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Andrographis paniculata (A. paniculata) is a traditional Chinese medicinal plant that accumulates andrographo-
lide, a key bioactive diterpenoid compound. In this study, we found that light can upregulate the production of
andrographolide. However, the underlying regulatory mechanisms governing its biosynthesis remain elusive. By
coupling the RNA-seq data obtained under different light conditions with co-expression analysis, two candidate
transcription factors, ApDof16 and ApDof29, were identified. Using virus-induced gene silencing (VIGS), we

demonstrated that these two Dofs were able to regulate the content of andrographolide as well as the expression
of ApCPS2, a key gene of the andrographolide biosynthesis pathway. Further experiments, such as the yeast one-
hybrid (Y1H) assays, transient assays and chromatin immunoprecipitation quantitative PCR (ChIP-qPCR) anal-
ysis indicated that ApDof29 rather than ApDof16, directly binds to the promoter of ApCPS2, thereby regulating its
expression and the subsequent andrographolide accumulation in response to light.

1. Introduction

Andrographis paniculata (L.) Heynh (A. paniculata) belongs to the
family Acanthaceae (Okhuarobo et al., 2014). It is primarily distributed
in regions such as India, Sri Lanka, and China (Gonde et al., 2024).
Because of its bitter taste, it is also known as the "king of bitters"
(Intharuksa et al., 2022). The plant exhibits various pharmacological
activities including anti-inflammatory (Li et al., 2022), antioxidant (K
et al., 2006), immunomodulatory (Chalichem et al., 2024), anticancer
(Paul et al., 2021), and anti-HIV (Uttekar et al., 2012) effects. Its me-
dicinal properties are primarily attributed to its diterpenoid compounds,
such as andrographolide and neoandrographolide (Vetvicka and Van-
nucci, 2021a). Just as with other well-known medicinal plants, such as
Anemarrhena asphodeloides Bge., Rhizoma Coptidis and Evodia rutaecarpa,
the therapeutic value of Andrographis paniculata is determined by its

unique active ingredients (Cao et al., 2024; Gao et al., 2025a, 2025b).
However, increasing clinical demand for andrographolide is severely
limited by its low natural occurrence in the plant and degradation of
germplasm resources (Chen et al., 2023b; Smitha et al., 2020). This
supply—demand conflict highlights the urgent need to develop strategies
to enhance the yield and quality of andrographolide by gaining a deep
understanding of its biosynthetic pathway and transcriptional
regulation.

As a secondary metabolite, the content of andrographolide is easily
influenced by environmental factors such as light (Jones, 2018; Srinath
et al., 2022a), which cause fluctuations in its accumulation and impact
the quality of medicinal extracts. Light is not only essential for plant
growth, development, and metabolism (Kusnetsov et al., 2020), but also
influences many important physiological processes, such as seed
germination (Jiang et al., 2016), de-etiolation (Armarego-Marriott et al.,
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2020), root or shoot development (Lee et al., 2017), secondary metab-
olite synthesis (Zhang et al., 2021b), etc. However, the manner in which
light regulates the content of andrographolide remains unclear. This
knowledge gap poses a significant obstacle to optimising cultivation,
particularly in the context of smart greenhouses, which provide unpar-
alleled opportunities for precise environmental control to ensure
high-quality plant production (Pereira et al., 2021).

Through transcriptome sequencing, co-expression analysis, and
molecular biology experiments, in this study, we identified two Dof
transcription factors (ApDof16 and ApDof29) that regulate androgra-
pholide biosynthesis in A.paniculata. These factors bind to the promoter
of ApCPS2, a key gene in the andrographolide biosynthetic pathway, in
response to light. Our findings reveal a new molecular mechanism by
which light quality modulates andrographolide biosynthesis, providing
critical insights into the regulatory network of plant secondary meta-
bolism as well as forming a theoretical foundation for genetic
improvement and germplasm innovation of A. paniculata in the future.

2. Methods
2.1. Experimental Materials

Seeds of A. paniculata were sown in round pots with a diameter of
12 cm containing peat soil-vermiculite mixture at a ratio of 1:1 (v/v).
These pots were placed in a growth incubator set at 25 °C. After sowing,
pots were covered with aluminium foil to exclude light for three days to
facilitate germination. The germinated seeds were then divided into five
treatment groups: Dark (D), White Light (L), Red Light (R), Blue Light
(B), and Far-red Light (F). Group D was grown under continuous dark-
ness for seven days, while groups L, R, B, and F were exposed to white,
red, blue, or far-red light, respectively for 24 h a day at a photosynthetic
photon flux density (PPFD) of 150 pmol-m2-s7! (equivalent to ~15,000
lux) for an additional seven days.

For each treatment, tissues from light-treated seedlings were har-
vested from three biological replicates (n = 3). From each replicate, 5 g
of tissue was rapidly frozen in liquid nitrogen and stored at —80 °C for
andrographolide content analysis via HPLC. Additionally, 100 mg of
tissue from each replicate was frozen in the same way for subsequent
RNA extraction and gene expression analysis.

