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Abstract
Patchouli is a medicinal plant belonging to the Pogostemon genus within the Lamiaceae family. It is composed mainly of sesquiterpenoid metabolites, and

has  various  pharmacological  effects.  The  mechanism  underlying  the  transcriptional  regulation  of  the  patchouli  alcohol  has  been  reported,  but  the

mechanism  underlying  the  regulation  of  transcription  factors  (TFs)  involved  in  the  sesquiterpenoid  metabolic  pathway  is  still  unknown.  In  this  study,  a

regulatory network was constructed for the sesquiterpenoid metabolic pathway in patchouli by using a gene expression database and WGCNA. It was found

that  286  TFs  have  potential  regulatory  relationships  with  28  genes  that  encode  enzymes  in  the  sesquiterpenoid  metabolic  pathway.  The  regulatory

mechanism  of  this  network  was  successfully  verified  by  yeast  one-hybrid  (Y1H),  dual  luciferase  reporter  assay  (dual-LUC),  transient  overexpression,  and

electrophoretic mobility shift assay (EMSA). In conclusion, a regulation network was constructed for sesquiterpenoid metabolic pathways in Pogostemon
cablin,  and  all  the  TFs  that  may  have  regulatory  functions  in  sesquiterpenoid  metabolic  pathways  were  identified,  and  the  regulatiory  functions  of

transcription factors were successfully verified through bench experiments.
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 Introduction
Patchouli  (Pogostemon  cablin [Blanco]  Benth.)  is  a  medicinal  and

aromatic  plant  belonging  to  the  genus Pogostemon of  the
Lamiaceae  family.  Its  dried  above-ground  parts  are  used  for  med-
icinal  purposes[1].  The  Patchouli  germplasm  is  a  diverse  resource
cultivated  primarily  in  the  provinces  of  Guangdong,  Guangxi,  and
Hainan  (China)[2].  It  has  the  functions  of  promoting  the  circulation
of  qi,  harmonizing  the  middle  burner,  stopping  vomiting,  and
dispelling  summer  heat[1].  It  is  used  mainly  to  treat  dampness
obstruction  syndrome  and  summer  dampness  syndrome,  and  has
been regarded as an essential  drug for  treating summer dampness
by  successive  generations  of  physicians.  The  essential  oil  extracted
from  patchouli  contains  a  variety  of  active  components,  and  is
widely  used  in  the  medical,  spice,  and  cosmetics  industries[3−5].
Among  the  active  ingredients,  sesquiterpenoids  are  the  main
ones  with  medicinal  effects,  which  include  antibacterial[6,7],
anti-inflammatory[8],  anti-depressant[9],  and  mosquito  repelling[10]

effects.  Among  sesquiterpenoids,  patchouli  alcohol  is  an  indicator
component included in the Chinese Pharmacopoeia. It is widely used
to evaluate the quality of broad-leaved patchouli-derived medicinal
materials and broad-leaved patchouli essential oil. The 2020 edition
of the Chinese Pharmacopoeia (Volume 1) stipulates that the content
of  patchouli  alcohol  in  broad-leaved  patchouli  medicinal  materials
shall  not  be  less  than  0.10%,  and  that  the  content  in  broad-leafed
patchouli  essential  oil  shall  not  be  less  than  26%[1].  Currently,  the
global demand for patchouli is increasing annually; however, manu-
ally cultivated patchouli remains the primary source of patchouli oil,
which limits its production. Additionally, in cultivation, the presence

of  intercropping  obstacles  severely  affects  the  yield  and  quality  of
patchouli[11];  moreover,  patchouli  cuttings  are  the  main  materials
cultivated,  and  this  asexual  reproduction  method  leads  to  slow
growth, a high incidence of pests and diseases, and poor adaptabil-
ity,  thereby reducing the yield[12].  Although synthetic  biology tech-
niques enable cell factories to produce patchouli alcohol[13], how to
increase  the  content  of  the  active  constituent  of  patchouli  has
attracted much attention.

To  date,  the  biosynthetic  pathway  of  sesquiterpenoids  has  been
relatively fully elucidated. The synthesis process involves mainly the
upstream mevalonate pathway (MVA), or the methylerythritol phos-
phate (MEP) pathway, as well as the downstream reactions catalyzed
by  farnesyl  diphosphate  synthase  (FPPS),  and  sesquiterpenoid
synthase  (PTS)[14]. On  the  basis  of  the  previously  assembled  whole
genome of patchouli at the chromosomal level[15] and other related
findings,  advances  have  been  made  in  identifying  key  enzyme-
encoding genes involved in the sesquiterpenoid biosynthesis path-
way.  Studies  have  shown  that  patchoulol  synthase  (PatPTS)  is  a
multifunctional  terpenoid synthase in patchouli  that  plays a  crucial
role  in  regulating  the  biosynthesis  of  patchoulol,  and  can  catalyze
the conversion of farnesyl pyrophosphate (FPP) into patchoulol, and
at  least  13  other  sesquiterpene  products[16].  Additionally,  in  previ-
ous research, seven tandemly repeated PatPTS genes were found in
patchouli, and may be the main factor contributing to the accumu-
lation of patchoulol[15].

Many  studies  have  revealed  the  crucial  regulatory  role  of  TFs  in
the  terpene  synthesis  pathway.  TFs  influence  the  specific
expression,  temporal,  and  spatial  expression  patterns,  and  effi-
ciency  of  enzyme-encoding  genes[17].  This  influence  often  leads  to
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changes in the transcriptional activity of specific terpene biosynthe-
sis genes, thereby affecting the content of terpene compounds. TFs
are  common  genetic  engineering  tools.  Relevant  transcription
factors  mainly  belong  to  families  such  as  the  APETALA2/ethylene
responsive  factor  (AP2/ERF),  WRKY,  basic  leucine zipper  (bZIP),  and
basic  helix-loop-helix  (bHLH)[18,19].  Although  some  studies  have
revealed the regulatory effects of a few transcription factors, related
research still has limitations, and a comprehensive study of the regu-
latory  relationships  between  all  the  transcription  factors  and  the
sesquiterpenoids biosynthesis pathway in patchouli, at the genomic
level, is lacking.

Gene co-expression networks are constructed on the basis of the
degree of correlation between genes, and the correlations between
all  pairs  of  genes  can  be  obtained,  and  a  threshold  can  be  set  for
filtering[20].  Weighted  gene  co-expression  network  analysis
(WGCNA) is used to re-evaluate the correlations between gene pairs
through  exponential  weighting  of  correlation  coefficients  to  cover
the information that was previously filtered out because of the low
threshold[21].  To  date,  WGCNA,  as  a  systematic  biological  analysis
method,  has  been  widely  applied  in  studies  on  plant  growth  and
development cycles, disease resistance and stress tolerance mecha-
nisms,  secondary  metabolism  regulation,  etc.[22].  Therefore,  a  gene
co-expression network for patchouli was constructed.

Over  the  past  century,  methodologies  for  investigating  the
biosynthesis  of  secondary  metabolites  have  evolved  considerably,
transitioning  from  classical  biochemical  techniques  to  integrated
approaches  incorporating  molecular  biology  and  multi-omics
technologies[23]. In this study, transcriptome analysis was conducted
using  samples  of  patchouli  collected  at  different  stages  of  growth
and development, after stimulation with exogenous hormones and
under adverse stress. On the basis of the relative expression levels of
all  the  genes  in  the  patchouli  genome,  a  gene  expression  network
for  the  entire  genome  of  patchouli  was  constructed.  Correlations
among the expression of differentially expressed module genes, and
the content of sesquiterpenoids in patchouli were analyzed. The co-
expression  relationships  between  genes  encoding  enzymes  and
transcription  factors  related  to  the  differentially  expressed  genes
were  identified  to  construct  the  gene  regulation  network  for  the
sesquiterpenoid  biosynthesis  pathway  in  patchouli.  The  regulatory
relationships  between  transcription  factors  and  the  sesquiter-
penoids  biosynthesis  pathway  were  analyzed  to  reveal  a  possible
model  of  the  biosynthesis  of  sesquiterpenoids  in  patchouli.  This
study  provides  new  ideas  for  improving  the  active  ingredients  of
patchouli,  and  lays  a  theoretical  foundation  for  increasing  the
synthesis  of  active  ingredients  in  medicinal  plants,  through  the
strategy of regulating their production via TFs, and cultivating high-
quality varieties with high-quality active ingredients.

