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Abstract: Plant cis-regulatory sequences (CRSs) are essential for gene expression and
transcriptional regulation in plants. With the rapid development of plant biotechnologies,
such as transgenesis and gene editing tools, plant-derived CRSs have gradually replaced
traditional CRSs, like the 35S promoter, to avoid some negative effects caused by exogenous
DNA sequences. In this study, we provided a comprehensive analysis of the published
genomic data of Andrographis paniculata and identified six candidate ApACRs. Based on
the transient assays, two candidate CRSs (ApACR1 and ApACR2) demonstrated high
transcriptional activities comparable to those of the 35S promoter in several plant species,
in contrast to others with lower activities, suggesting their further potential applications in
plant biotechnology and genetic engineering.

Keywords: Andrographis paniculata; medicinal plant; cis-regulatory sequences; epigenic
modifications; transcriptional regulation

1. Introduction
Andrographis paniculata (L.) Heynh (A. paniculata), belonging to the Acanthaceae fam-

ily [1], is a traditional Chinese medicinal herb and has various medicinal effects such
as anti-inflammatory [2], immunomodulatory [3], antioxidant [4], anti-cancer [5], an-
tipyretic [6], hepatoprotection [7], and anti-HIV [8] effects. Andrographolide, the primary
active compound in A. paniculata [9], has many significant medicinal properties, partic-
ularly anti-inflammatory and antibacterial properties, making A. paniculata known as a
natural antibiotic [10]. Andrographolide accumulates mainly in leaf tissues, but at relatively
low levels [11]. In addition, over-harvesting and environmental changes have limited the
availability of wild A. paniculata resources, resulting in a continuous decline in germplasm
reserves, which fail to meet the requirements of clinical applications [12].

Nowadays, research efforts have increasingly focused on developing effective cultiva-
tion techniques and molecular breeding strategies to increase the yield of A. paniculata [13].
However, molecular breeding relies heavily on a deep understanding of complex regula-
tory networks to improve active ingredients. Research in this area has mainly focused on
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elucidating transcriptional regulatory mechanisms. Specifically, the interactions between
cis-regulatory sequences (CRSs) and transcription factors (TFs) are at the core of the tran-
scriptional regulatory network. CRSs, such as enhancers, promoters, and silencers, are
critical for gene regulation, controlling intensities, stages, and regions by binding transcrip-
tion factors [14–16]. In plants, the Cauliflower mosaic virus (CaMV) 35S promoter is one
of the most extensively studied and widely experimentally used CRSs [17], consisting of
a TATA box, inverted repeats, a CAAT box, and a core sequence [18]. Although the 35S
promoter has been widely used due to its highly constitutive expression in many plants [19],
its activity might be silenced by some protective mechanisms in plants, since it was derived
from a virus [20,21]. Compared with the viral CRSs, plant-derived CRSs might provide
greater safety and stability for plant transgenic breeding [22]. Therefore, developing plant-
derived CRSs with comparable transcriptional activity has potential applications in further
plant biotechnology like molecular breeding and transgenic experiments.

In this study, we comprehensively analyzed the published data on A. paniculata, includ-
ing the transcriptome, transposase-accessible chromatin using sequencing (ATAC-Seq) [23],
and histone modification chromatin immunoprecipitation sequencing (ChIP-seq) [24] in
A. paniculata. Six CRSs (ApACR1–ApACR6) were selected using multi-omics analysis for
functional validation. The transient assays showed that these ApACRs, especially ApACR1
and ApACR2, have comparable activity with the 35S promoter in many plant species,
indicating that these two CRSs might be used as alternatives to the 35S promoter for further
transgenic experiments in A. paniculata.

2. Materials and Methods
2.1. Bioinformatic Analysis of A. paniculata Genomic Data

Transcriptome data of A. paniculata were obtained from NCBI under accession numbers
SRX12305817 (https://www.ncbi.nlm.nih.gov/sra/SRX12305817, accessed on 28 Septem-
ber 2023), SRX12305811 (https://www.ncbi.nlm.nih.gov/sra/SRX12305811, accessed on 28
September 2023), and SRX12305810 (https://www.ncbi.nlm.nih.gov/sra/SRX12305810,
accessed on 28 September 2023) [25]. Histone ChIP-seq and ATAC-seq data were down-
loaded from the National Genomics Data Center under project number PRJCA026190 (https:
//ngdc.cncb.ac.cn/bioproject/browse/PRJCA026190, accessed on 20 December 2024) [26].
RNA-seq data were processed using TrimGalore (https://github.com/FelixKrueger/
TrimGalore, version 0.6.10, accessed on 20 December 2024) to remove adapter sequences
and low-quality reads. Filtered reads were then aligned to the A. paniculata reference
genome (figshare, https://doi.org/10.6084/m9.figshare.24986769, accessed on 12 January
2024) using HISAT2 (version 2.2.1) [27]. Gene expression levels were calculated using
Cuffnorm (version 2.2.1) (http://cole-trapnell-lab.github.io/cufflinks/cuffnorm, accessed
on 20 December 2024) and represented by the fragments per kilobase of transcript per
million mapped reads (FPKM) value.

