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Herbgenomics: A stepping stone for research into herbal medicine
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From the prehistoric era until the publishing of the Compendium of Materia Medica and the first scientific Nobel Prize in the
Chinese mainland for Tu’s discovery on anti-malarial tablets, each milestone and stepping stone in the developmental history of
herbal medicine involved intrepid exploration, bold hypothesis formulation, and cautious verification. After thousands of years
of discovery and development, herbal research has entered a new era—the era of herbgenomics. Herbgenomics combines herbal
and genomic research, bridging the gap between traditional herbal medicine and cutting-edge omics studies. Therefore, it
provides a general picture of the genetic background of traditional herbs, enabling researchers to investigate the mechanisms
underlying the prevention and treatment of human diseases from an omics perspective.
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Introduction

Herbal medicines, which refer to plant- or fungi-based
pharmaceuticals, have been widely used for more than
5,000 years. They continue to play an important and irre-
placeable role in modern society by reducing the effects of
disease on human health (Tu, 2011). Primitive humans
probably started using herbs to fight disease by noticing or
imitating the behavior of animals that tended to consume
specific plants when suffering from an illness. Herbal re-
search has evolved from naked eye to microscopic and
chemical analyses. In the ancient era, it was referred to as
“tasting hundreds of plants.” However, it has subsequently
transformed in the morphological and biological period. It
includes thorough investigation into the biological origin,
taxonomy, and macroscopical and microscopical character-
istics of a plant, as well as the study of its chemical nature via
pharmaceutical chemistry. With recent advances in cutting-

edge biological science, particularly omics technologies,
herbal research has entered a brand new era—the era of
“herbgenomics” (Figure 1). Omics studies into the genetic
background of traditional herbs are of great significance to
determine their biological basis, medicinal quality, herbal
synthetic biology, natural herb resource protection, and drug
safety. Thus, the foregoing technological developments will
provide a major impetus to the continuous development and
progress of human health (Chen et al., 2015).
Herbgenomics provides a theoretical basis and an effective

technological platform for research into model herbs, bio-
logical basis of herbalism, targeted herb breeding, molecular
identity, herbal synthetic biology, and construction of herbal
gene banks. This enables researchers to systematically in-
vestigate medicinal plants by sequencing, assembling, and
recording their genome, and further analyzing their genetic
functions. Moreover, genomic information together with
transcriptomic, proteomic, and metabolomic data can now be
applied to numerous areas of herb-related biological re-
search, triggering a revolution in large-data-based research
into the genetic and biological nature of herbs (Figure 2)
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(Chen et al., 2015; Xin et al., 2018).

A milestone: current achievements of herbgenomics

The structural genome is the complete set of sequences in the
genetic material of an organism. The typical eukaryotic
genome comprises three main components: protein-coding,
non-coding, and repetitive regions. Genomics research fo-
cuses on gene numbers, the gene’s linear distribution and
distance in the chromosome, and the coding and structure of
intergenic spacer regions. The abundant diversity of plant
species is reflected in their genome, which varies mainly
with respect to size and complexity. This multiformity pro-
vides information regarding the genetic origin, evolution,
speciation, individual development, agronomic traits, active
compound biosynthesis, and all other biological character-

istics of medicinal organisms. Chen et al. (2010) previously
proposed a project, which aimed to sequence and investigate
the whole genome of medicinal plants with a high economic
value and typical secondary metabolic pathways. The key
technology of this project encompasses species screening,
genome pre-analysis, sequencing platform selection, genetic
mapping, physical mapping, genome assembly, sequence
maps, gene maps, genome recording, and bioinformatics
analysis.
Many medicinal organisms are phylogenetically closely-

related, sharing similar pharmacological activity. The phy-
logenomic approach enables the determination of phyloge-
netic relationships among herbs through structural
comparisons of the genome. This enables researchers to
identify the differences and similarities among different
species, to further understand the species’ evolutionary his-
tory, and to deduce the biosynthetic pathways of pharma-

Figure 1 The three main evolvement phases of the theory concept and experimental methods of herbal research.