 Materials and methods

 Plant materials and treatments
Patchouli  plants  were  collected  from  Yaowang  Mountain  at  the

Guangzhou  University  of  Chinese  Medicine  (23.03°  N,  113.23°  E)  in
Guangdong  Province,  China.  After  tissue  culture,  the  patchouli
plants are transferred to an artificial climate chamber (25 ± 2 °C). The
plants were cultured in a growth chamber in the Research Center of
the Institute of Medicinal Plant Physiology and Ecology, Guangzhou
University of Chinese Medicine, Guangzhou, China.

Patchouli  samples  were  gathered  at  different  growth  and  devel-
opmental  stages,  specifically,  multiple  shoots  were  collected  at  0,

15, 30, and 45 d, and leaf, stem, and root tissues were collected at 68
and  90  d.  In  addition,  it  also  covered  the  young  stem,  old  stem,
young  leaf,  old  leaf,  and  root  for  2-,  4-,  and  6-month-old  patchouli
plants  (mature  period).  For  hormone  treatments,  which  was
performed  according  to  the  method  described  by  Wang  et  al.,
with improvements[24], 68-d-stage tissue cultures were sprayed with
300 μΜ methyl  jasmonate  (MeJA),  salicylic  acid  (SA),  abscisic  acid
(ABA),  and  500 μM  ethylene  (ETH)  in  0.5%  (v/v)  ethanol.  For  mock
treatment,  tissue  cultures  were  sprayed  with  0.5%  ethanol.  Leaf
samples were washed and collected at different time points (0, 2, 4,
8, and 16 h), and stored at −80 °C. Results are shown in Supplemen-
tary Fig. S1. Compared with the negative control, the total sesquiter-
pene content of samples sprayed for 16 h with MeJA, 4 h with ABA,
4  and  8  h  with  MeJA  +  ABA  showed  higher.  Then  these  samples
were selected for RNA sequence (RNA-seq).

For  salt  treatment,  5-week-stage  tissue,  and  2-week-stage  soil
cultures  were  divided  into  Group  A  (foliar  fertilizer  solution),  B
(20 mM NaCl), C (40 mM NaCl), and D (80 mM NaCl). To prevent salt
shock, the samples were added to the solution at the preset concen-
tration  twice  within  a  5-d  period.  After  the  final  concentration  was
reached,  500  mL of  the  salt  solution at  the  final  concentration was
poured  onto  the  samples  four  times  every  4  d,  with  six  plants  in
each  group,  and  three  biological  replicates.  The  samples  were
stored at −80 °C on the 9th and 17th d.  This process was performed
according  to  the  method  described  by  Yuan  et  al.,  with
improvements[25].  Results  are  shown  in Supplementary  Fig.  S2.
Compared with the negative control, total sesquiterpene content of
samples  sprayed  with  80  mM  for  8  d,  and  20  mM  for  16  d  were
showed higher. Then these samples were selected for RNA-seq.

 Gaschromatography-mass spectrometry (GC-MS)
analysis

Adjustments  were  made  on  the  basis  of  previously  described
methods[26].  GC-MS analysis  was  performed on a  7890A/5975C GC-
MS unit (Agilent Technologies, Santa Clara, CA, USA) equipped with
an  HP-Intiowax  polyethylene  glycol  column.  The  injector  tempera-
ture  was  250  °C.  Helium  was  used  as  the  carrier  gas  at  a  constant
flow rate of 1.0 mL/min. For the patchouli  alcohol determination in
different  accessions,  1 μL  of  sample  was  injected in  the  split  mode
(20:1)  onto  the  column.  The  temperature  gradient  was  started  at
60 °C for 2 min,  increased to 250 °C at  a rate of  6 °C/min,  and then
held for 3 min. The mass spectrometry conditions were as follows: EI
ion  source,  ion  source  temperature  of  230  °C,  the  quadrupole
temperature  of  150  °C,  the  electron  energy  of  70  eV,  an  emission
current of 34.6 μA, a multiplier voltage of 962 V, an interface temper-
ature of 250 °C, and a mass range of 50–350 amu. The samples with
higher  content  change  compared  with  the  control  group  were
selected as RNA sequencing library building samples.

 Construction of a gene co-expression regulatory
network by WGCNA
 RNA sequencing library construction and data analysis

Total  RNA was extracted from samples using a  HiPure Plant  RNA
Mini  Kit  (R4151)  for  RNA  sequencing  on  the  Illumina  NovaSeq6000
platform (Illumina, USA) at Beijing Berry Genomics. The raw data for
every samples were analyzed as previously described[27].

 Soft threshold of WGCNA

$
The  scale-free  fit  index  was  plotted  using  the  function

Sft powerEstimate in the WGCNA package for different soft thresh-
olds (X-axis).
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 Gene co-expression network
To correct the correlation coefficients in the adjacency matrix, the

function TOMsimilarity was used to transform the adjacency matrix
into the topological overlap matrix (TOM). Aferwards, the hierarchi-
cal  clustering  method  was  used  to  divide  the  strongly  correlated
subnetworks  according  to  the  formula  1-TOM,  after  which  the  co-
expressed gene modules were obtained. The main parameters were
merge_height = 0.12, minmodulegene = 30.

 Screening of key modules
Key  enzyme  genes  were  overlapped  with  module  genes,  and

modules  containing  key  enzyme-encoding  genes  were  identified.
Moreover,  cocorrelation  analysis  was  performed  between  the
expression  of  the  module  genes  and  the  relative  content  of
sesquiterpenoid  compounds  in  the  samples  of  patchouli  using  the
cor function in R language using RStudio software (v 1.2.5033), and
candidate modules related to a high sesquiterpenoid content were
identified as the basis for subsequent analysis.

 Gene ontology annotation of key modules
The  tools  agriGO  (v  2.0)[28] and  Kobas  (v  3.0)[29] were  used  to

conduct  GO  annotation  analysis  of  candidate  module  genes  using
the Arabidopsis annotation database.

 Visualization of regulatory networks of sesquiterpenoid
biosynthetic pathways

Using  the  function  exportNetworkToCytoscape,  regulatory  rela-
tionships  between  genes  in  the  candidate  modules  were  derived.
On the basis  of  the key enzyme-encoding genes and TFs members
of  the  sesquiterpenoid  pathway  identified  above,  only  the  regula-
tory  relationships  between  key  enzyme-encoding  genes  and  TFs
were omitted. Afterward, the visualization tool Cytoscape (v.3.7.1)[30]

was  used  to  visualize  the  regulatory  relationships  between  key
enzyme  genes  of  the  sesquiterpenoid  biosynthesis  pathway  and
TFs,  and  a  regulatory  network  of  the  sesquiterpenoid  biosynthesis
pathway was constructed.

 Y1H assay
The  prey  construct  was  generated  by  cloning  the  full-length

coding  sequences  of  PatHDZIP116,  PatSBP2,  PatMYBR23,  and
PatMYB13  into  the  pGADT7  vector  (pGADT7-TF),  while  the  bait
construct  was  generated  by  inserting  the  PatPTS9  promoter  frag-
ment  into  the  pAbAi  vector  (pAbAi-PatPTS9pro).  The  obtained
pAbAi-PatPTS9pro  plasmid  was  digested  with  BbsI  and  subse-
quently  introduced  into  the  Y1HGold  yeast  strain  to  generate
reporter  strains.  pGADT7-TF  was  transformed  into  the  reporter
strains, and the cells were then cultured in SD/-Leu medium with or
without aureobasidin (AbA,  200 ng/mL) to verify  the positive inter-
actions.  The  yeast  strains  cotransformed  with  pGAD-p53  +  p53-
AbAi, and pGADT7 + pAbAi-PatPTS9pro were referred to as positive
and  negative  controls,  respectively.  The  sequences  of  the  primers
used are listed in Supplementary Table S1.

 Dual-Luc
The PatPTS9 promoter was cloned and inserted into the pGreenII

0800-LUC  vector  (the  primer  sequences  used  are  listed  in Supple-
mentary  Table  S1).  Effector  constructs  for  PatHDZIP116,  PatSBP2,
PatMYBR23,  and  PatMYB13  were  generated  by  cloning  the  corre-
sponding  genes  into  the  pGreenII  62-sk  vector.  The  recombinant
plasmids were subsequently transformed into Agrobacterium tume-
faciens strain  GV3101  (pSoup-p19;  Weidi,  Shanghai,  China),  which
was  subsequently  infiltrated  into Nicotiana  benthamiana leaves.

Equal volumes of the two bacterial suspensions were mixed at a 10:1
ratio  and  infiltrated  into N.  benthamiana leaves.  Luciferase  fluores-
cence was imaged at 40–48 h postinfiltration using a PlantView100
imaging system (BLT, China).

The fluorescence intensity was quantified using a luminometer; a
bar  graph  was  drawn  based  on  the  scanned  values  to  show  the
intensity  of  fluorescence  generated  by  the  breakdown  of  the
substrate by the luciferase enzyme and to determine the degree of
interaction between the target proteins.

