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Abstract

Background Plant hormones often cause changes in secondary metabolites. Patchouli alcohol (PA) is a bioactive
compound of the medicinal plant Pogostemon cablin. Similar to other secondary metabolites, its synthesis is

also regulated by transcription factors. While the PA biosynthetic pathway has been characterized, its regulatory
mechanisms remain incompletely understood.

Results Transcriptome analysis revealed that exogenous hormone application significantly altered the transcriptional
landscape of Pogostemon cablin, particularly affecting genes involved in terpenoid metabolism. Through weighted
gene co-expression network analysis (WGCNA), we identified the R2R3-MYB transcription factor gene PcCMYB25 as

a key candidate regulator. Transient overexpression analysis showed that overexpression of PcMYB25 significantly
upregulated PcPTS expression and select upstream MVA pathway genes, and increased PA content by 85% compared
to empty vector controls. In addition, yeast one-hybrid assays confirmed that PcMYB25 binds to the PcPTS promoter,
and transcriptional activation assays demonstrated its strong transactivation activity.

Conclusions We conclude that exogenous hormone treatment triggers an extensive transcriptional response in
patchouli, and integrated co-expression analysis identifies PAMYB25 as a candidate regulatory factor involved in plant
hormone signaling and the accumulation of PcPTS-derived PA and sesquiterpenoid compounds. These findings not
only provide new insights into the transcriptional regulation of PA biosynthesis, but also lay the foundation for further
genetic engineering strategies for PA production.
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Pogostemon cablin (Blanco) Benth., a herbaceous plant
of the Lamiaceae family, is distributed in Southern and
Southeast Asia [1]. This plant exhibits a wide range of
pharmacological activities, including anti-inflammatory,
analgesic, antioxidant, antibacterial, and antiviral proper-
ties, which have led to its extensive use in traditional and
modern medicine [2, 3]. In addition to its medicinal uses,
Pogostemon cablin is also valued in daily life and industrial
applications due to its essential oil. Patchouli oil has a dis-
tinctive fragrance, primarily attributed to its major com-
ponent, patchouli alcohol (PA). Studies have shown that
the content of PA in patchouli oil can reach up to 55.7%
[4, 5]. Because of its unique and long-lasting aroma, PA
is widely used in personal care products and cosmetics,
such as perfumes, facial toners, and moisturizing creams.
Globally, the annual consumption of pure PA for cosmetic
and household purposes reaches several thousand kilo-
grams [6]. Due to the significant application and com-
mercial value of PA, traditional methods of cultivating
patchouli plants to extract the compound are no longer
sufficient to meet growing demand. Therefore, genetic
engineering strategies aimed at enhancing PA production
have emerged as a promising alternative.

PA is synthesized throughout the entire plant, primar-
ily via the mevalonate (MVA) pathway [7, 8]. Its biosyn-
thesis involves three main steps. First, the precursors
isopentenyl pyrophosphate (IPP) and dimethylallyl pyro-
phosphate (DMAPP) are synthesized through the MVA
pathway. In this step, six enzymes are involved: aceto-
acetyl-CoA thiolase (AACT), hydroxymethylglutaryl-
CoA synthase (HMGS), hydroxymethylglutaryl-CoA
reductase (HMGR), mevalonate kinase (MVK), phos-
phomevalonate kinase (PMK), and mevalonate diphos-
phate decarboxylase (MVD). The generated IPP can be
reversibly converted to DMAPP under the action of iso-
pentenyl diphosphate isomerase (IPPI). In the second
step, farnesyl pyrophosphate synthase (FPPS) catalyzes
the condensation of IPP and DMAPP to form farnesyl
diphosphate (FPP), which serves as the direct precur-
sor for PA biosynthesis. Finally, in the last catalytic step,
patchoulol synthase (PTS) converts FPP into PA [9, 10].
The biosynthesis of terpenoids is a complicated process
and is affected by many rate-limiting enzymes. Notably,
transcription factors can simultaneously modulate multi-
ple genes in terpenoid metabolism to enhance metabolite
accumulation. For instance, in Curcuma wenyujin, jas-
monate (JA)-induced overexpression of the transcription
factor CwbHLH27 increases the accumulation of the ses-
quiterpenoids -elemene and p-caryophyllene by approx-
imately 2.8-fold [11]. The AP2/ERF family transcription
factor AaORA in Artemisia annua is a positive regulator
of genes such as AaADS, AaCYP71AVI1, AaDBR2, and
AaERFI. It can positively regulate the expression levels of
these genes to increase the content of artemisinin. After
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AaORA overexpression, the content of artemisinin and
dihydroartemisinic acid increased 40-53% and 22-35%,
respectively [12, 13]. Wang et al. demonstrated that the
transcription factor PcWRKY44 can bind to Pogostemon
cablin farnesyl pyrophosphate synthase gene (PcFPPS).
Its overexpression upregulates the expression levels of
PcFPPS and PcPTS, thus promoting the biosynthesis of
PA [14]. Wu et al. discovered that the PcENO3 protein
can interact with PcPTS and enhances its enzymatic
activity, thereby regulating PA biosynthesis [15].