ATAC-seq data were pre-processed using TrimGalore. The processed reads were then
aligned to the A. paniculata reference genome using Bowtie2 (version 2.5.4) [28], with the
parameter-X set to 1000. Reads with a mapping quality (MAPQ) score greater than 30 were
retained. Peak calling was performed using MACS2 (version 2.2.9.1) [29] with the following
parameters: --nomodel--shift 100--extsize 200-q 0.01. Tn5 transposase-tagged genomic
DNA served as a control for peak analysis. Peaks identified in both biological replicates
were defined as accessible chromatin regions (ACRs). The genomic annotation of the ACRs
was performed using HOMER (version 4.11) [30]. The visualization of ATAC-seq signals
was performed using Deeptools (version 3.5.5) [31] and pyGenomTrack (version 3.6) [32].
ACR abundance was assessed and ranked using FeatureCounts (version 2.0.6) [33].
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Histone ChIP-seq data were pre-processed using TrimGalore. Filtered reads were
aligned to the reference genome using Bowtie2 with default parameters. Aligned reads with
a MAPQ score greater than 30 were used for peak calling with MUSIC software (version
1.0.0-2) (https://github.com/gersteinlab/MUSIC, accessed on 20 December 2024).

2.2. Co-Expression Analysis and Network Construction

We performed a Pearson analysis using ApACR sequences and transcription factors,
defining the Pearson correlation coefficient (PCC) ≥ 0.65 and p-value ≤ 0.05 as co-expressed
gene pairs. We then scanned for potential MOTIF binding sites on ApACR sequences using
FIMO (version 5.5.7 in the MEME suite with a p-value < 1 × 10−4) [34] according to the
position weight matrix (PWM) of TF motifs downloaded from PlantPAN3.0 [35]. The inter-
action network between TFs and ApACRs was constructed using cytoscape (version 3.10.3)
(https://github.com/cytoscape/cytoscape, accessed on 20 December 2024).

2.3. Cloning and Vector Construction of ApACRs

Six candidate ApACRs were obtained from A. paniculata multi-omics data using the
following criteria: high associated gene expression, high ApACR abundance, high H3K27ac
and H3K4me3 enrichment, and low H3K27me3 enrichment. Specific primers with KpnI
and PstI restriction sites (Table S1) were designed based on the selected ApACR sequences
(Table S2). Target fragments were amplified from A. paniculata genomic DNA using KOD
high-fidelity DNA polymerase (TOYOBO, Osaka, Japan). The PCR reaction mixture (50 µL)
contained 5 µL 10 × PCR Buffer, 5 µL 2 mM dNTPs, 3 µL 25 mM MgSO4, 1.5 µL forward
primer, 1.5 µL reverse primer, 1 µL DNA template, and 33 µL ddH2O. The PCR cycling
conditions were as follows: 94 ◦C for 2 min; 35 cycles of 98 ◦C for 10 s, 58 ◦C for 30 s, and
68 ◦C for 30 s; and a final extension at 68 ◦C for 10 min. PCR products were verified by gel
electrophoresis and purified by the Agarose gel DNA Recovery Kit (Coolaber, Science &
Technology Co., Ltd., Beijing, China). The purified fragments were then ligated into the
mini35S-LUC vector, which had been linearized by double digestion with KpnI and PstI
(NEB, MA, USA). The digestion reaction contained 1 µg of vector, 5 µL 10 × rCutSmart
Buffer, 1 µL KpnI, 1 µL PstI, and ddH2O to a final volume of 50 µL. This reaction was
incubated at 37 ◦C for 30 min and then purified. The ligation reaction (10 µL) contained
2 µL linearized plasmid, 6.5 µL purified PCR product, 1 µL 10 × T4 Ligase Buffer, and
0.5 µL T4 DNA Ligase. The reaction was incubated at 25 ◦C for 2 h and then transformed
into Escherichia coli DH5α competent cells. Positive clones were selected by kanamycin and
colony PCR verification and then sequenced by Sanger sequencing (Shanghai Biological
Engineering Co., Ltd, Shanghai, China). Constructs with correct sequences were designated
as ApACRs-mini35S::LUC vectors.