 Transient overexpression
The  CDSs  of  PatHDZIP116,  PatSBP2,  PatMYBR23,  and  PatMYB13

were cloned and inserted into the pJL TRBO vector  at  the PacI and
NotI restriction sites (the primer sequences used are listed in Supple-
mentary  Table  S1).  The  recombinant  plasmids  were  subsequently
transformed into Agrobacterium tumefaciens strain GV3101 (pSoup-
p19).  Successfully  transformed  single  colonies  were  cultured  in
50 mL of LB medium supplemented with 50 μg/mL kanamycin, and
25 μg/mL  rifampicin  at  28  °C  with  shaking  at  225  rpm  for  approxi-
mately 24 h until the OD600 exceeded 0.6. The bacterial culture was
centrifuged  at  3,600  × g for  6  min,  and  washed  once  with  MMA
resuspension  buffer  (10  mM  MES,  pH  5.7;  10  mM  MgCl2;  100 μM
acetosyringone).  The  pellet  was  resuspended  in  fresh  MMA  buffer,
and  the  solution  was  adjusted  to  an  OD600 of  1.0.  The  cells  were
incubated  in  induction  medium  for  2–24  h  at  room  temperature
before infiltration into the abaxial surface of patchouli leaves using a
1-mL syringe with no needle. After infiltration, the plants were incu-
bated at 25 °C for 72–96 h, after which the leaves were collected for
patchoulol determination and total RNA extraction.

 EMSA
EMSAs  were  performed  to  examine  whether  PatHDZIP116  and

PatSBP2  could  bind  to  the  promoters  of PatPTS9.  To  do  this,  two
complementary 60 bp oligonucleotides containing the binding cis-
elements were separately synthesized and labeled with biotin using
the EMSA Probe Biotin Labeling Kit (Beyotime, cat GS008). The DNA
gel mobility shift assay was performed using an EMSA kit (Beyotime,
cat  GS009)  following  the  manufacturer's  protocol.  All  assays  were
performed in three replicates. The primers used are listed in Supple-
mentary Table S1.

 Statistical analysis
GraphPad Prism 8 software was used for statistical analysis of the

data using Student's t test and ANOVA. A p value < 0.05 was consid-
ered to indicate a statistically significant difference.

 Results

 Patchouli alcohol content determination and
global gene expression profiling of patchouli

Patchouli  (Pogostemon  cablin [Blanco]  Benth.)  samples  were
collected at  different growth cycle stages to ensure high variability
in the patchouli alcohol content (Supplementary Tables S2 and S3).
The stages at which the plant samples were collected encompassed
the complete growth and development cycle (Fig. 1a). In addition to
samples  from  the  growing  period,  samples  in  which  the  patchouli
alcohol  content  was  significantly  changed  by  hormone  stress  and
salt stress were selected for the construction of the gene expression
network.  For  hormone  treatment,  2-week-stage  samples  were
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sprayed with MeJA for 16 h, ABA for 4 h, and MeJA + ABA for 4 and
8 h (Fig. 1b and Supplementary Fig. S1). For salt treatment, 5-week-
stage samples were sprayed with 80 mM NaCl for 8 d or 20 mM NaCl
for  16  d  for  the  construction  of  the  gene  expression  network
(Supplementary Fig. S2).

Global  gene  expression  profiling  using  RNA-seq  was  also  carried
out  for  the  abovementioned  plant  samples.  An  average  of  more
than  26  million  high-quality  reads  (~6  Gb)  was  obtained  for  each
sample,  and the reads were aligned to the patchouli  chromosome-
level genome, with an average mapping rate of 90.81%. An average
of 81,667 expressed genes was detected in each patchouli sample.

 Identification of module genes whose expression
was highly correlated with the sesquiterpenoid
content and the terpenoid metabolic pathway

WGCNA was performed to identify candidate trait-linked modules
on the basis of the expression profiles of 109,700 genes detected in
the patchouli  samples.  The soft-thresholding power was calculated
to be 9 (Supplementary Fig. S3), and a total of 159 modules contain-
ing 101,412 genes were identified (the salmon module to the laven-
der  module)  (Fig.  2a and Supplementary  Table  S4),  while  the

remaining 8,288 genes were considered outliers and excluded from
further  analysis.  Module-trait  association  studies  were  then  per-
formed, and 20 modules identified as potential modules involved in
the  terpenoids  metabolic  pathway  for  their  significant  correlation
with sesquiterpenoid contents (Fig. 2b and Supplementary Table S5)
(p ≤ 0.05). Besides, expression patterns of each gene in the selected
modules  were  highly  correlated  with  metabolite  accumulation.
Figure  2c shows  the  correlation  analysis  of  module  midnightblue
genes and sesquiterpene contents of all patchouli samples.

Using  the  patchouli  genome  database,  key  genes  encoding
enzymes  involved  in  the  terpene  compound  metabolic  pathway
were  identified.  Module  genes  were  then  overlapped  with  key
enzyme-encoding  genes,  and  30  modules  identified,  comparing
63,768  key  enzyme-encoding  genes  to  identify  potential  modules.
The  numbers  of  genes  in  these  30  modules  are  shown  in Supple-
mentary Table S6. The three modules with the greatest numbers of
key  enzyme-encoding  genes  were  the  midnightblue  module  (28),
blue module (14), and blue2 module (9).

Gene  Ontology  (GO)  annotation  of  genes  in  the  three  terpenoid
metabolic  pathway-associated  modules  revealed  many  enriched
processes  putatively  related  to  terpenoid  metabolism  (Fig.  2d and
Supplementary Fig.  S4).  The enriched processes identified included
sesquiterpenoid  and  triterpenoid  biosynthesis  (midnightblue
module),  and  terpenoid  backbone  biosynthesis  (blue2  module).
Interestingly,  in  addition  to  revealing  enrichment  for  the  term
'Biosynthesis  of  secondary  metabolites',  GO  analysis  also  revealed
enrichment  for  'valine,  leucine,  and  isoleucine  biosynthesis'  (blue
module), and 'steroid biosynthesis' (blue module 2).

 Key enzyme-encoding genes and co-expression
network of the terpenoid biosynthetic pathway

For the midnightblue module, the focus was on these key enzyme-
encoding genes, and gene–trait association studies were performed
using the 'corPvalueStudent'  function in  WGCNA,  which revealed a
total  of  28  key  terpenoid  metabolism  enzyme-encoding  genes  in
the patchouli genome (Fig. 3a). The 28 key enzyme-encoding genes
were components of the MEP pathway, and sesquiterpene (SesTPS)
genes, which are the most crucial enzymes in the synthesis pathway,
accounted for the greatest number of genes.

Moreover,  a  coexpression  network  of  the  genes  encoding  key
enzymes  involved  in  the  terpenoid  biosynthetic  pathway  was  con-
structed, including transcription factors (TFs), and the 28 key enzyme-
encoding genes, on the basis on the gene expression profiles of the
patchouli  samples  at  different  growth  stages,  patchouli  samples
subjected  to  hormone  treatment  and  patchouli  samples  subjected
to salt  treatment  obtained by genome sequencing (Fig.  3b).  In  this
network,  GATA-20,  GATA-32,  GATA-80,  and  GATA-82  exhibited
>  90%  similarity  with  PatGT-1,  which  has  been  reported  to  be
involved in terpenoid biosynthetic pathway regulation.  In addition,
the key enzyme-encoding genes were connected to many other TFs,
collectively constituting a dense coexpression network (Supplemen-
tary  Tables  S7 and S8).  Specifically,  11  TFs  were  found  in  the  co-
expression  network  with  the  most  connections  to  sesquiterpene
metabolism pathway enzymes, which were HD-ZIP-116, ERF-16, G2-
like-14, ERF-9, MYB_related-23, B3-5, MYB-13, ARF-2, NF-YC-4, WRKY-
11, and SBP-2.

PatPTSs  are  key  enzymes  in  the  patchouli  sesquiterpene  synthe-
sis pathway. PatPTS2, PatPTS4, PatPTS7, PatPTS8, PatPTS9, PatPTS10,
and PatPTS11 were included in this regulatory network (Fig. 3b and
Supplementary Fig.  S5).  In addition,  the binding sites in the PatPTS
promoter  sequences  is  shown  in Supplementary  Fig.  S6;  these

 

a

b

Fig.  1  Patchouli  samples  and  total  sesquiterpene  compound  content.
(a)  Samples  from  culture  seeding  (0,  15,  30,  45,  69,  and  90  d),  and  soil
growth (2, 4, and 6 months). (b) Total sesquiterpene compound content
from different organization samples (2, 4, and 6 months). Total sesquiter-
pene  compound  content  from  culture  seeding  samples  shown  in
Supplementary Tables S2 and S3.
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binding sites may account for the potential regulatory relationships
between PatPTSs and the abovementioned candidate TFs.

