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Sequencing 1254 herbgenomes including 1210 medicinal plants and fungi and 44 medicinal animals is a
state-of-the-art project that will be instrumental to understanding therapeutic mechanisms of diverse
medicinal plants. Based on my expertise in omics and plant secondary metabolism, I highlighted the sig-
nificance of over one thousand herbgenomes for elucidating biosynthesis of plant flavonoids, terpenoids,

nitrogen-containing secondary metabolites, and metabolic networks in the post-omics era. Meanwhile, I
concisely discuss the necessity of high-quality sequencing and genome assembly for understanding plant
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secondary metabolism. In conclusion, the completion of over one thousand herbgenomes will advance
knowledge of plant secondary metabolism and accelerate the discovery of novel medicinal metabolites.

© 2025 THE AUTHOR. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

When invited to contribute a commentary regarding the One
Thousand (1K) Herb Genomics (1KHG) Project, I was impressed
by its significance in uncovering the genetic basis associated with
medicinal plant properties. This 1KHG Project also brought back
memories of the early days of plant genomics development in
the beginning of the 21st century. As a postdoctoral fellow in the
former Division of Plant Biology at Noble Foundation, I witnessed
two major milestones in plant science, the sequencing and drafting
of two plant species genomes, the first from model plant Arabidop-
sis thaliana (A. thaliana) [1] and the second from rice including gen-
omes from two varieties [2,3]. Since then, these achievements have
revolutionized plant biology. Plant biologists worldwide have
adopted the two species as model plants and used their sequences
to investigate plant biology. Around the same time, in 2001, Noble
Foundation co-led the genomics and transcriptomics project of
Medicago truncatula (M. truncatula), a model legume species. I
was assigned to develop expressed sequence tags (ESTs) of seeds
at Noble Foundation. Using radioactive 3?phosphate isotope to
label messenger RNA (mRNA) was a main method to construct
complementary DNA (cDNA) libraries that were then introduced
into Escherichia coli (E. coli). A high-quality library required a titer
of at least one million, and mine reached three million. The next
step involved picking and culturing E. coli colonies one by one for
sequencing, a labor-intensive task that took me over four months
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to generate 5000 ESTs. From this dataset, I identified a novel antho-
cyanidin reductase (ANR) gene and discovered a novel ANR path-
way of proanthocyanidins (PAs) [4]. This discovery showed the
significance of an EST library in identifying new genes. Although
a consortium was formed to work together to sequence M. truncat-
ula, sequencing and drafting this legume plant genome was for-
midably challenging. It took the M. truncatula consortium 11
years to complete a drafted genome and to achieve this legume
genome milestone in 2011 [5]. At that time, the idea of sequencing
1000 plants seemed almost unimaginable.

We have now entered a large-scale plant genome sequencing
era. The sequencing technological advancements that once seemed
distant are now driving unprecedented insights into the genetic
diversity and metabolic pathways of plants. Herein, provided is a
concise summary of four types of main sequencing technologies
used in different institutes or countries, short-read sequencing
technologies such as Illumina sequencing (next-generation
sequencing (NGS) and BGI/MGI (DNBSEQ technology or MGISEQ),
long-read sequencing technologies such as Oxford nanopore tech-
nologies (ONT) and PacBio HiFi (single-molecule real-time (SMRT)
sequencing), synthetic long-read technologies such as 10x geno-
mics and loop genomics, and third-generation sequencing tech-
nologies such as telomere-to-telomere (T2T) and ultra-long read
methods [6-9]. With rapid advancements in artificial intelligence
(Al)-driven innovations, new and more efficient sequencing and
genome assembly technologies are anticipated to emerge in the
near future. Compared to Sanger sequencing and other traditional

2095-8099/© 2025 THE AUTHOR. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article as: D.-Y. Xie, One Thousand Herb Genomes: Advancing Plant Secondary Metabolism Research in the Post-Omics Era, Engineering,
https://doi.org/10.1016/j.eng.2025.12.001



http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.eng.2025.12.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.eng.2025.12.001
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng

D.-Y. Xie

methods, the new generation of technologies has not only vastly
improved the sequencing capacity, but also dramatically decreased
costs, making genome sequencing more affordable. As a result,
these improvements have fundamentally enabled the rapid gen-
ome sequencing, and the number of sequenced genomes has
grown exponentially in recent years. By March 2025, according
to the published genomes recorded in the plabipd database®, over
1900 plants have been sequenced, with 500 completed in 2024 alone
[10]. In addition, more than 123 medicinal plants have been
sequenced to study the genetic basis associated with therapeutic
features [11]. More importantly, these technological advancements
have promoted global sequencing initiatives, including the 10K Plant
Genome Sequencing Project [7] and the Earth Biogenome Project
[8,9], which will accelerate our understanding of biodiversity, evolu-
tion, and life origin.

