
•RESEARCH PAPER• April 2022 Vol.65 No.4: 809–817
https://doi.org/10.1007/s11427-021-1968-7

Global Pharmacopoeia Genome Database is an integrated and
mineable genomic database for traditional medicines derived from

eight international pharmacopoeias
Baosheng Liao1†, Haoyu Hu1†, Shuiming Xiao1†, Guanru Zhou2, Wei Sun1, Yang Chu1,

Xiangxiao Meng1, Jianhe Wei3, Han Zhang4,5, Jiang Xu1* & Shilin Chen1*

1Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing 100700, China;
2Institute of Pharmacy, Hubei University of Chinese Medicine, Wuhan 430065, China;

3Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences, Beijing 100193, China;
4Pharmacy College, Chengdu University of Traditional Chinese Medicine, Chengdu 611137, China;

5Institute of Traditional Chinese Medicine, Tianjin University of Traditional Chinese Medicine, Tianjin 301617, China

Received April 8, 2021; accepted June 22, 2021; published online August 6, 2021

Genomic data have demonstrated considerable traction in accelerating contemporary studies in traditional medicine. However,
the lack of a uniform format and dispersed storage limits the full potential of herb genomic data. In this study, we developed a
Global Pharmacopoeia Genome Database (GPGD). The database contains 34,346 records for 903 herb species from eight global
pharmacopoeias (Brazilian, Egyptian, European, Indian, Japanese, Korean, the Pharmacopoeia of the People’s Republic of
China, and U.S. Pharmacopoeia’s Herbal Medicines Compendium). In particular, the GPGD contains 21,872 DNA barcodes
from 867 species, 2,203 organelle genomes from 674 species, 55 whole genomes from 49 species, 534 genomic sequencing
datasets from 366 species, and 9,682 transcriptome datasets from 350 species. Among the organelle genomes, 534 genomes from
366 species were newly generated in this study. Whole genomes, organelle genomes, genomic fragments, transcriptomes, and
DNA barcodes were uniformly formatted and arranged by species. The GPGD is publicly accessible at http://www.gpgenome.
com and serves as an essential resource for species identification, decomposition of biosynthetic pathways, and molecular-
assisted breeding analysis. Thus, the database is an invaluable resource for future studies on herbal medicine safety, drug
discovery, and the protection and rational use of herbal resources.
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INTRODUCTION

Traditional medicines have been globally used to treat var-
ious diseases for thousands of years, and critically, still play
important roles in modern-day healthcare. They also serve as

primary medicinal resources for approximately 85% of the
world’s population (Pešić, 2015) and also drug discovery, as
approximately 46% of newly approved drugs between 1981
and 2019 were derived from natural sources or natural pro-
duct mimics (Newman and Cragg, 2020). During the cor-
onavirus disease 2019 (COVID-19) global pandemic,
traditional medicines displayed encouraging effects in im-
proving symptom management, reducing deterioration,
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mortality, and disease recurrence rates in China (Luo et al.,
2020). Currently, more than 60 official pharmacopoeias exist
in different countries and regions (World Health Organiza-
tion, 2019), with 42 (70%) containing herb or natural product
records.
However, toxic compounds (Chen et al., 2014; Gilbert,

2011) and counterfeits in the market (Chan, 2002; Han et al.,
2016; Poon et al., 2006; Lowe et al., 2005) have increased
concerns regarding the quality and safety of traditional
medicines. Thus, the accurate identification of medicinal
species, as a prerequisite for medication safety, is crucial for
production and market regulation. DNA barcodes, which are
short highly variable DNA fragments among species (Hebert
et al., 2003), provide a practical solution to facilitate species
authentication (Chen et al., 2010). A DNA barcode database
(ITS2 and psbA-trnH, short DNA sequences from nucleus or
chloroplast genomes with high efficiency for species iden-
tification) for herbal materials (http://www.tcmbarcode.cn/)
was previously established (Chen et al., 2014; Chen et al.,
2010) and is widely used in traditional medicine industries
and research. In addition, combining the optimal use of
single-locus barcodes and chloroplast genomes (super-bar-
codes) could be a new approach for efficient plant identifi-
cation (Li et al., 2015). The whole plastid genome or its
selected loci have been tested or validated in a range of herbs
and plants (Chen et al., 2018; Guo et al., 2019; Shen et al.,
2017b). The rich resources from herb species and the in-
creasing need for herb identification require the simulta-
neous development of efficient and sufficient DNA
barcodes/super-barcodes. Thus, a database integrating DNA
barcodes and organelle genomes is an ideal solution.
Unlike synthetic drugs, medicinal plants are composed of

