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Abstract
With  the  rapid  advancements  in  sequencing  technology,  an  increasing  number  of  genome  sequences  for  medicinal  plants  have  become

available.  In  2021,  TCMPG  was  introduced  as  a  comprehensive  database  dedicated  to  traditional  Chinese  medicine  (TCM)  plant  genomes,

capturing significant attention within the scientific community. To offer invaluable resources to researchers, this database received an upgrade to

its  latest  version,  named  TCMPG  2.0,  accessible  at http://cbcb.cdutcm.edu.cn/TCMPG2/.  TCMPG  2.0  surpasses  its  predecessor  by  adding  114

medicinal plants,  129 genomes, and 159 related herbs.  Recognizing the critical  role of ingredients in assessing the pharmacological  effects of

Chinese  medicines,  TCMPG  2.0  has  also  amassed  data  on  13,868  herbal  ingredients.  Additionally,  four  practical  analytical  tools,  including

Heatmap,  Primer3,  PlantiSMASH,  and  CRISPRCasFinder,  have  been  integrated  into  the  toolbox.  These  valuable  enhancements  significantly

enhance the database's utility for researchers in the field.
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 Introduction

Over  time,  a  shift  has  occurred  in  the  storage  of  medicinal
plant  genomes  and  related  information.  Previously,  these  re-
sources  were  predominantly  scattered  in  fragmented  data-
bases,  which  posed  obstacles  to  the  systematic  research  and
application of medicinal plants. Fortunately, this landscape has
gradually  evolved  with  the  emergence  of  TCMPG[1] and  other
databases related to traditional Chinese medicine (TCM)[2,3].  By
integrating diverse medicinal plant genome resources, such as
NCBI  and  NGDC[4],  TCMPG  has  established  itself  as  the  most
comprehensive  and  accessible  database  in  its  respective
domains. Its initial version encompasses data from 160 medici-
nal  plants,  195  genomes,  and  255  herbs.  Additionally,  TCMPG
offered  a  suite  of  five  commonly  used  bioinformatics  analysis
tools.  These  advancements  have  successfully  attracted  a  sub-
stantial  number  of  researchers  from  92  countries  and  regions
within the past year.

Advancements  in  sequencing  technology,  coupled  with
significant  reductions  in  sequencing  costs,  have  enabled  the
sequencing  of  a  greater  number  of  medicinal  plant  genomes,
including Artemisia  annua[5] and Polygala  tenuifolia[6].  Simulta-
neously,  the  surging  interest  in  traditional  Chinese  medicine
has ignited widespread academic research into the therapeutic
components of herbal ingredients. Prominent instances include

ginsenoside Rh2,  exhibiting promise in  general  tumor preven-
tion[7],  and costunolide,  renowned for its  excellent anti-inflam-
matory  effects[8].  Researchers  have  diligently  worked  on  the
extraction  and  isolation  of  active  compounds  found  in  herbs,
resulting  in  a  wealth  of  data  pertaining  to  the  constituents
associated  with  herbal  medicines.  However,  this  constituent
data is often reported sporadically in the literature or dispersed
across various TCM-related databases. The availability of compre-
hensive and accurate information regarding the constituents of
Chinese medicines is of paramount importance for all facets of
TCM research.

Hence,  there  arose  a  pressing  need  for  a  more  comprehen-
sive and accurate database housing relevant data and informa-
tion.  In  TCMPG  2.0,  the  updated  version,  the  original  dataset
has  undergone experienced substantial  expansion,  along with
the  inclusion  of  a  new  data  category  known  as  'ingredients'.
Furthermore,  four  newly  analytical  tools,  namely  the  Heatmap
to  draw  heatmaps,  Primer3  to  design  PCR  primers,  Plan-
tiSMASH  to  view  BGCs,  and  CRISPRCasFinder  to  search  for
CRISPR arrays and Cas proteins, have been incorporated. These
enhancements  have not  only  revitalized the latest  version but
have  also  elevated  it  a  more  valuable  resource  for  researchers
working on medicinal plants. The redesigned web interface can
be accessed at http://cbcb.cdutcm.edu.cn/TCMPG2/.
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 Materials and methods