The 1KHG Project was announced by Professor Shilin Chen and
his colleagues at the Chengdu University of Traditional Chinese
Medicine (CUTCM), China, on the second of July 2022. One hundred
and three research groups from 67 universities or institutes have
formed a fundamental team to undertake this task. This team inte-
grates interdisciplinary expertise to uncover the genetic and geno-
mic mechanisms behind the medicinal values of various plants. A
simplified diagram is summarized in Fig. 1 to show the contents
of the 1KHG Project that the team will complete. To date, they have
comprehensively studied pharmacopeia from over eight countries
and regions, including China, India, the Europe Union, the United
States, Japan, the Republic of Korea, Brazil, Egypt, and others, and
identified 1254 traditional medicinal organisms including 1210
medicinal plants and fungi from 162 families and 44 medicinal ani-
mals from 24 families for genome sequencing. The scientific aims
are: (D to develop a genomic database of global medicinal herbs,
@ to build representative models of medicinal plants, @ to pro-
mote elucidation of biosynthesis of plant secondary metabolites
with significant medicinal values, @ to understand the significance
of plant secondary metabolism in plant evolution, ® to enhance
the development of synthetic biology of plant secondary metabo-
lism to preserve natural resources especially endangered species,
® to expediate the understanding of the development, reproduc-
tion, diversification, and evolution of medicinal plants, and
@ others. The significance of this project is that the sequencing
data will be shared with all other countries, thus, will provide a
global service in understanding and enhancing the use of medicinal
plants in the world.

To date, the 1KHG Project has made tremendous progress. The
genomes of over 164 medicinal plants have been published. For
instance, the genomes of Allium sativum [12], Artemisia annua
[13,14], Coptis chinensis [15], Ginkgo biloba [16], Panax ginseng
[17], Punica granatum [18], Salvia miltiorrhiza [19,20], and Zingiber
officinale [21], are available for all scientists to access them. Like
the 1K Plant Transcriptomes Project cited more than 1540 times
since 2019, which has shown its global academic impact, the
1KHG Project is also anticipated a fundamental benefit to global
medicinal plant research in the future. This project established a
publicly available database® in 2021. By May 2025, scientists from
different countries, for example, China, the United States, Sweden,
Germany, Canada, Japan, and Singapore, have visited this database
for more than 1.2 million times. These statistics have indicated the
global significance of the 1KHG Project in both enhancing the under-
standing of the medicinal uses of plants and serving global scientists.

The 1KHG Project is a crucial initiative aimed at enhancing our
understanding of genomic mechanisms behind the therapeutic
properties of medicinal plants. According to the World Health

* https://www.plabipd.de/pubplant_main.html.
§ http://www.gpgenome.com.
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Organization, approximately 80% of the global populations relies
on medicinal plants and their traditional medicines for healthcare
[22,23]. The coronavirus disease 2019 (COVID-19) pandemic fur-
ther underscored the importance of medicinal plants, as people
in numerous countries without available vaccines used medicinal
plants to combat severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) and save life [24-26]. For instance, flavonoids, such
as (-)-epigallocatechin-3-0O-gallate, (-)-epicatechin-3-0O-gallate,
quercetin, and others in green tea were reported to play an effec-
tive role in fighting against COVID-19 in developing countries
[27-29]. Beyond their traditional uses, medicinal plants have also
been instrumental in the discovery of new medicines. From 1960
to 1981, the National Cancer Institute of United States screened
35 000 medicinal plants for anticancer medicines. This effort led
to the discovery of effective anticancer drugs, such as taxol from
Taxus brevifolia and camptothecin from Camptotheca acuminata
[30]. To date, a global estimation suggests that 50 000-70 000
medicinal plants are being used worldwide to aid in various ail-
ments [31]. However, despite the vast therapeutic potential,
research on most medicinal plants has largely focused on phyto-
chemical extraction. The molecular and genetic mechanisms asso-
ciated with medicinal uses remain unexplored. The lack of genetic
and biosynthetic information has hindered identifying unknown
phytochemicals and their biosynthesis in most medicinal plants.
These challenges highlight the necessity of large-scale genomics
projects like the 1KHG Project, which aim to advance our under-
standing of plant secondary metabolism associated with medicinal
therapies. By bridging the gap between phytochemistry and mod-
ern genomics, the 1KHG Project will accelerate drug discovery and
expand our knowledge of medicinal plant biodiversity.

