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Abstract: To study the effects of Methyl jasmonates (MeJA) on rosemary suspension cells, the antioxi-
dant enzymes’ change of activities under different concentrations of MeJA, including 0 (CK), 10 (M10),
50 (M50) and 100 µM MeJA (M100). The results demonstrated that MeJA treatments increased the
activities of phenylalanine ammonla-lyase (PAL), superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT) and polyphenol oxidase (PPO) and reduced the contents of hydrogen peroxide (H2O2)
and malondialdehyde (MDA), thus accelerating the ROS scavenging. Comparative transcriptome
analysis of different concentrations of MeJA showed that a total of 7836, 6797 and 8310 genes were
differentially expressed in the comparisons of CKvsM10, CKvsM50, CKvsM100, respectively. The
analysis of differentially expressed genes (DEGs) showed phenylpropanoid biosynthesis, vitamin
B6, ascorbate and aldarate metabolism-related genes were significantly enriched. The transcripts
of flavonoid and terpenoid metabolism pathways and plant hormone signal transduction, espe-
cially the jasmonic acid (JA) signal-related genes, were differentially expressed in CKvsM50 and
CKvsM100 comparisons. In addition, the transcription factors (TFs), e.g., MYC2, DELLA, MYB111
played a key role in rosemary suspension cells under MeJA treatments. qRT-PCR of eleven DEGs
showed a high correlation between the RNA-seq and the qRT-PCR result. Taken together, MeJA
alleviated peroxidative damage of the rosemary suspension cells in a wide concentration range
via concentration-dependent differential expression patterns. This study provided a transcriptome
sequence resource responding to MeJA and a valuable resource for the genetic and genomic studies
of the active compounds engineering in rosemary.

Keywords: Rosmarinus officinalis Lour.; suspension cells; MeJA; antioxidant enzymes; RNA-seq;
qRT-PCR; transcription factors

1. Introduction

Rosemary (Rosmarinus officinalis Lour.) is a famous ornamental and medicinal homolo-
gous plant. Rosemary, as an excellent natural antioxidant and preservative, has been used
in various industries widely [1]. Studies have shown that the main components of the active
functions of rosemary include terpenoids, phenols, for example a new flavonoid 6′′-O-(E)-
feruloylhomoplantaginin, and the phenolic diterpene antioxidants (PDAs), carnosic acid
and carnosol and rosmarinic acid [2–4]. The active ingredients of rosemary are widely used
in anti-tumor, anti-cancer, anti-despondency, anti-virus, anti-inflammatory activity, regulat-
ing the immune system and other activities. Carnosic acid could alleviate H2O2 induced
hepatocyte damage through the SIRT1 pathway and rosemary extract, and significantly
up regulate the expression of Nrf2 in colon cells and inhibit an HCT116 xenograft tumor
formation in mice. Moreover, rosemary extract shows a higher antioxidant potential and
increases the oxidative stability of oil by more than 30% compared to conventional synthetic
antioxidants [5–11]. Researchers had previously attempted to regulate the synthesis of
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functional metabolites using various methods. MeJA as a signal molecule showed extensive
regulations to the secondary metabolism, of which regulation was considered particularly
important in changing the synthesis of plant functional metabolites in cells [12,13]. In addi-
tion, plant tissue and cell culture techniques were the most efficient methods for obtaining
functional metabolites. Our group has established a rosemary suspension cells culture
system to study the influence of MeJA treatment on functional metabolites.

MeJA had been used to elicit defense responses in many species through enhancing the
secondary metabolites production [14,15], such as volatile terpenoids in Amomum villosum,
triterpene in Euphorbia pekinensis and tropane alkaloids in Hyoscyamus niger [16–18]. An
analysis of transcriptome after MeJA treatment could find key genes involved in the
biosynthesis of active compounds and be used to unveil the relation between genes and
metabolism [19,20]. In Catharanthus roseus, the MeJA-responsive expression of terpenoid
indole alkaloids biosynthesis genes was controlled by protein CrMYC2’s regulation of
ORCA gene expression, regulating a series of terpenoid indole alkaloids biosynthesis
genes [21]. The TFs AP2/ERF and bHLH cooperatively mediate jasmonate-elicited nicotine
biosynthesis, which via the JA induced signaling cascade leads to increased nicotine
biosynthesis in Tobacco [22,23]. In Artemisia annua suspension cells, exogenous MeJA
induced the expression of CYP71AV1 and promoted the accumulation of artemisinin [24].

MeJA treatment can induce the biosynthesis of many secondary metabolites (terpenoids,
phenylpropanoids) and acts as an elicitor of secondary metabolite production across the
plant kingdom [25]. SlMYC1 acts synergistically with SlEOT1 in the transactivation of the
SlTPS5 promoter to induce the biosynthesis of terpene in Solanum lycopersicum with JA
treatment [26]. There were 13 predicted genes that could participate in the biosynthesis
of flavonoids under MeJA treatment in E. breviscapus [27]. Transcript analysis suggested
that MeJA up-regulated transcripts of terpenoids and flavonoids, ObAS1 and ObAS2 were
identified and characterized in Sweet Basil [28]. MeJA treatment revealed differential expres-
sion of genes involved in phenylpropanoid biosynthesis (IiPAL, IiC4H, Ii4CL), and lignin
biosynthesis (IiCAD, IiC3H, IiCCR, IiDIR and IiPLR), and 112 putative AP2/ERF TFs in Isatis
indigotica [29]. Based on the gene annotation of the transcriptome, 104 unigenes were identi-
fied and their responses to MeJA induction were investigated involved in the biosynthesis
of indole, terpenoid and phenylpropanoid [30]. The results showed that transcriptional
levels of SgHMGR, SgSQS, SgCS and SgCYP450 were up-regulated and their responses in
the presence of MeJA were related to the concentration and timing of MeJA treatment in
Siraitia grosvenorii [31]. MeJA-regulated rubber biosynthesis, based on a differential expres-
sion analysis, showed that the expression of HMGCR, FPPS, IDI, GGPPS, REF/SRPP and
transcription factors (bHLH, MYB, AP2/EREBP and WRKY) increased with MeJA treatment
in TKS [32]. Based on the date of the transcriptome in Taxus, there were 18 genes showing
increased transcript abundance following elicitation of MeJA, which was involved in the
biosynthesis of terpenoid backbone, and then multiple candidates for the unknown steps
in paclitaxel biosynthesis were identified [33]. A total of 40,952 unigenes and 19 coumarin
compounds, 7 cytochrome-P450, 8 multidrug resistance transporter unigenes and 8 marker
compounds were obtained, involved in coumarins biosynthesis and transport pathway with
a parallel analysis of transcript and metabolic profiles in Peucedanum praeruptorum [34]. The
secondary metabolites are the main components of their active functions in plant. Therefore,
transcriptome technology was widely used as an effective means to research the biosynthesis
of active compounds and the mining of key enzyme genes. MeJA could promote the biosyn-
thesis of terpenoids and phenylpropanoids, through revealing differential expression of the
genes involved in biosynthesis and plant hormone signal transduction and TFs in plants.

At present, no study has shown the transcriptome of rosemary responding to MeJA.
In our study, we investigated the transcriptome of rosemary suspension cells responding to
different concentrations of MeJA using high-throughput sequencing technologies. Putative
gene expression profiles of rosemary suspension cells were investigated and DEGs were
classified under different concentrations of MeJA. By comparing and analyzing the sequencing
data of control and illuminated groups, the genes involved in the regulation of primary and
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secondary metabolism and their regulatory networks were established. These experiments
reveal dynamic gene expression changes in responding to different concentrations of MeJA and
provide new insights into the genetic and genomic regulation of plant functional metabolites.

2. Materials and Methods
2.1. Plant Material and MeJA Treatments

Rosemary callus was obtained by the following methods: treating rosemary leaves
with 0.1% mercury bichloride solution, then cutting the leaves into small pieces about
0.5 cm × 0.5 cm, using the inoculation method that the back of leaves contacts with the
medium, on Murashige and Skoog (MS) medium (30 g/L sucrose, pH 5.8) with 0.5 mg/L
1-Naphthaleneacetic acid (NAA) and 4.0 mg/L N-(Phenylmethyl)-9H-purin-6-amine (6-BA).
After the suspension culture for several generations in the MS liquid medium supplemented
with 1.0 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), which lasted for 8 days at 25 ± 0.5 ◦C
with shaker speed 120 rpm in the dark, it could derive rosemary suspension cell lines with high
cell viability and stable growth. The culture was performed by transferring 4 g·FW/20 mL of
6-day-old culture (cells plus medium) to 80 mL of the fresh growth medium, which lasted for
8 days. MeJA were sterilized and added to the medium on day 6 of the culture process. Baes
on the pre-experiment, 10, 50 and 100 µM MeJA treatments could promote the accumulation
of rosmarinic acid, carnosic acid and flavonoids in rosemary suspension cells, so we chose the
concentration of MeJA solution was 0, 10, 50 and 100 µM. Each test was repeated three times.
After 48 h treatment, all materials were stored at −80 ◦C for later use.

2.2. RNA-Seq Library Construction

Total RNA was isolated from rosemary suspension cells (three replicates) with the
RNAprep Pure Plant Kit (TIANGEN, Beijing, China). The integrity and concentration
of the RNA samples were further measured using an Agilent 2100 Bioanalyzer (Agilent,
CA, USA) and the purity of the RNA samples was assessed using the NanoPhotome-
ter®spectrophotometer (NP80, IMPLEN, Munich, Germany). RNA libraries were prepared
using the True-seq RNA sample preparation kit according to the manufacturer’s instruc-
tions. The constructed library was tested on the Agilent 2100 Bioanalyzer and the ABI
StepOnePlus Real-Time PCR System. Finally, mRNA libraries were sequenced on an
Illumina HiSeq 4000 platform (Shenzhen, China).

2.3. Sequencing, Assembly and Annotation of the Transcriptome

The cDNA libraries of four samples were sequenced by 2 × 100 bp paired-end sequenc-
ing on an Illumine HiSeq platform according to the manufacture’s instructions. We used
Trinity to assemble clean reads by de novo, while removing PCR duplication to improve
assembly efficiency. Then the assembled transcripts were clustered by tgicl to remove
redundancy and obtain UniGene. Trinity consists of three independent modules: inchworm,
chrysalis and butterfly, which process a large number of reads in turn. The assembled
UniGene will be annotated with seven functional databases (KEGG (Kyoto Encyclopedia of
Genes and Genomes), GO (Gene Ontology), NR, NT, Swissprot, Pfam and KOG).