2.2. Measurement of Andrographolide Content

Andrographolide standard (Shanghai Yuanye Biotechnology Co.,
Ltd., China) was dissolved in methanol and sonicated for 10 min to
ensure complete dissolution, then it was diluted to a final concentration
of 1 mg/mL in a volumetric flask. For sample preparation, frozen tissues
(-80 °C) were ground into a fine powder under liquid nitrogen. An
aliquot of 0.04 g of each powdered sample was accurately weighed using
an analytical balance and transferred to a 2 mL centrifuge tube. The
sample in the tube was extracted with 1.8 mL of methanol (MERK, USA).
The mixture was sonicated for 20 min to enhance extraction efficiency
and centrifuged at 5000 x g for 8 min. The supernatant was collected,
and both the standard solution and sample extracts were filtered
through a 0.45 pm nylon membrane before HPLC analysis.

The HPLC analysis was conducted according to a previously estab-
lished method (Chen et al., 2020), using a Waters e2695 system and a
Zorbax SB-C18 column (4.6 x 150 mm, 5 pm) at 25 °C. The detection
wavelength was set at 205 nm, and the mobile phase consisted of
acetonitrile (A) and water (B) with the following gradient elution pro-
gramme: 0-8 min, 21 %25 % A; 8-20 min, 25 %-28 % A; 20-25 min,
28 %-85 % A; 25-30 min, 85 % A. The flow rate was maintained at
1.0 mL/min, and the injection volume was 10 pL. Calibration curves
were generated using the standard solution to quantify the content of
andrographolide in the samples based on peak area integration.
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2.3. RNA Extraction and Library Construction

Total RNA was extracted from A. paniculata seedlings that had been
subjected to different light treatments using the RNeasy Plant Mini Kit
(QIAGEN, Germany), following the manufacturer’s instructions. To
remove genomic DNA contamination, the extracted RNA was treated
with RNase-free DNase I (NEB, USA) for 30 min at 37 °C and subse-
quently purified using the RNA Clean & Concentrator Kit (Zymo, USA)
to enhance RNA integrity and yield.

The mRNA was isolated from total RNA using Dynabeads™ Oligo
(dT)2s magnetic beads (Invitrogen, USA) according to the manufac-
turer’s instructions. Transcriptome library construction was performed
as described previously (Huang et al., 2024), involving reverse tran-
scription of mRNA into first-strand cDNA, second-strand synthesis, end
repair, dA-tailing, adapter ligation, and PCR-based library amplification.
Libraries were purified using Agencourt AMPure XP beads (Beckman
Coulter, USA) to remove short fragments and contaminants. Paired-end
sequencing (150 bp, PE150) was conducted on an Illumina NovaSeq
6000 platform to generate high-throughput sequencing data for subse-
quent transcriptomic analysis.

2.4. RNA-seq Analysis

Raw RNA-seq data were processed for quality control using Trim-
Galore v0.6.10 (https://github.com/FelixKrueger/TrimGalore), a
wrapper tool that integrates Cutadapt and FastQC, to remove
sequencing adapters, low-quality bases (Phred score < 20), and short
reads (< 30 bp). Quality-filtered paired-end reads were aligned to the A.
paniculata reference genome (10.6084/m9.figshare.24986769) using
HISAT2 v2.2.1 (Kim et al., 2019) with default alignment parameters.
Gene expression levels were quantified using Cuffnorm v2.2.1 (http://co
le-trapnell-lab.github.io/cufflinks/cuffnorm), which normalises library
sizes and calculates fragments per kilobase of transcript per million
mapped reads (FPKM) values. The analysis utilized the reference tran-
scriptome annotation (in GTF format) and input BAM files from aligned
reads, applying the default library normalization method (classic-fpkm)
and assuming unstranded library type (fr-unstranded). Differential
expression analysis was performed using Cuffdiff v2.2.1 to identify
genes with significant expression changes based on the following
criteria: p-value < 0.05, false discovery rate (FDR, g-value) < 0.05, and
absolute fold change > 1.5. The genes met these thresholds were defined
as differentially expressed genes (DEGs) for subsequent functional
enrichment analysis.

2.5. GO Enrichment Analysis and Transcription Factor Annotation

To identify the major biological functions of the DEGs, we performed
Gene Ontology (GO) enrichment analysis by TBtools software (Chen
et al., 2023a), with setting p-value of < 0.05 set as the significance
threshold. Transcription factors were annotated from the A. paniculata
protein sequences using the iTAK software (Zheng et al., 2016).