In natural environments, the growth and development
of plants are affected by many factors, such as tempera-
ture, humidity, and salinity. When sensing environmental
changes, plants respond through hormone changes [16,
17]. These hormonal fluctuations modulate the activity
of specific transcription factors, thereby regulating the
synthesis and accumulation of secondary metabolites
[18, 19]. As a sesquiterpenoid secondary metabolite, PA
biosynthesis is similarly influenced by hormonal and
other signaling pathways. Chen et al. showed through
dual-luciferase experiments that PatSWC4 transcription
factor can bind to the promoter of PatPTS to increase
its transcription activity. Yeast two-hybrid (Y2H) results
indicated that PatSWC4 and PatJAZ4 proteins can inter-
act, and suggested that PatSWC4 plays a part in the JA
response network [20]. The SA-responsive transcription
factor PatWRKY71 can regulate the synthesis of PA [21].

Substantial research has been applied to reveal the
regulatory network of PA biosynthesis for increasing its
production. The rapid development of transcriptome
sequencing technology and the continuous reduction in
costs have led to a large amount of data support for seek-
ing the functional genes. Weighted gene co-expression
correlation network analysis (WGCNA) is a systematic
biological analysis method that can correlate phenotypic
trait data with specific genes. Currently, WGCNA plays a
significant role in the analysis of plant secondary metabo-
lism. Huang et al. used WGCNA analysis to indicate that
transcription factors such as AP2/ERF, WRKY, MYB and
bHLH play an important role in MJ-induced monoterpe-
noid biosynthesis of Mentha arvensis L [22].

In this study, we integrated transcriptome data from
Pogostemon cablin leaves treated with various plant hor-
mones and used PA content as a phenotypic trait to con-
struct a gene co-expression network using WGCNA. This
allowed us to link PA accumulation to specific gene mod-
ules. From these modules, we identified the R2R3-MYB
transcription factor PcMYB25. Yeast one-hybrid assays
revealed that PcMYB25 can bind to the promoter of
PcPTS. Transient overexpression experiments confirmed
that overexpression of PcMYB2S significantly increased
both PA content and the expression level of PcPTS, con-
sistent with PcMYB25 functioning as a candidate posi-
tive regulator of PA accumulation. These findings provide
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new insights into the transcriptional regulation of PA
biosynthesis and lay the foundation for further metabolic
engineering strategies.

Materials and methods

Plant materials and treatment

Pogostemon cablin (Blanco) Benth. was obtained from
a cultivated plantation in Yangjiang, Guangdong, China
(21.87°N, 111.98°E). The plant material was authen-
ticated by Professor Ruoting Zhan (Guangzhou Uni-
versity of Chinese Medicine) based on morphological
characteristics. A voucher specimen (No. 819727) has
been deposited at the Herbarium of the College of Tra-
ditional Chinese Medicine, Guangzhou University of
Chinese Medicine. The plant material was subsequently
cultivated in controlled-environment chambers at the
Research Center of Chinese Herbal Resource Science and
Engineering, Guangzhou University of Chinese Medicine
(23.03°N, 113.23°E). The temperature and humidity of the
growth chamber were maintained at 26 °C/75% during
the day and at 21 °C/65% at night. The light/dark photo-
period was maintained 16 h light/8 h dark.

Pogostemon cablin plants at the six-leaf stage were used
for hormone treatment. Patchouli plants with similar
growth state were divided randomly into control (0.5%
ethanol) and five phytohormone-treatment groups:
methyl jasmonate (MeJA), salicylic acid (SA), ethylene
(ETH), abscisic acid (ABA), and MeJA + ETH co-treat-
ment. Each treatment included 3 biological replicates.
Control ethanol and various hormones (dissolved in 0.5%
ethanol) were sprayed on patchouli leaves until the solu-
tion covered the surface of the leaves and just dribbled.
Transparent containers enclosed treated plants to pre-
vent hormone volatilization. Eight hours after spray-
ing, leaves collected from each treatment group were
flash-frozen in liquid nitrogen and stored at —-80 °C for
RNA-Seq and extraction of PA. Concentrations used for
various hormones were 300 uM (Me]JA, SA, and ABA) or
500uM (ETH).

Identification of differentially expressed genes (DEGs) and
the co-expression network

Total RNA was extracted from the patchouli leaves stored
at —-80 °C as mentioned above. The concentration and
purity of the extracted RNA were assessed using Nano-
Drop2000, and the RNA quality number (RQN) value
was determined by Agilent5300. Total RNA samples
were required to meet the following criteria: 1 pg of total
RNA, a concentration of >30 ng/uL, an RQN value >6.5,
and an OD260/280 ratio between 1.8 and 2.2. The high-
quality RNA samples were used to enrich mRNA and
fragment mRNA through Oligo dT, reverse transcribe to
synthesize cDNA, ligate the adapter sequence, purify the
products, amplify the fragments by PCR, construct the
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sequencing library, and sequence using the NovaSeq X
Plus platform.