Figure 2 Research contents and applications of herbgenomics.
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ceutical ingredients with similar activity (Zhang et al., 2017).
The genome of a typical higher plant comprises three

components: nuclear, chloroplast, and mitochondrial gen-
omes. The nuclear genome contains most of the genetic in-
formation pertaining to the species origin, evolution,
physiological regulation, growth and development, and
synthetic secondary metabolite pathways. Since the first
genome reporting of the herbal drug Ricinus communis in
2010 (Chan et al., 2010), over 40 medicinal plants and fungi
have been sequenced and analyzed, including Ganoderma
lucidum (Chen et al., 2012), Salvia miltiorrhzia (Xu et al.,
2016), Panax ginseng (Xu et al., 2017; Jayakodi et al., 2018),
Panax notoginseng (Chen et al., 2017), Selaginella tamar-
iscina (Xu et al., 2018), Artemisia annua (Shen et al., 2018),
and Papaver somniferum (Guo et al., 2018) (Table 1, Figure
3A). Acquiring information regarding medicinal organisms’
whole genome has considerably promoted basic research,
providing a foundation to investigate the biosynthetic path-
ways of different pharmacological active ingredients and the
plant genome evolution. Ganoderma lucidum, frequently
designated as seocho or “the mushroom of immortality”, is a
medicinal macrofungus, widely utilized in traditional Chi-
nese medicine (TCM), which produces a diverse set of
bioactive compounds. Chen et al. (2012) reported that the
genome of G. lucidum comprises 43.3 Mb, encoding 16,113
predicted genes. The study also reported an impressive array
of chromosome-level genomic maps, as well as the existence
and regulation of a triterpenoid biosynthesis pathway in
medicinal fungi (Figure 3B).
Chloroplasts (cps) are photosynthetic organelles, which

transform light into chemical energy to synthesize starch,
amino acids, pigments, and fatty acids (Neuhaus and Emes,
2000; Rodríguez-Ezpeleta et al., 2005). The chloroplast has
its independent genome, which occurs as circular DNA and
contains two copies of inverted repeats separating the large
single copy and the small single copy regions (Palmer,
1991). The common angiosperm cp genomes are highly
conserved in terms of gene contents and regulation (Wicke et
al., 2011). Additionally, cp genomes have been found to

present multiple useful characteristics, which decrease the
efforts required for genetic transformation, recombination
and replication, maternal inheritance, and high expression.
Consequently, the cp genome constitutes an ideal data set for
evolutionary research and molecular identification, posses-
sing great potential for genetic engineering and herbal
breeding. In recent years, over 7,200 plant cp genomic se-
quences have been published, among which over 20% are
believed to have medicinal properties.
The mitochondrion is the other organelle with its own set

of genetic instructions. As the center of aerobic respiration,
mitochondria are the primary source of cellular energy and
play a vital role in eukaryotic growth, development, and
environmental adaption (Taanman, 1999; Gualberto et al.,
2014). Compared with the nuclear genome, the mitochon-
drial genome has the following characteristics: (i) strict
maternal lineage, no recombination, and less genetic reset-
ting phenomena; (ii) fast evolution rate; and (iii) no tissue
specificity or cellular abundance. In contrast to the highly-
conserved vascular plants’ cp genomes, the size of the mi-
tochondrial genome of higher plants ranges between hun-
dreds of kb to dozens of Mb, indicating toward a higher
complex organization and structural diversity (Gualberto et
al., 2014; Wu et al., 2016). The known molecular config-
urations of plant mitochondrial genomes include Y-type, H-
type, multivariate linear, single linear, circular, and coexist-
ing circular and linear. The complete mitochondrial genomes
of some medicinal plants and fungi, such as Brassica na-
pusbn (Handa, 2003), Ganoderma lucidum (Li et al., 2013),
and Ophiocordyceps sinensis (Li et al., 2015), have been
published, providing valuable information to understand
mitochondrial origin and genome evolution of modern plants
and fungi.

Applications of herbgenomics

Eukaryote genomics plays a central role in the biosynthesis
of secondary metabolites and heredity procedures. There-

Figure 3 A trend of the number of publications on herb genome between 2010 and 2018.● represents the total number of published herb genomes before
the end of current year;▲ represents the number of published herb genome studies during the current year. B, Chromosome-level genomic map showing the
genomic features of Ganoderma lucidum (Chen et al. 2012).
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fore, these genomic data constitute enabling key steps for
research into biosynthetic pathways, herbal synthetic biol-
ogy, omics molecular identification, and targeted herb
breeding.