2.6. Co-expression Analysis

Pearson correlation analysis was conducted between differentially
expressed TFs and DEGs involved in andrographolide biosynthesis, with
gene pairs defined as co-expressed if they met |Pearson correlation co-
efficient (PCC)| > 0.7 and p-value < 0.05. To identify potential regu-
latory motifs, the FIMO v5.5.7 algorithm (Grant et al., 2011) was used to
scan the promoter regions (2 kb upstream of the transcription start site
(TSS)) of biosynthesis-related genes for overrepresented TF-binding
sites, with a significance threshold of p-value < 10 in order to iden-
tify potential regulatory motifs. Transcription factor motif profiles were
obtained as Position Weight Matrices (PWMs) from the PLANTPAN 4.0
database (Cn et al., 2019). The resulting potential regulatory network
was visualised using Cytoscape v3.10.3 (https://github.com/cytoscape/
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cytoscape), where nodes represent TFs or biosynthesis genes, and edges
denote significant co-expression (PCC criteria) or predicted TF-DNA
binding (FIMO motifs).

2.7. Gene Family Analysis of the DNA-binding with one finger (Dof)

Based on the iTAK annotation, Dof family genes were selected. Their
exon-intron structures were visualised using TBtools. Then, we used
MEGA (Tamura et al., 2021) to align multiple sequences and construct a
phylogenetic tree using the Neighbor-Joining method with default pa-
rameters and 1000 bootstrap replicates. The constructed phylogenetic
tree was visualized by iTOL (http://itol.embl.de/). The conserved motifs
of the Dof family were identified using MEME (http://meme-suite.org/t
ools/meme) with default parameters.

2.8. Virus-induced Gene Silencing (VIGS) assay

The ApDof16 and ApDof29 fragments were individually cloned into
the pLY156 (pTRV2) vector between the BamHI and Xhol sites. Vector
construction procedures are followed the method mentioned above, and
the primers are listed in Table S1. Subsequently, the constructed plas-
mids, including pTRV1, pTRV2-Dofs, and the pTRV2 empty vector, were
separately transformed into competent Agrobacterium tumefaciens
GV3101 (pSoup) cells and selected by 50 pg-mL™' kanamycin and
50 pg-mL' rifampicin. The cultures were then incubated overnight at
28°C with shaking at 200 rpm and grown until the ODggy reached
approximately 1.0. The bacterial cells were harvested by centrifugation
and resuspended in infiltration buffer (10 mM MgCly, 10 mM MES, pH
5.6, 100 mM acetosyringone) and adjusted to an ODggo of 0.2. Equal
volumes of pTRV1 and pTRV2 (either the empty vector or containing the
insert fragments were mixed at a 1:1 ratio. Healthy A. paniculata at the
four-leaf stage were selected and then infiltrated with the culture
mixture using the vacuum infiltration method. After vacuum treatment,
the plants were rinsed with water and cultured under normal green-
house conditions for 10 days for use in andrographolide content analysis
(described above) and quantitative real-time PCR (qPCR) analysis.

For the qPCR assay, total RNA was extracted using the
Polysaccharide-Polyphenol Plant Total RNA Extraction Kit (Vazyme,
China). The ¢cDNA was synthesized by reverse transcription using the
HiScript III RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme, China)
according to the manufacturer’s instructions. Then, qPCR was per-
formed to determine the relative expression levels of ApDof16, ApDof29,
and ApCPS2 using the cDNA as a template. ApACT served as the internal
gene for normalization, and the primer sequences are listed in Table S1.
The 20 pL qPCR reaction mixture contained: 10 pL of 2 x ChamQ Uni-
versal SYBR qPCR Master Mix, 0.4 pL each of forward and reverse
primers, 1 pL of ¢cDNA, and 8.2 pL of ddH,0. The thermocycling pro-
gramme was initial denaturation at 95 °C for 30 s; 40 cycles of 95 °C for
10 s and 60 °C for 30 s; followed by a melting curve analysis (95 °C for
15 s, 60 °C for 60 s, 95 °C for 15 s).

2.9. Subcellular Localization of ApDof16 and ApDof29

The CDS of ApDof16 and ApDof29 were amplified using the high-
fidelity enzyme KOD (TOYOBO, Japan) and cloned into the pGreen-
35S-GFP vector using HindIIl and BamHI to generate 35S:ApDof16-
GFP and 35S:ApDof29-GFP vectors. The resulting vectors transformed
into the Agrobacterium tumefaciens GV3101 (pSoup) and were infiltrated
into Nicotiana benthamiana leaves. GFP fluorescence signals were then
observed under a confocal microscope. The primers are listed in
Table S1.