2.4. Quantification of Gene Expression Levels

We used bowtie2 to align clean reads to the genome sequence and RESM (http://
deweylab.biostat.wisc.edu/rsem/rsem-calculate-expression.html, Access date: 30 January
2019, RESM Version: v1.2.8; RESM Parameter: default;) to calculate the gene expression
level of each sample. RESM is a software package for RNA-seq reads to calculate the
expression of genes and transcript subtypes.

2.5. Differential Expression Genes Analysis

Degseq method is based on Poisson distribution. In this project, DEG detection is
carried out according to the method described by Wang et al. 2010 [35]. Differential
expression analysis of the four treatments was performed using the DEGSeq R package.

http://deweylab.biostat.wisc.edu/rsem/rsem-calculate-expression.html
http://deweylab.biostat.wisc.edu/rsem/rsem-calculate-expression.html
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p-Values were adjusted using the Benjamini and Hochberg method. A corrected P-value
(false discovery rate, FDR) of 0.001 and a fold change of 2 were set as the default threshold
for defining significant differential expression.

2.6. GO and KEGG Enrichment Analyses of Differentially Expressed Genes

According to the GO (http://www.geneontology.org/, Access date: 30 January 2019)
and KEGG (http://www.genome.jp/kegg/, Access date: 30 January 2019) annotation
results and the official classification, DEGs were classified, and the enrichment factors
were analyzed using the phyper function in R software (https://en.wikipedia.org/wiki/
Hypergeometric_distribution, Access date: 30 January 2019).

2.7. Validation of the DEGs by qRT-PCR

To validate the RNA-Seq results, 11 DEGs were subjected to qRT-PCR analysis per-
formed on the LightCycler480 real-time PCR system (Roche, Basel, Switzerland) in a 20 µL
final volume containing 10 µL of 2 × SYBR Premix Ex TaqTM (Takara, Shanghai, China),
1 µL of 10 × diluted cDNA, and 0.8 µL specific primer pairs, and 7.4 µL of ddH2O. The
changes in mRNA expression were calculated using the comparative 2−∆∆Ct method. Spe-
cific primers were designed using DNAMAN V6.0; the primer pair sequences are listed in
Table S1. All treatments were analyzed in three biological replicates.

2.8. Measurement of Antioxidant Enzymes and Non-Enzymatic Antioxidants

Briefly, 0.1 g of rosemary suspension cells (fresh weight) were taken from each of the
treatment groups and rapidly frozen with liquid nitrogen. The samples were maintained at
2–8 ◦C after melting. Then, 1 mL PBS (pH 7.4) was added, followed by homogenization by
hand or grinders and centrifugation for 20 min at the speed of 2000–3000 rpm. Supernatant
was removed. The activities of PAL, SOD, POD, CAT, PPO and the contents of MDA, H2O2,
proline (pro) were assayed using ELISA Kit (Weilan, Shanghai, China) and a micro-plate reader
(Rayto RT-6100) according to the manufacturer’s instructions. The principle of the assay: the
kit assay plant PAL, SOD, POD, CAT, PPO, MDA, H2O2 and proline level in the sample, use
purified plant PAL, SOD, POD, CAT, PPO, MDA, H2O2 and proline antibody to coat microtiter
plate wells, make solid-phase antibody, then add PAL, SOD, POD, CAT, PPO, MDA, H2O2
and proline to the wells. Combined antibody labeled with HRP became an antibody-antigen-
enzyme-antibody complex. After washing completely, TMB substrate solution was added.
TMB substrate became blue. At HRP catalyzed enzyme, the reaction is terminated by the
addition of a sulphuric acid solution and the color change is measured spectrophotometrically
at a wavelength of 450 nm. The concentration of PAL, SOD, POD, CAT, PPO, MDA, H2O2
and proline in the samples is then determined by comparing the OD of the samples to the
standard curve. Assay procedure: add standard, set standard wells, test sample wells, add
standard 50 µL to standard well; add sample, set blank wells separately, test sample well, add
sample dilution 40 µL to test sample well, then add testing sample 10 µL (sample final dilution
is 5-fold), add sample to wells, do not touch the well wall as far as possible, and gently mix;
add enzyme, add HRP-conjugate reagent 100 µL to each well, except blank well; incubate,
after closing the plate with closure plate membrane, incubate for 60 min at 37 ◦C; configurate
liquid, 20-fold wash solution diluted 20-fold with distilled water and reserve; wash, uncover
the closure plate membrane, discard liquid, dry by swinging, add washing buffer to every well,
still for 30 s then drain, repeat 5 times, dry by patting; color, add chromogen solution A 50 uL
and B to each well, evade the light preservation for 15 min at 37 ◦C; stop the reaction, add stop
solution 50 µL to each well, stop the reaction (blue color changes to yellow); assay, take blank
well as zero, read absorbance at 450 nm after adding stopping solution within 15 min.

2.9. Statistical Analysis

Quantitative results for rosemary metabolite content, enzyme activity and gene expression
analyses are presented as the means ± standard deviations (SDs) of at least three biological
replicates. The effects of MeJA conditions on metabolite contents and gene expression were

http://www.geneontology.org/
http://www.genome.jp/kegg/
https://en.wikipedia.org/wiki/Hypergeometric_distribution
https://en.wikipedia.org/wiki/Hypergeometric_distribution
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analyzed by one-way analysis of variance (ANOVA) followed by Duncan’s test using SPSS
version 19.0. Figures were prepared using GraphPad Prism 8.0 and Excel 2016 software.

3. Results
3.1. Physiological and Biochemical Indexes of Rosemary Suspension Cells under Different
Concentrations of MeJA

In our study, measuring the physiological and biochemical indicators in rosemary
suspension cells is helpful for understanding how the synthesis of important metabolites is
promoted by MeJA. After different concentrations of MeJA treatment for 48 h in rosemary
suspension cells, the activities of PAL were the highest in the 100 µM MeJA treatment
group, followed by the 50 and 10 µM MeJA treatment groups, they were higher than the CK
treatment (Figure 1A). Similarly, the activities of SOD, POD, CAT and PPO were the highest
in the 100 µM MeJA treatment group, followed by the 50 and 10 µM MeJA treatment groups,
they were higher than the CK treatment (Figure 1B–E). The concentration of MDA and H2O2
were the lowest in the 100 µM MeJA treatment group, the highest of the concentration was
the CK treatment (Figure 1F,G). For the proline contents, the highest was the 50 µM MeJA
treatment group and the lowest was the 100 µM MeJA treatment group (Figure 1H). The
result indicating that the MeJA activated the rosemary suspension cells enzyme antioxidant
system accelerate the ROS scavenging, the antioxidant enzyme activity increased with the
increase of MeJA concentration and had a key role in rosemary suspension cells.
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Figure 1. Physiological and biochemical indicators of rosemary suspension cells under different
concentrations of MeJA. (A) changes in PAL activities. (B) changes in SOD activities. (C) changes in
POD activities. (D) changes in CAT activities. (E) changes in PPO activities. (F) changes in MDA con-
tents. (G) changes in H2O2 contents. (H) changes in proline contents. Values represent means ± SDs
of three replicates. Different lower-case letters indicate statistically significant differences at the
0.05 level by one-way ANOVA with Duncan’s test.
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3.2. RNA-Seq Analysis of Rosemary Suspension Cells

To study the effects of different concentrations of MeJA on rosemary suspension cells at
a transcriptional level, four mRNA libraries were constructed and sequenced from the four
concentrations of MeJA treatment (CK_(1,2,3), M10_(1,2,3), M50_(1,2,3) and M100_(1,2,3)).
After removing the linker sequence, the RNA-Seq data of the twelve rose-mary suspension
cells libraries produced 66,314,608 to 71,191,500 reads, respectively, due to differences
in concentrations of MeJA. The values of Q20 were higher than 97% in all the samples,
indicating the high reliability of the rosemary suspension cells transcriptome sequencing
data (Tables S2–S4).

In addition, unigenes were exposed to Nr, Nt, SwissPort, Pfam, KEGG, GO and
KOG databases using BLAST analysis (E-value < 0.00001) (Table S5). The unigenes an-
notated in the Nr database were counted, the top five species were annotated: Sesamum
indicum L. (65.02%), Erythranthe guttata L. (17.59%), Dorcoceras hygrometricum L. (2.08%),
Salvia miltiorrhiza L. (2.08%) and Ipomoea nil L. (0.75%). The 17.59% and 2.08% of the total
number of Nr annotations accounted for, respectively, 2.08% and 0.75% (Figure S1). The
distribution of gene functions in GO was grouped into biological processes, cellular com-
ponent and molecular function, cellular process (14,755 unigenes), cell (14,796 unigenes),
binding (25,721 unigenes) and catalytic activity (23,776 unigenes) were dominant subcat-
egories (Figure S2). Similarly, KOG functional classification showed that the uppermost
classification was general function prediction only (15,177 unigenes) followed by signal
transduction mechanisms (9078 genes). In addition, 1205 unigenes were annotated for
secondary metabolites biosynthesis, transport and catabolism (Figure S3). At last, unigenes
were also annotated against KEGG database for understanding advanced-level utilities and
functions of the biological structure. Among 80,961 unigenes were annotated in 136 path-
ways, metabolism (102 pathways, 40,920 unigenes) was the most significant category, a
substantial number of genes were related to carbohydrate metabolism (6277 genes) and
amino acid metabolism (3835 gens) (Figure S4).