The  aboveground  parts  of  patchouli  are  used  medicinally,  and
sesquiterpene metabolites accumulate in the aboveground parts. To
identify genes that are related to the expression of metabolic path-
way components in the regulatory network, the expression patterns
of  MEP,  MVA,  and  downstream  pathway  components  were  evalu-
ated, as shown in Fig. 4a−c. Genes in the MEP pathway were found
to be relatively highly expressed in the leaves and stems. However,
the expression patterns of the candidate TFs were diverse (Fig. 4d−g
and Supplementary  Fig.  S7),  and  the  expression  patterns  of
HDZIP116, SBP2, MYBR23, and MYB13 were consistent with those of
the  MEP  pathway  components.  The  RNA-seq  datasets  were
described in detail in our previous study[28].

The  homologs  of  other  genes  in  the  network  have  also  been
reported  to  regulate  terpenoid  biosynthetic  pathway  functions.  In
addition,  the  present  network  analysis  revealed  many  unreported
genes  that  strongly  impact  the  function  of  terpenoid  biosynthetic
pathways  in  patchouli.  These  results  highlight  the  complex  regula-
tion of the terpenoid biosynthetic pathway and indicate that many
transcription  factors  are  apparently  involved  in  terpenoid  biosyn-
thetic pathway regulation.

 Key TFs are potential regulators of the terpenoid
biosynthetic pathway

To  assess  whether  PatHDZIP116,  PatSBP2,  PatMYBR23,  and
PatMYB13  can  bind  to  the  PatPTS  promoter,  Y1H,  and  dual-LUC

 

a b

c d

Fig. 2  Analysis of the co-expression network of patchouli genes. (a) Patchouli hierarchical clustering tree and its various modules. (b) Association analysis
between modules and sesquiterpene content. (c) Correlation analysis of module midnightblue genes and sesquiterpene content of all patchouli samples.
(d) GO annotation of Memidnightblue.
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assays  were  performed  using N.  benthamiana.  As  shown  in Fig.  5a,
Y1H assays revealed that these four TFs interact  with the promoter
of PatPTS9, a key gene in the AD biosynthetic pathway. In addition,
as shown in Fig.  5b,  the activity of  the PatPTS promoter was evalu-
ated  in  the  presence  of  the  effectors  PatHDZIP116,  PatSBP2,
PatMYBR23, and PatMYB13 in N. benthamiana leaf cells. As shown in

Fig. 5c, the activity of the PatPTS promoter was suppressed by these
four TFs. In summary, these four TFs suppress the expression of the
PatPTS gene by directly binding to the PatPTS promoter.

As  for  the  other  seven  TFs,  according  to  the  binding  element
numbers of the 11 TFs, the other seven TFs were less likely to bind to
PTS9 (Supplementary  Fig.  S5).  Besides,  expression  of  the  others

 

a

b

Fig. 3  Co-expression network and key enzyme genes from sesquiterpenoid metabolic pathway of patchouli. (a) Genes from sesquiterpenoid metabolic
pathway  in  patchouli,  adapted  from  Shen  et  al.[15].  Black  arrows  and  blue  shadows  indicate  key  reaction  steps.  Genes  in  red  indicate  enzymes  in  the
pathways. Round boxes next to the enzymes contain the numbers of core pathway genes. (b) Co-expression network of the sesquiterpenoid metabolic
pathway. The outer ring of the network represents key enzyme genes implicated in sesquiterpenoid metabolic pathway, while inside are TFs. Nodes are
labeled with gene names colored based on the edge number. TFs and pathway genes are connected via undirected edges. Internal connections among
TFs and among pathway genes were not shown for clarity. Detailed IDs, names, and connection information for all genes in the network can be found in
Supplementary Tables S7 and S8.
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was  low,  which  greatly  reduced  the  success  rate  of  Y1H  assays,
and might also significantly affect the efficiency and reliability of the
Y1H assay.

 Key TFs are involved in patchouli alcohol content
accumulation

To investigate the role of PatHDZIP116, PatSBP2, PatMYBR23, and
PatMYB13  in  terpenoid  biosynthesis,  a  transient  overexpression
assay involving these four TFs was conducted using patchouli leaves
(Fig.  6a).  After  transient  overexpression,  total  sesquiterpenoids  and
patchouli  alcohol  contents  in  different  samples  were  detected  by
GC-MS, while the overexpression empty vector (EV-TO) was used as
an  experimental  control.  Results  show  (Fig.  6b)  that  the  retention
time of  patchouli  alcohol  was 21.28 min,  and the retention time of
octadecane  standard  was  23.65  min.  The  contents  of  various
compounds in the four experimental groups were lower than those
in the control group.

As  shown  in Fig.  6c, d,  the  contents  of  patchouli  alcohol  and
terpenoids  in  the  PatHDZIP116-TO  and  PatSBP2-TO  groups  were
significantly  lower  than  those  in  the  EV-TO  group.  The  terpenoids
are  shown  in Supplementary  Table  S9.  In  summary,  the  results
demonstrated  that  PatHDZIP116  and  PatSBP2  act  as  negative
modulators of patchouli alcohol and terpenoid synthesis by inhibit-
ing  the  expression  of  multiple  genes  in  the  patchouli  alcohol  and
terpenoid biosynthetic pathway.

EMSA was performed further to determine whether PatHDZIP116
and  PatSBP2  could  directly  bind  to  the  PatPTS9  promoters in  vitro.
As  shown  in Supplementary  Fig.  S8,  PatHDZIP116  and  PatSBP2
bound to the PatPTS9 promoters.

Therefore,  the  following  working  model  was  proposed  (Fig.  7):
PatHDZIP116  and  PatSBP2  mainly  participated  in  patchouli  alcohol
biosynthesis  by  inhibiting  the  transcription  of PatPTS9 and  regu-
lated  MEP-pathway  genes,  forming  a  complex  regulation  mecha-
nism.  While  PatMYBR23  and  PatMYB13  had  the  ability  to  combine

 

a

d e

f g

b c

Fig.  4  Expression  pattern  of  the  candidate  TFs  is  consistent  with  that  of  MEP  pathway.  (a)−(c)  Expression  of  MEP,  MVA,  and  downstream  pathway.
(d)−(g) Expression of HDZIP116, SBP2, MYBR23, and MYB13.
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with  the PTS promoter,  no  significant  difference  was  found  in  the
effect on patchouli alcohol content. Therefore, it was supposed that
PatMYBR23  and  PatMYB13,  in  addition  to  directly  binding  to  the
PatPTS9 promoter,  could  form  protein  complexes  with  other  TFs
for regulation.

In summary, the present study has proved that PatHDZIP116 and
PatSBP2  played  a  negative  regulation  role  in  patchouli  alcohol
biosynthesis, yet PatMYBR23 and PatMYB13 may had more complex
regulation mechanism that require further investigation.

 Discussion
The present study was based on the transcriptome gene expres-

sion  database  and  WGCNA  to  successfully  construct  a  regulation
network for the patchouli sesquiterpene metabolic pathway, which
includes 286 TFs,  and 28 pathway enzyme genes.  According to the
network,  regulation  relationships  between  potential  TFs  and  path-
way enzyme genes have been summarized. Through Y1H, dual-LUC,
EMSA, and overexpression experiments, the regulation mechanisms
were  effectively  verified  as  predicted  by  the  network.  In  summary,
this  study  not  only  systematically  constructed  and  analyzed  the
regulation network of patchouli sesquiterpene metabolism, but also
comprehensively  explored  all  the  TFs  that  might  play  regulatory

roles in this  pathway,  and finally  verified functions through various
experiments.

 The HD-zip TF family mainly depresses the
accumulation of sesquiterpenoids in patchouli

As  plants  unique  to  the  TF  family,  the  HD-zip  TF  family  proteins
contain highly conserved HD and bZIP domains, which are involved
in various  stages  of  the plant  life  cycle,  including growth,  develop-
ment,  reproduction,  differentiation,  morphological  formation,  and
responses  to  diseases  and adverse conditions[31].  In  plants,  the first
gene containing an HD domain was first discovered in maize, which
could  regulate  leaf  differentiation[32].  Subsequently,  the  gene  was
identified  in  various  species  such  as Arabidopsis[33],  tomato[34],
maize[35], and wheat[36]. The HD-zip TF family was classified into four
sub-families,  according  to  structural  characteristics,  sequence  con-
servation,  physicochemical  properties,  and  other  features[37].
Among them, the HD-zip I  sub-family mainly played a role in stress
response,  leaf  development,  and  light  signal  transduction[38].  The
HD-zip  II  sub-family  was  mainly  involved  in  light  response,  photo-
protection,  and  auxin  signal  transduction[39],  while  the  HD-zip  III
sub-family  regulated  the  initiation  of  lateral  organs,  embryonic
development,  leaf  polarity,  and pariental  tissues[40],  and the HD-zip
IV sub-family  plays a  role in epidermal  cell  differentiation,  hair  root
formation,  anthocyanin  accumulation,  and  root  development
process[41]. PatHDZIP116 in this study belongs to the IV sub-family.

