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Abstract
In recent years, the United States and the European Union have successively
launched microbiome-related research projects. However, the collection, storage,
functional mining, and development and utilization of microbiome big data have
always been core issues constraining the development of microbiome research.
This article analyzes that China’s current microbiome data management suffers
from problems such as non-uniform standards, lack of cross-domain data inte-
gration, high-quality reference databases, and deep data mining technologies,
and proposes timely launching the “China Microbiome”initiative, establishing
a China Microbiome Data Center, and on the basis of microbiome data stan-
dardization, building a microbiome big data computing, storage, and sharing
platform, developing new methods for microbiome big data mining, and achiev-
ing systematic management and efficient utilization of China’s microbiome data
resources.
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Abstract
In recent years, the United States and European Union have successively
launched microbiome research initiatives. However, the collection, storage,
functional mining, and utilization of microbiome big data have remained core
issues constraining microbiome development. This paper analyzes current
problems in China’s microbiome data management, including non-uniform
standards, lack of cross-domain data integration, high-quality reference
databases, and deep data mining technologies. We propose the timely launch
of a “China Microbiome Initiative”to establish a China Microbiome Data
Center. Based on microbiome data standardization, this center would build a
microbiome big data computing, storage, and sharing platform, develop novel
methods for microbiome big data mining, and achieve systematic management
and efficient utilization of China’s microbiome data resources.

Keywords: microbiome, standardization, big data, China Microbiome Data
Center

DOI: 10.16418/j.issn.1000-3045.2017.03.010

Microbiome refers to the total microbial community in a specific environment.
Through interactions and equilibrium within a defined environmental space,
these communities form relatively stable ecological systems with certain phys-
iological functions. For a long time, microbial communities have been recog-
nized as playing crucial roles in nutrient metabolism, pollutant degradation,
and maintaining ecosystem balance in animals, plants, and humans, yet the
underlying mechanisms have remained unclear. The widespread application of
high-throughput sequencing technology has opened new avenues for studying
microbial functions and mechanisms at the community level, enabling us to
investigate the composition and functions of microorganisms in natural and
human environmental samples from a whole-genome perspective. This pro-
vides important means for discovering new genes, developing novel bioactive
substances, and studying microbial diversity and evolution in the environment,
rapidly transforming this field into a research hotspot.

The massive generation of sequencing data has made microbiomics a true big
data science. Taking the human microbiome as an example, it contains trillions
of cells, accounting for over 90% of total human cells, encompassing thousands of
species and at least 20 million unique microbial genes—far exceeding the number
of human genes (approximately 20,000 to 25,000 genes [1]). The Human Micro-
biome Project (HMP), from its launch in 2008 to the end of its first phase in
2012, completed 5,177 16S rDNA samples, 681 whole genome sequences (WGS),
and over 3,000 high-quality reference genomes [2]. However, when sequencing
cost is no longer the main limiting factor for microbiome research, data analysis
has become the greatest challenge. Even for well-studied human microbiomes,
nearly half of the predicted open reading frames (ORFs) cannot find correspond-
ing similar sequences for functional studies [3]. For metagenomic studies in new
environments, effective experimental and computational methods are even more
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lacking. Currently, high-quality reference databases for environment-related mi-
crobiomes, such as soil microbiomes [4] and fermented foods [5], have been grad-
ually established internationally, providing important references for functional
annotation and greatly facilitating data integration.

This paper focuses on the critical issue of microbiome data management and
analysis, examining current status and needs, summarizing international devel-
opment trends and challenges, and proposing thoughts and recommendations
for constructing China’s microbiome data center.

1. Current Status and Needs of Microbiome Data Manage-
ment and Analysis
The lack of standardized protocols throughout current metagenomic research
processes—from sample collection, extraction, and measurement methods (such
as high-throughput sequencing, mass spectrometry, and nuclear magnetic res-
onance) to data analysis and integration—represents a fundamental challenge.
The non-uniformity of metagenomic data standards and the absence of inte-
gration technologies mean that sample data from different research projects,
sampling sources, and data platforms can only be simply aggregated based on
sampling information, but cannot be integrated and uniformly mined according
to structural features and functions. Consequently, the biological significance
embedded in large-scale datasets cannot be extracted.