3.3. Global Analysis of Gene Expression across the Four Distinct Samples under Different
Concentrations of MeJA

In our study, there were 107,512, 102,762, 107,366 and 107,646 expressed genes in
CK, M10, M50 and M100 sample libraries. Among these, 103,386 expressed genes were
present in all four sample libraries. However, only 572, 621, 531 and 571 genes were
uniquely present in CK, M10, M50 and M100 sample libraries, respectively (Figure 2A),
which suggested that distinct spatial transcriptional patterns were present in the sample
libraries. In order to evaluate the differences in molecular response among four samples,
gene expression was normalized to FPKM. After filtering with FPKM> 10, a total of 14,104
(13.11%), 13,880 (12.87%), 13,981 (12.97%) and 13,940 (12.95%) genes were expressed in
CK, M10, M50 and M100, respectively (Table S6). The top 20 most enriched (FPKM) genes
ranged from 682 to 3814, 781 to 3294, 663 to 3844 and 709 to 4294, respectively. The top
20 most expressed genes from the four libraries were shown as defensin-like cystein-rich
peptide, extracellular ribonuclease LE, PREDICTED: titin-like, pathogen-related protein STH-2,
hypothetical protein SELMODRAFT_431225, aquaporin-like protein, partial, major pollen allergen
Lol p 11-like and extensin-3—highly expressed in CK, M10, M50 or M100 sample libraries
(Table S7).

To further understand the changes in the rosemary suspension cells transcriptome un-
der different concentrations of MeJA, Poisson D was used to calculate the expression level of
each gene. We filtered the DEGs with |log2fold change|≥ 1 and FDR < 0.001 between these
six pairs the comparisons were as follows: CKvsM10, CKvsM50, CKvsM100, M10vsM50,
M10vsM100, M50vsM100, among these contained 7836, 6797, 8310, 10,240, 11,890 and
5260 DEGs, respectively, which included 3596, 325, 4528, 5070, 6537 and 3017 up-regulated
genes and 4240, 3772, 3782, 5170, 5353 and 2243 down-regulated genes (Figure 2B). The com-
parative analysis of the CKvsM10, CKvsM50, and CKvsM100 by Venn diagram showed that
1581 genes were commonly differentially expressed, and 4188, 2409 and 3663 genes were



Genes 2022, 13, 67 7 of 21

unique to each comparison, respectively; there were 749 genes commonly up-regulated,
while 1672, 822 and 2110 genes in each comparison were uniquely up-regulated; similarly,
there were 556 genes commonly down-regulated, while 2516, 1587 and 1553 genes in each
comparison were uniquely down-regulated, respectively (Figure 2C–E). These DEGs’ anal-
ysis results revealed that rosemary suspension cells transcriptome undergoes significantly
dynamic changes under different concentrations of MeJA. Therefore, the transcriptome
datasets of rosemary suspension cells under different concentrations of MeJA might serve
as a valuable molecular resource for future studies.
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Figure 2. Statistical analysis of differentially expressed unigenes in rosemary suspension cells under
different concentrations of MeJA. (A) The Venn diagram of expressed genes in four MeJA treatments.
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under MeJA treatment. (D) Venn diagram of the unique and common regulated DEGs up-regulated
of DEGs under MeJA treatments. (E) Venn diagram of the unique and common regulated DEGs
down-regulated of DEGs under MeJA treatments.

3.4. GO Enrichment Analysis of DEGs in Rosemary Suspension Cells

To further understand the potential functions of the DEGs under different concentra-
tions of MeJA, GO terms assignment to classify the functions of DEGs was performed in
pairwise comparisons under three GO main categories: biological process, cellular com-
ponent and molecular function (Table S8). The results of GO enrichment analysis in all
comparisons showed the enrichment of most biological processes in the CKvsM10 and
CKvsM50 combinations were significantly higher than other combinations, DEGs were
mainly related to xyloglucan metabolic process and response to glucose in the CKvsM10,
CKvsM50 and CKvsM100 comparisons (Figure 3A). The enrichment of most cellular compo-
nents in the CKvsM50 combination was significantly higher than other combinations, DEGs
were mainly related to apoplast and cell wall in the CKvsM10, CKvsM50 and CKvsM100
comparisons (Figure 3B). The enrichment of most molecular functions in the CKvsM10
combination was significantly higher than other combinations, DEGs were mainly related to
hydrolase activity, alpha-L-arabinofuranosidase activity and oxidoreductase activity in the
CKvsM10, CKvsM50 and CKvsM100 comparisons (Figure 3C). In summary, indicating that
the effect of different concentrations of MeJA on rosemary suspension cells was particularly
obvious and had substantially different responses to different concentrations of MeJA.
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3.5. KEGG Enrichment and Mapman Analysis of DEGs in Rosemary Suspension Cells

To investigate the metabolic pathways of the DEGs, we used the KEGG database to
classify the DEGs function and mapped the top 20 KEGG pathways enriched among the
DEGs according to the enrichment factors identified (Figures S4 and S5). The first 20 en-
richment pathways of the six combinations (CKvsM10, CKvsM50, CKvsM100, M10vsM50,
M10vsM100, M50vsM100) were compared and analyzed (Figure 4). Phenylpropanoid
biosynthesis was enriched in the top 5 in the CKvsM10, CKvsM50, CKvsM100, M10vsM50
and M10vsM100 comparisons. Phenylpropanoid biosynthesis is closely related to the biosyn-
thesis of flavonoids, and phenylalanine is closely related to the synthesis of rosmarinic acid,
indicating that there were significant differences in the biosynthesis of flavonoids and
rosmarinic acid in rosemary suspension cells by different concentrations of MeJA.
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The first 20 enrichment pathways of the three combinations (CKvsM10, CKvsM50, CK-
vsM100) were compared and analyzed (Figure 4). Galactose metabolism, phenylpropanoid
biosynthesis, vitamin B6 metabolism, ascorbate and aldarate metabolism were enriched
in the three comparisons among the top 20 pathways (Figure 4). This indicated that these
pathways differed significantly under different MeJA concentrations treatments. Some
pathways were enriched in the top 20 in two combinations, photosynthesis-antenna pro-
teins, photosynthesis and RNA polymerase were enriched in the top 20 in CKvsM10
and CKvsM50 (Figure 4). This indicated that these pathways might play important roles
in responding to 10 and 50 µM MeJA treatments. Glycosaminoglycan degradation and
pentose and glucuronate interconversions were enriched in the top 20 in CKvsM10 and
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CKvsM100 (Figure 4), suggesting that 10 and 100 µM MeJA were more effective for them.
Benzoxazinoid biosynthesis, sesquiterpenoid and triterpenoid biosynthesis, plant hormone
signal transduction and carotenoid biosynthesis were enriched in the top 20 in CKvsM50
and CKvsM100 (Figure 4), suggesting that 50 and 100 µM MeJA were more effective for
these pathways. Some pathways were only enriched in the top 20 for one combination
(Figure 4). MAPK signaling pathway-plant, indole alkaloid biosynthesis, ABC transporters,
and phenylalanine, tyrosine and tryptophan biosynthesis were only enriched in the top
20 in CKvsM10. Linoleic acid metabolism, zeatin biosynthesis, flavonoid biosynthesis,
diterpenoid biosynthesis and ubiquinone and other terpenoid-quinone biosynthesis were
only enriched in the top 20 in CKvsM50. Tryptophan metabolism, isoquinoline alkaloid
biosynthesis, alpha-Linolenic acid metabolism, tyrosine metabolism and steroid biosyn-
thesis were only enriched in the top 20 in CKvsM100, indicating that 50 and 100 µM MeJA
were more effective than 10 µM MeJA for metabolites such as terpenoids and flavonoids.

Mapman analysis of the DEGs was distributed in the cell wall, lipids, ascorbate
and glutathione, sucrose and amino acid pathways (Figure S6A–C). More up-regulated
DEGs were identified in the CKvsM100 comparison than the CKvsM10 and CKvsM50
comparisons in lipids, ascorbate and glutathione and amino acid pathways. More DEGs
were identified in the CKvsM50 and CKvsM100 than the CKvsM100 comparison in the
flavonoid metabolism pathway and more numbers of up-regulated DEGs were identified
in the CKvsM50 and CKvsM100 comparisons. More DEGs were identified in the CKvsM10
and CKvsM100 than the CKvsM50 comparison in Non-MVA, MVA and phenylpropanoids
pathways (Figure S6D–F). The above results indicate that 100 µM MeJA affected the
metabolism including amino acids lipids, ascorbate, glutathione terpenoids and total
flavonoids significantly more than 10 and 50 µM MeJA in rosemary suspension cells.

GO and KEGG enrichment and Mapman analyses of the DEGs showed that MeJA
affected the synthesis of rosemary suspension cells’ metabolites via multiple pathways,
including plant hormone signal transduction, reactive oxygen species (ROS) clearance,
osmotic balance, phenylpropanoid biosynthesis and many other metabolism pathways that
may play important regulatory roles.

3.6. Differential Expression Analysis of Plant Hormone Signal Transduction Related Genes during
Rosemary Suspension Cells under Different Concentrations of MeJA

To reveal the potential key genetic factors in rosemary suspension cells under different
concentrations of MeJA, we found a total of 16 DEGs were assigned to JA biosynthesis,
including 1 LOX2S, 2 AOS, 1 AOC, 2 OPR, 1 OPCL1, 7 ACX, 1 MEP2 and 1 J-O-MT. LOX2S,
OPCL1 and ACX (Unigene8348_All, Unigene10587_All) were up-regulated from 0 to 100 µM
MeJA treatments, OPR (Unigene16468_All) and ACX (Unigene3995_All, Unigene5819_All)
were down-regulated from 0 to 100 µM MeJA treatments. AOS was down-regulated under
10 µM MeJA treatment but up-regulated under 100 µM MeJA treatment. Other DEGs
showed different expression patterns in the three combinations (Figure S7A).