complex natural compounds, which makes them crucial re-
sources for drug discovery. Ingredients with significant
medicinal activities have been extracted from herbs, e.g.,
artemisinin (Callaway and Cyranoski, 2015; Coordinating
Research Group for the Structure of Artemisinin, 1977),
paclitaxel (Weaver, 2014), and vinblastine (Muniraj et al.,
2019). With the assistance of “omics” data, the decomposi-
tion of medicinal compound biosynthetic pathways has
reached an unprecedented level (Guo et al., 2018; Xu et al.,
2017). Molecular information on pharmacodynamic com-
ponents from transcriptomic and genomic plant data has
contributed to the fermentation engineering of desired che-
mical compounds (Atanasov et al., 2015; Smanski et al.,
2016). To date, more than 60 herbal genomes have been
sequenced (Table S1 in Supporting Information). Herb
genomic data are growing rapidly; however, this growth is
accompanied by several issues exemplified by the hosting of
data by different research groups, various and non-uniform
data formats, and unstable web services, which combined,
create obstacles for data use. Additionally, ever-increasing
versions of genome assemblies for a single species are

constantly being generated thanks to continued improve-
ments to previous genome assemblies and new cultivar se-
quencing strategies (Kim et al., 2018; Xu et al., 2017).
Multiple versions of a genome assembly are likely to cause
confusion for genomic data use. Therefore, the prevailing
disordered state of genomic data use must be comprehen-
sively processed and structured for future use.
Superior germplasm resources are crucial for herbal ma-

terial production. However, most herbal products still rely on
wild resources (Xiao et al., 2009), and many species have
become endangered due to habitat destruction and extensive
exploitation (Bantawa et al., 2009; Chik et al., 2015; Guan et
al., 2002; Liang et al., 2008; Lu and Lan, 2013). The culti-
vation of wild medicinal herbs has become an imperative
trend for sustainable development (Chen et al., 2005; Cor-
dell, 2015). Traditional selection for plant species is un-
economical and time-consuming while molecular-assisted
breeding based on genomic data considerably reduces the
amount of breeding work (Geuna, 2017), which rapidly en-
riches germplasm resources and protects wild resources, as
evidenced for Panax notoginseng (Dong et al., 2017) and
Perilla frutescens (Shen et al., 2017a). Comprehensive
“omics” databases for crop breeding programs have been
established for rice (Tareke Woldegiorgis et al., 2019), maize
(Portwood et al., 2019), and wheat (Alaux et al., 2018) and
have been used globally for several years. However, no da-
tabases are currently available for herbs.
Several databases were developed that contained tradi-

tional medicine-related data, such as “omics” data (Wang et
al., 2018) and information on relationships between herbs
and compounds or diseases (Fang et al., 2021; Ru et al.,
2014; Xue et al., 2013). An integrated database that focuses
on herb genomics and covers a wide range of traditional
medicinal species is increasingly required for rapidly emer-
ging herb genomic data. In this study, we constructed a
Global Pharmacopoeia Genome Database (GPGD), which
collected herb species genomic data from global pharmaco-
poeias to provide a mineable resource for traditional medi-
cine research. The GPGD is an all-inclusive, reliable
“omics” database incorporating several data mining func-
tions. A set of convenient bioinformatics tools, such as
BLAST (Mount, 2007) and JBrowse (Buels et al., 2016),
were embedded in the system. The GPGD is publicly ac-
cessible at http://www.gpgenome.com/.

RESULTS

Genomic data stored in the GPGD

The GPGD includes four data fields; DNA barcodes, gen-
omes (nuclear and organellar), individual genomic fragments
(whole-genome sequencing at a low depth), and tran-
scriptomes. In total, 34,346 records for 903 species belong-
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ing to 519 genera were collected from eight pharmacopoeias,
including 21,872 DNA barcodes from 867 species, 2,203
organelle genomes from 674 species, 55 whole genomes
from 49 species, and 9,682 transcriptome datasets from 350
species (Figure 1). In particular, 24.23% (534/2,203) of the
plastid genomes of all species were newly generated in this
study (Table S2 in Supporting Information). The plastid
genomes of the genera Cissampelos, Commelina, and Phyl-
lanthus were first characterized in this study. All data were
organized and stored in a MySQL database or file storage
server, and convenient data browsing and extraction tools
were implemented in the GPGD Figures 2 and 3A).