Using the Trinity software assembly sequencing data,
and through TransRate (http://hibberdlab.com/trans
rate/) and CD-HIT (http://weizhongli-lab.org/cd-hit
/) optimized filter assembly results, assembly evalua-
tion was conducted by BUSCO (http://busco.ezlab.org).
Get reads and compare the reference sequence used to
express the quantitative software RSEM at the quantita-
tive level of gene and transcriptome, and quantitative
analysis, according to the transcripts per million reads
(TPM) method to calculate the expression level of each
transcript. DESeq2 was used for differential expression
analysis, and genes with p<0.05 and FC>2 or FC<0.5
(genes up-regulated twice or down-regulated more than
two times) were considered DEGs. DEGs were annotated
with GO and KEGG databases, and enrichment analyses
were performed.

The WGCNA was used to construct the gene co-
expression network. The DEGs whose expression level
is less than one and whose coefficient of variation is less
than 0.1 are filtered. Then, the soft-thresholding power
of the signed co-expression was adjusted to 12, and the
modules were identified. The core co-expression modules
were visualized using Cytoscape software.

Sequence alignment and phylogenetic tree construction of
MYB25-related sequences

The MYB25-related sequences from other species were
identified from the NCBI database using PcMYB25 as
bait. Sequence alignment was conducted using DNA-
MAN with default parameters and a phylogenetic tree
was constructed using MEGA 7.0.

Transient overexpression in Patchouli leaves
Patchouli plants with six leaves were used for transient
overexpression by agrobacteria-mediated transforma-
tion. The 969-bp open reading frame (ORF) of PcMYB25
was cloned into the Notl/Pacl sites of the pJLTRBO
expression vector [23]. Both the recombinant pJLTRBO-
PcMYB25 and empty vector control (pJLTRBO) were
transformed into Agrobacterium tumefaciens GV3101
(pSoup p19) (Weidi Biotechnology, Shanghai). Then the
transformed agrobacteria were plated on Luria-Bertani
plates containing 50 pg/mL kanamycin and 25 pg/mL
rifampicin for 48 h for plasmid selection.
Agrobacterium-mediated transient expression was
performed as previously described [24] The agrobacteria
were cultured in Luria-Bertani medium supplemented
with 50 pg/mL kanamycin and 25 pg/mL rifampicin for
24 h until the OD600 reached 0.6—-0.8, then the agrobac-
teria were harvested by centrifugation and resuspended
in the induction medium (10 mM MES, pH 5.7, 10 mM
MgClI2, 200 pM acetosyringone) at an OD600 of 1.0.
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Cells were incubated at room temperature for 2—4 h. Two
to three leaves per plant were infiltrated on the abaxial
sides using 1 mL needleless syringe. After infection, the
plants were incubated at 25 °C for 96 h. Then the leaves
were collected and stored at —80 °C for subsequent RNA
extraction and PA content detection.

RNA extraction and quantitative reverse-transcription PCR
(RT-qPCR)

Total RNA was extracted from patchouli leaves using
the Favor Prep Plant Total RNA Mini Kit (Favor Bio-
tech, China). Then HiScript III RT Super Mix for qPCR
(+ gDNA wiper) (Vazyme Biotech, China) was used for
reverse transcription. For each sample, 200 ng RNA was
used for reverse transcription. AceQ Universal SYBR
qPCR Master Mix (Vazyme Biotech, China) was used for
qPCR. The internal reference gene 18 S rRNA was used
to normalize the relative expression for tested genes. The
values shown are averages of three biological replicates.
The primers used are listed in Table S1.

PA extraction and quantification
The method of PA extraction and quantification used has
been described previously [24]. Patchouli leaves were
ground in liquid nitrogen, and 200 mg of the powder was
ultrasonically extracted with 1.5 mL hexane at 60 Hz for
30 min. Then, the mixture was placed in a 56 °C water
bath for 1 h. After a short centrifugation, the supernatant
was filtered with a 0.22 pm organic microporous mem-
brane, then the filtrate was taken as the test solution for
GC-MS detection.

Agilent 7890B/5977A gas chromatography-mass spec-
trometry (GC-MS) and HP-5ms capillary column (30 m
x 0.25 mm x 0.25 um) was used for the separation and
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Fig. 1 PA content in leaves treated with various hormones
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detection of PA. The procedure was set with an initial
temperature of 50 °C and kept for 2 min, then the tem-
perature was increased to 130 °C at a rate of 20 °C/min,
and the temperature was increased to 150 °C at 2 °C/
min, and maintained for 5 min at 150 °C. After that, the
temperature increased to 230 °C at a rate of 20 °C/min.
In addition, commercial PA (Feiyu, Nantong, China) was
used as a standard.