Meanwhile, we found a total of 25 DEGs were assigned to JA signal transduction,
including 2 JAR1, 1 COI1, 9 JAZ and 13 MYC2. Only 1 JAR1 (Unigene18877_All) was
up-regulated under 10 µM MeJA treatment, others were down-regulated. COI1 was
drastically up-regulated from 0 to 100 µM MeJA treatment. JAZ (CL9927.Contig1_All)
was down-regulated under 10 µM MeJA treatment, others were up-regulated. 1 MYC2
(CL4564.Contig5_All) was down-regulated from 0 to 100 µM MeJA treatment, 6 MYC2
(CL2762.Contig2_All, CL4726.Contig3_All, CL7026.Contig2_All, CL9744.Contig1_All,
CL12032.Contig4_All, Unigene30434_All) were down-regulated from 0 to 100 µM MeJA
treatments, the number of up-regulated DEGs under 100 µM MeJA treatment were the most,
secondly was 50 µM MeJA treatment, the least was 10 µM MeJA treatment (Figure S7B).
The result showed that 100 µM MeJA treatment can significantly induce the DEGs ex-
pression of JA biosynthesis and signal transduction pathway compared to10 and 50 µM
MeJA, indicating that 100 µM MeJA could significantly affect JA biosynthesis and signal
transduction in rosemary suspension cells.
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In our study, based on the KEGG and other annotation, plant hormone signal trans-
duction was the representative pathway. There were 248 significant DEGs were assigned
to the plant hormone signal transduction pathway involved in auxin (59 DEGs), cytokinine
(56 DEGs), gibberellin (GA, 34 DEGs), abscisic acid (ABA, 15 DEGs), ethylene (ET, 44 DEGs),
brassinosteroid (BR, 32 DEGs), and salicylic acid (SA, 8 DEGs) (Figure S7C–I). The result of
the analysis of these DEGs showed that 69 DEGs were up-regulated under different concen-
trations of MeJA, including 4 AUX1, 3 TIR1, 14 AUX-IAA, 5 ARF and 8 TF, 87 DEGs were
down-regulated, for example, 1 SAUR, 10 TF, 22 B-ARR, 4 A-ARR, 3 ABF, 6 ETR and 3 CTR1.
The result also showed that 50 and 100 µM MeJA could significantly inhibit the DEGs expres-
sion of the salicylic acid signal transduction pathway (Figure S7C). There were more numbers
of up-regulated DEGs in auxin and ABA signal transduction under different concentrations of
MeJA (Figure S7D,E), but more numbers of down-regulated DEGs in other hormone signals
transduction pathways under different concentrations of MeJA (Figure S7F–I).

3.7. Phenylpropanoid Biosynthesis Related Genes Were Differential Expressed during Rosemary
Suspension Cells under Different Concentrations of MeJA

Phenylpropanoid biosynthesis was the representative KEGG pathway, we found 138,
104 and 138 DEGs assigned to phenylpropanoid biosynthesis in CKvsM10, CKvsM50
and CKvsM100 combinations, respectively (Figure 5B). These DEGs include 5 PAL, 4 4CL,
8 CCR, 6 HCT, 8 C3’H (CYP98A), 8 F6H1, 3 CSE, 1 caffeoyl-CoA-O-methyltransferase, 21 β-
glucosidase, 27 cinnamyl-alcohol dehydrogenase, 66 peroxidase. There were more numbers of
up-regulated DEGs than down-regulated DEGs under 10 µM MeJA treatments, but there
were more numbers of down-regulated DEGs under 50 and µM MeJA treatment. Among
these DEGs, PAL (CL3764.Contig6_All), 4CL (CL5102.Contig4_All), CCR (Unigene974_All),
HCT (CL10076.Contig1_All), F6H1 (CL352.Contig1_All), peroxidase (Unigene16028_All),
β-glucosidase (CL41.Contig21_All), caffeoyl-CoA-O-methyltransferase (CL11417.Contig1_All),
cinnamyl-alcohol dehydrogenase (CL5952.Contig4_All) were drastically up-regulated from
0 to 100 µM MeJA treatment (Figures 5A and S8). The result showed that 10 µM MeJA
treatment can significantly induce the DEGs expression of phenylpropanoid biosynthesis
compared to 50 and 100 µM MeJA in rosemary suspension cells.
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To reveal the potential key genetic factors in rosemary suspension cells under different
concentrations of MeJA, we found a total of 35 DEGs were assigned to flavonoids biosyn-
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thesis (Figure 5B). Among these DEGs, these were 14 DEGs drastically up-regulated under
different concentrations of MeJA treatments, include 1 CHS, 1 CHI, 1 F3H, 2 FLS, 4 ANS,
1 GT1, 1 HIDH, 1 IF7GT, 1 CYP81E1/E7, 1 UGT73C6. Instead, these were 5 DEGs drastically
down-regulated from 0 to 100 µM MeJA treatment, include 1 F3H, 1 DFR, 1 3AT, 1 IF7MAT
and 1 UGT73C6. The other 16 DEGs showed different differential expression patterns under
different concentrations of MeJA, most of the DEGs were up-regulated under 10 µM MeJA
treatment, but down-regulated under 50 and 100 µM MeJA treatment, for example, CHI
(Unigene14082_All), which was down-regulated more significant under 100 than 50 µM
MeJA treatment (Figure 5C). Therefore, indicating that different concentrations of MeJA
could significantly affect the accumulation of flavonoids in rosemary suspension cells.

3.8. Terpenoid Biosynthesis Related Genes Were Differential Expressed during Rosemary
Suspension Cells under Different Concentrations of MeJA

In our study, the results showed that a large number of DEGs were found in the
terpenoid biosynthesis and terpenoids biosynthesis pathways (Figure 6). There were 6 sig-
nificant DEGs assigned to the MVA pathway, including 1 HMGCS, 3 HMGCR, 1 MVK,
and 1 PMVK. Among these DEGs except HMGCS (CL375.Contig4_All) and HMGCR (Uni-
gene29235_All, CL6936.Contig10_All) were drastically up-regulated under different con-
centrations of MeJA treatments. There were 3 significant DEGs that were assigned to the
MEP pathway, including 2 DXS and 1 ispH. DXS were down-regulated under 10 µM MeJA
treatment, but up-regulated under 50 and 100 µM MeJA treatments, ispH was drastically
down-regulated under different concentrations of MeJA treatments. The result showed
that 100 µM MeJA treatment could significantly induce the DEGs expression of MVA
biosynthesis compared to 50 and 100 µM MeJA, 10 µM MeJA treatment could significantly
inhibit the DEGs expression of MVA biosynthesis in rosemary suspension cells. In ad-
dition, the DEGs FPS (FDPS) and GGPS, which directly act on terpenoids to synthesize
precursors geranyl diphosphate (GPP), farnesyl pyrophosphate (FPP) and geranylgeranyl
pyrophosphate (GGPP) and other DEGs in the terpenoid biosynthesis pathway showed
differential expression patterns under different concentrations of MeJA, for example FDPS
(CL1142.Contig2_All, Unigene14392_All), GGPS, FACE2, ICMT, PCME (Unigene7748_All)
and FOLK were up-regulated from 0 to 100 µM MeJA treatment. We also found a large
number of DEGs were assigned to ubiquinone and other terpenoid-quinone biosynthesis,
carotenoid biosynthesis, sesquiterpenoid and triterpenoid biosynthesis, zeatin biosynthesis,
steroid biosynthesis, monoterpenoid biosynthesis, diterpenoid biosynthesis and N-Glycan
biosynthesis pathways (Figure S9). Therefore, different concentrations of MeJA could
significantly affect the accumulation of terpenoids in rosemary suspension cells.

3.9. Transcription Factors Are Important in Rosemary Suspension Cells under Different
Concentrations of MeJA

In this study, a total of 551 TFs were annotated, belonging to 43 TFs families in rosemary
suspension cells (Figure 7A). Under the MeJA treatments, many differentially expressed TFs
were found (Figure 7B,C). For example, MYB (15.97%), AP2-EREBP (14.88%), bHLH (8.17%),
NAC (7.62%), WRKY (5.63%), G2-like (4.54%), C2H2 (4.54%), MADS (3.45%), Tify (3.09%),
C3H (2.90%) and LOB (2.90%) which frequency were more than 2.90%, indicating that these
TFs might play important regulatory roles in the synthesis of rosemary suspension cells
important metabolites and the stress-response.

In order to understand the differentially expressed TFs in rosemary suspension cells,
there were 320, 305 and 434 differentially expressed TFs in the CKvsM10, CKvsM50 and
CKvsM100 comparisons, respectively (Figure 7D–F). The classification of differentially
expressed TFs by family showed that MYB (48, 15.00%), AP2-EREBP (38, 11.88%), WRKY
(28, 8.75%), G2-like (20, 6.25%), bHLH (20, 6.25%) in the CKvsM10 comparison; MYB
(48, 15.74%), AP2-EREBP (42, 13.77%), NAC (30, 9.84%), WRKY (21, 6.89%), bHLH (21,
6.89%) in the CKvsM50 comparison; MYB (61, 15.72%), AP2-EREBP (57, 14.69%), bHLH
(38, 9.79%), NAC (35, 9.02%), WRKY (22, 5.67%) in the CKvsM100 comparison. There
were more differentially expressed TFs in the CKvsM100 than the CKvsM10 and CKvsM50



Genes 2022, 13, 67 13 of 21

comparisons. Indicating that, MYB was the most significantly differentially expressed TFs
in rosemary suspension cells responding to MeJA, AP2-EREBP, bHLH and WRKY might
play an important role in rosemary suspension cells responding to different concentrations
of MeJA through differential expression or specific expression.
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3.10. qRT-PCR Verification of DEGs Related to MeJA

In order to further verify the reliability of gene expression profiles obtained by RNA-
seq, the expression pattern of 11 DEGs was estimated by qRT-PCR in rosemary suspension
cells under different concentrations of MeJA (Figure 8). The expression of LOX2S, AOS,
JAZ, MYC2, PAL, CHS, ANS, FPS and GPS were the highest in the 100 µM treatment, only
the expression of AOS was the lower in the 10 µM than the 0 µM MeJA (CK) treatment,
while the expression of 4CL was the highest in the 10 µM treatment. The expression pattern
of DFR was the highest in 0 µM MeJA, followed by 50, 10 and 100 µM MeJA treatments. In
summary, the qPCR verification results showed that the relative expression of the genes
was similar to the transcriptome, affirming the consistency of RNA-seq data and our results.
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4. Discussion
4.1. Phenylpropanoid and Terpenoid Pathway Were Closely Related to the Synthesis of Important
Metabolite in Rosemary Suspension Cells

In our study, phenylpropanoid and terpenoid backbone biosynthesis pathways were
significantly enriched. Phenylpropanoid biosynthesis was closely related to the biosynthesis
of flavonoids and rosmarinic acid. Exogenous MeJA regulated phytoalexin and polyphenol
biosynthesis by up-regulating PAL in Arabidopsis [36]. PAL was the key rate limiting enzyme,
its activity was enhanced after plant stress [37]. In plants, MVA and MEP pathway provided
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premises for terpenoids biosynthesis [38]. During the process of rosemary suspension cells
under different concentrations of MeJA, a total of 157, 35 and 143 DEGs involved in
the phenylpropane, flavonoids and terpenoids biosynthesis, respectively, mostly were up-
regulated. The key synthase genes FDPS and GGPS of precursors as GPP were up-regulated
in rosemary suspension cells under 100 µM MeJA, which was similar to the results of Taxus
and Chrysanthemum indicum [39,40]. Therefore, MeJA might enhance phenylpropane and
terpenoids biosynthesis by regulating the DEGs in the phenylpropanoid and terpenoids
biosynthesis pathways. In summary, those DEGs might involve in regulating secondary
metabolites, such as flavonoids, rosmarinic acid and carnosic acid.