PatbZIP44  was  located  in  the  cell  nucleus  in  patchouli,  which
contained  a  zip  domain.  PatZIP44  could  inhibit  gene  activity  by
combining  the PatPTS gene  promoter[42].  PatHDZIP116,  which
contained  the  same  zip  domain,  could  interact  with  the PatPTS
promoter and depress the effects on the promoter activity, thereby
reducing the accumulation of sesquiterpene compounds.

 Regulatory functions of the SBP TF family are
diversified in patchouli

SBP TFs could bind to the promoter of the key gene AQUAMOSA,
named the Squamosa promoter binding protein (SBP)[43]. The family
is also known as SPL TFs. The TF family participates in regulating the
expression  of  downstream  genes  by  binding  to  the  GTAC  motif  of
the downstream gene promoter.  On the one hand,  SBP TFs  mainly
regulate the development of  plant leaves,  fruit,  and flowers,  pollen
formation  of Arabidopsis, responses  to  GA  signals,  stress  response,
etc.[44].  There  were  17  SPL  TFs  in Arabidopsis,  and  AtSPL4/5  may
promote  the  transformation  of  floral  meristem  identity[45].  In  the
present study, PatSBP2, which was homologous with AtSBP4/5, has
been  confirmed  to  interact  with  the PatPTS9 promoter,  and  nega-
tively regulate the accumulation of patchouli alcohol.

Furthermore,  SBP  TFs  also  participate  in  regulating  secondary
metabolic pathways of plants.  For example,  AtSPL9 competed with
the flavonoid biosynthesis regulation gene TT8 for binding to PAP1,
yet interfering with the formation of the MYB-bHLH-WD40 complex,
affecting  the  expression  of  the  key  enzyme  DFR  for  anthocyanin
synthesis, and inhibiting the synthesis of anthocyanins[46]. In Arteme-
sia  annua,  AaSPL9  could  combine  with  the  adenoid  hair  develop-
ment-related AaHD1 promoter  to  activate  expression  of AaHD1,
positively regulating the development of adenoid hairs, and thereby
increasing  the  content  of  artemisinin[47].  Besides,  miR156-targeted
SPL  TF  could  directly  act  on  the  sesquiterpene  synthase  PTS  to
regulate the content of  patchouli  alcohol[48].  Our previous research
showed  that PatSPL8/9 regulated  the  GA  pathway  by  regulating
the PatCPS promoter[49].  In  the  patchouli  co-expression  network,
PatSPL9 regulated HDR1 and HDR2, which require further analysis.

 

a

b c

Fig.  5  PatHDZIP116,  PatSBP2,  PatMYBR23,  and  PatMYB13  repress
the  Sesquiterpene  synthase  gene PatPTS9.  (a)  Y1H  assay  confirming
the  interaction  between  the PatPTS9 promoter  and  four  TFs.  (b)  Dual-
LUC  reporter  imaging  assay. N.  benthamiana leaves  were  injected
with  the  Agrobacterial  GV3101-pSoup-p19  stains  containing  62-sk  +
PatPTS9p:LUC and 62-sk:PatTF + PatPTS9p:LUC.  Arrow position indicates
the  strongest  fluorescence.  (c)  Relative  firefly  LUC  activity  assay  in
tobacco  leaves.  Error  bars  are  shown  with  three  biological  replicates
(Student's t-test: * p < 0.05, ** p < 0.01).
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 MYB TFs are widely involved in the regulation of
various pathways in plants

The MYB TF family is one of the largest in plants, they are involved
in  regulating  secondary  metabolic  pathways,  growth  and  develop-
ment, and stress responses[50]. According to the MYB domain differ-
ence in quantity, the MYB TF family are divided into 4R, 3R, 2R, and
the  MYB-related  sub-family.  In  the  present  study,  PatMYBR23
belongs to the MYB-related, whereas MYB13 belongs to the 2R sub-
family.

MYB  in Arabidopsis is  regulated  in  a  variety  of  secondary
metabolic  pathways.  For  example,  overexpressing  AtMYB75  in
Arabidopsis could positively regulate the accumulation of flavonoid
metabolites[51],  while  overexpressing  MYB3,  MYB6,  and  MYBL2
reduced  the  anthocyanin  content[52].  Besides,  MYB  TF  regulated
plant  growth and development,  like  AtMYB21 and AtMYB24 which
regulated  the  stamen  development  of Arabidopsis by  combining
with the JAZ protein[53].

In medicinal plants, there were many reports on regulating active
components  of  MYB.  AaMYB15  was  the  first  R2R3-MYB  negative
regulator  in Artemisia  annua[54],  while  SmMYB11  in Salvia  miltior-
rhiza could positively regulate salvianolic acid by forming a protein
complex  with  SmTTG1  and  SmbHLH51[55].  Besides,  overexpression
of  SmMYB1  significantly  increased  the  accumulation  of  salvianolic
acid and tanshinone in Salvia miltiorrhiza[56], while overexpression of
SmMYB36 increased the accumulation of tanshinone, but decreased
salvianolic acid[57]. Similarly, in patchouli, PatSWC4 could inhibit the
activity of patchouli alcohol synthase by forming a protein complex
with PatJAZ4[58].

Future  research  should  further  explore  the  interactions  of  the
patchouli  co-expression  network.  Despite  the  co-expression
network,  many  TFs  were  found  that  have  been  shown  to  have

regulatory  roles  for  key  sesquiterpene  synthases.  As  is  conjectured
above, PatMYBR23/PatMYB13 might have more complex regulation
mechanisms  regarding  about  protein–protein.  Finally,  the  present
findings hold substantial potential value which contribute meaning-
fully to our understanding of secondary metabolism regulation in a
non-model medicinal plants.

 Conclusions
In this  study,  samples of  various patchouli  tissues were collected

at different stages of growth and development, treated with exoge-
nous  hormones,  and  subjected  to  stress  conditions,  followed  by
transcriptome  analysis.  On  the  basis  of  relative  expression  data  for
all the genes in the patchouli genome, the first comprehensive gene
expression  network  for  patchouli  was  constructed.  Moreover,  the
content  of  sesquiterpenoids  in  patchouli  was  measured,  correla-
tions  between  the  expression  of  different  module  genes  and
sesquiterpenoid content were analyzed, and a regulatory network of
the  sesquiterpenoid  biosynthesis  pathways  in  patchouli  was
constructed.  Systematic  bioinformatics  analysis  of  transcription
factors  was  conducted  to  elucidate  the  regulatory  relationships
between  transcription  factors,  and  the  sesquiterpenoid  biosynthe-
sis  pathway.  Through  a  yeast  one-hybrid  approach,  the  promoter
sequence  of  the  patchouli  alcohol  synthase  gene  PatPTS  was
selected as the site for gene regulation.

From the regulatory network of the sesquiterpenoid biosynthesis
pathway  in  patchouli,  a  series  of  transcription  factors  were  identi-
fied,  and  these  transcription  factors  were  isolated  and  cloned.
Through the use of plant genetic engineering and metabolic analy-
sis, the functions of transcription factors were studied to elucidate a

 

a b

c d

Fig.  6  Analysis  of  the  transient  overexpression  (TO)  of  four  TFs  in  patchouli.  (a)  Schematic  diagram  of  pJL  TRBO-PatTF  vector  construction.  (b)  The
chromatogram  of  patchouli  content  detected  by  GC-MS.  (c,  d)  Compared  with  EV-TO,  the  (c)  total  sesquiterpene  and  (d)  patchouli  alcohol  content  in
leaves infiltrated with PatTF-TO was significantly reduced. Values are the mean ± SD of three biological replicates. Student's t-test: * p < 0.05, ** p < 0.01,
*** p < 0.001. FW, fresh weight; TO, transient overexpression; EV, pJL-TRBO empty-vector.
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possible  model  for  the  biosynthesis  of  sesquiterpenoids  in  patch-
ouli,  providing  new  ideas  for  increasing  the  content  of  medicinal
active components of patchouli, and laying a theoretical foundation
for  the  use  of  TF  regulation  strategies  to  increase  the  synthesis  of
bioactive  components  in  medicinal  plants  and  cultivate  high-
quality varieties with high-quality medicinal components.