Information browsing and searching

Multiple links, which connect to the home page, pharmaco-
poeia introduction, herb species information, information

searches and tools, are listed at the frontend of the GPGD
(Figure 3B). A brief description of each pharmacopoeia is
included in the pharmacopoeia introduction page, including
therein herb species. Taxonomy, pharmacopoeias, and geno-
mic data download/visualization links are listed on the herb
species information page for each herb. Information searches
may be conducted using query keywords (such as species or
genes) using the TNT search engine (https://github.com/
teamtnt/tntsearch), and search results will include links to
related data pages (Figure 3B–D). The tool page includes links
to the following functions: species identification, genome vi-
sualization, sequence searching, and data retrieval.

Species identification

Currently, DNA barcodes (ITS2, psbA-trnH, and COI mar-
kers) and organelle genome sequences are used for herb

Figure 1 Information on herb species genomics data in GPGD.
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species identification (Chen et al., 2010; Hebert et al., 2003;
Li et al., 2015). In total, 22,686 DNA barcodes covering

1,223 species were collected in the GPGD (Table S2 in
Supporting Information, http://www.gpgenome.com/spe-

Figure 3 Data collection and usage workflow in the GPGD. A, Genomic data collection workflow. B, A usage workflow example: the GPGD provides
information searching, species identification based on DNA barcodes, sequence searching and extraction from genome sequences, and data visualization in
the genome browser.
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cies). Species identification may be achieved by comparing
submitted sequences with DNA barcodes or organelle gen-
omes stored in the GPGD using BLASTn. Users input a
sequence and select a sequence database from ITS2, psbA-
trnH, COI, or plastid/mitochondrial genomes, and the best-
hit species, as well as the top 50 hits, are returned.

Genome data visualization

Nuclear genome data were collected from publicly available
genome projects (stored in the National Center for Bio-
technology Information (NCBI) assembly database or in-
dependent databases from several research groups) and were
newly generated by our group (Table S2 in Supporting In-
formation). Organelle genomes were downloaded from
public projects stored in the NCBI nucleotide database or
generated in this study. Sequence searches may be performed
with embedded BLAST tools (Mount, 2007). Genomic
fragments which represent low coverage whole-genome se-
quencing data were generated in this study. BAM (read
alignment) tracks and SNP tracks were generated if a whole-
genome assembly was available. All genomes (nuclear and
organellar) may be viewed and retrieved using JBrowse
(Buels et al., 2016) (Figure 3).

Sequence searching and data retrieval

Users may retrieve genomic data from the GPGD for further
mining by direct download or target sequence searching.
BLAST databases were built for the sequences stored in the
GPGD, allowing users to search all sequences in the GPGD
by submitting a query sequence. Target regions may be ex-
tracted using the extraction tool.

DISCUSSION

Herbgenomics introduces cutting-edge “omics” technologies
to traditional medicine research and enables the investigation
of disease prevention and treatment mechanisms of tradi-
tional medicines (Hu et al., 2019). Considerable progress in
sequencing technologies has promoted the rapid growth of
herb genomic data, with multiple applications for various
fields including, species identification, evolutionary history
discovery, and gene function/biosynthetic pathway resolu-
tion. However, limitations such as non-uniform formats and
storage at different locations have led to the inefficient use of
traditional medicine genomic data.
In this study, a comprehensive GPGD for herb genomics

data was constructed. Multiple layers of medicinal species
genomic data were collected and uniformly formatted. The
comprehensive genomic data stored in the GPGD can be used
to identify medicinal species, study biosynthetic pathways of

key secondary metabolites, and facilitate the genetic breeding
of elite cultivars (Figure 4). Pharmacopoeias are legally
binding collections of standards and quality specifications of
medicinal products in the interest of public used in national
market (World Health Organization, 2013). The GPGD is the
first online system aimed at regulated herbs recorded in
pharmacopoeias on the global market. Therefore, the utiliza-
tion of “omics” data for the authentication, cultivation, and
breeding of herbs sets the GPGD apart from common science-
or interest-oriented medicinal species databases (Fang et al.,
2021; Ru et al., 2014; Wang et al., 2018; Xue et al., 2013). The
GPGD can be extensively used for herb research, thus con-
tributing to global human health. Importantly, GPGD im-
provements are continuously ongoing. As herb genomic data
emerges at accelerated rates, more species and pharmaco-
poeias will be incorporated, and more tools will be developed
to meet the requirements of future diverse herb studies. In
addition to species recorded in pharmacopoeias, genomic data
from relative species and species having significant medicinal
value will be included in the future. Importantly, these addi-
tions will include medicinal species (Lv et al., 2020; Va-
dakkemukadiyil Chellappan et al., 2019) used by certain
nationalities or regions.
In summary, the GPGD provides a comprehensive re-

source of reliable “omics” data and frequently used bioin-
formatics analysis capabilities for herbal medicinal plants.
We regularly update the database with newly added datasets
and constantly improve the GPGD with enhanced function-
alities to provide a more valuable resource to expedite spe-
cies identification, decomposition of biosynthetic pathways,
molecular-assisted breeding, and other related herb genomic
studies. More data types (e.g., proteomics and metabo-
lomics) and more functions (e.g., the identification of re-
lationships between gene expression and metabolites) will be
included or developed in the future.