4.2. ROS Scavenging Systems Improved Tolerance of Rosemary Suspension Cells Responding
to MeJA

After the external environment changed, the balance was destroyed and ROS was over-
produced to damage the plants, which could induce the synthesis of phytoalexin [41,42].
Plant cells mainly respond to stress through enzymatic and non-enzymatic antioxidant
systems [43–45]. In Arabidopsis, 177 PLP enzymes might regulate the expression of genes
of hormone synthesis and signal transduction, AtPDX2 could be induced under light,
drought and low-temperature stress [46–48]. In Arabidopsis vtc1 mutant, the content of
Asc was 70% lower than the wild type, while the content of ABA and the expression of
NCED were significantly increased [49]. Asc played an important role in protecting the
body and avoiding normal metabolism from oxidative stress [50–52]. After PEG-6000 and
H2O2 treatments, the antioxidant enzyme system and secondary metabolites synergistically
eliminated excess ROS in S.baicalensis [53,54]. Proline confers tolerance to Cd-stress in
tobacco BY-2 cells by different mechanisms [55]. Different type of stresses stimulated plants
to secrete flavonoids [56,57]. In our study, the activities of SOD, CAT, POD, PPO and PAL
were significantly increased, the contents of H2O2 and MDA were reduced in rosemary
suspension cells under different concentrations of MeJA. These phenomena improved
the repair capacity of oxidative damage and ROS scavenging ability in plant cells and
thereby enhancing the ability to cope with external factors in plant [58]. The changes of
enzymatic and non-enzymatic antioxidants by MeJA could prevent oxidative damage,
and promote the accumulation of secondary metabolites, such as flavonoids in rosemary
suspension cells.

4.3. Plant Hormone Signal Transduction Played a Key Role in Rosemary Suspension Cells
Responding to MeJA

Plant hormones play an important role in the synthesis of secondary metabolites, and
the regulatory process involves a variety of signal transduction and interaction factors [59].
In Arabidopsis arf6 and arf8 single mutants and sesquimutants, ARF6 and ARF8 gene
dosage affected the accumulation of JA and the expression of MYB [60]. Over-expression
miR393 could stabilize ARF1 and ARF9 to increase glucosinolate and decrease camalexin in
Arabidopsis [61]. Exogenous cytokinin and ethylene up-regulated the alkaloid production
through independent pathways in periwinkle suspension cells [62]. Exogenous ABA, GA
and ethylene increased the levels of phenolic acids by activating the PAL and TAT in
Salvia miltiorrhiza hairy roots [63]. DELLA would inhibit the transcriptional activation of
downstream target genes by binding to PIF3 and PIF4 [64–66]. In Tripterygium wilfordii
suspension cells, the contents of triptolide and triptolide increased significantly with
exogenous ABA after 10 days [67], and the expression of AACT, MCT, CMK and CYP450 in
terpenoids biosynthesis increased significantly by exogenous MeJA [68]. The content of
total essential oil was significantly increased by exogenous BR in Mentha canadensis [69].
Under MeJA treatment, the expression of ODC, ADC, PMT, QPRT and bHLH in nicotine
biosynthesis were up-regulated, which affected the accumulation of nicotine and other
pyridine organisms in Nicotiana tabacum [70]. JAZ8 participated in the biosynthesis of
phenolic acids in Salvia miltiorrhiza under MeJA treatment [71]. Over-expression ORCA3
enhanced the expression of Tdc, Str, and D4h in terpenoid biosynthetic genes increased the
accumulation of terpenoid indole alkaloids in Catharanthus roseus [72,73]. MeJA induced
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the expression of JA biosynthesis and signaling pathway genes, and the transcription
factor MYC2 was released from JAZ to transcribe and activate the down-stream response
genes in Arabidopsis [74–76], Hevea brasiliensis [77], Nicotiana tabacum [78], Catharanthus
roseus [79], Chrysanthemum indicum [80] and Vitis vinifera [81]. In our study, many genes
showed differential expressions under MeJA treatment, e.g., ARF, DELLA, EIN3, JAZ, MYC2,
further study of these genes is required. Thus, 100 µM MeJA could significantly induce
the genes of JA biosynthesis and signal transduction and inhibit certain hormone signal
transduction, especially SA signal transduction. MeJA could regulate the biosynthesis of
secondary metabolites via the complex network of plant hormone signal transduction in
rosemary suspension cells, such as terpenoids, flavonoids.

4.4. Transcription Factors Played an Important Role in Rosemary Suspension Cells Responding
to MeJA

TFs played a key role in plant growth, development, secondary metabolism and
resistance to stress [82]. In Salvia miltiorrhiza, PAP1 could induce the expression of PAL,
C4H and CHS to promote the accumulation of anthocyanins [83], MYB39 and MYB4
could negatively regulate the synthesis of rosmarinic acid [84,85], ERF115 had different
regulatory effects on salvianolic acid and tanshinone in different tissues and organs [86].
MYC2 mediated plant responding to stress, regulated the genes in the biosynthesis of
many secondary metabolites [87]. AP2/ERF, bHLH, MYB, NAC, WRKY and bZIP TFs
families were related to the metabolism of terpenoids, MYB and bHLH could induce plant
anthocyanin accumulation [88,89]. In Arabidopsis, several R2R3-MYB were involved in
the regulation of flavonoid biosynthesis [90–92], MYB4 negative controlled sinapate ester
biosynthesis through down-regulated C4H in a UV-dependent manner [93], MYB11, -12,
-111 regulated flavonol biosynthesis by up-regulated CHS, CHI, F3H, F3’H and FLS [90,94],
MYB75, -90, -113, -114 controlled anthocyanin biosynthesis in vegetative [95], MYB123
controlled the biosynthesis of proanthocyanidins in the seed coat [96]. MYB5, -14 played a
key role in seed coat polymer biosynthesis in Medicago truncatula [97]. OsWRKY13 was an
important TF to resist the infection of rice blast fungus by directly or indirectly regulating
the genes of SA and JA signaling pathway [98]. Over-expression li049, the expressions
of genes related to lignan biosynthesis were significantly up-regulated and the content
was increased in Isatis indigotica hairy root [99]. TcDRREB regulated the key gene of
the paclitaxel synthesis pathway to increase the content of paclitaxel increased with JA
treatment in Taxus suspension cells [100]. DELLA could interact with JAZ1, reduce the
inhibition of JAZ1 to MYC2 in Arabidopsis [101]. RIM1 was a negative regulator for JA
signaling in Rice [102]. In our study, the classification of them showed that MYB was most
related to MeJA. R2R3-MYB were differentially expressed under MeJA treatment, MYB111
was significantly up-regulated under 50 and 100 µM MeJA, and down-regulated under
10 µM MeJA. Therefore, MeJA might play a regulatory role in the synthesis of rosmarinic
acid, terpenoids, flavonoids and other metabolites by including the MYB, AP2-EREBP,
MYC2 and DELLA in rosemary suspension cells.

In conclusion, MeJA increased the activities of PAL, SOD, POD, CAT and PPO, and
reduced the contents of H2O2 and MDA, thus accelerated the ROS scavenging. A compar-
ative analysis of global gene expression patterns provided subsets of DEGs in rosemary
suspension cells under MeJA treatment. Our study revealed the expression profiles of
genes involved in plant hormones signaling pathway, flavonoids, terpenoid backbone
and phenylpropanoid biosynthesis pathway, TFs, indicating their regulatory role in the
synthesis of the active compounds in rosemary suspension cells under MeJA treatment. We
suggested a feasible working model based on the result (Figure 9). These transcriptomic
data provided new insights into future functional studies, as a means of studying the
molecular mechanisms on the biosynthesis of active compounds and the mining of key
enzyme genes in rosemary suspension cells.
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I. Differential induction of Pisum sativum defense signaling molecules in response to pea aphid infestation. Plant Sci. 2014, 221,
1–12. [CrossRef]

14. Qiqing, C.; Yunfei, H.; Geng, L.; Yujia, L.; Wei, G.; Luqi, H. Effects of Combined Elicitors on Tanshinone Metabolic Profiling and
SmCPS Expression in Salvia miltiorrhiza Hairy Root Cultures. Molecules 2013, 18, 7473–7485.

15. Zhang, S.; Yan, Y.; Wang, B.; Liang, Z.; Liu, Y.; Liu, F.; Qi, Z. Selective responses of enzymes in the two parallel pathways of
rosmarinic acid biosynthetic pathway to elicitors in Salvia miltiorrhiza hairy root cultures. J. Biosci. Bioeng. 2014, 117, 645–651.
[CrossRef] [PubMed]

16. Wang, H.; Yang, J.; De Ng, K.; He, X.; Zhan, R.; Liang, T. Methyl Jasmonate Affects Metabolism and Gene Transcription of Volatile
Terpenoids from Amomum villosum Lour. Mod. Tradit. Chin. Med. Mater. Med.-World Sci. Technol. 2014, 16, 1528–1536.

17. Zhang, W.J.; Cao, X.Y.; Jiang, J.H. Triterpene biosynthesis in Euphorbia pekinensis induced by methyl jasmonate. Guihaia 2015, 35,
590–596.