 Author contributions

The  authors  confirm  their  contributions  to  the  paper  as  follows:
experimental  design:  Wang  HB,  Jin  H,  Zeng  Y;  execution  of  experi-
ments:  Yang  C,  Zeng  Y,  Wang  C;  data  analysis:  Zeng  Y,  Huang  H,
Chang N, Gao H; manuscript writing: Zeng Y; manuscript revision: Jin
H, Wang HB, Zeng Y. All authors reviewed the results and approved
the final version of the manuscript.

 Data availability

All  data  generated  or  analyzed  during  this  study  are  included  in
this published article and its supplementary information files.

Acknowledgments

This  work  was  supported  by  the  Guangdong  Major  Project  of
Basic  Research  (2023B0303000022),  the  National  Natural  Science
Foundation of  China (Grant  Nos U22A20446,  32322007,  32400193),
the  Talent  Support  Project  of  Guangdong  (2019TQ05N182),  the
China Postdoctoral Science Foundation (2024 M750662), the Funda-
mental  Research  Funds  for  the  Central  Public  Welfare  Research
Institutes  (ZZ16-ND-12,  ZZ17-ND-12,  ZZ16-YQ-048),  and  Jiangxi
Provincial  Key  Laboratory  for  Sustainable  Utilization  of  Traditional
Chinese Medicine Resources (Platform ID: 2024SSY07081).

Conflict of interest

The  authors  declare  that  they  have  no  known  competing  finan-
cial  interests  or  personal  relationships  that  could  have  appeared
toinfluence the work reported in this paper.

Supplementary information accompanies this paper online at:
https://doi.org/10.48130/mpb-0026-0003.

Dates

Received  24  September  2025; Revised  12  December  2025;
Accepted 9 January 2026; Published online 31 March 2026

References 

 Chinese  Pharmacopoeia  Commission.  2020. Pharmacopoeia  of  the
People's  Republic  of  China.  Beijing:  China  Medical  Science  Press.
www.chp.org.cn/ (in Chinese)

[1]

 Li Z, Chen Y, Li Y, Zeng Y, Li W, et al. 2023. Whole-genome resequenc-
ing reveals the diversity of patchouli germplasm. International Journal
of Molecular Sciences 24(13):10970

[2]

 Fatima S,  Farzeen I,  Ashraf A,  Aslam B, Ijaz MU, et al. 2023. A compre-
hensive  review on pharmacological  activities  of  pachypodol:  a  bioac-
tive  compound  of  an  aromatic  medicinal  plant Pogostemon  cablin
Benth. Molecules 28(8):3469

[3]

 Yunus R, Mubarak, Malik N, Rahayu DYS, Aulyah MS, et al. 2024. Effec-
tiveness  of  repellent  from  patchouli  (Pogestemon  cablin)  varieties  of
Southeast  Sulawesi  against Aedes  aegypti. Journal  of  Vector  Borne
Diseases 61(2):167−175

[4]

 Mrisho II,  Musazade E,  Chen H,  Zhao H,  Xing J,  et  al. 2025. Unlocking
the therapeutic potential of patchouli leaves: a comprehensive review
of phytochemical and pharmacological insights. Plants 14(7):1034

[5]

 Arahman N, Rosnelly CM, Windana DS, Fahrina A, Silmina S, et al. 2021.
Antimicrobial hydrophilic membrane formed by incorporation of poly-
meric surfactant and patchouli oil. Polymers 13(22):3872

[6]

 Jia J, Duan S, Zhou X, Sun L, Qin C, et al. 2021. Long-term antibacterial
film nanocomposite incorporated with patchouli essential oil prepared
by supercritical CO2 cyclic impregnation for wound dressing. Molecules
26(16):5005

[7]

 Deng Y,  Liang X,  Zhao L,  Zhou X,  Liu J,  et al. 2025. Pogostemon cablin
acts as a key regulator of NF-κB signaling and has a potent therapeutic
effect  on  intestinal  mucosal  inflammation. Mediators  of  Inflammation
2025(1):9000672

[8]

 Astuti  P,  Khairan K,  Marthoenis  M,  Hasballah K. 2022. Antidepressant-
like activity of patchouli oil var. Tapak Tuan (Pogostemon cablin Benth)

[9]

 

Fig.  7  Model  describing the  regulation  function  of  PatHDZIP116,  PatSBP2,  PatMYBR23,  and PatMYB13 in  patchouli  alcohol  biosynthesis.  PatHDZIP116
and  PatSBP2  negatively  regulated  patchouli  alcohol  biosynthesis  by  inhibiting  the  expression  of PatPTS9,  while  PatMYBR23  and  PatMYB13  might  had
more complex regulation mechanism.

  Patchouli sesquiterpenoid biosynthesis and regulation network

Page 10 of 12   Zeng et al. Medicinal Plant Biology 2026, 5: e008

https://doi.org/10.48130/mpb-0026-0003
https://doi.org/10.48130/mpb-0026-0003
https://doi.org/10.48130/mpb-0026-0003
https://doi.org/10.48130/mpb-0026-0003
https://doi.org/10.48130/mpb-0026-0003
https://www.chp.org.cn/
https://doi.org/10.3390/ijms241310970
https://doi.org/10.3390/ijms241310970
https://doi.org/10.3390/molecules28083469
https://doi.org/10.4103/jvbd.jvbd_38_22
https://doi.org/10.4103/jvbd.jvbd_38_22
https://doi.org/10.3390/plants14071034
https://doi.org/10.3390/polym13223872
https://doi.org/10.3390/molecules26165005
https://doi.org/10.1155/mi/9000672


via elevated dopamine level: a study using rat model. Pharmaceuticals
15(5):608
 Sutthanont  N,  Sudsawang  M,  Phanpoowong  T,  Sriwichai  P,  Ruangsit-
tichai  J,  et  al. 2022. Effectiveness of herbal  essential  oils  as single and
combined repellents  against Aedes  aegypti, Anopheles  dirus and Culex
quinquefasciatus (Diptera: Culicidae). Insects 13(7):658

[10]

 Huang W, Li M. 2024. 广藿香-薄荷轮作和广藿香连作对其品质及其根
际土壤微生态的影响 [Effects of patchouli-mint rotation and patchouli
continuous cropping on its quality and rhizosphere soil microecology].
西南农业学报 [Southwest  China  Journal  of  Agricultural  Sciences]
37(2):276−285 (in Chinese)

[11]

 Gu Y, Mei Y, Xu S, Sun M, Zhou F, et al. 2022. 广藿香种质资源及栽培技
术研究进展 [Research progress  on germplasm resources  and cultiva-
tion techniques of Pogostemon cablin]. 热带作物学报 [Chinese Journal
of Tropical Crops] 43(8):1595−1603 (in Chinese)

[12]

 Zheng  X,  Li  Y,  Liu  Z,  Sun  P,  Dong  Y,  et  al. 2026. Biosynthesis  of
patchoulol  via  metabolic  engineering  the  oleaginous  red  yeast
Rhodotorula  toruloides. Synthetic  and  Systems  Biotechnology
12:293−300

[13]

 Vranová E, Coman D, Gruissem W. 2013. Network analysis of the MVA
and  MEP  pathways  for  isoprenoid  synthesis. Annual  Review  of  Plant
Biology 64:665−700

[14]

 Shen Y, Li W, Zeng Y, Li Z, Chen Y, et al. 2022. Chromosome-level and
haplotype-resolved  genome  provides  insight  into  the  tetraploid
hybrid origin of patchouli. Nature Communications 13(1):3511

[15]

 Deguerry F, Pastore L, Wu S, Clark A, Chappell J, et al. 2006. The diverse
sesquiterpene  profile  of  patchouli, Pogostemon  cablin,  is  correlated
with  a  limited  number  of  sesquiterpene  synthases. Archives  of
Biochemistry and Biophysics 454(2):123−136

[16]

 Zheng H, Fu X, Shao J, Tang Y, Yu M, et al. 2023. Transcriptional regula-
tory  network  of  high-value  active  ingredients  in  medicinal  plants.
Trends in Plant Science 28(4):429−446

[17]

 Zhang C,  Yao G, Zhang J,  Yu J,  Yang D, et al. 2021. Research progress
on patchoulol  molecular regulation and synthetic biology in Pogoste-
mon cablin. Biotechnology Bulletin 37(8):55−64

[18]

 Wu  D,  Chen  L,  Zhong  B,  Zhang  Z,  Huang  H,  et  al. 2023. PcENO3
interacts  with  patchoulol  synthase  to  positively  affect  the  enzymatic
activity and patchoulol biosynthesis in Pogostemon cablin. Physiologia
Plantarum 175(6):e14055