Transcriptional activation activity of PcMYB25 and yeast
one-hybrid (Y1H) assay

For the detection of PcMYB25 transcriptional activation,
the open reading frame (ORF) of PcMYB25 was cloned
into the expression vector pGBKT7 using a one-step
cloning method. The recombinant pGBKT7-PcMYB25
was then transformed into yeast strain Y2HGold as the
experimental group, while an empty pGBKT7 vector
served as the negative control. These were cultured on
SD/-Trp medium, SD/-Trp medium supplemented with
50 pg X-a-Gal, and SD/-Trp medium with 50 pug X-a-
Gal plus 200 ng/mL aureobasidin A (AbA), observing the
growth of colonies.

For the Y1H assay, the promoter region of PcPTS was
defined as the 1,865-bp sequence upstream of the ATG
start codon and was cloned into the pHIS2 vector to gen-
erate the reporter construct pHIS2-PcPTSpro. This con-
struct was introduced into the Y187 yeast strain using the
PEG/LiAc transformation method to evaluate potential
self-activation activity. The full-length coding sequence
of PcMYB25 was amplified and cloned into pGADT7,
resulting in pGADT7-PcMYB25. This construct was co-
transformed with pHIS2-PcPTSpro into the Y187 yeast
strain as the experimental group. An empty vector and
pHIS2-PcPTSpro were co-transformed into the Y187
yeast strain as the negative control group. These trans-
formants were initially grown on SD agar plates lacking
tryptophan and leucine (-Trp/-Leu), and positive clones
were transferred onto SD/-Trp/-His/-Leu plates con-
taining various concentrations of 3-amino-1,2,4-triazole
(3-AT) for further growth observation.

Results

PA content altered in Patchouli leaves treated with various
hormones

The biosynthesis of PA mainly occurs in the leaves of
patchouli and the content of secondary metabolites is
often affected by exogenous plant hormones [25]. The
six-leaf-stage patchouli leaves were treated with 0.5%
ethanol (control) or various hormones (MeJA, SA, ETH,
ABA, and MeJA + ETH). Among different hormone
treatments, the mean PA content was highest under
MeJA and lowest under ETH. The PA content observed
with the MeJA exhibited significant differences from that
observed with the SA, ETH, and MeJA + ETH (Fig. 1).
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RNA-sequencing, de Novo assembly and functional
annotation

To identify the critical transcription factors regulat-
ing the biosynthetic pathway of PA, patchouli leaves
in triplicate were treated with 0.5% ethanol (control),
MeJA, ETH, ABA, SA, and MeJA+ETH respectively.
A total of 154,779 unigenes were assembled, with a size
of 223,580,816 bp and an N50 of 1058. These data indi-
cated that the quality of RNA sequencing is sufficient for
downstream analysis. To assess the expression pattern of
the patchouli transcriptomes for various hormone treat-
ments, the assembled transcriptome sequences were
annotated and compared with six databases: NR, Swiss-
Prot, Pfam, COG, GO and KEGG. Of the total 154,779
unigenes annotated: 60,039, 55,123, and 43,196 unige-
nes were annotated from NR, Swiss-Prot, and Pfam,
respectively. We used GO, COG, and KEGG databases
to classify unigenes. In order to understand the func-
tion and classification of unigenes in a global view, GO
functional annotations were performed. Of 43,477
unigenes annotated to this database, three main cat-
egories were grouped: biological process (BP), cellular
component (CC), and molecular function (MF) (Fig.
S1). For biological processes, organic substance meta-
bolic process (GO:0071704), primary metabolic process
(G0O:0044238), cellular metabolic process (GO:0044237)
were the most enriched items. For cellular components,
unigenes related to membrane part (GO:0044425),
cell part (GO:0044464), intrinsic component of mem-
brane (GO:0031224) were the most abundant items. For
molecular function category, organic cyclic compound
binding (G0O:0097159), heterocyclic compound binding
(GO:1901363), and ion binding (GO:0043167) were the
most highly represented GO terms. Of 8,162 unigenes
annotated with COG, functional groups were classified
into 24 categories (Fig. S2): 758 unigenes were assigned
to Translation, ribosomal structure and biogenesis (the J
category). Moreover, 35,368 unigenes were mapped into
the KEGG pathways. The most representative pathways
were “translation’, “Carbohydrate metabolism” and “Fold-
ing, sorting and degradation” (Fig. S3).