Microbiome data and its analytical characteristics impose high demands on
complex data integration. Microbiome research generates massive amounts of
complex data, including metadata describing environments and samples, origi-
nal sequencing files, and variously formatted data from sequence annotation and
functional studies. This creates enormous challenges for organizing, storing, ac-
cessing, sharing, and integrating such large-scale complex data with associated
datasets. Furthermore, the integration and comparative analysis of data from
different ecosystems (such as gut, soil, and marine environments) with differ-
ent structural and functional features holds significant value for cross-ecosystem
analysis and understanding interaction mechanisms between species distribution
and environmental factors.

Microbiome data analysis also suffers from a lack of high-quality reference
sequences. Species identification and gene annotation in metagenomic research
both depend on known reference genomes and related annotation information.
Even for human microbiomes with extensive systematic research, nearly half
of predicted ORFs lack functional annotation [3]. For new environmental
metagenomes, effective experimental and computational approaches are even
more scarce. Additionally, the absence of rapid metagenomic comparison
and massive data search technologies, coupled with the storage and analysis
costs and computational demands of explosively growing metagenomic data,
urgently require innovative solutions combining novel hardware (such as GPUs),
cloud computing, associated data integration methods, and efficient search
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algorithms.

2. International Microbiome Data Platform Construction
On May 13, 2016, the U.S. government announced the $521 million “National
Microbiome Initiative,”aiming to comprehensively study microbial ecosystems in
various environments to reveal microbiome composition, structure, and function,
and to promote the protection and restoration of healthy microbiome functions.
By 2016, 13 human health-related microbiome projects supported by the U.S.
National Institutes of Health (NIH), including the Human Microbiome Project
(HMP) and the European Union-supported Human Gut Microbiome (MetaHIT),
as well as nine environmental microbiome research programs including the Earth
Microbiome Project (EMP) and Marine Microbial B3 Plan (Micro B3 Biodiver-
sity, Bioinformatics, and Biotechnology) had been launched internationally [6].
Most of these projects have established robust data integration mechanisms and
data management platforms to comprehensively understand microbial commu-
nity diversity and functions through sequencing analysis of human and environ-
mental samples.

The HMP, from 2008 to 2012 (with Phase II beginning in 2014), aimed to explore
the relationship between the human microbiome and human health and disease,
focusing on five areas: respiratory tract, oral cavity, skin, gut, and vagina. The
project collected thousands of samples from 242 individuals at two clinical cen-
ters (Baylor College of Medicine and Washington University School of Medicine)
and performed 16S and WGS sequencing at four sequencing centers (Baylor Col-
lege of Medicine Human Genome Sequencing Center, MIT Broad Institute, J.
Craig Venter Institute, and Washington University School of Medicine). Since
sample collection and sequencing were conducted by different institutions, the
project developed standardized protocols and quality control procedures for se-
quencing and data analysis. HMP also established a Data Analysis and Coordi-
nation Center (DACC) to store all project-generated 16S, WGS, and reference
genome sequences. DACC also published news, announcements, and project
statistics, and collaborated with sequencing centers on data analysis and an-
notation. All project data were simultaneously submitted to NCBI for public
release.

