indicate the joint publications between authors or

institutes.

DeepBLAST (25) to construct the alignment pipeline (Fig-
ure 4). TM-Vec is first employed to build indexable reference
databases from gcType’s unique protein sequences, encom-
passing datasets from 25 980 type strain genomes and cov-
ering 50 million unique protein sequences, including 2.4 mil-
lion previously unannotated proteins. Query proteins are ini-
tially annotated using Pfam (28) and UniProt (29) databases.
The TM-Vec search model is then applied against the gcType
reference database to identify proteins with the highest pre-
dicted structural similarity. The top 10 sequences with TM
values > 0.5, along with their sequences and TM scores, are
retrieved. The retrieved sequences are combined with query se-
quences to run DeepBLAST, producing structure-aware align-
ments. Finally, a phylogenetic tree is generated using Mafft
(30) and Fasttree (31), and results are reported alongside Pfam
and UniProt annotation feedback.

Database interfaces

Advanced search and metadata search

Users of GCM and gcType can initiate searches through vari-
ous options on the homepages (Figure SA). Direct searches by
strain numbers, species names, and genome accession numbers
are available. Additionally, advanced search options allow for

combinations of search criteria. The literature search facili-
tates the identification of specific strains or species mentioned
in article titles or abstracts, indexed by the ABC data min-
ing tools, e.g strains or species which may have the ability to
for L-alanine biosynthesis. For the GCM database, homology
searches enable queries against an indexed 16S database of
all GCM strains. In the gcType database, users can search not
only the indexed 16S database of all type strains but also the
complete genes or protein sequences of all type strains. More-
over, we offer a metadata search based on curated metadata,
including temperature range, oxygen tolerance, Gram stain-
ing, cell shapes, and biomes where type strains were collected.

Integrating various sources of information for a
species in the GCM database

Species information in GCM is consolidated on a species
page. An overview page (Figure 5B) presents general de-
tails about the species, including type strains, non-type strain
lists, preservation information, collection locations, and his-
tory. Standardized nomenclature information were integrated
with LPSN (32) and FungalNames (33) Several labels provide
access to marker genes, genomes, and nucleotide sequences
from both type and non-type strains. The data mining results
for publications and patents are also accessible via separate



D770

labels, listing publications and patents related to the species or
strains, with strain numbers extracted from these sources. We
employ the RDF (Resource Description Framework) schema
to manage data on publication authors, institutions, countries,
titles, years, and other relevant information. This approach
enables us to construct collaboration networks based on pub-
lication data (Figure 5C).

Type strain genomes with rich annotations

Type strain genomes can be accessed through the GCM
database or directly searched in gcType. The ‘data’ section
of the gcType database includes several valuable lists: valid
published species, type strains categorized by species name
and culture collection, type strain genomes, and 16S rDNA
sequences from type strains. Functional annotation results
for all type strain genomes can be browsed and searched in
the ‘function’ section, which includes core genes by genus,
prophages, defense system categories, mobile genetic elements,
antibiotic resistance genes, and virulence factors. Summary
statistics for each type of functional annotation are also pro-
vided. For type strain genomes, metadata about the sequenc-
ing project and all annotated results are displayed. Jbrowser
(34) and geviewer (35) were used to visualize genomic com-
ponents in linear and circular formats.

Future directions

GCM and gcType offer unique, comprehensive archives of mi-
crobial resources preserved in culture collections, along with
high-quality type strain genomes featuring curated metadata
and detailed annotation information. These datasets are ac-
cessible via dedicated websites. We envision that GCM and
gcType, alongside the WDCM database, will serve as invalu-
able resources for exploring mBRC resources and facilitating
in-depth genomic research from various perspectives.

As artificial intelligence (Al) rapidly transforms microbial
research, it shows immense potential for knowledge min-
ing across vast volumes of publications. Currently, our pub-
lication data mining tools utilize text mining and ontology
to automatically extract information from publications and
patents. However, efficiency is limited because text mining us-
ing ontology often generates false positive/negative or inaccu-
rate information. As a result, manual curation with the orig-
inal articles to verify ambiguous information remains neces-
sary. With over 3 million publications related to microbial re-
sources and technologies, these can serve as valuable resources
for training large language models, significantly enhancing
knowledge mining efficiency and content. Furthermore, given
the substantial number of unannotated genes and proteins in
type strains, we are exploring methods to improve remote ho-
mology detection, thereby increasing the percentage of anno-
tated genes and proteins using Al techniques.

In conclusion, WDCM will continue to leverage cutting-
edge data mining technologies to integrate microbial resources
from global mBRCs, exploring the rich diversity preserved
on the Earth and meeting the needs of scientific communities
worldwide.

Data availability

There are no access restrictions for academic use of the plat-
form. Access is freely available at gcm.wdcm.org and ge-
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type.wdcm.org. Both GCM and gcType provide free access to
API modules without registration.
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