 Data collection and processing
The genomic information of medicinal plants and their asso-

ciated  traditional  Chinese  medicines  (TCMs)  were  collected
using the same methodology as that employed in TCMPG[1]. In
summary,  we  extracted  information  on  reported  medicinal
species  from  plaBiPD  (www.plaBiPD.de/index.ep)  and  filtered
out those listed in TCMID[9,10]. The genomic data of the chosen
medicinal  plants  was  manually  obtained  from  the  links  pro-
vided  in  the  relevant  publications.  The  ingredient  information
of TCMs was sourced from 11 established databases, including
TCMSP[11],  HERB2.0[12],  ITCM[13],  TCM2COVID[14],  TCMIO[15],
TCMSID[16],  TCMID[9,10],  TM-MC2.0[17],  HIT2.0[18],  TCM-Suite[19],
and ETCM2.0[20].  To ensure data accuracy and eliminate redun-
dancies, we consolidated information about Chinese medicines
and  their  ingredients  from  these  11  databases.  We  consoli-
dated  duplicate  pairs  of  herbs  and  ingredients  obtained  from
various databases and documented the source names of these
databases in TCMPG 2.0.  Subsequently,  we employed RDKit  to
handle  the  SMILES  (Simplified  Molecular  Input  Line  Entry
System)  of  the  ingredients,  and  eliminated  any  illegitimate
SMILES.  Notably,  we  conducted  a  manual  review  of  the  data,
addressing  issues  such  as  incorrect  Chinese  medicine  names
and  inaccurately  encoded  ingredient  names.  Finally,  we
expanded  the  dataset  by  extracting  additional  information
from  PubChem  using  pubchempy.  In  this  step,  ingredient
names  were  replaced  with  corresponding  titles  found  in  the
PubChem  title  field.  To  streamline  downstream  analysis,  we
filtered  the  ingredients  based  on  the  collected  herb  names,
retaining  only  those  with  isomeric  SMILES  notations.  To
enhance the user's comprehension of the chemical structure of
the ingredients and facilitate differentiation, such as categoriz-
ing them by type and visualizing the arrangement of atoms and
bonds  within  each  compound,  we  employed  SmilesDrawer
(v1.0.10)[21] for  visualizing  all  SMILES.  This  visual  approach  not
only enhanced the understanding of the chemical makeup but
also  provided  a  valuable  means  for  researchers  to  identify
patterns,  similarities,  and  differences  among  the  compounds
under investigation. Furthermore, ADMETlab2.0[22] was used to
predict the absorption, distribution, metabolism, excretion, and
toxicity (ADMET) properties of all the ingredients.

 Configuration of tools
To  provide  a  more  user-friendly  BLAST  interface,  we

upgraded  SequenceServer  to  version  2.0.0.  Notably,  we've
restructured the database presentation, organizing it in a tree-
like  hierarchy  based  on  species  taxonomy.  This  organization
significantly  improves  the  accessibility  and  navigation  of  the
database. In order to facilitate the generation of heatmaps, we
introduced  the  Heatmap  service  using  the  PyComplex-
Heatmap[23] package  in  Python,  which  is  a  reliable  tool  for
heatmap  generation.  To  further  empower  users  with  Primer3
functionality[24,25],  we've  seamlessly  integrated  the  primer3-py
package  into  TCMPG2.0.  This  addition  allows  users  to  design
primers  for  specific  sequences,  offering  greater  flexibility  and
control  over  their  experiments.  In  the  pursuit  of  identifying
genome-wide  biosynthetic  gene  clusters  (BGCs),  we've
harnessed  the  capabilities  of  the  PlantiSMASH[26] program.  By
using  its  default  parameters,  we  can  now  effectively  pinpoint
all  BGCs  in  chromosome-level  genomes.  This  valuable  feature

aids researchers in the exploration of gene clusters responsible
for  the  biosynthesis  of  various  compounds.  Moreover,  to  pro-
vide a comprehensive analysis,  we've incorporated CRISPRCas-
Finder[27] into TCMPG2.0. This tool enables the identification of
CRISPR  sequences  and  Cas  proteins  in  user-submitted
sequences,  enhancing  our  capacity  to  analyze  and  annotate
genomic data.