Model herb research platform

The creation and analysis of model herbs enables researchers
to comprehensively understand secondary metabolic activ-
ities and synthesis pathways of pharmaceutical components,
through the biological systems’ complex phenomena and
properties. Nevertheless, the selection of model herbs is re-
latively more complex than that of normal model organisms.
A typical model herb must comply with the following cri-
teria: (i) have a short generation cycle; (ii) be easy to culture
and genetically transform, and be environmentally friendly;
(iii) have a relatively small genome size and a stable phe-

notype; and (iv) have a typical pathway of pharmaceutical
secondary metabolite synthesis. According to these princi-
ples, several species were identified as valuable model herbs
to study metabolic activities and genetics, including Gano-
derma lucidum, Salvia miltiorrhiza, and Catharanthus ro-
seus (Chen et al., 2015).
The chromosomal-level genome of Ganoderma lucidum

has laid a solid foundation for its application as a medicinal
model organism. Moreover, G. lucidum involves multiple
secondary metabolite biosynthetic pathways, making it an
ideal model to study the biosynthesis and regulation of ter-
penoids.
Salvia miltiorrhiza contains hydrophilic phenolicacids and

tanshinones as pharmaceutically active components and has
a high medicinal and economic value. Its genome and tran-
scriptome have been previously reported (Cui et al., 2015).
With such characteristics, S. miltiorrhizameets the criteria as

Table 1 Published herb whole-genomes in 2017–2018a)

Family Species Assembled genome
size Sequencing platform Reference

Araliaceae Panax ginseng 3.43 Gb
3.00 Gb

Illumina HiSeq X-Ten
Illumina HiSeq

(Xu et al., 2017)
(Jayakodi et al., 2018)

Araliaceae Panax notoginseng 1.85 Gb
2.39 Gb

Illumina HiSeq 2000
Illumina HiSeq 2000

(Chen et al., 2017)
(Zhang D. et al., 2017)

Compositae Erigeron breviscapus 1.20 Gb Illumina HiSeq 2500,
PacBio RS II platform (Yang et al., 2017)

Crassulaceae Rhodiola crenulata 344.5 Mb Illumina HiSeq 2000/4000 (Fu et al., 2017)

Cucurbitaceae Momordica charantia 339 Mb Illumina MiSeq, HiSeq 2500 (Urasaki et al., 2017)

Fabaceae Glycyrrhiza uralensis 379 Mb Illumina HiSeq 2000,
PacBio RS II platform (Mochida et al., 2017)

Labiatae Mentha longifolia 353 Mb Illumina HiSeq 2000,
PacBio RS platform (Vining et al., 2017)

Nyssaceae Camptotheca acuminata 384.5 Mb Illumina HiSeq 2000 (Zhao et al., 2017)

Papaveraceae Macleaya cordata 378 Mb Illumina HiSeq 2000 (Liu et al., 2017)

Punicaceae Punica granatum 328.38 Mb Illumina HiSeq 2000 (Qin et al., 2017)

Theaceae Camellia sinensis 3.02 Gb Illumina HiSeq 2000 (Xia et al., 2017)

Asteraceae Artemisia annua 1.78 Gb Illumina HiSeq 2500 and MiSeq, PacBio RSII
platform (Shen et al., 2018)

Asteraceae Chrysanthemum nankin-
gense 2.53 Gb Oxford Nanopore (Song et al., 2018)

Orchidaceae Gastrodia elata 1.06 Gb Illumina HiSeq 2500 (Yuan et al., 2018)

Papaveraceae Papaver somniferum 2.72Gb PacBio SMRT, Oxford Nanopore and Illumi-
na Hiseq2500/4000 (Guo et al., 2018)

Rosaceae Rosa chinensis 503 Mb Illumina HiSeq 2000,
PacBio RSII platform (Raymond et al., 2018)

Selaginellaceae Selaginella tamariscina 301 Mb PacBio RSII platform (Xu et al., 2018)

a) Twenty-one herb whole genomes have been publish in 2010–2016 (Chan et al., 2010; Schmutz et al., 2010; van Bakel et al., 2011; Chen et al., 2012;
Garcia-Mas et al., 2012; Guo et al., 2012; Bennetzen et al., 2012; The International Barley Genome Sequencing et al., 2012; Wang et al., 2012; Ming et al.,
2013; Wang et al., 2013; Verde et al., 2013; He et al., 2013; Kitashiba et al., 2014; Liu et al., 2014; Wang et al., 2014; Zhu et al., 2015; Ye et al., 2015; Yang et
al., 2015; Kellner et al., 2015; Yan et al., 2015; Guan et al., 2016; Zhang J. et al., 2016; Hoshino et al., 2016; He et al., 2016; Xu H. et al., 2016; Zhang G. Q.
et al., 2016).
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an ideal model herb for the study of multiple secondary
metabolite biosynthetic pathways and their regulation (Wang
et al., 2009; Xu Z. et al., 2016). A mutant library has already
been constructed.