2.4. Luciferase Reporter Assay of ApACRs Transcriptional Activity in Tobacco Leaves

Following the methods described in a previously published article [36], the ApACR-
mini35S::LUC, 35S-mini35S::LUC (positive control), and mini35S::LUC vectors (Figure S1)
(negative control, a 46 bp truncated 35S promoter without transcriptional activity) [37] were
transformed into Agrobacterium tumefaciens GV3101 (pSoup) and infiltrated into 1-month-old,
fully expanded tobacco leaves. After the infiltration, plants were kept in the dark for 16 h,
then returned to normal light conditions (16 h light/8 h dark cycle) for two days. The
leaves were then harvested and a chemiluminescence detector (Tano 5200, Tanon Science
Technology Co., Ltd, Shanghai, China) was used to visualize the LUC (luciferase) activity.
Relative LUC/REN activities were measured using the Dual Luciferase Reporter Assay
System (Promega, Madison, WI, USA) according to the user’s manual.

https://github.com/gersteinlab/MUSIC
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2.5. Luciferase Reporter Assay of ApACRs Transcriptional Activity in Arabidopsis thaliana and
Torenia fournieri Protoplasts

Healthy and fully expanded leaves were harvested from 3 to 4-week-old Arabidopsis
plants and digested in a 10 mL enzyme solution containing Cellulase (R10 or RS, Yakult,
Tokyo, Japan) and Macerozyme (Yakult, Tokyo, Japan) for 30 min. The enzyme/protoplast
solution was then washed with an equal volume of W5 solution (2 mM MES pH 5.7
containing 154 mM NaCl, 125 mM CaCl2, and 5 mM KCl). Protoplasts were pelleted by
centrifugation at 100× g for 1–2 min and resuspended in W5 solution and incubated on
ice for 30 min. After incubation, the W5 solution was removed, and the protoplasts were
resuspended in MMG solution (4 mM MES pH 5.7 containing 0.4 M mannitol and 15 mM
MgCl2) at room temperature. For DNA transfection, 10 µL plasmid DNA was mixed with
100 µL protoplasts, followed by the addition of 110 µL PEG solution (20–40% (wt/vol)
PEG4000 (Merck, Darmstadt, Germany) containing 0.2 M mannitol and 100 mM CaCl2 in
ddH2O.) The mixture was incubated at room temperature for 10 min, and the reaction was
stopped by adding W5 solution. These protoplasts were pelleted by centrifugation at 100× g
for 1–2 min, resuspended in WI solution (4 mM MES pH 5.7 containing 0.5 M mannitol
and 20 mM KCl), and transferred to culture plates for incubation at room temperature.
Following incubation, protoplasts were pelleted again by centrifugation at 100× g for
1–2 min and stored at −80 ◦C. The protoplast isolation and transformation of T. fournieri
followed the previous study [38]. The constructs (obtained in Section 2.3) were transformed
into the protoplasts of A. thaliana and T. fournieri and luciferase activities were measured as
described in Section 2.4.

3. Results
3.1. Identification of Candidate Regulatory Sequences by Multi-Omics Analysis

It is known that CRSs are usually associated with gene expression and epigenetic
modifications [39–41]. In this study, published data on the genome, RNA-seq, ChIP-seq, and
ATAC-seq from A. paniculata were utilized to analyze gene expression levels (fragments per
kilobase of exon model per million mapped fragments, FPKM), the location and abundance
of ACRs (accessible chromatin regions), and histone modification features, aiming to
identify candidate CRSs in A. paniculata.