[19]

 Eisen  MB,  Spellman  PT,  Brown  PO,  Botstein  D. 1998. Cluster  analysis
and  display  of  genome-wide  expression  patterns. Proceedings  of  the
National  Academy  of  Sciences  of  the  United  States  of  America
95(25):14863−14868

[20]

 Langfelder  P,  Horvath  S. 2008. WGCNA:  an  R  package  for  weighted
correlation network analysis. BMC Bioinformatics 9(1):559

[21]

 Zainal-Abidin  RA,  Harun  S,  Vengatharajuloo  V,  Tamizi  AA,  Samsulrizal
NH. 2022. Gene  co-expression  network  tools  and  databases  for  crop
improvement. Plants 11(13):1625

[22]

 Dixon  RA,  Dickinson  AJ. 2024. A  century  of  studying  plant  secondary
metabolism − from 'what?' to 'where, how, and why?'. Plant Physiology
195(1):48−66

[23]

 Wang X, Chen X, Zhong L, Zhou X, Tang Y, et al. 2019. PatJAZ6 acts as a
repressor  regulating  JA-induced  biosynthesis  of  patchouli  alcohol  in
Pogostemon  cablin. International  Journal  of  Molecular  Sciences
20(23):6038

[24]

 Yuan L, Huang W, Chen C, Liang M, Huang Z, et al. 2025. Effects of salt
stress  on  physiological  characteristics,  ultrastructure  and  medicinal
components  of Pogostemon  cablin leaves. Biotechnology  Bulletin
41(1):230−239

[25]

 Qiu T, Li Y, Wu H, Yang H, Peng Z, et al. 2023. Tandem duplication and
sub-functionalization  of  clerodane  diterpene  synthase  originate  the
blooming  of  clerodane  diterpenoids  in Scutellaria  barbata. The  Plant
Journal 116(2):375−388

[26]

 Zeng Y,  Li  Z,  Chen Y,  Li  W,  Wang HB,  et  al. 2023. Global  dissection of
R2R3-MYB in Pogostemon cablin uncovers a species-specific R2R3-MYB
clade. Genomics 115(4):110643

[27]

 Tian T, Liu Y, Yan H, You Q, Yi X, et al. 2017. agriGO v2.0: a GO analysis
toolkit  for  the  agricultural  community,  2017  update. Nucleic  Acids
Research 45(W1):W122−W129

[28]

 Bu D, Luo H, Huo P, Wang Z, Zhang S, et al. 2021. KOBAS-i:  intelligent
prioritization  and  exploratory  visualization  of  biological  functions  for
gene enrichment analysis. Nucleic Acids Research 49(W1):W317−W325

[29]

 Shannon  P,  Markiel  A,  Ozier  O,  Baliga  NS,  Wang  JT,  et  al. 2003.
Cytoscape:  a  software  environment  for  integrated  models  of  bio-
molecular interaction networks. Genome Research 13(11):2498−2504

[30]

 Zhang W, Zhao L, Zhang B, Liu W, Zou H. 2025. 植物特异性 HD-Zip 转
录因子在生长发育与逆境响应中的功能研究进展 [Research advances
in  the  roles  of  plant-specific  HD-Zip  transcription  factors  in  growth,
development,  and  stress  response]. 生命科学 [Chinese  Bulletin  of  Life
Sciences] 37(6):625−634 (in Chinese)

[31]

 Vollbrecht  E,  Veit  B,  Sinha  N,  Hake  S. 1991. The  developmental  gene
Knotted-1 is  a  member  of  a  maize  homeobox  gene  family. Nature
350(6315):241−243

[32]

 Henriksson  E,  Olsson  ASB,  Johannesson  H,  Johansson  H,  Hanson  J,  et
al. 2005. Homeodomain  leucine  zipper  class  I  genes  in  Arabidopsis.
Expression  patterns  and  phylogenetic  relationships. Plant  Physiology
139(1):509−518

[33]

 Zhang Z,  Chen X,  Guan X,  Liu  Y,  Chen H,  et  al. 2014. A  genome-wide
survey  of  homeodomain-leucine  zipper  genes  and  analysis  of  cold-
responsive  HD-Zip  I  members'  expression  in  tomato. Bioscience,
Biotechnology, and Biochemistry 78(8):1337−1349

[34]

 Liang SW, Jiang HL, Zhai LH, Wan XR, Li XQ, et al. 2020. Genome-wide
identification  and  expression  analysis  of  HD-ZIP  I  subfamily  genes  in
maize. Acta Agronomica Sinica 46(4):532−543

[35]

 Yue H, Shu D, Wang M, Xing G, Zhan H, et al. 2018. Genome-wide iden-
tification and expression analysis  of  the HD-Zip gene family  in  wheat
(Triticum aestivum L.). Genes 9(2):70

[36]

 Elhiti  M,  Stasolla  C. 2009. Structure  and  function  of  homodomain-
leucine zipper (HD-Zip) proteins. Plant Signaling & Behavior 4(2):86−88

[37]

 Valdés AE, Övernäs E, Johansson H, Rada-Iglesias A, Engström P. 2012.
The homeodomain-leucine zipper (HD-Zip) class I transcription factors
ATHB7 and ATHB12 modulate  abscisic  acid  signalling  by  regulating
protein  phosphatase  2C  and  abscisic  acid  receptor  gene  activities.
Plant Molecular Biology 80(4−5):405−418

[38]

 He  G,  Liu  P,  Zhao  H,  Sun  J. 2020. The  HD-ZIP  II  transcription  factors
regulate  plant  architecture  through  the  auxin  pathway. International
Journal of Molecular Sciences 21(9):3250

[39]

 Ramachandran  P,  Carlsbecker  A,  Etchells  JP. 2017. Class  III  HD-ZIPs
govern vascular cell fate: an HD view on patterning and differentiation.
Journal of Experimental Botany 68(1):55−69

[40]

 Schrick K, Ahmad B, Nguyen HV. 2023. HD-Zip IV transcription factors:
drivers of epidermal cell fate integrate metabolic signals. Current Opin-
ion in Plant Biology 75:102417

[41]

 Huang  H,  Wu  D,  Guo  T,  Zhang  D,  Wang  X,  et  al. 2022. The  PcbZIP44
transcription factor inhibits  patchoulol  synthase gene expression and
negatively  regulates  patchoulol  biosynthesis  in Pogostemon  cablin.
Industrial Crops and Products 188:115561

[42]

 Zhang  Y,  Zheng  G,  Wang  J,  Zhao  K,  Zhai  W,  et  al. 2025. Research
progress  in  biological  functions  of  SPL  transcription  factors  in  plants.
World Forestry Research 38(1):23−30

[43]

 Chen  X,  Zhang  Z,  Liu  D,  Zhang  K,  Li  A,  et  al. 2010. SQUAMOSA
promoter-binding  protein-like  transcription  factors:  star  players  for
plant  growth  and  development. Journal  of  Integrative  Plant  Biology
52(11):946−951

[44]

 Xu  M,  Hu  T,  Zhao  J,  Park  MY,  Earley  KW,  et  al. 2016. Developmental
functions  of  miR156-regulated SQUAMOSA  PROMOTER  BINDING
PROTEIN-LIKE  (SPL) genes  in Arabidopsis  thaliana. PLoS  Genetics
12(8):e1006263

[45]

 Gou JY, Felippes FF, Liu CJ, Weigel D, Wang JW. 2011. Negative regula-
tion of  anthocyanin biosynthesis  in Arabidopsis by a miR156-targeted
SPL transcription factor. The Plant Cell 23(4):1512−1522

[46]

 He  Y,  Fu  X,  Li  L,  Sun  X,  Tang  K,  et  al. 2022. AaSPL9  affects  glandular
trichomes  initiation  by  positively  regulating  expression  of  AaHD1  in
Artemisia annua L. Plant Science 317:111172

[47]

 Yu ZX,  Wang LJ,  Zhao B,  Shan CM,  Zhang YH,  et  al. 2015. Progressive
regulation of sesquiterpene biosynthesis in Arabidopsis and patchouli
(Pogostemon cablin) by the miR156-targeted SPL transcription factors.
Molecular Plant 8(1):98−110

[48]