Identification of differentially expressed genes (DEGs)

To identify potential transcription factors regulat-
ing the biosynthetic pathway of PA, we analyzed DEGs
among the five hormone treatment groups by com-
paring MeJA+ETH, MeJA, SA, ABA, and ETH with
the control and by comparing MeJA +ETH with ETH
or MeJA. Comparative analysis revealed 14,419 DEGs
total, with MeJA+ETH treatment inducing the most
significant transcriptional changes—9,563 unigenes
comprising 5,086 upregulated and 4,477 downregulated
genes. In contrast, SA treatment showed minimal dif-
ferential expression with only 77 upregulated and 54
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downregulated unigenes relative to control, as detailed
in Figure S4. GO and KEGG enrichment analyses were
performed on DEGs to predict their biological functions.
The GO enrichment analysis divided 14,419 differen-
tially expressed unigenes into three categories: cellular
component, molecular function, and biological process
(Fig. 2A). Cellular components were dominated by mem-
brane-associated terms, representing 19.6% and 18.98%
of annotations for membrane and membrane parts
respectively. Molecular functions primarily involved
catalytic activity and binding, accounting for 30% and
26.87% of annotations. Metabolic processes constituted
the most enriched biological process at 17.22%, fol-
lowed closely by cellular processes at 16.57%. The results
reflected that more DEGs are involved in metabolic pro-
cesses or cellular processes and have catalytic and bind-
ing functions. KEGG pathway analysis further identified
151 unigenes associated with plant hormone signal trans-
duction, 46 with terpenoid backbone biosynthesis, and
34 specifically involved in sesquiterpene and triterpenoid
biosynthesis pathways (Fig. 2B).

Construction of the WGCNA and the identification of hub
genes

The DEGs and identification module were evaluated
using WGCNA. Here, the processed genes were divided
into 10 modules (Fig. 3A). Association of the PA content
(trait) with 10 modules was analyzed to identify key mod-
ules and potentially involved transcription factors (Fig.
3B). Among these 10 modules, four modules, MEma-
genta (r=-0.643, p-value = 0.004), MEgreen (r=-0.591,
p-value = 0.0098), MEpink (r = 0.544, p-value = 0.0196),
and MEblack (r=-0.525, p-value = 0.0253), were identi-
fied as the key modules associated with the PA content (P
< 0.05) (Fig. 3B). While MEmagenta showed the strongest
correlation with PA content, it contained no transcription
factors. We therefore focused on analyzing MEgreen due
to its significant correlation with PA content (r=-0.591,
p-value = 0.0098). A total of 358 genes are included in
this module, including 7 structural genes related to PA
synthesis (Table S4) and 14 transcription factors (Table
S3). Notably, we found a key transcription factor, TRIN-
ITY_DN73869_c4_gl (kME = 0.892, where kME indi-
cates the correlation between the expression profile of a
gene and the module eigengene), named PcMYB25. As a
crucial gene, PcMYB25 ranked top 30 in connectivity in
MEgreen module (degree = 44.11) (Table S2). Co-expres-
sion network analysis revealed PcMYB25’s close associa-
tion with terpenoid metabolism-related genes (Fig. 3C).
Given the established role of MYB transcription fac-
tors in plant secondary metabolism [26], these findings
suggest PcMYB25 may be a candidate regulator of PA
biosynthesis.
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PcMYB25 codes a R2R3-MYB protein

We cloned the full-length coding sequence of PcMYB25
from patchouli cDNAs. After sequence analysis, the ORF
including the stop codon of PcMYB25 was determined
to be 969 bp in length and encoded 322-amino acid.
The molecular weight of this protein was predicted to
be 38.4 kDa, and the isoelectric point was 7.6. Sequence
alignment confirmed that PcMYB2S5 shares high similar-
ity with R2R3-MYB proteins from Sesamum indicum,
Salvia splendens, and Salvia miltiorrhiza. Structural
analysis identified characteristic R2 and R3 DNA-binding
domains at the N-terminus, confirming its classification
as a canonical R2R3-MYB transcription factor (Fig. 4A).
To predict potential functions of PcMYB25, we con-
structed a phylogenetic tree using MEGA 7 (Fig. 4B).
The results showed that PcMYB25 and SmMYB25 clus-
tered together with high bootstrap support. PcMYB25
also showed high similarity (95%) to the R2-R3 con-
served domains of AtMYB25 from Arabidopsis thaliana
(Fig. 4B). A neighbor-joining (NJ) phylogenetic tree was
constructed using PcMYB25 and 125 R2R3-MYB tran-
scription factors from Arabidopsis thaliana. Phyloge-
netic analysis classified PcMYB25 into the S23 subgroup
of Arabidopsis thaliana R2R3-MYB proteins, where it

formed a monophyletic clade with AtMYB25, AtMYBI,
and AtMYBI109 with high bootstrap support (Fig. S5).

Overexpression of PcMYB25 is associated with upregulated
expression of terpenoid pathway genes and increased PA
accumulation