2.10. Yeast One-Hybrid Assay for ApDof16 and ApDof29

The bait vector pAbAi-pApCPS2 was generated by inserting the
previously obtained pApCPS2 DNA sequence into the pAbAi vector via
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homologous recombination. Meanwhile, ApDof16 and ApDof29 were
cloned into the yeast expression vector pGADT7, yielding the effector
vectors pGADT7-ApDof16 and pGADT7-ApDof29. The primer sequences
are presented in Table S1. The bait plasmid was linearised with the re-
striction enzyme BstBI and then transformed into competent Y1H Gold
yeast cells to create the bait yeast strain. Positive yeast transformants,
verified by PCR, were subsequently inoculated onto SD/ - Ura solid
medium supplemented with varying concentrations of Aureobasidin A
(ADbA). The cultures were incubated at 30 °C for 3-5 days to establish the
minimum AbA concentration that inhibited the growth of pAbAi -
PApCPS2 yeast cells. The constructed pGADT7-Dofs plasmids were
introduced into these competent cells using the PEG/LiAC method,
resulting in the generation of effector yeast strains. Positive yeast
transformants were selected by plating on SD/-Leu solid medium and
incubating at 30 °C for 3-4 days. For the interaction assay, serially
diluted transformed cells were prepared and inoculated onto SD/ - Leu
plates without AbA (Control) and plates containing 300 mM AbA. The
plates were then incubated at 30 °C for 3-5 days.

2.11. Dual-luciferase Reporter Assay for Transcriptional Activity of
ApDof16 and ApDof29

The ApCPS2 promoter (pApCPS2) was amplified from leaf DNA using
the high-fidelity enzyme KOD (TOYOBO, Japan). The CDS of ApDof16
and ApDof29 was subsequently amplified from leaf cDNA. The 50 pL
PCR reaction mixture contained: 5 pL of 10 x PCR buffer, 5 pL of 2 mM
dNTPs, 3 pL of 25 mM MgSOy, 1.5 pL of each primer (forward and
reverse), 1 pL of DNA, and 33 pL of ddH»0. The amplification program
consisted of initial denaturation at 94 °C for 2 min; 35 cycles of 98 °C for
10, 58 °C for 30 s, and 68 °C for 1 min; followed by a final extension at
68 °C for 10 min. Using homologous recombination, the amplified
PApCPS2 fragment was cloned into the linearized pGreenIl 0800-LUC
vector to generate pApCPS2:LUC vector, while the ApDofl16 and
ApDof29 pGreenll 62-SK vector between BamHI and Kpnl site using
Seamless cloning master mix to generate 35S: Dof vectors for over-
expression vector assay. All the primers are listed in Table S1.

The constructed vectors, including pApCPS2:LUC, ApDof16-pGreenll
62-SK, and ApDof29-pGreenlI 62-SK, were separately transformed into
the competent Agrobacterium tumefaciens strain GV3101 (pSoup). Posi-
tive colonies identified by antibiotic selection and colony PCR were
subsequently  inoculated into liquid LB medium  with
50 pg-mL™ kanamycin and 50 pg-mL™' rifampicin, and cultured over-
night at 28°C with shaking at 200 rpm. Agrobacterium cultures were
grown to an ODgg of 0.5-1.0. The bacterial cells were then harvested by
centrifugation at 4000 g for 5 min. The cell pellet was washed twice with
infiltration buffer (10 mM MgCly, 10 mM MES, pH 5.6). The cells were
resuspended in infiltration buffer containing 100 mM acetosyringone.
Then, two Agrobacterium suspensions designated for infiltration were
mixed at a 1:1 vol ratio, adjusting the ODggp of each suspension to
0.1-0.5. Fully expanded leaves from approximately one-month-old to-
bacco plants were selected. The prepared mixed Agrobacterium suspen-
sion was then infiltrated into the tobacco leaves using a 1 mL needleless
syringe. For each vector combination, 5-10 leaves were infiltrated.
Following infiltration, the plants were incubated overnight in darkness
under normal greenhouse conditions and then transferred to normal
light conditions for 24-48 h. The transformed leaf was sprayed with a
reaction buffer containing 1 mM luciferin substrate and the lumines-
cence signal was observed via a plant in vivo imaging system (Tanon
5200, China).

2.12. ChIP-qPCR Analysis of ApDof16 and ApDof29

Agrobacterium strain GV3101 (pSoup) harboring 35S:ApDof16-GFP
and 35S:ApDof29-GFP was infiltrated into the abaxial epidermis of A.
paniculata leaves. Following infiltration, the leaves were incubated in
darkness for 1 day and subsequently transferred to normal light
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conditions for 3 days. The infiltrated leaves were fixed with 1 % form-
aldehyde. Chromatin Immunoprecipitation (ChIP) was then performed
following the protocol described previously (Zhang et al., 2023).