In August 2010, the Earth Microbiome Project (EMP) officially launched, aim-
ing to comprehensively analyze microbial community diversity and functions
through metagenomic sequencing of typical global environmental samples, in-
cluding soil, marine, air, and freshwater ecosystems. From its inception, es-
tablishing an integrated database of samples, genes, and proteins to address
fundamental questions about Earth’s ecosystems was defined as one of its three
main objectives [8]. To achieve quality control of metadata and data, EMP rec-
ommended using the Minimum Information about a Genome Sequence (MIGS)
specification [9] and Minimum Information about an Environmental Sequence
(MIENS) specification [10] as data standards, and defined standards and proto-
cols for metadata, DNA extraction, and different sequencing targets including
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16S, 18S, and ITS [11]. Project data are managed and shared through the Quan-
titative Insights into Microbial Ecology (QIIME) database. As of August 2014,
the project had over 200 collaborators providing data covering more than 40
different ecological environments [12].

In addition to project-established data centers, some major sequencing and re-
search institutions have also built microbiome data platforms. Notable examples
include the Integrated Microbial Genomes (IMG) platform established by the
U.S. Department of Energy Joint Genome Institute [13] and the Metagenome-
RAST (MG-RAST) platform established by Argonne National Laboratory [14],
which have gained widespread application. IMG supports annotation, analysis,
and management of sequencing data from the Joint Genome Institute and is
gradually made freely available to global scientists. For data standards, both
IMG and its data management platform Genome Online [FIGURE:1] use spec-
ifications developed by the Genomic Standards Consortium (GSC) [16] for de-
scribing minimum datasets of environmental sequencing samples, enabling inte-
grated data to be organized and classified by ecosystem, environment, host, or
engineering modifications. The platform also provides a series of analysis tools
for genomic and metagenomic data.

MG-RAST primarily aims to provide users with phylogenetic and functional an-
notation analysis workflows for metagenomic data based on high-performance
computing resources. For non-bioinformatics specialists, basic annotation infor-
mation can be obtained simply through a workflow [FIGURE:2]. MG-RAST
also provides a data management platform where users can manage their own
metadata and sequence files and choose to make data public or keep it private.

China has actively participated in the international EMP initiative. Moreover,
since the early 21st century, experts from the Institute of Microbiology, Chinese
Academy of Sciences have promoted the“Microbial Earth”research plan, and in
2014, the Chinese Academy of Sciences organized and launched a pilot special
research program on soil microorganisms. Chinese scientists have achieved ex-
cellent results in human microbiome, brewing microbiome, and microbial data
resources. In terms of publication volume, China ranks second globally, only
behind the United States, though with a considerable gap

.

Core teams centered around the Chinese Academy of Sciences have a solid foun-
dation in microbiome data platform construction and data analysis. Regarding
data platform construction focused on microorganisms, the World Data Center
for Microorganisms (WDCM) located at the Institute of Microbiology, Chinese
Academy of Sciences is China’s first world data center in life sciences. The Global
Catalogue of Microorganisms (GCM) platform established by Ma Juncai’s team
at the Institute of Microbiology integrates detailed information on over 300,000
microbial physical resources from 110 international microbial resource collection
institutions across 43 countries including the U.S., France, Germany, and the
Netherlands, many of which come from special ecological environments and have
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Figure 1: Figure 3

important scientific research and industrial application value [18]. Additionally,
Ma Juncai’s team has established high-quality genome reference databases for
food-borne pathogenic microorganisms and extremophiles, integrating massive
international microbiome data and analysis workflows to form a cloud-based
microbiome analysis system.