The 1KHG Project will serve as a powerful genomic resource for
enhancing the elucidation of plant secondary metabolism in the
post-omics era. Although the number of sequenced genomes has
increased exponentially for genomic characterization in recent
years, the ultimate goal of genome assembly is to support post-
omics research in biochemistry, genetics, phylogeny, evolution,
development, systems biology, synthetic biology, and translational
studies [32-37]. Actually, the post-genomics era immediately
began in phytochemistry, plant systems biology, and other disci-
plines [38-43], after the A. thaliana genome was assembled in
2000. Since then, global efforts in plant biology have shifted
toward post-omics research. From November 8 to10, 2024, the
Henan Society of Plant Physiology, China organized a symposium
entitled “Medicinal Plant Biology in the Post-Omics Era” at the Col-
lege of Biological Sciences, Henan Normal University. The sympo-
sium highlighted the significance of genome sequencing across
all disciplines of plant science in the post-omics era. A key focus
was the role of omics in elucidating the biosynthesis of plant sec-
ondary metabolites, a main goal of medicinal plant genomics. As
we know, unlike model plants, such as A. thaliana and rice, most
medicinal plants lack established mutant-based genetic resources.
In this regard, genome sequencing is essential for understanding
the biosynthesis of over 200 000 metabolites [44,45]. It also
advances metabolic engineering of medicinal compounds, such as
artemisinin [13,14,46,47] and nutraceuticals, for example, (-)-epi
gallocatechin-3-gallate.

The completion of the 1KHG Project will establish a powerful
resource for elucidating plant metabolic networks from photosyn-
thesis to different classes of plant secondary metabolites (Fig. 2).
Most past studies on plant metabolism have focused on specific
pathways, even though databases such as Kyoto Encyclopedia of
Genes and Genomes (KEGG) provide valuable omics-based
resources. This limitation arises given that model plants only pro-
vide limited landscapes of plant secondary mentalism networks,
and databases on medicinal plants remain scarce. For example,
alkaloids are a major resource of medicinal compounds to treat
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Fig. 1. A diagram showing the contents of the 1KHG Project.
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Fig. 2. A scheme simplifies the essence of plant life consisting of metabolic networks from photosynthesis to plant primary metabolites, from which over 200 000 plant
secondary metabolites including phenolics, terpenoids, and plant nitrogen-containing secondary metabolites (PNSMs) are biosynthesized. Plant primary metabolites are
essential for plant development and growth. Plant secondary metabolites are a major resource of medicines, nutrients, food additives, biofuels, pesticides, fungicides,
herbicides, and others. Plant omics serve the post-omics studies in elucidating plant primary and secondary metabolism. Artemisia annua is an effective anti-malarial plant
producing artemisinin for the treatment of malaria. DOXP: 1-deoxy-D-xylulose-5-phosphate.

various diseases. However, model plants such as A. thaliana, M.
truncatula, rice, and maize have limited alkaloid metabolism. This
limitation makes these plants unsuitable for studying the biosyn-
thesis of alkaloids like nicotine, morphine, cocaine, quinine, and
atropine. To overcome these limitations, large-scale genomics pro-
jects like the 1KHG Project are necessary for generating compre-
hensive genomic resources that enable us to uncover
biosynthetic pathways of plant secondary metabolites (Fig. 2)
and to identify regulatory factors associated with plant metabo-
lism specificity. For instance, how plant primary metabolism influ-
ences specific plant secondary metabolism remains largely
unexplored in most medicinal plants. How primary metabolites
such as carbohydrates and amino acids (Fig. 2) are metabolically

channeled into specialized metabolic pathways in medicinal plants
is still poorly understood. Moreover, numerous fundamental ques-
tions about plant secondary metabolism remain for answers. An
effective approach is to sequence genomes of medicinal plants
with specific plant metabolisms, followed by comparative genome
analysis to construct genome-wide metabolic networks. It is obvi-
ous that the completion of this 1KHG Project will advance our
knowledge of major secondary metabolic pathways, including fla-
vonoids, terpenoids, nitrogen-containing secondary metabolites,
and others.