To investigate the function of PcMYB25 in patchouli, we
transiently overexpressed PcMYB25 in patchouli leaves
using the pJLTRBO vector through Agrobacterium-
mediated transformation (Fig. 5A). The efficiency of this
overexpression was evaluated by RT-qPCR four days
after the injection. Compared with the empty-vector con-
trol pJLTRBO group, the expression level of PcMYB25
in the leaves in the experimental groups increased by
2.55-fold (Fig. 5B). Analysis of PA biosynthetic path-
way genes revealed significant upregulation of AACT
and PMK transcripts, while HMGR expression showed
marked reduction. Most notably, the expression level of
PcPTS was significantly 4.09-fold higher than that of the
control group (Fig. 6). Consistent with these changes,
GC-MS analysis revealed an 85% increase in PA content
in PcMYB25-overexpressing leaves compared to controls
(Fig. 5C and D).
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Fig. 4 Phylogenetic analysis of PcMYB25. A Sequence analysis of PcMYB25 and other MYB transcription factors. In order to compare the MYB sequence
between different plant species, PcMYB25 was used as a bait gene, and MYB transcription factors with similar sequences in Sesamum indicum, Salvia milt-
iorrhiza, Salvia splendens, and Arabidopsis thaliana were identified from the NCBI database. B Phylogenetic tree of MYB transcription factors. Some MYB
proteins share similar sequences for phylogenetic analysis. A phylogenetic tree was constructed by MEGA 7

PcMYB25 exhibits transcriptional activation activity and group, both the experimental and positive control groups
binds to the PcPTS promoter were able to grow normally and exhibited blue color-
The PcMYB25 gene was cloned into pGBKT7 as the ation on SD/-Trp medium supplemented with 50 pug/mL
experimental group. Compared to the negative control  X-a-Gal and 200 ng/mL AbA, while the negative control
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group increased significantly compared with the CK group (*** p<0.001 ** p<0.01, * p < 0.05). FW, fresh weight; CK, the empty-vector control pJLTRBO

(empty vector) could not grow. These results confirm that
PcMYB25 has strong transcriptional activation activity
(Fig. S6A).

The yeast strain Y187[pHIS2-PcPTSpro] was able to
grow on SD/-Trp/-His medium but could not grow on
SD/-Trp/-His+10 mM 3-AT or SD/-Trp/-His+20 mM
3-AT. This shows that 10 mM 3-AT is sufficient to inhibit
its background expression, and therefore, media contain-
ing 10 mM or higher concentrations of 3-AT can be used
for subsequent Y1H screening (Fig. S6B). Y1H assays
showed that, on plates with different concentrations of
3-AT, the experimental group strains grew better than
the negative control group, suggesting a potential inter-
action between PcMYB25 and the PcPTS promoter (Fig.
S6C).

Discussion

Changes of Patchouli under different hormone treatments
Plants are often exposed to various adversity stresses
during their growth. These adverse stresses usually lead

to changes in plant hormone levels, thereby affecting
the synthesis and accumulation of secondary metabo-
lites [27]. Like most secondary metabolites, the synthe-
sis of PA has previously been found to be associated with
phytohormone. Tang et al. used MeJA, ABA, SA to treat
the leaves of patchouli. It was found that the expression
of HMGS, PMV and MVK on the MVA pathway have
increased [28]. In comparison with control, content of
secondary metabolites including PA were found to be sig-
nificantly different in patchouli leaves treated with MeJA,
ETH, or MeJA + ETH. After treatments, 254, 229, and
400, respectively, differentially expressed proteins were
identified. These differentially expressed proteins are
mainly involved in photosynthesis, secondary metabo-
lites, carbohydrate and energy metabolism [29]. These
previous studies have shown expression levels or content
of genes, proteins and secondary metabolites changed
when patchouli leaves were treated with exogenous hor-
mones. To determine the effect of various hormones on
PA content, PA content of patchouli leaves treated with
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various hormones was determined. The highest content
of PA was found in MeJA-treated leaves, and the lowest
content was associated with ETH-treated. PA content in
MeJA-treated leaves differed significantly from that of
the SA-, ETH-, and MeJA + ETH -treated.

RNA-Seq is a powerful tool to identify the transcrip-
tional regulation mechanism of secondary metabo-
lism. This study provides a transcriptome survey to

understand the functions of DEGs. DEGs identified are
mainly enriched in metabolic and cellular processes, and
are mainly involved in catalysis and binding. Enriched
pathways included plant hormone signal transduc-
tion, MAPK signaling, and a-linolenic acid metabolism.
Notably, a considerable number of DEGs are involved in
terpenoid backbone biosynthesis, indicating that exog-
enous hormone application exerts a broad influence on
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terpenoid metabolic pathways. This extensive transcrip-
tional reprogramming is consistent with previous obser-
vations in patchouli following glutathione treatment,
where hormonal elicitors also induced genome-wide
transcriptional changes, leading to altered production of
secondary metabolites [25].

Co-expression facilitates the identification of PA-related
transcription factors

The MYB proteins represent a large and functionally
diverse family of transcription factors in eukaryotes, and
participate in cell proliferation [30], differentiation [31],
apoptosis [32], abiotic and biotic stress [33] and second-
ary metabolism [34]. The N-termini of the MYB tran-
scription factors contain 1-3 conserved DNA binding
domains: R1, R2, R3, and/or R4. Based on the presence
of specific DNA binding domains, MYB transcription
factors can be divided into four categories: R1-MYBs,
R2R3-MYBs, R1R2R3-MYBs, and R4-MYBs. Notably,
R2R3-MYBs are transcription regulators for synthesizing
secondary metabolites and are involved in plant hormone
response [35]. For example, PpMYB140 works as a tran-
scriptional repressor to directly inhibit the expression
of anthocyanin-related genes and prevent anthocyanin
over-accumulation in bananas [36]. CaMYB48 encodes
an R2R3 transcription factor to activate the promoters of
AT3 and Kasla, leading to increases in Cap and DhCap
[37]. However, although the genes involved in the PA
biosynthetic pathway have been identified, many of the
transcription factors regulating this process remain to
be discovered and characterized. Studies on the regula-
tory role of MYB in Pogostemon cablin and its secondary
metabolites remain limited.