Patchouli sesquiterpenoid biosynthesis and regulation network  

Zeng et al. Medicinal Plant Biology 2026, 5: e008   Page 11 of 12

https://doi.org/10.3390/ph15050608
https://doi.org/10.3390/insects13070658
https://doi.org/10.16213/j.cnki.scjas.2024.2.006
https://doi.org/10.16213/j.cnki.scjas.2024.2.006
https://doi.org/10.16213/j.cnki.scjas.2024.2.006
https://doi.org/10.3969/j.issn.1000-2561.2022.08.008
https://doi.org/10.3969/j.issn.1000-2561.2022.08.008
https://doi.org/10.3969/j.issn.1000-2561.2022.08.008
https://doi.org/10.3969/j.issn.1000-2561.2022.08.008
https://doi.org/10.1016/j.synbio.2025.12.003
https://doi.org/10.1146/annurev-arplant-050312-120116
https://doi.org/10.1146/annurev-arplant-050312-120116
https://doi.org/10.1038/s41467-022-31121-w
https://doi.org/10.1016/j.abb.2006.08.006
https://doi.org/10.1016/j.abb.2006.08.006
https://doi.org/10.1016/j.tplants.2022.12.007
https://doi.org/10.13560/j.cnki.biotech.bull.1985.2021-0126
https://doi.org/10.1111/ppl.14055
https://doi.org/10.1111/ppl.14055
https://doi.org/10.1073/pnas.95.25.14863
https://doi.org/10.1073/pnas.95.25.14863
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.3390/plants11131625
https://doi.org/10.1093/plphys/kiad596
https://doi.org/10.3390/ijms20236038
https://doi.org/10.13560/j.cnki.biotech.bull.1985.2024-0451
https://doi.org/10.1111/tpj.16377
https://doi.org/10.1111/tpj.16377
https://doi.org/10.1016/j.ygeno.2023.110643
https://doi.org/10.1093/nar/gkx382
https://doi.org/10.1093/nar/gkx382
https://doi.org/10.1093/nar/gkab447
https://doi.org/10.1101/gr.1239303
https://doi.org/10.13376/j.cbls/2025062
https://doi.org/10.13376/j.cbls/2025062
https://doi.org/10.13376/j.cbls/2025062
https://doi.org/10.13376/j.cbls/2025062
https://doi.org/10.1038/350241a0
https://doi.org/10.1104/pp.105.063461
https://doi.org/10.1080/09168451.2014.923292
https://doi.org/10.1080/09168451.2014.923292
https://doi.org/10.3724/sp.j.1006.2020.93040
https://doi.org/10.3390/genes9020070
https://doi.org/10.4161/psb.4.2.7692
https://doi.org/10.1007/s11103-012-9956-4
https://doi.org/10.3390/ijms21093250
https://doi.org/10.3390/ijms21093250
https://doi.org/10.1093/jxb/erw370
https://doi.org/10.1016/j.pbi.2023.102417
https://doi.org/10.1016/j.pbi.2023.102417
https://doi.org/10.1016/j.pbi.2023.102417
https://doi.org/10.1016/j.indcrop.2022.115561
https://doi.org/10.13348/j.cnki.sjlyyj.2025.0003.y
https://doi.org/10.1111/j.1744-7909.2010.00987.x
https://doi.org/10.1371/journal.pgen.1006263
https://doi.org/10.1105/tpc.111.084525
https://doi.org/10.1016/j.plantsci.2021.111172
https://doi.org/10.1016/j.molp.2014.11.002


 Chen  Y,  Lin  Y,  Qiu  Y,  Li  W,  Shen  Y,  et  al. 2024. Identification  and
functional  characterization  of  the  diterpene  synthase  family  in
Pogostemon  cablin (Blanco)  Benth. Plant  Physiology  and  Biochemistry
216:109190

[49]

 Zhang D, Zhou H, Zhang Y, Zhao Y, Zhang Y, et al. 2025. Diverse roles
of MYB transcription factors in plants. Journal  of  Integrative Plant Biol-
ogy 67(3):539−562

[50]

 Onkokesung N, Reichelt M, van Doorn A, Schuurink RC, van Loon JJA,
et  al. 2014. Modulation  of  flavonoid  metabolites  in Arabidopsis
thaliana through  overexpression  of  the  MYB75  transcription  factor:
role  of  kaempferol-3,  7-dirhamnoside  in  resistance  to  the  specialist
insect  herbivore Pieris  brassicae. Journal  of  Experimental  Botany
65(8):2203−2207

[51]

 Feng PP, Chen P, Hong WJ, Zhao XY, Liu XM. 2016. Research progress
of  MYB  transcription  factor  family  in Arabidopsis  thaliana. Life  Science
Research 20(6):555−560

[52]

 Song  S,  Qi  T,  Huang  H,  Ren  Q,  Wu  D,  et  al. 2011. The  jasmonate-ZIM
domain  proteins  interact  with  the  R2R3-MYB  transcription  factors
MYB21  and  MYB24  to  affect  jasmonate-regulated  stamen  develop-
ment in Arabidopsis. The Plant Cell 23(3):1000−1013

[53]

 Wu Z,  Li  L,  Liu H,  Yan X,  Ma Y,  et  al. 2021. AaMYB15,  an R2R3-MYB TF
in Artemisia  annua,  acts  as  a  negative  regulator  of  artemisinin
biosynthesis. Plant Science 308:110920

[54]

 Li  S,  Wu  Y,  Kuang  J,  Wang  H,  Du  T,  et  al. 2018. SmMYB111  is  a  key
factor  to  phenolic  acid  biosynthesis  and  interacts  with  both  SmTTG1
and  SmbHLH51  in Salvia  miltiorrhiza. Journal  of  Agricultural  and  Food
Chemistry 66(30):8069−8078

[55]

 Zhou  W,  Shi  M,  Deng  C,  Lu  S,  Huang  F,  et  al. 2021. The  methyl
jasmonate-responsive  transcription  factor  SmMYB1  promotes  pheno-
lic acid biosynthesis in Salvia miltiorrhiza. Horticulture Research 8(1):10

[56]

 Ding  K,  Pei  T,  Bai  Z,  Jia  Y,  Ma  P,  et  al. 2017. SmMYB36,  a  novel  R2R3-
MYB  transcription  factor,  enhances  tanshinone  accumulation  and
decreases  phenolic  acid  content  in Salvia  miltiorrhiza hairy  roots.
Scientific Reports 7(1):5104

[57]

 Chen  X,  Li  J,  Liu  Y,  Wu  D,  Huang  H,  et  al. 2020. PatSWC4,  a  methyl
jasmonate-responsive  MYB  (v-myb  avian  myeloblastosis  viral  onco-
gene  homolog)-related  transcription  factor,  positively  regulates
patchoulol  biosynthesis  in Pogostemon  cablin. Industrial  Crops  and
Products 154:112672

[58]

Copyright:  ©  2026  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

  Patchouli sesquiterpenoid biosynthesis and regulation network

Page 12 of 12   Zeng et al. Medicinal Plant Biology 2026, 5: e008

https://doi.org/10.1016/j.plaphy.2024.109190
https://doi.org/10.1111/jipb.13869
https://doi.org/10.1111/jipb.13869
https://doi.org/10.1111/jipb.13869
https://doi.org/10.1093/jxb/eru096
https://doi.org/10.16605/j.cnki.1007-7847.2016.06.016
https://doi.org/10.16605/j.cnki.1007-7847.2016.06.016
https://doi.org/10.1105/tpc.111.083089
https://doi.org/10.1016/j.plantsci.2021.110920
https://doi.org/10.1021/acs.jafc.8b02548
https://doi.org/10.1021/acs.jafc.8b02548
https://doi.org/10.1038/s41438-020-00443-5
https://doi.org/10.1038/s41598-017-04909-w
https://doi.org/10.1016/j.indcrop.2020.112672
https://doi.org/10.1016/j.indcrop.2020.112672
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials and treatments
	Gaschromatography-mass spectrometry (GC-MS) analysis
	Construction of a gene co-expression regulatory network by WGCNA
	RNA sequencing library construction and data analysis
	Soft threshold of WGCNA
	Gene co-expression network
	Screening of key modules
	Gene ontology annotation of key modules
	Visualization of regulatory networks of sesquiterpenoid biosynthetic pathways

	Y1H assay
	Dual-Luc
	Transient overexpression
	EMSA
	Statistical analysis

	Results
	Patchouli alcohol content determination and global gene expression profiling of patchouli
	Identification of module genes whose expression was highly correlated with the sesquiterpenoid content and the terpenoid metabolic pathway
	Key enzyme-encoding genes and co-expression network of the terpenoid biosynthetic pathway
	Key TFs are potential regulators of the terpenoid biosynthetic pathway
	Key TFs are involved in patchouli alcohol content accumulation

	Discussion
	The HD-zip TF family mainly depresses the accumulation of sesquiterpenoids in patchouli
	Regulatory functions of the SBP TF family are diversified in patchouli
	MYB TFs are widely involved in the regulation of various pathways in plants

	Conclusions
	Author contributions
	Data availability
	References