The 1KHG Project will enhance the discoveries of novel flavo-
noid skeletons and new structures of other polyphenolic com-
pounds (Fig. 3). Currently, the biosynthetic steps starting with
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Fig. 3. A simple scheme summarizes biosynthetic pathways from phenylalanine or tyrosine toward 16 subclasses of flavonoids. Papanridins are a novel subclass of flavonoids
reported in 2023 [48]. Two structures in the left and right top corners show flavonoid and isoflavonoid skeletons. Quercetin and epicatechin in the left and right bottom
corners represent structures of flavonols and flavans (or flavanols or flavan-3-ols). PAL: phenylalanine ammonia lyase; TAL: tyrosine ammonia lyase; C4H: cinnamate 4-
hydroxylase; 4CL: 4-coumaroyl CoA ligase; CHS: chalcone synthase; CHI: chalcone isomerase; F3H: flavanone 3-hydroxylase; F3'H: flavonoid 3’-hydroxylase; DFR:
dihydroflavonol reductase. BBP, EBP, and LBP: beginning, early, and late biosynthetic phases.

phenylalanine (Phe)—the primary precursor or tyrosine (Tyr)—a
minor precursor to various subclasses of flavonoids are well docu-
mented. While different phases have been proposed to describe the
biosynthesis of anthocyanins (ANs), PAs, flavonols, and others in
the literature, based on features of the entire pathways, I suggest
classifying these pathways into three phases, D beginning biosyn-
thetic phase: conversion of Phe or Tyr to 4-coumaroyl-coenzyme A
(CoA), @ early biosynthetic phase: formation of dihydroflavonols
from 4-coumaroyl-CoA, and @ late biosynthetic phase: conversion
of dihydroflavonols into ANs and PAs (Fig. 3). The genes encoding
enzymes involved in these steps have been extensively character-
ized across numerous plant species. With the availability of more
sequenced plant genomes, these genes are continuously identified
and anticipated to be further characterized in the 1KHG Project.
More importantly, although limited novel flavonoid skeletons have
been identified in recent decades, the 1KHG Project is anticipated
to generate abundant sequence data, which will facilitate the dis-
covery of new genes responsible for novel flavonoid skeletons.
The rationale behind this is that the genomes of over 1000 medic-
inal plants harbor numerous unique new sequences associated
with specialized plant secondary metabolism, which are absent
in model and crop plants. The anticipated new sequences will pro-
vide a valuable resource for unearthing novel enzymes. For
instance, using an integrative omics and metabolic engineering
approach, we recently identified a new class of oligomeric flavo-
noids, termed papanridins (Fig. 3), from model and crop plants
[48]. Similarly, the TKHG Project is hypothesized to unveil a large
number of novel genes associated with flavonoid modifications
and the biosynthesis of other phenolic groups. There is already
convincing evidence supporting this hypothesis. Since the
sequencing of the A. thaliana genome in 2000 and subsequent other
plant genomes, genome databases have enhanced the discovery of

new flavonoids. The number of documented flavonoid structures
has risen from 5000 in 2005 to 13 000 in 2015 [49,50]. Originally,
A. thaliana was reported to produce two major ANs [51], however,
in the post-genomic era, this number has increased to nearly 30
including at least eight novel AN structures [52,53]. These data
strongly suggest that the completion of the 1TKHG Project will not
only enhance the identification of potential novel flavonoid struc-
tures but also expand our understanding of the biosynthesis of
other phenolic compounds across medicinal plants.

The 1KHG Project will play a crucial role in unraveling the com-
plexity of plant terpenoids and their diverse biological functions.
To the best current knowledge, terpenoids are the largest class of
plant secondary metabolites, with over 80 000 known structures
documented to date [54]. Interestingly, all known terpenoids orig-
inate from either or both of two primary pathways: the meval-
onate (MVA) and the 2-C-methyl-D-erythritol-4-phosphate/1-
deoxy-D-xylulose-5-phosphate (MEP/DOXP) pathways (Fig. 4). To
date, fundamental progress has been made in characterizing genes
that are involved in these two core pathways in model and non-
model plants. By contrast, genes involved in downstream modifica-
tions, such as cyclization, chain formation and elongation, methy-
lation, oxidation, and structural transformations largely remain
open for studies. Although over 1900 plant genomes have been
sequenced, fewer than 10% belong to medicinal plants. As well doc-
umented, the therapeutic values of a large number of medicinal
plants result from unique terpenoids, including monoterpenoids,
sesquiterpenoids (e.g., artemisinin), diterpenoids (e.g., ginkgo-
lides), triterpenoids (e.g., saponins), many of which are absent in
model and crop plants. Therefore, by generating high-quality gen-
ome sequences of over 1000 medicinal plants, the 1TKHG Project
will provide a powerful genomic resource for elucidating biosyn-
thetic pathways of both known and unknown terpenoids.
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Fig. 4. A scheme shows the MVA pathway located in the cytosol and the MEP/DOXP
pathway located in plastids, from which over 80 000 terpenoids are biosynthesized.
AACT: acetoacetyl-CoA transferase; HMGS: 3-hydroxy-3-methyl glutaryl (HMG)-
CoA synthase; HMGR: HMG-CoA reductase; MK: mevalonate kinase; PMK: phos-
phomevalonate kinase; MPDC: mevalonate 5-pyrophosphate decarboxylase; DXS/
DXR: 1-deoxy-D-xylulose 5-phosphate synthase/reductase; MCT: 2-C-methyl-D-
erythritol 4-phosphate cytidyltransferase; CMK: 4-diphosphocytidyl-2-C-methyl-
D-erythritol kinase; MDS: 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase;
HDS/HDR: 4-hydroxy-3 methylbut-2-enyl pyrophosphate synthase/reductase; IPPI:
isopentenyl pyrophosphate isomerase; IPP: isopentenyl pyrophosphate; IS: iso-
prene synthase; GPPS: geranyl pyrophosphate synthase; GPP: geranyl pyrophos-
phate; FPPS: farnesyl pyrophosphate synthase; FPP: farnesyl pyrophosphate;
GGPPS: geranylgeranyl pyrophosphate synthase; GGPP: geranylgeranyl pyrophos-
phate; MS: monoterpenoid synthase; LS: limonene synthase; DMAPP: dimethylallyl
pyrophosphate; ABA: abscisic acid; GA: gibberellic acid.