Herbal synthetic biology

Although herbs are the primary source of therapeutic com-
pounds, they pose a sourcing problem, and their low pro-
duction efficiency, long growth period, and farmland
occupation remain common limitations in the production of
natural medicaments. With the advances in herbgenomics
research, herbal synthetic biology encompassing the dis-
covery of natural product synthesis-related elements and the
optimization of engineering principles, offers alternative
production methods.
Herbal synthetic biology aims to decompose complex

secondary metabolism pathways into simple, controllable
modules or synthetic units, and to modify host cells (Chae et
al., 2014), which can be used to regulate and reconstruct
artificial metabolic systems. Its ultimate aim is the com-
mercial production of TCM effective constituents.

Omics-wide molecular identification

DNA barcoding has developed rapidly, and has been used to
identify medicinal species, control drug quality, and super-
vise the market (Erickson et al., 2008), thus promoting the
standardization of TCM identification. This technology is
currently recorded in the British and Chinese Pharmaco-
poeias (State Pharmacopoeia Committee, 2015; The British
Pharmacopoeia Commission, 2015).
In recent years, the advances in next generation sequencing

(NGS) have led to the introduction of omics molecular
phylogenetic analysis and identification (Li et al., 2014;
Coissac et al., 2016; Hollingsworth et al., 2016; Bakker,
2017). Extending concepts of DNA barcoding include super-
barcoding, which introduces the whole cp genome as spe-
cies-level DNA marker (Erickson et al., 2008; Sucher and
Carles, 2008; Parks et al., 2009; Nock et al., 2011; Yang et
al., 2013; Li et al., 2014) and genome skimming which refers
to low-coverage shotgun sequencing of genomic DNA
(Coissac et al., 2016; Hollingsworth et al., 2016; Bakker,
2017).
These extended molecular identification technologies can

potentially overcome the limitations of traditional barcodes
in the following ways: (i) they circumvent the need for a PCR
stage, thus introducing the possibility to recover materials
containing degraded DNA (e.g., ancient herbarium speci-
mens up to 146 years old (Bakker et al., 2016), processed
drugs or sediments); (ii) they greatly enhance the phyloge-
netic signal; (iii) they make way for the construction and
standardization of a universal DNA marker through different

taxa, whereas currently various loci are being applied by
different researchers; (iv) they increase species discrimina-
tion through additional sequence data hybridization, in cases
where repeated introgressions, incomplete linage sorting,
reticulate evolution, and recent origins might occur.

Genomics-assisted herb breeding

As a more precisely targeted breeding strategy, genomics-
assisted herb breeding results from the combination of mo-
lecular breeding and NGS. Plant genomics plays a vital role
in plant improvement, including the discovery of the genetic
variation underlying the enhanced effectiveness and in-
creased efficiency of breeding (Bevan et al., 2017). Herb-
genomics research and computational biology have
accelerated the exploration and identification of functional
genes in model herbs, strengthening the development of
functional markers that provide a direct link to the produc-
tion of desired compounds (Chen et al., 2015).
Genomics-assisted herb breeding involves an extensive

combination of both genotype- and phenotype-related in-
formation and the design of multiple characteristics, thus
breaking through the bottleneck of selection efficiency to
accelerate the breeding process.

Herbal gene bank construction

With the generation of herbal genetic information at a
soaring speed, a common and universally-shared platform
for integrated access to all omics data is of utmost im-
portance. Several herb-genetics-related databases involving
genomic, epigenetic, transcriptomic, proteomic and meta-
bolic pathway information, as well as DNA barcoding sys-
tems have already been developed. However, such resources
are retrieved in different formats and its use requires bioin-
formatics skills (Chen et al., 2015). Therefore, a compre-
hensive and user-friendly database to organize and retrieve
integrated molecular and biological data for herbal medi-
cines is required. With advanced bioinformatics approaches
and database technologies, multi-omics and chemical in-
formation can be applied to resolve a wide range of herb-
related scientific issues (Yandell and Ence, 2012; Berger et
al., 2013).

Conclusions and prospects

The present paper summarizes the background of herbge-
nomics generation, covering interdisciplinary subjects such
as its theoretical basis, research contents, key technologies,
practical applications, and research progress.
Despite the fact that herbgenomics research is still in its

initial developmental stage, it has already obtained a great
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promotion and achievement. In the wake of high-throughput
method developments in bioinformatics approaches and
other innovative technologies, herbgenomics research will
open a novel field for basic theory and applied research into
natural drugs. Moreover, it will provide an unprecedented
opportunity to revolutionize the use and acceptance of tra-
ditional herbal medicines.
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