The gene expression levels were positively correlated with ACR, H3K4me3, and
H3K27ac, while they were negatively correlated with H3K27me3 (Figure 1A). The ACR,
H3K4me3, and H3K27ac peaks of high-expression genes were observed to be significantly
high near the transcription start site (TSS), suggesting that highly expressed genes might
be accompanied by H3K4me3 and H3K27ac. In contrast, genes with low and no expression
levels exhibited weaker signals in the TSS (Figure 1A). These findings are consistent
with those of previous reports [26,42]. Figure 1B shows a positive correlation between
gene expression levels and the enrichments of H3K27ac and H3K4me3, while H3K27me3
enrichment is associated with lower gene expression. These results demonstrate that highly
expressed genes were usually marked by H3K27ac and H3K4me3, particularly in promoter
regions near the TSS. Therefore, ideal CRSs might be associated with high-expression genes
and a high abundance of ACR, H3K4me3, and H3K27ac signals, rather than H3K27me3.
Subsequently, six candidate CRSs (ApACR1-ApACR6) were selected from A. paniculata based
on ACR abundance and the corresponding FPKM values for associated genes, H3K27ac,
and H3K4me3, while also considering H3K27me3 enrichment during the selection process.
(Figure 1C). Their characteristics are summarized in Table 1. The length of ApACRs ranged
from 235 to 1058 bp, and they were located in the promoter region. The associated genes
exhibited high expression levels, reaching up to 5973.6 FPKM, and were modified by
active histone marks (H3K4me3 and H3K27ac). For example, ApACR1 exhibited high
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accessibility (FPKM: 581) and was associated with the high expression of a nearby gene
(FPKM:984) and strong enrichment of H3K4me3 (FPKM: 2368) and H3K27ac (FPKM: 2266).
As mentioned above, the genomic features of ApACRs showed strong potential to promote
its downstream gene expression, indicating that ApACRs might be able to recruit TFs for
gene expression regulation.
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Figure 1. The genomic features of six selected ApACRs. (A) Correlation between gene expression
level and four genomic features (ACR, H3K4me3, H3K27ac, and H3K27me3). Genes with high, low,
and no expression were represented by FPKM ≥ 1, 0 < FPKM < 1, and FPKM = 0, respectively. FPKM:
fragments per kilobase of transcript per million mapped reads; TSS: transcription start site; TES:
transcription termination site. (B) Comparison of expression levels of genes modified by ACRs,
H3K27ac, H3K4me3, and H3K27me3, respectively. Significant differences in gene expression levels
were observed in genes associated with three active epigenetic signals (ACR, H3K27ac, and H3K4me3),
compared with the repressive mark H3K27me3. (C) IGV screenshot showing genomic features
of candidate ApACRs, which were associated with relatively high levels of gene expression and
active histone modifications signals (H3K27ac and H3K4me3), except for H3K27me3. (***) indicated
significant difference by Student’s t-test (p < 0.01).
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Table 1. Genomic features of six candidate ApACRs.

ApACR1 ApACR2 ApACR3 ApACR4 ApACR5 ApACR6

Len 1 798 498 628 950 1058 235
Chr 2 LG19 LG2 LG11 LG23 LG15 LG5

GC% 3 42.04% 41.56% 57.07% 43.43% 50.71% 51.69%
ACR FPKM 4 581 733 483 670 775 154
AssocGene 5 19G139.108 2G11.95 11G5.28 23G94.120 15G10.2 5G90.29
Gene Expr 6 984.8 880.6 2839.9 2910.8 3460.0 5973.6
Orientation 7 + + + + + +

H3K27me3 Stat 8 None None None None None None
H3K27me3 Loc 9 / / / / / /

H3K27me3 Abund 10 / / / / / /
H3K4me3 Stat 11 Yes Yes Yes Yes Yes Yes

H3K4me3 Loc 12 LG19:
13,948,418–13,953,227

LG2:
1,117,947–1,119,893

LG11:
553,591–554,806

LG23:
9,402,964–9,405,183

LG15:
986,833–990,657

LG5:
9,046,331–9,047,561

H3K4me3 Abund 13 2368 8896 4177 4070 9607 4931
H3K27ac Stat 14 Yes Yes Yes Yes Yes Yes

H3K27ac Loc 15 LG19:
13,948,262–13,951,616

LG2:
1,118,020–1,118,963

LG11:
553,544–555,226

LG23:
9,404,241–9,407,453

LG15:
988,185–989,968

LG5:
9,046,317–9,047,562

H3K27ac Abund 16 2266 6003 9962 13,725 14,178 4315

Note: 1 Length (bp); 2 chromosome location; 3 GC content; 4 ACR abundance (FPKM); 5 associated gene; 6 associ-
ated gene expression level (FPKM); 7 associated gene orientation; 8 H3K27me3 modification status; 9 H3K27me3
modification location; 10 H3K27me3 abundance (FPKM); 11 H3K4me3 modification status; 12 H3K4me3 modifica-
tion location; 13 H3K4me3 abundance (FPKM); 14 H3K27ac modification status; 15 H3K27ac modification location;
16 H3K27ac abundance (FPKM). FPKM: fragments per kilobase of transcript per million mapped reads.