In this study, Pogostemon cablin was treated with differ-
ent plant hormones, and through WGCNA, we identified
two modules—MEmagenta and MEgreen—that showed
high correlations with PA content. The MEmagenta mod-
ule exhibited the strongest association with PA accumu-
lation. However, no transcription factors were directly
identified within this module. Further analysis revealed
several genes that still warrant attention. For instance,
TRINITY_DN60695_c1_gl, TRINITY_DN63434_cl1_g2,
TRINITY_DN76152_c3_g5, TRINITY_DN80278_c5_g2,
and TRINITY_DN80278_c5_g4 are annotated as encod-
ing LOX21, which catalyzes the hydroperoxidation of
linoleate and linolenate to generate JA precursors [38].
These JA precursors subsequently influence PA syn-
thesis through the JA signaling pathway. Additionally,
CLT2, identified in this module, regulates glutathione
(GSH) levels, thereby affecting PA content [25, 39]. Some
genes, such as L-ascorbate oxidase (AAO), have also been
found to respond to environmental stresses and modu-
late the plant’s redox state, potentially influencing PA
indirectly [40]. Subsequently, we analyzed the MEgreen
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module, which contains 14 transcription factors distrib-
uted among the MYB, bHLH, WRKY, NAC, CCAAT,
and AP2/ERF gene families. Among them, we identi-
fied a MYB transcription factor, which showed a strong
correlation with PA content. It has a high degree value
and kMe value, with a Pearson correlation coefficient of
0.926. Homology analysis revealed that this transcription
factor shares the highest similarity with SmMYB25 from
Salvia miltiorrhiza, and it was therefore designated as
PcMYB25. An Arabidopsis T-DNA-inserted MYB25-null
mutant exhibited deformed pollen cell wall, two-celled
pollen, and misarranged male germ unit, indicating a
role of AtMYB25 in Arabidopsis pollen development
[41]. GhMYB25 can promote the differentiation of cot-
ton ovule epidermal cells into fibrocytes, thereby regulat-
ing the length of cotton fibers. After silencing GhMYB25,
cotton showed shorter seed fiber, less trichomes, and less
seed in other parts [42]. To date, functional studies on
MYB25 remain relatively limited. Phylogenetic analysis
indicated that PcMYB25 belongs to the $23 subgroup of
the R2R3-MYB family, which also includes members such
as AtMYB1, AtMYB25, and AtMYB109. These transcrip-
tion factors have been reported to be involved in plant
responses to both biotic and abiotic stress pathways [43].
Therefore, we speculate that PcMYB25 may have a simi-
lar function in responding to stress and regulating plant
growth and development in Pogostemon cablin. However,
further detailed studies are still needed to confirm this
hypothesis. Notably, although PcMYB25 is phylogeneti-
cally distant from certain secondary metabolic regula-
tors such as AcMYBI1 from Allium cepa, which regulates
anthocyanin biosynthesis, and AaMYB1 from Artemisia
annua, which positively regulates artemisinin synthesis
[44, 45] (Fig. S7). However, they share identical protein
domains, suggesting that PcMYB25 may have similar
transcriptional regulatory potential.

Unlike previous studies focusing on developmental
roles, our findings suggest a novel role for PcMYB25 in
secondary metabolism, specifically PA biosynthesis. Fur-
ther analysis revealed a correlation coefficient of 0.897
between the expression levels of PcMYB25 and PcPTS.
The strong correlation suggests a potential influence of
PcMYB25 on PcPTS expression. After the overexpres-
sion of PcMYB25, the PA content in plant leaves was
increased by 85%. Gene expression analysis of the PA
biosynthetic pathway showed that PcMYB25 overex-
pression led to a significant and specific upregulation of
PcPTS, increasing its expression level by 4.09-fold. Fur-
thermore, PcMYB25 overexpression also significantly
enhanced the expression of the upstream MVA pathway
genes AACT and PMK. This suggests that PcMYB25 may
exert broader regulatory effects on terpenoid metabolism
and could modulate other genes in the pathway—directly
or indirectly—to promote PA biosynthesis. During the
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transient overexpression experiment, GC-MS analy-
sis detected not only PA but also three other secondary
metabolites: [-caryophyllene, a-guaiene, and pogosto-
lene. According to Deguerry et al., these compounds are
all catalyzed by PcPTS [9]. GC-MS analysis revealed that
the levels of these three metabolites were increased in
plants overexpressing PcMYB25 compared to the control
group. These findings collectively indicate that PcMYB25
overexpression enhances the accumulation of multiple
PcPTS-derived sesquiterpenoids, further supporting its
role in modulating terpenoid biosynthesis. However, the
module and trait correlation heat map show a negative
correlation (r=-0.591, p-value = 0.0098) for the green
module with PA (Fig. 3B). A similar situation exists in
Pan’s research [46]. Pan et al. performed a WGCNA of all
genes of Y12-4 (cold-tolerance genotypes). Modules-trait
relation showed that LTGS in the module greenyellow (r
= 0.35, p-value = 0.2) is a key gene in regulating cold tol-
erance at the germination stage. Overexpression of LTG5S
can increase the germination rate of rice at low tempera-
ture. However, there are COLD1 [47], CTB4a [48], LTG1
[49], Ctb1 [50], ICE1 [51] in the blue module (r=-0.98,
p-value = 2¢7'°), gLTG3-1 [52] in the brown module
(r=-0.92, p-value = 2e™%). These genes can improve the
tolerance of rice at low temperature conditions as well.