Primers used for qPCR analysis are listed in Table S1. The region
amplified by primer P1 served as a negative control. Relative
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enrichment was calculated by comparing the abundance of the target
fragment in ChIP samples to that in Input samples. Values were then
normalized relative to the signal obtained from the P1 region.
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Fig. 1. The effect of light on the content of andrographolide and intrinsic gene expression in A. paniculata seedlings. (A) The andrographolide content of
A. paniculata grown under various light conditions. The data are presented as the mean + standard deviation (n = 3). Statistical significance is denoted by asterisks
(*P < 0.05, **P < 0.01, ****P < 0.001 by Student’s t-test). (B) Volcano plots display the differentially expressed genes (DEGs) in A. paniculata seedlings grown in
light (L, B, R, F) or in darkness (D). DEGs were identified with a Log2 fold change > 0.58 and a p-value < 0.05. L, B, R, F, D indicate white light, blue light, red light,
far-red light and dark-grown A. paniculata seedlings, respectively. (C) Venn diagrams were used for comparative analysis of DEGs. (D) Venn diagrams were used to
conduct a comparative analysis of differentially expressed transcription factors. (E) The number of transcription factors in each family. (F) Gene ontology (GO)

enrichment analysis of the DEGs.
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3. Result
3.1. Light Upregulates the Andrographolide Biosynthesis

As Fig. 1A showed, the lowest andrographolide content accumula-
tion (0.20 pg/mg) was observed in the seedlings that were grown in the
complete dark (D) condition. In contrast, those seedlings grown in
different light conditions, such as white light (L), Blue light (B), Red light
(R) and Far-red light (F), significantly accumulate higher androgra-
pholide content. Among them, the L and B group showed relatively high
content (up to 1.75 and 0.93 pg/mg), while the R and F groups showed
content of around 0.35 and 0.31 pg/mg, respectively.

To further understand the molecular mechanism of light regulating
the andrographolide, we performed the RNA-seq using the seedlings
from different light treatment (D, L, B, R, F), generating a total of
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267.1 M RNA-seq raw reads (Table S1, Figure S1). Differential gene
expression analysis was then conducted by comparing the light-grown
groups to those grown in the dark. In total of 6141, 6668, 5951, 7096
DEGs were found in L versus D (L vs D) groups, B vs D, R vs D and F vs D
(Figs. 1B and 1C), respectively. Among these DEGs, a total of 907
transcription factors have been identified (Figs. 1D and 1E). Gene
Ontology (GO) enrichment analysis based on the DEGs showed several
terms related to light or secondary metabolism were significantly
enriched, such as Response to Light Stimulus (GO:0009416 and
GO0:0019684), Response to Red Light (GO:0010114), Response to Light
Intensity (GO:0009642), Response to Blue Light (GO:0009637), and
Response to Red or Far-red Light (GO:0009639) (Fig. 1F).
Furthermore, as previously reported (Sun et al., 2019a), androgra-
pholide biosynthesis relies on two pathways, the mevalonate (MVA)
pathway,the methylerythritol phosphate (MEP) pathway and Major
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Fig. 2. Expression of andrographolide biosynthesis related genes (ABRGs) in light treatments. (A) A schematic representation of the andrographolide
biosynthetic pathway and its associated genes in A. paniculata. The key gene, ApCPS2, is shown by a red square. Genes marked in red are from the MVA pathway,
those in purple are from the MEP pathway, and genes in blue are involved in the downstream andrographolide biosynthesis, as demonstrated in the blue box at the
bottom, which represents the major pathway leading to andrographolide and neoandrographolide formation. (B) Heatmaps show the relative expression levels of
ABRGs under different light conditions. L, B, R, F and D indicated the white light, blue light, red light and far-red light and dark grown A. paniculata seedlings. The
color scale of the heatmaps represents the log;o fold changes, which are normalized to the Fragments Per Kilobase of exon model per Million mapped fragments

(FPKM) values of the seedlings grown under dark conditions (D).
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pathway (Fig. 2A). In total, 69 andrographolide biosynthesis-related
genes (ABRGs) have been identified in the genome, including the
genes from the MEP pathway (e.g., HDR, MCT, DXS, HDS, CMK, DXR),
the MVA pathway (e.g., AACT, HMGS, HMGR, MPDC), and other key
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enzyme genes such as GGPPS, IPPI, CPS1, CPS2 (ApCPS2), UGT73 AU1,
and CYPs. Based on the RNA-seq results, 41 ABRGs (59.4 %), such as the
HDR, MCT, DXS, HMGR, AACT, GGPPS, ApCPS2 etc., exhibited signifi-
cant changes in light (L, B, R, F) compared to dark (D) grown
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Fig. 3. Dof transcription factors potentially were involved in andrographolide biosynthesis. (A) Co-expression analysis was used to identify the TFs that were
co-expressed with andrographolide biosynthesis related genes (ABRGs). Red lines indicated the ABRGs, while gray lines represent co-expressed TF. D: dark; L: white
light; B: blue light; R: red light; F: far-red light. The relative FPKM indicated the log;( fold change relative to the average FPKM of the dark group (Group D). The
identification of co-expressed TFs was conducted through the utilization of a PCC value greater than 0.7 and a p-value less than 0.05. (B) The number of the co-
expressed ABRGs harbored with or without the corresponding TF motifs in their promoters. (C) Potential regulatory network of two Dof type transcription fac-
tors (Apv3LG23G89.84 and Apv3LG1G109.40) and its potentially targeted ABRGs. Genes that have been annotated in purple are associated with the MEP pathway,
while those in blue are linked to the major pathway. The genes that are indicated in yellow are two Dof type transcription factors. (D) The relative expression levels of
ApCPS2, ApDof29, and ApDof16 under various light treatments are presented. (E) Conserved DOF-binding motifs have been identified in the promoters of a key
ABRGs, ApCPS2. The TFs Motif were identified as Apv3LG23G89.84 (ApDof16) and Apv3LG1G109.40 (ApDof29).
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A. paniculata seedlings (Fig. 2B).