The 1KHG Project will be fundamental to understanding the
diversity and biosynthesis of plant nitrogen-containing secondary
metabolites (PNSMs), which include alkaloids, amines, non-
protein amino acids, cyanogenic glycosides, glucosinolates, cycle
peptides, and others. To the best current knowledge, most PNSMs
originate from amino acids (Figs. 2 and 5). Among PNSMs, alkaloids
are the largest group and form a major resource of medicines, such
as morphine, berberine, quinine, vinblastine, and many others. To
date, over 27 000 alkaloid structures have been identified in nature
[54], with more than 21 000 originating from plants. The past
structural elucidation has classified alkaloids into over seventeen
main classes (Fig. 5). Past biosynthetic investigations have also
shown that most alkaloids are biosynthesized from amino acids,
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including lysine, glycine, arginine, Phe, Tyr, proline, glutamic acid,
aspartate, cysteine, ornithine, histidine, tryptophan, and
tryptophan-derived anthranilic acid. Beyond amino acids, purine
serves as precursor for alkaloids, such as caffeine. In addition,
DOXP and various terpenoids, including monoterpenoids,
sesquiterpenoids, and diterpenoids, serve as alkaloid precursors
to produce miscellaneous alkaloids. Given this diversity, it is antic-
ipated that future research in medicinal plant genomics will
unearth additional amino acids or other compound-derived pre-
cursors leading to novel alkaloid structures. Unlike flavonoids
and terpenoids, whose main entry biosynthetic pathways have
been appropriately elucidated (Figs. 3 and 4), the pathways toward
diverse classes of alkaloids remain open for elucidation. Especially,
the biosynthetic pathways of numerous medicinal alkaloids are
unknown. Likewise, other groups of PSNMs remain poorly charac-
terized in terms of their genetic and metabolic pathways. There-
fore, the 1TKHG Project will provide a valuable genome database
for investigating the genetic basis associated with the biosynthesis
of diverse alkaloids and other PNSMs in medicinal plants. This
resource will not only promote the functional characterization of
candidate gene families potentially involved in the biosynthesis
of alkaloids but also advance our understanding of plant secondary
metabolism and its applications.

In summary, the functional characterization of over 1000 her-
bgenomes is a highly challenging and time-consuming task. In this
regard, A. thaliana has taught plant biologists an important lesson:
understanding plant life and evolution requires sustained efforts in
the post genomics era. The genome of A. thaliana was released in
2000 [1]. Since then, global research efforts have focused on
exploring gene functions and their implications in the post-
genomics era of this model plant [38]. Especially, the 2010 Project
was funded to understand all gene functions of this model plant,
with the aim of comprehending plant form and function for elite
traits [55,56]. Despite the extensive global efforts and the creation
of mutants for most genes, a large number of questions regarding
gene functions in this model plant remain unanswered. By con-
trast, the genomes of medicinal plants are likely more complicated
and specialized. These plants likely harbor numerous unknown
plant secondary metabolisms that are unique to themselves. More-
over, unlike A. thaliana, it is often challenging, if not impossible, to
generate mutants for genes in woody medicinal plants. These fac-
tors underscore the importance of high-quality sequencing and
genome assembly in the 1KHG Project. In conclusion, the 1TKHG
Project will dramatically advance our understanding of plant sec-
ondary metabolism that underlies the therapeutic value of medic-
inal plants.
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