18. Zhang, L.; Yang, B.; Lu, B.; Kai, G.; Wang, Z.; Xia, Y.; Ding, R.; Zhang, H.; Sun, X.; Chen, W.; et al. Tropane alkaloids production in
transgenic Hyoscyamus niger hairy root cultures over-expressing Putrescine N-methyltransferase is methyl jasmonate-dependent.
Planta 2007, 225, 887–896. [CrossRef]

19. Xiao, Y.; Gao, S.; Di, P.; Chen, J.; Zhang, L. Methyl jasmonate dramatically enhances the accumulation of phenolic acids in Salvia
miltiorrhiza hairy root cultures. Physiol. Plant. 2010, 137, 1–9. [CrossRef]

20. Adio, A.M.; Casteel, C.L.; Vos, M.D.; Kim, J.H.; Joshi, V.; Li, B.; Juéry, C.; Daron, J.; Jander, K.G. Biosynthesis and Defensive
Function of Nd-Acetylornithine, a Jasmonate-Induced Arabidopsis Metabolite C W. Plant Cell 2011, 23, 3303–3318. [CrossRef]

21. Zhang, H.; Hedhili, S.; Montiel, G.; Zhang, Y.; Chatel, G.; Pré, M.; Gantet, P.; Memelink, J. The basic helix-loop-helix transcrip-
tion factor CrMYC2 controls the jasmonate-responsive expression of the ORCA genes that regulate alkaloid biosynthesis in
Catharanthus roseus. Plant J. 2011, 67, 61–71. [CrossRef]

22. Boer, K.D.; Tilleman, S.; Pauwels, L.; Bossche, R.V.; Sutter, V.D.; Vanderhaeghen, R.; Hilson, P.; Hamill, J.D.; Goossens, A.
APETALA2/ETHYLENE RESPONSE FACTOR and basic helix-loop-helix tobacco transcription factors cooperatively mediate
jasmonate-elicited nicotine biosynthesis. Plant J. 2011, 66, 1053–1065. [CrossRef] [PubMed]

23. Shoji, T.; Hashimoto, K.T. Clustered Transcription Factor Genes Regulate Nicotine Biosynthesis in Tobacco. Plant Cell 2010, 22,
3390–3409. [CrossRef]

http://doi.org/10.3390/ijms151120585
http://www.ncbi.nlm.nih.gov/pubmed/25391044
http://doi.org/10.1021/jf100332w
http://doi.org/10.1002/1099-1565(200007/08)11:4&lt;236::AID-PCA503&gt;3.0.CO;2-B
http://doi.org/10.1021/jf040078p
http://doi.org/10.1016/j.foodchem.2014.06.019
http://doi.org/10.1016/S1995-7645(14)60298-4
http://doi.org/10.1007/s13197-015-1774-7
http://doi.org/10.1002/jsfa.6914
http://www.ncbi.nlm.nih.gov/pubmed/25214375
http://doi.org/10.1139/cjpp-2014-0513
http://www.ncbi.nlm.nih.gov/pubmed/26059423
http://doi.org/10.1016/j.cofs.2015.02.002
http://doi.org/10.1016/j.jff.2014.12.038
http://doi.org/10.1007/s11240-010-9804-7
http://doi.org/10.1016/j.plantsci.2014.01.011
http://doi.org/10.1016/j.jbiosc.2013.10.013
http://www.ncbi.nlm.nih.gov/pubmed/24220646
http://doi.org/10.1007/s00425-006-0402-1
http://doi.org/10.1111/j.1399-3054.2009.01257.x
http://doi.org/10.1105/tpc.111.088989
http://doi.org/10.1111/j.1365-313X.2011.04575.x
http://doi.org/10.1111/j.1365-313X.2011.04566.x
http://www.ncbi.nlm.nih.gov/pubmed/21418355
http://doi.org/10.1105/tpc.110.078543


Genes 2022, 13, 67 19 of 21

24. Caretto, S.; Quarta, A.; Durante, M.; Nisi, R.; De Paolis, A.; Blando, F.; Mita, G. Methyl jasmonate and miconazole differently
affect arteminisin production and gene expression in Artemisia annua suspension cultures. Plant Biol. 2011, 13, 51–58. [CrossRef]
[PubMed]

25. De Geyter, N.; Gholami, A.; Goormachtig, S.; Goossens, A. Transcriptional machineries in jasmonate-elicited plant secondary
metabolism. Trends Plant Sci. 2012, 17, 349–359. [CrossRef]

26. Spyropoulou, E.A.; Haring, M.A.; Schuurink, R.C. RNA sequencing on Solanum lycopersicum trichomes identifies transcription
factors that activate terpene synthase promoters. BMC Genom. 2014, 15, 1–16. [CrossRef]

27. Chen, R.-B.; Liu, J.-H.; Xiao, Y.; Zhang, F.; Chen, J.-F.; Ji, Q.; Tan, H.-X.; Huang, X.; Feng, H.; Huang, B.-K.; et al. Deep Sequencing
Reveals the Effect of MeJA on Scutellarin Biosynthesis in Erigeron breviscapus. PLoS ONE 2015, 10, e0143881. [CrossRef]

28. Misra, R.C.; Maiti, P.; Chanotiya, C.; Shanker, K.; Ghosh, S.; Petit, J.; Bres, C.; Just, D.; Garcia, V.; Mauxion, J.-P.; et al. Methyl
Jasmonate-Elicited Transcriptional Responses and Pentacyclic Triterpene Biosynthesis in Sweet Basil. Plant Physiol. 2014, 164,
1028–1044. [CrossRef]

29. Chen, R.; Li, Q.; Tan, H.; Chen, J.; Ying, X.; Ma, R.; Gao, S.; Philipp, Z.; Chen, W.; Zhang, L. Gene-to-Metabolite network for
biosynthesis of lignans in MeJA-elicited Isatis indigotica hairy root cultures. Front. Plant Sci. 2015, 6, 952. [CrossRef]

30. Chen, J.; Dong, X.; Li, Q.; Zhou, X.; Gao, S.; Chen, R.; Sun, L.; Zhang, L.; Chen, W. Biosynthesis of the active compounds of Isatis
indigotica based on transcriptome sequencing and metabolites profiling. BMC Genom. 2013, 14, 857. [CrossRef] [PubMed]

31. Zhang, K.; Luo, Z.; Guo, Y.; Mo, C.; Tu, D.; Ma, X.; Bai, L. Methyl jasmonate-induced accumulation of metabolites and
transcriptional responses involved in triterpene biosynthesis in Siraitia grosvenorii fruit at different growing stages. Acta Soc. Bot.
Pol. 2016, 85, 3503. [CrossRef]

32. Cao, X.W.; Jie, Y.; Lei, J.L.; Li, J.; Zhang, H.Y. De novo Transcriptome Sequencing of MeJA-Induced Taraxacum koksaghyz Rodin
to Identify Genes Related to Rubber Formation. Sci. Rep. 2017, 7, 15697. [CrossRef] [PubMed]

33. Sun, G.L.; Yang, Y.F.; Xie, F.L.; Wen, J.F.; Wilson, J.Q. Deep Sequencing Reveals Transcriptome Re-Programming of Taxus x media
Cells to the Elicitation with Methyl Jasmonate. PLoS ONE 2013, 4, e62865.

34. Zhao, Y.; Liu, T.; Luo, J.; Zhang, Q.; Xu, S.; Han, C.; Xu, J.; Chen, M.; Chen, Y.; Kong, L. Integration of a Decrescent Transcriptome
and Metabolomics Dataset of Peucedanum praeruptorum to Investigate the CYP450 and MDR Genes Involved in Coumarins
Biosynthesis and Transport. Front. Plant Sci. 2015, 6, 996. [CrossRef]

35. Wang, L.K.; Feng, Z.X.; Wang, X.; Wang, X.W. DEGseq: An R package for identifying differentially expressed genes from RNA-seq
data. Bioinformatics 2010, 26, 136–138. [CrossRef]

36. Hammerschmidt, R. Induced disease resistance: How do induced plants stop pathogens? Physiol. Mol. Plant Pathol. 1999, 55,
77–84. [CrossRef]

37. Huang, X.; Stettmaier, K.; Michel, C.; Hutzler, P.; Mueller, M.J. Nitric oxide is induced by wounding and influences jasmonic acid
signaling in Arabidopsis thaliana. Planta 2004, 218, 938–946. [CrossRef]

38. Rohmer, M. Mevalonate-Independent methylerythritol phosphate pathway for isoprenoid biosynthesis. Elucidation and distribu-
tion. Pure Appl. Chem. 2003, 75, 375–388. [CrossRef]

39. Li, S.-T.; Zhang, P.; Fu, C.-H.; Zhao, C.-F.; Dong, Y.-S.; Guo, A.-Y.; Yu, L.-J. Transcriptional profile of Taxus chinensis cells in
response to methyl jasmonate. BMC Genom. 2012, 13, 295–305. [CrossRef]

40. Rohdich, F.; Hecht, S.; Gärtner, K.; Adam, P.; Krieger, C.; Amslinger, S.; Arigoni, D.; Bacher, A.; Eisenreich, W. Studies on the
nonmevalonate terpene biosynthetic pathway: Metabolic role of IspH (LytB) protein. Proc. Natl. Acad. Sci. USA 2002, 99,
1158–1163. [CrossRef] [PubMed]

41. Percudani, R.; Peracchi, A. The B6 database: A tool for the description and classification of vitamin B6-dependent enzymatic
activities and of the corresponding protein families. BMC Bioinform. 2009, 10, 273. [CrossRef]

42. Mooney, S.; Hellmann, H. Vitamin B6: Killing two birds with one stone? ScienceDirect. Phytochem. 2010, 71, 495–501. [CrossRef]
43. Raschke, M.; Boycheva, S.; Crèvecoeur, M.; Nunes-Nesi, A.; Witt, S.; Fernie, A.R.; Amrhein, N.; Fitzpatrick, T.B. Enhanced levels

of vitamin B6 increase aerial organ size and positively affect stress tolerance in Arabidopsis. Plant J. 2011, 66, 414–432. [CrossRef]
[PubMed]

44. Mandl, J.; Szarka, A.; Bánhegyi, G. Vitamin C: Update on physiology and pharmacology. Br. J. Pharmacol. 2009, 157, 1097–1110.
[CrossRef]

45. Pastori, G.M.; Kiddle, G.; Antoniw, J.; Bernard, S.; Jovanovic, S.V.; Verrier, P.J.; Noctor, G.; Foyer, C.H. Leaf Vitamin C Contents
Modulate Plant Defense Transcripts and Regulate Genes That Control Development through Hormone Signaling. Plant Cell 2003,
15, 939–951. [CrossRef] [PubMed]