Together, these results supported that light could promote the
andrographolide biosynthesis via modulating the intrinsic gene
expression, especially the ABRGs.

3.2. Co-expression and motif analysis identified the Dof TF as key
regulatory genes

As the transcription factors (TFs) play an important role in regulatory
andrographolide (Guan et al., 2022; Kumar et al., 2024; Zhang et al.,
2021a), to identify potential key TFs involved in light response, we first
calculated the Pearson Correlation Coefficient (PCC) between the
differentially expressed ABRGs and TFs. Gene pairs with a PCC of > 0.7
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and a p-value of < 0.05 were considered as co-expressed gene pairs. A
total of 1260 TFs co-expressed with ABRGs were found (Table S3). For
example, two C2C2-Dofs, Apv3LG23G89.84 (ApDof16) and,
Apv3LG1G109.40 (ApDof29) as well as Apy3LG10G11.81 (Trihelix) TFs
co-expressed with the ApCPS2, GGPPS, DXS1 and DXS2 were identified
(Fig. 3A and Tables S3).

Furthermore, Motif scanning via FIMO software was then performed
using the promoter sequences of the differentially expressed ABRGs and
public TF motif databases to identify potential TF binding sites
(Table S4). As the results showed, 772 TF binding motifs have been
found in these co-expressed ABRGs and ApDof16, ApDof29, and Trihelix,
were the top 10 TF motifs identified, suggesting their important roles in
regulating the expression of ABRGs (Fig. 3B).
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Fig. 4. Genomic charactization of the ApDof16 and ApDof29. (A) Phylogenetic tree and motif analysis the Dof TF family in A. paniculata. The M1-5 indicated the
five conversed protein motifs in this family. (B) The Position Weight Matrix of the five conversed protein motifs (M1-M5) in the Dof TF family. (C) The subcellular
localization of ApDof16 and ApDof29. Confocal microscopy images of tobacco epidermal cells expressing: 35S:GFP (empty vector control), 355:Dof16-GFP and 35S:
Dof29-GFP fusion proteins. Merged: GFP fluorescence (green channel) was overlaid on bright-field images. Scale bars = 50 pm. (D) The relative expression levels of
ApCPS2, ApDof29, and ApDof16 in different light treatments. L, B, R, F, and D represent A. paniculata seedlings grown under white light, blue light, red light, far-red
light, and dark conditions, respectively. Expression levels were then normalized relative to the Actin gene. Data are presented as mean + SE of three biological
replicates. Asterisks (*) indicate the significant differences compared to the D group (p-value < 0.05, by Student’s test).
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As Fig. 3C shown, two co-expressed Dof genes, ApDof16 and
ApDof29, that have been found to potentially target many ABRGs
(Table S5) such as the ApCPS2, GGPPS and DXS etc., especially in the
MEP pathway. Among the 18 biosynthetic genes co-expressed with
ApDof16 and ApDof29, 9 belong to the MEP pathway, indicating a strong
correlation between Dof transcription factors and MEP-related genes. As
shown in Fig. 3D, the expression patterns of ApDof16 and ApDof29 are
highly correlated with that of ApCPS2 under different light treatments,
with Pearson correlation coefficients (PCCs) of 0.92 and 0.90, respec-
tively. Notably, both ApDof16 and ApDof29 show high expression levels
under white (L) and blue (B), mirroring the increased expression of
ApCPS2, a key gene in andrographolide biosynthesis. This strong co-
expression pattern substantiates that ApDof16 and ApDof29 regulate
ApCPS2 and other MEP pathway genes in response to light, thereby
modulating andrographolide biosynthesis. As shown in Fig. 3E, both
ApDof16 and ApDof29 have predicted binding sites in the promoter re-
gion of ApCPS2, which further supported their regulatory roles.
Sequence analysis of the ApDof16 and ApDof29 found that they har-
boured a conserved amino acid domain (M1), which is present in all
Dofs. However, they do not share any other domains with other ApDof
TFs in A. paniculata genome (Fig. 4A and Fig. 4B). In addition, gene
structure analysis revealed that the majority of ApDof genes, including
ApDof16 and ApDof29, possess relatively simple, straightforward exon-
intron structures, further corroborating their conservation (Table S6
and Figure S2). However, as the results of phylogenetic tree analysis,
ApDof16 and ApDof29 belong to different clusters, suggesting that they
may have divergent functions in the regulation of andrographolide
(Figure S3).

