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ABSTRACT

A high-quality genome variation database derived
from a large-scale population is one of the most
important infrastructures for genomics, clinical and
translational medicine research. Here, we devel-
oped the Chinese Millionome Database (CMDB),
a database that contains 9.04 million single nu-
cleotide variants (SNV) with allele frequency informa-
tion derived from low-coverage (0.06×–0.1×) whole-
genome sequencing (WGS) data of 141 431 unrelated
healthy Chinese individuals. These individuals were
recruited from 31 out of the 34 administrative divi-
sions in China, covering Han and 36 other ethnic
minorities. CMDB, housing the WGS data of a multi-
ethnic Chinese population featuring wide geograph-
ical distribution, has become the most representa-
tive and comprehensive Chinese population genome
database to date. Researchers can quickly search for
variant, gene or genomic regions to obtain the vari-
ant information, including mutation basic informa-
tion, allele frequency, genic annotation and overview
of frequencies in global populations. Furthermore,
the CMDB also provides information on the asso-
ciation of the variants with a range of phenotypes,
including height, BMI, maternal age and twin preg-
nancy. Based on these data, researchers can con-
duct meta-analysis of related phenotypes. CMDB is
freely available at https://db.cngb.org/cmdb/.

INTRODUCTION

As the cost of sequencing has declined rapidly during the
last decades, numerous large-scale population genomics re-
search were conducted to support the precision medicine
initiative (1–21). To date, several well-known large-scale

international and national population genome variation
databases have been published, such as the 1000 Genomes
Project (1KGP) (15), Genomics England (16), Genome of
the Netherlands (17), ExAC (18) and gnomAD (19). In ad-
dition, there are some genomic databases, such as NIH All
of us (22) (https://allofus.nih.gov/), that are under construc-
tion. These databases have provided a considerable num-
ber of genome variants to assist in the fundamental un-
derstanding of human genetic architectures. However, the
majority of these lack generalizability and are biased to-
wards the baseline for European populations. While signif-
icant knowledge about human genetics has been achieved
thanks to studies involving more than hundreds of thou-
sands of participants for population with European ances-
try (23,24), genetic information of the Chinese population
were under-represented. The knowledge of genetic variants
and their allele frequencies of the world’s largest population
were generally obtained from studies consisting of less than
tens of thousands individuals (25).

China is the most populous country and the second-
largest economy in the world. Therefore, a large-scale Chi-
nese genome database based on whole-genome sequencing
data of hundreds of thousands of Chinese individuals with
various ethnic groups will not only be of great benefit to the
practice of both evolutionary and translational medicine re-
search of the Chinese population, but also addressing the
existing sample distribution imbalance of global population
in available databases. In the past decade, several Chinese
genome projects have been launched. PGG.Han, released
in 2019, archives approximately 12K WGS data and 102
586 high-density genome-wide genotyped data (26). Chi-
naMAP released the analytics of deep WGS about 10.5k in-
dividuals recruited from 8 ethnic populations in China (25).
The NyuWa genome resource that includes deep WGS of
2999 Chinese individuals and constructed reference panel
has been open access since 2021 (27). However, PGG.Han
and NyuWa are predominantly biased towards the Han
Chinese population while ChinaMAP is mostly biased
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toward the Central and North Chinese population. Conse-
quently, they may not be capable of representing the ethnic
diversity of China.

Here, we have established the Chinese Millionome
Database (CMDB, https://db.cngb.org/cmdb/), the largest
and the most representative Chinese genome variation
database to date. The CMDB database contains 9.04 mil-
lion single nucleotide variants (SNVs) and the allele fre-
quency information from low-coverage (0.06×–0.1×) WGS
data of 141 431 unrelated healthy Chinese individuals (28).
These individuals were recruited from 31 out of the 34 ad-
ministrative divisions in China, covering the Han and 36
ethnic minorities. The main functions of the database are
described below. (i) the database provides a query interface
to search for allele frequency of variants. (ii) GWAS sum-
mary statistics for common phenotypes that were cataloged
based on Genome-wide Association Study (GWAS).