3.2. ApACRs Were Potentially Targeted by Multiple Transcription Factors

The published RNA-seq data of A. paniculata from NCBI were utilized to identify
the TFs co-expressed with ApACRs, which were associated with genes. In this study, co-
expressed TFs, with a Pearson correlation coefficient (PCC) value over 0.65 and a p-value
less than 0.05, were considered to be associated with the ApACRs. A total of 965 TFs,
co-expressed with ApACRs, were identified as potentially involved in their regulation
(Table S3). Moreover, ApACR sequences were analyzed by FIMO using the public TF motifs
data to identify the potential TF binding sites in these ApACRs. Based on the analysis of
co-expression and motif scanning (Table S4), the binding positions of different types of TFs
in each ApACR, illustrated in Figure 2A,B show the number of binding sites for primary TF
types. The interaction network between TFs and ApACRs was constructed using cytoscape
(Figure 2C). ApACR1 harbored the highest number of predicted TF binding sites (up to
32), including WRKY, bZIP, and MYB families. In contrast, ApACR2, ApACR3, ApACR4,
ApACR5, and ApACR6 had a lower number of predicted binding sites, with 5, 8, 12, 12,
and 1 binding sites, respectively, indicating their binding TFs were distinct from each other.
ApACR2 might interact with MYB TFs; ApACR3 showed interaction with AP2/ERF and
MYB families; ApACR4 and ApACR5 were bound both with MYB and AP2/ERF families; a
single bHLH TF motif was only found in ApACR6 (Figure 2B). In addition, some TF binding
sites shared by ApACRs were also observed (Figure 2C). For instance, two MYB-related TFs
(Apv3LG1G103.1 and Apv3LG10G137.112) were predicted to bind to both ApACR1 and
ApACR2, and Apv3LG23G90.151 (bHLH) was found in both ApACR1 and ApACR6. As
previously reported, these transcription factor families play critical roles in processes such
as growth and development [43–45] and the biosynthesis of andrographolide [46]. The
analysis of the TFs-ApACRs interaction network indicated that the mechanism of ApACRs
with high activation capacity in A. paniculata is complicated and needs further investigation.
Nevertheless, these observations support their candidate roles for the further development
of plant-derived CRSs.
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each ApACR. (C) Interacting network of TFs-ApACRs. Blue diamond nodes represent ApACRs and
their associated genes, and red square nodes represent transcription factors.

3.3. Functional Validation of ApACRs by Transient Expression Assay

To measure the transcriptional activity of candidate ApACRs, each ApACR was ligated
to the upstream of a mini35S promoter in a luciferase (LUC) reporter vector and generated
a series of ApACRs-mini35S::LUC constructs (Figure 3A), which were further transformed
into the Agrobacterium tumefaciens (GV3101: pSoup) strain and then infiltrated into tobacco
leaves. This illustrated that all six ApACRs (ApACR1-ApACR6) exhibited significantly higher
transcriptional activity (340-fold to 518-fold) compared with the negative control (mini35S),
suggesting their high capacity in activating gene expression (Figure 3B,C). Notably, among
these ApACRs, ApACR1 and ApACR2 showed comparable activity to that of the traditional
35S promoter (Figure 3C). Furthermore, we also transformed the ApACR1 and ApACR2
constructs to the protoplasts isolated from A. thaliana and an ornamental plant T. fournieri
to test their transcriptional activity in different plant species. Consistent with the results
observed in tobacco leaves, the relative LUC activities of ApACR1 and ApACR2 illustrated
strong transcriptional activity similar to the 35S promoter (Figure 4). The results suggest
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that these ApACRs, especially ApACR1 and ApACR2, could serve as effective alternatives to
the 35S promoter for gene expression studies in various plant species.

Horticulturae 2025, 11, x FOR PEER REVIEW 8 of 12 
 

 

and ApACR2 illustrated strong transcriptional activity similar to the 35S promoter (Figure 
4). The results suggest that these ApACRs, especially ApACR1 and ApACR2, could serve 
as effective alternatives to the 35S promoter for gene expression studies in various plant 
species. 