Recently, Zhao Fangqing’s team at Beijing Institute of Life Sciences, Chinese
Academy of Sciences, has developed novel technologies and methods for micro-
biome research including RiboFR-seq [19], metaSort [20], inGAP-sf [21], and
inGAP-CDG [22]. These tools address issues in metagenomic analysis such as
assembly, sequence classification and annotation, and microbial interactions,
providing new technical means for efficient microbiome interpretation. Su Xiao-
quan and Ning Kang’s team at Qingdao Institute of Bioenergy and Bioprocess
Technology, Chinese Academy of Sciences, have developed high-performance
computational analysis software Parallel-META 3 [23] and metagenomic com-
parison algorithms Meta-Storms [24] and GPU-Meta-Storms [25], enabling deep,
comprehensive, and rapid structural and functional analysis of massive unknown
microbiomes and allowing big data-based analysis of microbiome changes un-
der disease or ecological disasters. Xu Jian’s team at the same institute has
proposed the concepts of “Ramanome”and “Meta-ramanome,”enabling non-
label, rapid characterization and measurement of cell population or community
states and functions at single microbial cell resolution. These differ essentially
from “genotype”data such as metagenomes and offer irreplaceable advantages
over existing “phenotype”data like metatranscriptomes, metaproteomes, and
metabolomes in terms of single-cell resolution, non-destructiveness, throughput,
and cost, representing a novel type of microbiome big data.
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3. Current Status and Needs of China’s Microbiome Data
Platform Construction
However, China’s microbiome-related research data resources are scattered
across various laboratories, with no national-level microbiome database system
or data management mechanism. Concurrent problems include non-uniform
standards, disconnected data production and analysis, difficulties in data in-
tegration and preservation, incomplete analysis technologies and methods, and
lack of deep data mining techniques. The absence of efficient, stable, and usable
computing platforms prevents the discovery of valuable biological information
from massive data, severely hindering the development of microbiome technolo-
gies and applications.

4. Thoughts and Recommendations
Data resources are the key to microbiome research and represent important
strategic resources. Compared with genome research, microbiome research is
still in its initial stage internationally. We should address key problems in
microbiome data management and analysis based on China’s research status
and gradually develop our own core advantages. We specifically propose the
following recommendations:

(1) Construct microbiome data standardization and management
systems. Establish a complete set of technical standards for microbiome
research (sample collection, preservation, data production, analysis, qual-
ity control) and management norms and mechanisms (data sharing, stor-
age, intellectual property, etc.). Implement standardized data interfaces
and storage solutions, standardized analysis methods and workflows, eval-
uation systems for standardized computing and storage solutions, and
standardized data security and classification systems. On this basis, de-
velop a microbiome data management system to gradually integrate do-
mestic microbiome data resources from human, environmental, and in-
dustrial/agricultural sources, achieving effective management and efficient
integration of China’s microbiome data resources.

(2) Establish microbiome big data computing, storage, and sharing
platforms. Collect and organize massive public microbiome data, inte-
grate multi-omics information of samples, and achieve broad and deep-
level integration of microbiome big data. Establish high-quality micro-
biome reference databases, develop efficient big data search and similarity
analysis algorithms, and create efficient microbiome data processing work-
flows to enable systematic management, efficient analysis, and integrated
utilization of microbiome data.

(3) Develop novel methods for microbiome big data mining. Estab-
lish metagenomic species annotation and whole-genome sequence assembly
methods suitable for metagenomes, develop metagenomic assembly and
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sequence classification algorithms based on strategies for reducing species
complexity, create functional annotation methods for distant metagenomic
data based on multiple sequence alignment, develop microbiome big data
search engines based on microbial community structure and functional
similarity, and combine artificial intelligence to develop microbiome diag-
nosis and early warning technologies for chronic diseases and ecological
disasters. Develop data processing methods suitable for high-performance
computing platforms to enable visualization of large-scale data and anal-
ysis results.

(4) Strengthen international cooperation with Chinese leadership.
Based on the data platform, participate in international standard formu-
lation, actively lead international microbiome data cooperation plans that
meet China’s major needs, form a larger-scale data sharing system, and
enhance China’s international influence and discourse in microbiome re-
search.

Countries have placed microbiome research in an unprecedentedly important
position and formed relatively solid working foundations. China has significant
advantages in microbial resources and sequencing capabilities, but still faces
many weak links in key technologies for microbiome big data collection, storage,
functional mining, and utilization, which are critical constraints on China’s
microbiome research. Therefore, we recommend the timely launch of a “China
Microbiome Initiative”to establish a China Microbiome Data Center and achieve
systematic management and efficient utilization of China’s microbiome data
resources.
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