DATA COLLECTION AND PROCESS

The CMDB was designed based on the whole genome anal-
ysis results from 141 431 unrelated individuals. The partic-
ipants were all healthy pregnant women and recruited via
the non-invasive fetal trisomy test at BGI between 2012
and 2013 (28,29), covering 31 out of the 34 administra-
tive divisions with Han and 36 other ethnic minorities in
China. All of the participants had signed informed consent
and then been assigned an anonymous sample code before
donating blood sample for excluding any personal identi-
fiable information. After applying the low-coverage WGS
(0.06× to 0.1×) for each participant, we filtered and aligned
the reads using SOAPnuke (30) and bwa (31), removed du-
plicates with samtools rmdup module (32), recalibrated the
base quality score using GATK(v3.8) (33). BaseVar (https:
//github.com/ShujiaHuang/basevar), a self-developed fast
maximum likelihood estimation method, was afterwards
run to identify polymorphic sites and infer allele frequen-
cies (28). In addition, We annotated the variants with VEP
(34), employed STITCH(v1.2.7) (35) to impute genotype,
and Angsd (36) to call the significant loci associated with a
phenotype. More details in sample summary and analysis
have been described in the previous study (28).

DATABASE IMPLEMENTATION

Based on the allele frequency and the summary results of
GWAS, we adopted the following IT strategies to build
the database. We used flask as the CMDB backend frame-
work (https://flask.palletsprojects.com/) and MongoDB as
the database engine (https://www.mongodb.com/). Flask is
a popular, free and open-source micro framework for build-
ing web application while MongoDB is a popular and
open-source document-oriented NoSQL database that is
designed to store a large scale of data. The web frontend
interface was developed using the VUE framework (https:
//vuejs.org/), a progressive framework for building user in-
terfaces. Moreover, JQuery (https://jquery.com/, a cross-
platform and feature-rich JavaScript library) and Bootstrap
(https://getbootstrap.com, an open-source toolkit for devel-
oping Web projects using HTML, CSS and JS) were used as
plugins. In addition, the website used D3 (https://d3js.org/,

a JavaScript library for manipulating documents based on
data) and Echart (https://echarts.apache.org/, data visual-
ization open-source toolkit) to visualize genomics data.

DATABASE CONTENT AND USAGE

Overview

CMDB contains 9.04 million SNVs and associated variants
with four phenotypes. In these datasets, 81.7% of the vari-
ants have been called in the 1KGP Han Chinese individuals
(15), and 2.6% (233 966) are completely novel not present
in the dbSNP databse (28). Statistics information on the
distribution of variants on all chromosomes is displayed
on the overview page of the database, and the user can
select any chromosome to view the statistics information
for that chromosome (Supplementary Figure S1). Further-
more, CMDB yields various statistics summaries, includ-
ing variant density, allele frequency spectrum, base change,
ts/tv ratio, variant quality and variant type.

CMDB provides a web interface that enables quick search
for variants, genes or genomic regions to query the varia-
tion information, including basic information of variants,
allele frequency, genic annotation and frequency compar-
ison to the global populations. Besides, the CMDB also
provides information about the association of the variant
with a range of phenotypes, including height, BMI, mater-
nal age and twin pregnancy. Based on the GWAS data, re-
searchers can perform large-scale meta-analyses of the phe-
notypes of interest. These functionalities were efficiently im-
plemented by a self-developed tool calls CMDBtools (https:
//github.com/ShujiaHuang/cmdbtools).

Search for variants (Homepage)

CMDB allows users to learn about genomic variants in the
large population study from five perspectives: Gene, Tran-
script, Variant, Multi-allelic variant and genomic Region
that spanning not more than 100 kb. The relevant elements
are available in any query result interface so that the user
can further view the element information of interest. This
means the corresponding transcripts and variants can be
found when searching for genes, and vice versa. For ex-
ample, researcher can search for BRCA1, one of the most
common breast cancer genes, on the home page and get the
gene summary including the coverage plot of the query tran-
scripts or the genomic regions and corresponding variants
data comprising of chromosome positions, annotation, al-
lele frequency, etc. (Figure 1). Users can click on a transcript
or variant to focus on the corresponding element at a more
granular level.