As previously reported (Liu et al., 2018), Dof TF located in the nu-
cleus to regulate gene expression, to confirm the subcellular localization
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of ApDof16 and ApDof29, we constructed the 35S:ApDof16-GFP and 35S:
ApDof29-GFP vectors and transiently transformed them into tobacco
leaves. In contrast to the empty control (35S: GFP), ApDofl6 and
ApDof29 proteins were observed the localization in the nucleus, sug-
gesting their transcriptional activity in this compartment (Fig. 4C).
Additionally, qPCR analysis showed that the expression levels of
ApCPS2, ApDof16, and ApDof29 were significantly induced by light
treatments, especially under white and blue light conditions, compared
to the dark-grown seedlings (Fig. 4D), which is consistent with Fig. 1A.

3.3. Functional validation of the ApDof16 and ApDof29

As there is currently a lack of transgenic or genome-editing systems
for A. paniculata, the virus-induced gene silencing (VIGS) method was
employed for functional validation of these two Dof TFs. We constructed
two VIGS vectors for ApDof16 and ApDof29 (see Method), and then
transiently transformed them into A. paniculata via the Agrobacterium-
mediated method. As results showed (Fig. 5), andrographolide content
decreased significantly in the silencing lines of both ApDof16 and
ApDof29 compared to the empty vector control. Gene expression anal-
ysis revealed that in ApDof29 silencing lines, the expression of the key
biosynthetic gene ApCPS2 was significantly downregulated. However,
no significant change in ApCPS2 expression was observed in the
ApDof16 silencing lines (Fig. 5A and Fig. 5B). These data suggested that
ApDof29 could regulate andrographolide content via regulating ApCPS2
expression. In contrast, the regulatory role of ApDof16 is more complex.
Although it is essential for andrographolide accumulation, its mecha-
nism appears to be independent of ApCPS2 transcriptional activation.
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Fig. 5. Functional validation of ApDof16 and ApDof29 in the regulation of andrographolide biosynthesis. (A) Virus-induced gene silencing (VIGS) of ApDof29
and ApDof16 significantly reduced andrographolide accumulation. Relative andrographolide content in the control plants (pTRV2, empty vector) and VIGS lines was
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3.4. ApDof29 but not ApDof16 directly binds to the ApCPS2 promoter

Given that both ApDof16 and ApDof29 are essential for androgra-
pholide accumulation but show differential effects on ApCPS2 tran-
scription, we next sought to determine whether they directly bind to the
ApCPS2 promoter (pApCPS2). Firstly, in a Yeast One-Hybrid (Y1H)
experiment, the pApCPS2 sequence was cloned into the pAbAi vector,
while the ApDof16 and ApDof29 were then separately cloned into the
PGADT7 vector. Interestingly, as shown in Fig. 6A, yeast expressing
ApDof29 grew robustly on the selective medium containing Aur-
eobasidin A (SD/-Leu+AbA300), indicating a direct binding interaction.
Conversely, no growth was observed for yeast expressing ApDof16 or the
empty vector control. The Y1H assay revealed that only ApDof29, rather
than ApDof16 that could directly bind to ApCPS2. To further confirm
this observation, we performed a transient assay. The pApCPS2 was
cloned into the upstream of the luciferase (LUC) genes as the reporter,
while the ApDof16 and ApDof29 were cloned into the downstream of the
35S promoter, serving as effectors. As shown in Fig. 6B, a strong lumi-
nescence signal was observed when the pApCPS2:LUC reporter was co-
expressed with 35S:ApDof29, whereas co-expression with 35S:ApDof16
resulted in a LUC activity with no significant change compared to the
empty vector control. As with the Y1H assay, 35S:ApDof29 but not 35S:
ApDof16 was able to upregulate the pApCPS2:LUC reporter. Chromatin
immunoprecipitation followed by qPCR analysis (ChIP-qPCR) was also
used for analysis of the interaction between the Dofs and the ApCPS2.
We transiently expressed the 35S:ApDof29-GFP and 35S:ApDof16-GFP in
the leaves of A. paniculata and performed the ChIP-qPCR assay. After
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chromatin immunoprecipitation by the Anti-GFP antibody and DNA
recovery, several real-time primers (P1 to P7) around the TSS of ApCPS2
were designed (Fig. 6C). Among them, P5 and P6 primers were close to
the Dof binding motifs. Compared to the input control, significant
enrichment was observed in the ChIP assay of 35S:ApDof29-GFP in the
P4, P5 and P6 regions of pApCPS2.However, such enrichment at the
PApCPS2 was not detected in the ChIP assay of 35S:ApDof16-GFP
(Fig. 6D).