 

Figure 3. The transient expression assay of the activity of six ApACRs in tobacco leaves. (A) The 
structures of ApACRs-mini35S (marked in 1), 35S-mini35S (marked in 2), and mini35S (marked in 3) 
vectors. (B) The transcription activities of ApACRs assessed in tobacco leaves by the transient ex-
pression assay. Three constructs were used: ApACRs-mini35S (experimental group); 35S-mini35S as 
a positive control; and mini35S, a 46 bp truncated 35S promoter (negative control). The numbers 
1,2,3 are shown in the lower panel of (A). (C) The relative transcriptional activities (LUC/REN) of 
the ApACRs. LUC represents firefly luciferase activity; REN represents renilla luciferase activity. 
Error bars represent the standard error of five biological replicates. 

 

Figure 4. Relative transcriptional activities (LUC/REN) of ApACR1 and ApACR2 in A. thaliana and 
T. fournieri protoplasts, measured as relative luciferase activity. Mini35S served as negative control, 
and 35S promoter as a positive control. Error bars represent standard error of five biological repli-
cates. LUC represents firefly luciferase activity; REN represents renilla luciferase activity. Asterisks 
(***) indicated significant difference compared to entry control (mini-35S) by Student’s t-test (p < 
0.01). Error bars indicate standard deviation of five biological replicates. 

Figure 3. The transient expression assay of the activity of six ApACRs in tobacco leaves. (A) The
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as a positive control; and mini35S, a 46 bp truncated 35S promoter (negative control). The numbers
1,2,3 are shown in the lower panel of (A). (C) The relative transcriptional activities (LUC/REN) of the
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bars represent the standard error of five biological replicates.
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T. fournieri protoplasts, measured as relative luciferase activity. Mini35S served as negative control,
and 35S promoter as a positive control. Error bars represent standard error of five biological repli-
cates. LUC represents firefly luciferase activity; REN represents renilla luciferase activity. Asterisks
(***) indicated significant difference compared to entry control (mini-35S) by Student’s t-test (p < 0.01).
Error bars indicate standard deviation of five biological replicates.
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4. Discussion
CRSs are essential for driving the expression of associated genes in plants. Due to

some negative effects caused by the virus-derived 35S promoter (e.g., gene silencing) in
plants [30], plant-derived CRSs are now being considered as an alternative to the 35S
promoter [47]. According to previous studies, plant-derived CRSs might be more effec-
tive than the traditional 35S promoter in regulating the expression of plant secondary
metabolism-related genes [48]. For example, optimizing CRSs that controlled the expres-
sion levels of genes involved in betaine biosynthesis could maximize betaine production in
tobacco [49]. To develop potential CRSs in a medicinal plant A. paniculata, we combined
multi-omics analysis and transient expression assay to identify two ApACRs (ApACR1
and ApACR2) with comparable transcriptional activity to the 35S promoter in several
plant species, indicating a potential application role in further plant biotechnology. A
promising application of the newly discovered ApACR1 and ApACR2 is enhancing the
biosynthesis of valuable plant secondary metabolites, including pharmacologically active
compounds such as andrographolide from A. paniculata. Increasing the expression of key
genes (e.g., ApCPS2) involved in andrographolide biosynthesis may be an effective strategy
to ultimately increase andrographolide production [25]. ApACR1 and ApACR2 will also
expand the available toolkit for molecular breeding and genetic engineering in other plants.
For example, the rapid development of gene editing technologies, such as CRISPR-Cas9,
provide exciting possibilities for utilizing different types of CRSs in economically important
crops or medicinal plants to improve editing efficiency in vivo [50].

Although we observed high transcriptional activities in these ApACRs in A. paniculata,
the regulatory mechanism is unclear. As shown in Figure 2, several TF-binding motifs were
predicted in these ApACRs, suggesting that these motifs play a key role in maintaining
the high activity of these ApACRs. The interactions between TFs and ApACRs might be
confirmed by other methods, such as high throughput sequencing methods, transient
ChIP-seq [51], or in vitro DAP-seq [52], etc. Since the design of artificial CRSs by machine
learning using big genomic data has been reported [53,54], our observation of these motif
sequences might serve as an important genomic resource for further designing ideal CRSs
and applying them to transgenic experiments in medicinal plants.

5. Conclusions
Taken together, our study could broaden the knowledge of some valuable CRSs,

and the high transcriptional activities of ApACR1 and ApACR2 might serve as important
resources for further plant biotechnological approaches, especially in A. paniculata.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/horticulturae11010063/s1: Table S1: Primer Sequence Information for
ApACRs; Table S2: Sequence Information for ApACRs; Table S3: Co-expression of ApACRs with
Transcription Factors; Table S4: Motif Information for ApACRs Binding; Figure S1: The structure and
the sequence annotation of mini35S-LUC reporter.
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