46. Uchendu, E.E.; Leonard, S.W.; Traber, M.G.; Reed, B.M. Vitamins C and E improve regrowth and reduce lipid peroxidation of
blackberry shoot tips following cryopreservation. Plant Cell Rep. 2010, 29, 25–35. [CrossRef]

47. Mahajan, S.; Pandey, G.K.; Tuteja, N. Calcium- and salt-stress signaling in plants: Shedding light on SOS pathway. Arch. Biochem.
Biophys. 2008, 471, 146–158. [CrossRef]

48. Lushchak, V.I. Adaptive response to oxidative stress: Bacteria, fungi, plants and animals. Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 2011, 153, 175–190. [CrossRef]

49. Meyer, M.; Schreck, R.; Baeuerle, P.A. H2O2 and antioxidants have opposite effects on activation of NF-kappa B and AP-1 in
intact cells: AP-1 as secondary antioxidant-responsive factor. EMBO J. 1993, 12, 2005–2015. [CrossRef]

http://doi.org/10.1111/j.1438-8677.2009.00306.x
http://www.ncbi.nlm.nih.gov/pubmed/21143725
http://doi.org/10.1016/j.tplants.2012.03.001
http://doi.org/10.1186/1471-2164-15-402
http://doi.org/10.1371/journal.pone.0143881
http://doi.org/10.1104/pp.113.232884
http://doi.org/10.3389/fpls.2015.00952
http://doi.org/10.1186/1471-2164-14-857
http://www.ncbi.nlm.nih.gov/pubmed/24308360
http://doi.org/10.5586/asbp.3503
http://doi.org/10.1038/s41598-017-14890-z
http://www.ncbi.nlm.nih.gov/pubmed/29146946
http://doi.org/10.3389/fpls.2015.00996
http://doi.org/10.1093/bioinformatics/btp612
http://doi.org/10.1006/pmpp.1999.0215
http://doi.org/10.1007/s00425-003-1178-1
http://doi.org/10.1351/pac200375020375
http://doi.org/10.1186/1471-2164-13-295
http://doi.org/10.1073/pnas.032658999
http://www.ncbi.nlm.nih.gov/pubmed/11818558
http://doi.org/10.1186/1471-2105-10-273
http://doi.org/10.1016/j.phytochem.2009.12.015
http://doi.org/10.1111/j.1365-313X.2011.04499.x
http://www.ncbi.nlm.nih.gov/pubmed/21241390
http://doi.org/10.1111/j.1476-5381.2009.00282.x
http://doi.org/10.1105/tpc.010538
http://www.ncbi.nlm.nih.gov/pubmed/12671089
http://doi.org/10.1007/s00299-009-0795-y
http://doi.org/10.1016/j.abb.2008.01.010
http://doi.org/10.1016/j.cbpc.2010.10.004
http://doi.org/10.1002/j.1460-2075.1993.tb05850.x


Genes 2022, 13, 67 20 of 21

50. Harfouche, A.; Rugini, E.; Mencarelli, F.; Botondi, R.; Muleo, R. Salicylic acid induces H2O2 production and endochitinase gene
expression but not ethylene biosynthesis in Castanea sativa in vitro model system. J. Plant Physiol. 2008, 165, 734–744. [CrossRef]

51. Han, R.-B.; Yuan, Y.-J. Oxidative Burst in Suspension Culture of Taxus cuspidate Induced by a Laminar Shear Stress in Short-Term.
Biotechnol. Prog. 2004, 20, 507–513. [CrossRef]

52. Luo, Y.-L.; Song, S.-Q.; Lan, Q.-Y. Possible Involvement of Enzymatic and Non-enzymatic Antioxidant System in Acquisition of
Desiccation Tolerance of Maize Embryos. Acta Bot. Yunnanica 2009, 31, 253–259. [CrossRef]

53. Wang, B.; Zhang, T.X.; Du, H.W.; Zhao, Q.; Meng, X.C. Effect of peg on secondary metabolites in suspension cells of scutellaria
baicalensis georgi. Acta Med. Mediterr. 2020, 36, 2307–2312.

54. Wang, B.; Zhang, T.; Li, Y.; Zhao, Q.; Meng, X. Effect of Sodium Hydrosulfite on Secondary Metabolite Flavonoids in Suspension
Cells of Scutellaria baicalensis Georgi. Lat. Am. J. Pharm. 2020, 39, 1708–1714.

55. Islam, M.M.; Hoque, A.; Okuma, E.; Banu, M.N.A.; Shimoishi, Y.; Nakamura, Y.; Murata, Y. Exogenous proline and glycinebetaine
increase antioxidant enzyme activities and confer tolerance to cadmium stress in cultured tobacco cells. J. Plant Physiol. 2009, 166,
1587–1597. [CrossRef] [PubMed]

56. Li, M.Y.; Yang, F.; Han, P.L.; Zhou, W.L.; Wang, J.H.; Yan, X.F.; Lin, J.X. Research progress on the mechanism of root exudates in
response to abiotic stresses. Chin. J. Appl. Environ. Biol. 2021, 4, 1–13. [CrossRef]

57. Liu, X.M.; Xu, Q.L.; Li, Q.Q.; Zhang, H.; Xiao, J.X. Physiological responses of the two blueberry cultivars to inoculation with an
arbuscular mycorrhizal fungus under low-temperature stress. J. Plant Nutr. 2017, 40, 2562–2570. [CrossRef]

58. Al-Gubory, K.H.; Fowler, P.A.; Garrel, C. The roles of cellular reactive oxygen species, oxidative stress and antioxidants in
pregnancy outcomes. Int. J. Biochem. Cell Biol. 2010, 42, 1634–1650. [CrossRef]

59. Zhao, J.; Davis, L.C.; Verpoorte, R. Elicitor signal transduction leading to production of plant secondary metabolites. Biotechnol.
Adv. 2005, 23, 283–333. [CrossRef]

60. Nagpal, P.; Ellis, C.M.; Weber, H.; Ploense, S.E.; Barkawi, L.S.; Guilfoyle, T.J.; Hagen, G.; Alonso, J.M.; Cohen, J.D.; Farmer, E.E.;
et al. Auxin response factors ARF6 and ARF8 promote jasmonic acid production and flower maturation. Development 2005, 132,
4107–4118. [CrossRef]

61. Robert-Seilaniantz, A.; MacLean, D.; Jikumaru, Y.; Hill, L.; Yamaguchi, S.; Kamiya, Y.; Jones, J.D. The microRNA miR393 re-directs
secondary metabolite biosynthesis away from camalexin and towards glucosinolates. Plant J. 2011, 67, 218–231. [CrossRef]

62. Yahia, A.; Kevers, C.; Gaspar, T.; Chénieux, J.-C.; Rideau, M.; Crèche, J. Cytokinins and ethylene stimulate indole alkaloid
accumulation in cell suspension cultures of Catharanthus roseus by two distinct mechanisms. Plant Sci. 1998, 133, 9–15.
[CrossRef]

63. Liang, Z.; Ma, Y.; Xu, T.; Cui, B.; Liu, Y.; Guo, Z.; Yang, D. Effects of Abscisic Acid, Gibberellin, Ethylene and Their Interactions on
Production of Phenolic Acids in Salvia miltiorrhiza Bunge Hairy Roots. PLoS ONE 2013, 8, e72806. [CrossRef]

64. Min, L.; Li, Y.; Hu, Q.; Zhu, L.; Gao, W.; Wu, Y.; Ding, Y.; Liu, S.; Yang, X.; Zhang, X. Sugar and Auxin Signaling Pathways
Respond to High-Temperature Stress during Anther Development as Revealed by Transcript Profiling Analysis in Cotton. Plant
Physiol. 2014, 164, 1293–1308. [CrossRef]

65. Stephenson, P.G.; Fankhauser, C.; Terry, M.J. PIF3 is a repressor of chloroplast development. Proc. Natl. Acad. Sci. USA 2009, 106,
7654–7659. [CrossRef] [PubMed]

66. Yang, D.-L.; Yao, J.; Mei, C.-S.; Tong, X.-H.; Zeng, L.-J.; Li, Q.; Xiao, L.-T.; Sun, T.-P.; Li, J.; Deng, X.-W.; et al. Plant hormone
jasmonate prioritizes defense over growth by interfering with gibberellin signaling cascade. Proc. Natl. Acad. Sci. USA 2012, 109,
E1192–E1200. [CrossRef]

67. Rui, Z.; Wu, X.; Ma, B.; Shang, C.; Wang, X.; Wei, G.; Huang, L. Effects of Different Concentration of ABA on Terpenoid in Cell of
Radix Folium seu Flos Tripterygii Wilfordii. World Chin. Med. 2018, 13, 264–270.

68. Gao, J.; Zhang, Y.-F.; Zhou, J.-W.; Wu, X.-Y.; Gao, W.; Huang, L.-Q. Bioinformatics and tissue distribution analysis of Tripterygium
wilfordii CYP450. China J. Chin. Mater. Med. 2019, 44, 3594–3600.

69. Çoban, Ö.; Baydar, N.G. Brassinosteroid effects on some physical and biochemical properties and secondary metabolite accumu-
lation in peppermint (Mentha piperita L.) under salt stress. Ind. Crop. Prod. 2016, 86, 251–258. [CrossRef]

70. Urtasun, N.; García, S.C.; Iusem, N.D.; Moretti, M.B. Predominantly Cytoplasmic Localization in Yeast of ASR1, a Non-Receptor
Transcription Factor from Plants. Open Biochem. J. 2010, 4, 68–71. [CrossRef]

71. Ge, Q.; Zhang, Y.; Hua, W.-P.; Wu, Y.-C.; Jin, X.-X.; Song, S.-H.; Wang, Z.-Z. Combination of transcriptomic and metabolomic
analyses reveals a JAZ repressor in the jasmonate signaling pathway of Salvia miltiorrhiza. Sci. Rep. 2015, 5, 14048. [CrossRef]
[PubMed]

72. van der Fits, L.; Memelink, J. ORCA3, a Jasmonate-Responsive Transcriptional Regulator of Plant Primary and Secondary
Metabolism. Science 2000, 289, 295–297. [CrossRef]

73. Leslie, V.D.F.; Memelink, J. The jasmonate-inducible AP2/ERF-domain transcription factor ORCA3 activates gene expression via
interaction with a jasmonate-responsive promoter element. Plant J. 2010, 25, 43–53.