 Results

 Data updates and extensions
In TCMPG 2.0, we've significantly expanded and enriched our

data  resources,  focusing  on  plant,  genomic,  and  herbal  data
(Fig.  1).  We've  introduced  114  newly  sequenced  plants,  span-
ning across 37 orders and 70 families,  thereby broadening the
diversity  of  species  represented  in  the  database.  To  provide
users  with  comprehensive  insights  into  each  plant  species,
we've incorporated external links to iPlant,  Plants of the World
Online,  and Encyclopedia Britannica on the plant details  page.
This  enhances  access  to  a  wealth  of  information.  Correspond-
ing to the newly added plant species, we've gathered genomic
data  for  129  additional  species,  marking  a  substantial  66.2%
increase  in  the  number  of  genomes  available.  This  genomic
data  includes  17  scaffold-level  assemblies  and  112  chromo-
some-level  assemblies,  with  two  being  complete  telomere-to-
telomere  (T2T)  finished genomes.  To  address  growing interest
and  research  needs,  we've  introduced  159  new  herbal  entries
into the database, increasing the total count of herbs to 414. In
summary, TCMPG 2.0 represents a significant expansion of our
dataset,  demonstrating  our  commitment  to  providing  a  more
comprehensive  and  valuable  resource  for  researchers  and
users.

 Addition of a new data field
We  have  incorporated  a  new  data  field,  namely  the  ingre-

dient  information  of  herbs,  into  TCMPG  2.0.  To  compile  this
valuable resource,  we primarily  gathered ingredient data from
11  existing  databases  (see  Materials  and  methods).  Following
meticulous  data  integration  and  screening  procedures,  we
successfully  incorporated  13,868  unique  ingredients  associ-
ated  with  397  herbs.  This  process  yielded  a  total  of  31,517

 

Fig. 1    Comparative results for the quantities of plants, genomes
and herbs in TCMPG 1.0 and TCMPG 2.0.
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records  detailing  the  relationships  between  herbs  and  their
respective  ingredients  (Fig.  2).  Additionally,  we  harnessed  the
capabilities  of  ADMETlab  2.0  to  predict  the  medicinal  chem-
istry and ADMET properties of all the ingredients. Furthermore,
we included records of associated ingredients on the herb page
and  records  of  related  herbs  on  the  ingredient  page.  These
enhancements  contribute  to  a  more  extensive  and  valuable
information for users.

 Enhancements and new additions to tools
Within  TCMPG  2.0,  we've  made  substantial  upgrades  and

additions to our suite of tools to better cater to research needs.
Notable  improvements  include  the  enhanced  BLAST  service,
which has been fine-tuned to accommodate the ever-growing
array  of  databases.  We've  gone  a  step  further  by  reorganizing
the existing database into a species taxonomy-based tree struc-
ture, making data navigation more intuitive and efficient. Addi-
tionally,  to  enrich  the  exploration  of  gene  functions,  we've
introduced  the  sequence  of Arabidopsis  thaliana into  our
database,  despite  it  not  being  a  medicinal  plant.  Additionally,
we have added simple sequence repeats (SSRs) identified from
whole genome sequences to the SSR Finder.