In addition, constructing a co-expression network, the
correlation between gene expression level and trait is
considered, but the influence of gene interaction on trait
is not considered. Modules clustering heat map showed
that, genes in the green module were highly expressed
in MeJA + ETH treatment group, lowly expressed in
ETH treatment group, and expressed irregularly in other
treatment groups. However, the PA content was the low-
est under the MeJA + ETH treatment, so the WGCNA
analysis showed that the module was negatively cor-
related with the gene. This indicates that the expression
patterns of the green module genes under different hor-
mone treatments are complex and diverse. It may reflect
that this might be due to the influence of gene interac-
tions on the regulation of the synthesis of PA. In addition,
the module is negatively correlated with genes, but there
may be differences of genes in the green module, which
could be the reason for the positive correlation between
PcMYB25 and PA. The Y1H assay suggested a potential
interaction between PcMYB25 and the PcPTS promoter.
MYB transcription factors are known to form protein
complexes with other partners to regulate gene expres-
sion. For example, a study by Cao et al. demonstrated
that MrMYB5 and MrMYB5L interact with MrbHLH?2
to form MYB5-bHLH complexes, which synergistically
activate the expression of MrF3’5’H and MrFLS1, pro-
moting myricetin accumulation in Morella rubra [53]. In
addition, Luan et al. study revealed that the PsMYBPA2-
PsbHLH1-3 and PsMYB308-PsbHLH1-3 complexes
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cooperatively regulate spot formation in tree peony [54].
Therefore, combined with the overexpression results,
PcMYB25 may function in concert with other transcrip-
tion factors to modulate terpenoid biosynthesis. Its effect
on PcPTS expression could be either through direct
cooperative regulation as part of a transcriptional com-
plex, or indirectly via regulation of upstream signaling or
metabolic pathway components.

In conclusion, our research results indicate that
PcMYB25 as an important R2R3-MYB transcription
factor, responds to hormonal signals and is involved in
the biosynthesis of PA in Pogostemon cablin. Through
co-expression analysis and functional validation, we
provided preliminary evidence for its regulatory role,
suggesting that PcMYB25 may directly or indirectly pro-
mote the biosynthesis of PA and related sesquiterpenes
by influencing terpene metabolic pathway genes. This
study will further comprehensively elucidate the function
of PcMYB25 and its regulatory network. In subsequent
studies, it is still necessary to employ techniques such as
Virus-Induced Gene Silencing (VIGS) or dual-luciferase
reporter (LUC) assays for in-depth functional validation,
and to identify interacting proteins that may cooperate
with it in regulating PA biosynthesis.

Conclusions

In this study, transcriptome sequencing of Pogostemon
cablin treated with various phytohormones revealed
extensive changes of genes involved in signal trans-
duction and secondary metabolism. Combined with
WGCNA analysis, led to the identification of a key R2R3-
MYB transcription factor, PcMYB25, which is highly cor-
related with PA biosynthesis. Homology analysis revealed
that PcMYB25 is most similar to SmMYB25 from Sal-
via miltiorrhiza. Experimental evidence demonstrated
that PcMYB25 exhibits transcriptional activation activ-
ity. In addition, yeast one-hybrid assays showed that
PcMYB25 can bind to the promoter of PcPTS. Transient
overexpression assays show that PcMYB25 significantly
enhances the expression of PcPTS and select upstream
MVA pathway genes, and promotes the accumulation of
PA and other sesquiterpenoids. These findings suggest
that PcMYB25 may act as a candidate regulatory factor
that plays a role in plant hormone signaling and con-
tributes to the accumulation of PcPTS-derived PA and
sesquiterpenoids. This discovery lays the foundation for
further research into the transcriptional network con-
trolling PA biosynthesis and highlights the potential for
metabolic engineering to enhance PA yields.
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