GWAS interface

CMDB also provides interactive Manhattan plot and
GWAS summary statistics based on Chinese population
currently for four commonly measured traits: Height, BMI,
Age and Twins-pregnancy and more traits in the future.
When obtaining query phenotype results, user can select
seven P-value thresholds to browse the distribution of sig-
nificant variation associated with the phenotype. In addi-
tion, user can focus on any associated gene, variant and re-
gion by additional filtering fields (Figure 2).
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Figure 1. Screenshots of BRCA1 gene search and search result. (A) Search with BRCA1 gene as an example, the corresponding transcript, variant, multi-
allelic variant and region can all be used to get similar results page. The following is the query results. (B) The gene summary including the number of
variants, UCSC browser link. (C) The coverage plot of a transcript. (D) The details of variants queried in the database. (E) Specify a variant to see the
allele frequency in other population studies.
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Figure 2. An example of GWAS query results. The associated variant with BMI under all P-value thresholds.

API DEVELOPMENT

The CMDB provides a Genomics API, which is a REST-
ful API (https://restfulapi.net/) that enables researcher to
access CMDB variants data across remote sites via pro-
gram scripts or command line. The API allows retrieval of
CMDB variant information via variants’ position or db-
SNP Reference (rs) number. CMDBtools was developed
based on the CMDB Genomics API. It is a Python toolkit
that could backup queries for single variant and multiple
variants, and annotate the local VCF (Variant Call Format)
file with data including allele frequency, coverage informa-
tion by population level, allele count by population level
and filtration status in CMDB. CMDBtools can be eas-
ily install via the Python PyPI approach (https://pypi.org/
search/?q=cmdbtools). The CMDBtools guidance is shown
on the DOCUMENTATION page (http://cmdb.bgi.com/
cmdb/apidoc-cmdbtools) and github repository simultane-
ously (https://github.com/ShujiaHuang/cmdbtools).

DISCUSSION AND FUTURE DIRECTIONS

Many studies have demonstrated that large-scale samples
via low-coverage (<1×) sequencing performs good in call-
ing common variants (37), calculating genome-wide poly-
genic scores (37), calling copy number variants (CNV)
(38), even performs better than high coverage sequencing
in many aspects when taking into account limited costs
(28,37–42). Although sequencing at low depth, the devel-
opment of the Chinese millionome database (CMDB) has

filled the gap for a high-quality baseline genomic database
of Chinese population. The CMDB database allows re-
searchers to query variants, annotating their local VCF files
and obtain several GWAS summary statistics results. In-
volving more than one hundred of thousands of partici-
pants with the broad geographic representation of multi-
ethnic origin, CMDB is currently the largest and most rep-
resentative Chinese population genome database. We be-
lieve that CMDB will greatly facilitate Chinese population
genetic studies and medicine development.

In the future, we plan to improve the database in the fol-
lowing aspects. First, we will update the variants dataset in-
cluding variant counts and allele frequencies by including
additional samples and more comprehensive ethnics, and
providing GWAS summary statistics with more phenotypes.
Second, we will also add the population frequencies of SV
(structure variation), including CNV, to the database since
SV plays a very important role in genetic diseases or spe-
cific traits. Third, some general population genomics analy-
sis tools including IMPUTE2 (43) and BEAGLE (44) used
for imputation, plink (45) used for GWAS will be developed
as online applications. Meanwhile, we will continuously im-
prove the CMDBtools to speed up the response time to-
wards a greater amount of user query.

DATA AVAILABILITY

The CMDBtools is available in the GitHub repository
(https://github.com/ShujiaHuang/cmdbtools).
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Supplementary Data are available at NAR Online.
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