Together, these findings indicate that ApDof29 can directly bind to
ApCPS2 to regulate andrographolide biosynthesis. In contrast, it remains
unclear whether ApDof16 regulates andrographolide production by
targeting other ABRGs. Given the co-expression results, ApDof16 is
potentially associated with several genes in the MEP pathway, which
may contribute to the observed reduction in andrographolide content
following ApDof16 silencing via VIGS. Nevertheless, further experi-
mental validation is required to determine whether ApDof16 directly
regulates these MEP-related genes and to clarify its role in androgra-
pholide biosynthesis.

4. Discussion

Andrographolide is one of the valuable bioactive medicinal com-
pounds that is specifically accumulated in A. paniculata, a traditional
Chinese medicinal plant (Chao and Lin, 2010; Vetvicka and Vannucci,
2021b). In our primary data and in previous reports (Srinath et al.,
2022b; Sun et al., 2019b), Andrographolide is influenced by light, but
the underlying mechanism is still unknown. In this study, we performed
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Fig. 6. ApDof29 rather than ApDof16 directly binds to the ApCPS2 promoter. (A) Yeast one-hybrid (Y1H) assay demonstrating the binding of ApDof16 and
ApDof29 to the ApCPS2 promoter (pApCPS2). Transformants were selected on SD/-Leu medium supplemented with 300 ng/mL aureobasidin A (AbA). Experimental
groups: pAbAi-pApCPS2 + pGADT7-ApDof16 and pAbAi-pApCPS2 + pGADT7-ApDof29; control group: pAbAi-pApCPS2 + pGADT?7. The vector pGADT?7 is the empty
vector. (B) Transient dual-luciferase reporter assay to evaluate the regulatory effects of ApDof16 and ApDof29 on the pApCPS2. Upper panel: The vector construction
of the effectors and the reporters. Lower panel: The luciferase activity from co-infiltration of the pApCPS2:LUC reporter and effector plasmids carrying the empty
vector (pGreenll 62-SK), 35S: ApDof16, or 35S: ApDof29. (C) Primer design surrounding the transcriptional start site (TSS) of pApCPS2 for the ChIP-gPCR assay. (D)
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DNA versus the input DNA. Asterisks (*) indicate significant differences compared to the P1 region (p-value < 0.05, by Student’s t-test).
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bioinformatics analysis using the RNA-seq data from various light
treatments and identified a key light-induced TF, ApDof29, that pro-
motes the andrographolide biosynthesis by directly binding to the
ApCPS2.

Indeed, there are two Dof TFs that can regulate the andrographolide
biosynthesis were found in the VIGS experiments. Silencing of the
ApDof16 or ApDof29 downregulates the andrographolide content as well
as the ApCPS2 expression. However, with the molecular evidence from
Y1H, transient assays and the ChIP-qPCR experiment, ApDof16 was
clearly to shown no direct binding activity on ApCPS2 promoter. Addi-
tionally, unlike ApDof29, ApDof16 does not exhibit similar expression
patterns to ApCPS2 in various tissues (Figure S4). This apparent
discrepancy suggests that ApDof16 may not act as a direct activator of
the ApCPS2 but instead exerts its positive regulatory effect through a
more complex manner (e.g. via epigenetic factors) (Gupta et al., 2015;
Huang et al., 2024; Ruta et al., 2020). One possibility is that it regulates
the expression of other ABRGs in the biosynthesis pathway, which need
further investigation.

Nevertheless, given the vital functional role of ApDofs in regulating
the secondary metabolites (e.g. andrographolide), these two TFs might
serve as the key candidates for the further molecular breeding of
A. paniculata. In addition, as the cost of DNA resequencing continues to
decline, identifying haplotype variations in Dof (transcription factors)
through large-scale data analysis has emerged as another rapid molec-
ular breeding strategy for A. paniculata (Wu et al., 2019; Xia et al.,
2020). Another molecular breeding approach in A. paniculata is the
establishment of transgenic systems for the overexpress of these Dof TFs
driven by specific regulatory elements (Lv et al., 2025; Tang et al., 2014;
Zhang et al., 2016).

As shown in Fig. 1A, andrographolide is upregulated by light.
However, different qualities of light have distinct effects on the
andrographolide biosynthesis. Furthermore, blue light is optimal for the
andrographolide biosynthesis compared to Red and Far-red light. The
precise control of light quality and duration offered by LED technology
plays a pivotal role in triggering the biosynthesis pathways of secondary
metabolites in medicinal plants (Ahmadi et al., 2021; Livadariu et al.,
2023; Sabzalian et al., 2014). These findings suggest that blue light
could be integrated into a smart greenhouse cultivation system for
andrographolide production. However, the LED lighting conditions
would need to be optimized further for this system.

5. Conclusion

Overall, our study reveals the regulatory role of Dof transcription
factors in light-induced andrographolide biosynthesis in A. paniculata. In
particular, the up-regulated Dof, ApDof29, may be important biotech-
nological resource for increasing andrographolide content.
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