In order to provide users with more practical tools for bioin-
formatics analysis, we have added four new tools to TCMPG 2.0
(Fig.  3).  We  offer  a  service  called  Heatmap,  designed  to  assist
users  in  generating  heatmaps  for  expression  profile  data  (Fig.
3a).  Heatmap  allows  for  the  quick  creation  of  heatmaps  by
simply  uploading  a  data  matrix.  Additionally,  users  have  the
flexibility  to  customize  their  heatmaps  by  adjusting  options
such  as  color  schemes  and  clustering  methods  based  on  their
preferences.  To  aid  experimentalists  in  PCR  primer  design,  we
have  incorporated  the  essential  features  of  Primer3  (Fig.  3b).
Users can conveniently input the sequence into the designated
box  to  swiftly  generate  primers.  We  have  also  conducted  an
analysis of secondary metabolic gene clusters (BGCs) across all
chromosome-level  genomes  (Fig.  3c).  Leveraging  the  capabili-
ties  of  the  PlantiSMASH  tool,  we've  cataloged  all  BGCs,
offering users a convenient method to explore gene clusters of
interest.  Moreover,  we embedded CRISPRCasFinder  to  identify
CRISPR  arrays  and  Cas  proteins  in  sequences  (Fig.  3d).  These
enhancements  collectively  contribute  to  a  more  robust  and

user-friendly  suite  of  tools,  aimed  at  empowering  researchers
and experimentalists in their scientific endeavors.

 Discussion

TCMPG  has  demonstrated  its  increasing  significance  as  a
bridge  connecting  traditional  Chinese  medicine  with  modern
research.  In  the  latest  version  of  TCMPG,  we've  seen  remark-
able  growth,  with  an  expanded  collection  encompassing  274
plants,  324  genomes,  and  414  herbs.  We  have  incorporated
information  on  13,686  constituents  found  in  397  herbs.  It  is
worth  noting  that  certain  ingredients  lacking  precise  SMILES
representation have not been included in TCMPG 2.0.  Further-
more,  we  have  integrated  four  new  bioinformatics  tools  into
TCMPG  2.0.  These  tools  are  not  only  commonly  used  but  also
powerful, making them highly valuable for experimental biolo-
gists.  With  the  continuous  release  of  more  genomes,  particu-
larly the T2T version, we will persist in gathering new genomic
data on medicinal  plants  and storing them in TCMPG.  In  addi-
tion  to  herbs,  TCM  contains  animals  and  fungi,  and  many  of
their  genomic  data  have  already  been  published,  such  as,
Bungarus  multicinctus[28] and Ganoderma  lucidum[29,30].  To
expand  the  applicability  of  our  database,  future  updates  will
incorporate  the  genomes  of  medicinal  animals  and  fungi.
Simultaneously,  in  view  of  the  increasing  number  of  studies
focusing  on  TCM  genomes  and  their  analytical  tools[31],  we're
committed  to  incorporating  additional  valuable  tools  into  the
TCMPG platform, ensuring that it remains a dynamic and indis-
pensable  resource  for  researchers  in  the  field  of  traditional
Chinese medicine and beyond.

 Conclusions

TCMPG  2.0  stands  as  a  dedicated  effort  towards  building  a
more  comprehensive  and  integrated  database  of  medical
plants.  Our  primary  objective  is  to  accelerate  the  moderniza-
tion  and  standardization  of  traditional  Chinese  medicine.  The
recent  enhancements  and  updates  made  to  TCMPG  have
substantially  improved  its  functionality  while  carefully  main-
taining the integrity of the original network structure. We firmly
believe  that  TCMPG  2.0  will  prove  invaluable  to  the  scientific

 

Fig. 2    Source databases for herb-ingredients in TCMPG 2.0 with more than 100 items.
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community.  It  not  only  offers  a  wealth of  information but  also
provides  enhanced  services,  fostering  a  more  in-depth  explo-
ration  of  traditional  Chinese  medicine.  This  platform  is  poised
to play a pivotal  role in advancing our understanding of  tradi-
tional Chinese medicine in the context of modern research.
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