MATERIALS AND METHODS

Organelle genome generation pipeline

Young tender leaves were collected from most medicinal
species, and dried tissues were collected if fresh leaves were
unavailable. DNA was isolated using the modified cetyl-
trimethylammonium bromide method (Li et al., 2013). Paired-
end libraries with average insert sizes of 350 base pairs (bp)
were constructed and sequenced on the Illumina HiSeq XTen
platform (Illumina Inc., USA), and at least 4 Gb of sequencing
data were generated for each sample. Organelle genomes were
assembled using a reference-based approach. Reference gen-
omes of plastids and mitochondria were downloaded from
NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/).
Sequencing reads were mapped to reference genomes, and
mapped reads were extracted for plastids and mitochondria.
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Extracted reads were assembled into contigs using ABySS 2.0
(Jackman et al., 2017). The contigs were ordered and con-
nected manually according to the most closely related re-
ference sequence. Owing to their high variability and because
few plant mitochondrial genomes were available, only a few
(37 samples) mitochondrial genomes were successively as-
sembled. The plastid genome was annotated using Plann
(Huang and Cronk, 2015), and the mitochondrial genome was
annotated using MitoZ (Meng et al., 2019).

Whole-genome gene prediction and annotation

Gene annotations of the whole genome were included with
published genome projects, if available. Gene structure pre-
dictions and functional annotations were performed for gen-
omes with unavailable gene model information. Gene
predictions were conducted using the Maker-P pipeline
(Campbell et al., 2014) with evidences of assembled transcripts
from RNA-seq data or transcripts from closely related species
and protein sequences fromUniProt (https://www.uniprot.org/).
Gene function annotations were conducted using Inter-
ProScan v5.26 (Jones et al., 2014) and PfamScan (El-Gebali
et al., 2018). All gene annotation results were formatted in
the GFF3 format. Transcription factors were predicted by
combining PfamScan results and a BLAST search of

PlantTFDB (Jin et al., 2016). Disease resistance (R) genes
were predicted using PRGdb 3.0 (Osuna-Cruz et al., 2017).
Gene information may be searched using the search page.

In addition, gene sequences may be searched using BLAST
tools. Transcriptome data were collected from the NCBI
SRA database (https://www.ncbi.nlm.nih.gov/sra). The
GPGD stores the metadata and gene expression profiles
calculated based on each dataset using HISAT2 and String-
Tie (Pertea et al., 2016). Gene information may be viewed
from the JBrowse genome page (Figure 4).

Data collection and manual curation workflow

Herb species genomic data were collected from public da-
tabases and also newly generated in this study. All data were
categorized into four fields: DNA barcodes, super-barcodes,
genomes, and sequencing datasets. Each data type was
manually inspected and converted to the same format. For
DNA barcodes, sequences having the best hits belonging to
different species in self-vs.-self BLAST searches will be
filtered out. For super-barcodes, assembled contigs with total
lengths <20 kb will be removed. For genomes: (i) genomes
from species that are also common crops (e.g., rice and
soybean) will not be included in the database; (ii) the latest
version of the genome will be kept if multiple versions exist

Figure 4 Application fields for the GPGD.
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and come from the same strain; and (iii) all versions will be
kept if they come from different strains. For sequencing
datasets from next-generation sequencing, low-quality data
with a base Q20<95% will be removed, and no filtering for
sequencing datasets from third-generation sequencing will
be performed at present.

Implementation and database access

Metadata from the four fields, DNA barcodes, genomes
(nuclear and organellar), individual genomic fragments
(whole-genome sequencing at a low depth), and tran-
scriptomes were organized in a MySQL database with spe-
cies information as a core table (Figure 2). Public and newly
generated data were filtered and processed into a uniform
format (Figure 3A). For instance, all genome annotations
were stored as zipped gff files, and gene expression in-
formation was stored as counts and transcripts per million
tables. Data may be accessed via the web server; http://www.
gpgenome.com/. The web server was built based on LAMP
(Linux+Apache+MySQL+PHP), and the webpage was
constructed on a PHP MVC framework (Laravel v5.8;
https://laravel.com/) (Figure 3A).
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