74. Turner, J.G.; Devoto, E.A. The Jasmonate Signal Pathway. Plant Cell 2002, 14, S153–S164. [CrossRef]
75. Dixon, R.A.; Achnine, L.; Kota, P.; Liu, C.-J.; Reddy, M.S.S.; Wang, L. The phenylpropanoid pathway and plant defence-a genomics

perspective. Mol. Plant Pathol. 2002, 3, 371–390. [CrossRef] [PubMed]
76. Chini, A.; Fonseca, S.; Fernandez, G.; Adie, B.; Chico, J.M.; Lorenzo, O.; Garciacasado, G.; Lopezvidriero, I.; Lozano, F.M.; Ponce,

M.R.; et al. The JAZ family of repressors is the missing link in jasmonate signalling. Nature 2007, 448, 666–671. [CrossRef]

http://doi.org/10.1016/j.jplph.2007.03.010
http://doi.org/10.1021/bp034242p
http://doi.org/10.3724/SP.J.1143.2009.08227
http://doi.org/10.1016/j.jplph.2009.04.002
http://www.ncbi.nlm.nih.gov/pubmed/19423184
http://doi.org/10.19675/j.cnki.1006-687x.2021.3011
http://doi.org/10.1080/01904167.2017.1380823
http://doi.org/10.1016/j.biocel.2010.06.001
http://doi.org/10.1016/j.biotechadv.2005.01.003
http://doi.org/10.1242/dev.01955
http://doi.org/10.1111/j.1365-313X.2011.04591.x
http://doi.org/10.1016/S0168-9452(98)00014-4
http://doi.org/10.1371/journal.pone.0072806
http://doi.org/10.1104/pp.113.232314
http://doi.org/10.1073/pnas.0811684106
http://www.ncbi.nlm.nih.gov/pubmed/19380736
http://doi.org/10.1073/pnas.1201616109
http://doi.org/10.1016/j.indcrop.2016.03.049
http://doi.org/10.2174/1874091X01004010068
http://doi.org/10.1038/srep14048
http://www.ncbi.nlm.nih.gov/pubmed/26388160
http://doi.org/10.1126/science.289.5477.295
http://doi.org/10.1105/tpc.000679
http://doi.org/10.1046/j.1364-3703.2002.00131.x
http://www.ncbi.nlm.nih.gov/pubmed/20569344
http://doi.org/10.1038/nature06006


Genes 2022, 13, 67 21 of 21

77. Tian, W.-W.; Huang, W.-F.; Zhao, Y. Cloning and characterization of HbJAZ1 from the laticifer cells in rubber tree (Hevea brasiliensis
Muell. Arg.). Trees Struct. Funct. 2010, 24, 771–779. [CrossRef]

78. Vanholme, B.; Grunewald, W.; Bateman, A.; Kohchi, T.; Gheysen, G. The tify family previously known as ZIM. Trends Plant Sci.
2007, 12, 239–244. [CrossRef] [PubMed]

79. Kazan, K.; Manners, J.M. Jasmonate Signaling: Toward an Integrated View. Plant Physiol. 2008, 146, 1459–1468. [CrossRef]
80. Gao, W.J. Mining and Functional Analysis of Genes Involved in the Biosynthetic of Terpenoids of Chrysanthemum Indicum Var. Aromaticum

Induced by Methyl Jasmonate; Northeast Forestry University: Haerbin, China, 2019.
81. Men, L.; Yan, S.; Liu, G. De novo characterization of Larix gmelinii (Rupr.) Rupr. transcriptome and analysis of its gene expression

induced by jasmonates. BMC Genom. 2013, 14, 548. [CrossRef] [PubMed]
82. Wang, H.; Wang, H.; Shao, H.; Tang, X. Recent Advances in Utilizing Transcription Factors to Improve Plant Abiotic Stress

Tolerance by Transgenic Technology. Front. Plant Sci. 2016, 7, 67. [CrossRef]
83. Li, J.; Chen, C.; Wang, Z.-Z. The complete chloroplast genome of the Dendrobium strongylanthum (Orchidaceae: Epidendroideae).

Mitochondrial DNA Part A 2015, 27, 3048–3049. [CrossRef]
84. Zhang, S.; Ma, P.; Yang, D.; Li, W.; Liang, Z.; Liu, Y.; Liu, F. Cloning and Characterization of a Putative R2R3 MYB Transcriptional

Repressor of the Rosmarinic Acid Biosynthetic Pathway from Salvia miltiorrhiza. PLoS ONE 2013, 8, e73259. [CrossRef]
85. Song, J.; Wang, Z. RNAi-Mediated suppression of the phenylalanine ammonia-lyase gene in Salvia miltiorrhiza causes abnormal

phenotypes and a reduction in rosmarinic acid biosynthesis. J. Plant Res. 2011, 124, 183–192. [CrossRef]
86. Hickman, R.; Van Verk, M.C.; Van Dijken, A.J.H.; Mendes, M.P.; Vroegop-Vos, I.A.; Caarls, L.; Steenbergen, M.; Van der Nagel, I.;

Wesselink, G.J.; Jironkin, A.; et al. Architecture and Dynamics of the Jasmonic Acid Gene Regulatory Network. Plant Cell 2017, 29,
2086–2105. [CrossRef] [PubMed]

87. Xu, Y.; Zhu, C.; Xu, C.; Sun, J.; Grierson, D.; Zhang, B.; Chen, K. Integration of Metabolite Profiling and Transcriptome Analysis
Reveals Genes Related to Volatile Terpenoid Metabolism in Finger Citron (C. medica var. sarcodactylis). Molecules 2019, 24, 2564.
[CrossRef]

88. Outchkourov, N.S.; Carollo, C.A.; Gomez-Roldan, V.; De Vos, R.C.H.; Bosch, D.; Hall, R.D.; Beekwilder, J. Control of anthocyanin
and non-flavonoid compounds by anthocyanin-regulating MYB and bHLH transcription factors in Nicotiana benthamiana leaves.
Front. Plant Sci. 2014, 5. [CrossRef]

89. Dubos, C.; Stracke, R.; Grotewold, E.; Weisshaar, B.; Martin, C.; Lepiniec, L. MYB transcription factors in Arabidopsis. Trends
Plant Sci. 2010, 15, 573–581. [CrossRef]

90. Czemmel, S.; Heppel, S.C.; Bogs, J. R2R3 MYB transcription factors: Key regulators of the flavonoid biosynthetic pathway in
grapevine. Protoplasma 2012, 249, 109–118. [CrossRef] [PubMed]

91. Escaray, F.J.; Passeri, V.; Perea-García, A.; Antonelli, C.J.; Damiani, F.; Ruiz, O.A.; Paolocci, F. The R2R3-MYB TT2b and the bHLH
TT8 genes are the major regulators of proanthocyanidin biosynthesis in the leaves of Lotus species. Planta 2017, 246, 243–261.
[CrossRef]

92. Jin, H.; Cominelli, E.; Bailey, P.; Parr, A.; Mehrtens, F.; Jones, J.; Tonelli, C.; Weisshaar, B.; Martin, C. Transcriptional repression by
AtMYB4 controls production of UV-protecting sunscreens in Arabidopsis. EMBO J. 2000, 19, 6150–6161. [CrossRef]

93. Wang, F.; Kong, W.; Wong, G.; Fu, L.; Peng, R.; Li, Z.; Yao, Q. AtMYB12 regulates flavonoids accumulation and abiotic stress
tolerance in transgenic Arabidopsis thaliana. Mol. Genet. Genom. 2016, 291, 1545–1559. [CrossRef]

94. Gonzalez, A.; Zhao, M.; Leavitt, J.M.; Lloyd, A.M. Regulation of the anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb
transcriptional complex in Arabidopsis seedlings. Plant J. 2010, 53, 814–827. [CrossRef]

95. Lepiniec, L.; Debeaujon, I.; Routaboul, J.-M.; Baudry, A.; Pourcel, L.; Nesi, N.; Caboche, M. Genetics and biochemistry of seed
flavonoids. Annu. Rev. Plant Biol. 2006, 57, 405–430. [CrossRef]

96. Liu, C.; Jun, J.H.; Dixon, R.A. MYB5 and MYB14 Play Pivotal Roles in Seed Coat Polymer Biosynthesis in Medicago truncatula.
Plant Physiol. 2014, 165, 1424–1439. [CrossRef]

97. Schluttenhofer, C.; Yuan, L. Regulation of Specialized Metabolism by WRKY Transcription Factors. Plant Physiol. 2015, 167,
295–306. [CrossRef]

98. Sun, M.; Shi, M.; Wang, Y.; Huang, Q.; Yuan, T.; Wang, Q.; Wang, C.; Zhou, W.; Kai, G. The biosynthesis of phenolic acids
is positively regulated by the JA-responsive transcription factor ERF115 inSalvia miltiorrhiza. J. Exp. Bot. 2019, 70, 243–254.
[CrossRef]

99. Ma, R.; Xiao, Y.; Lv, Z.; Tan, H.; Chen, R.; Li, Q.; Chen, J.; Wang, Y.; Yin, J.; Zhang, L.; et al. AP2/ERF Transcription Factor, Ii049,
Positively Regulates Lignan Biosynthesis in Isatis indigotica through Activating Salicylic Acid Signaling and Lignan/Lignin
Pathway Genes. Front. Plant Sci. 2017, 8, 1361. [CrossRef]

100. Dai, Y.L.; Qin, Q.L.; Kong, D.L.; Zha, L.S.; Jin, X.J. Isolation and characterization of a novel cDNA encoding methyl jasmonate-
responsive transcription factor TcAP2 from Taxus cuspidata. Biotechnol. Lett. 2009, 31, 1801–1809. [CrossRef]

101. Feng, S.; Martinez, C.; Gusmaroli, G.; Wang, Y.; Zhou, J.; Wang, F.; Chen, L.; Yu, L.; Iglesias-Pedraz, J.M.; Kircher, S.; et al.
Coordinated regulation of Arabidopsis thaliana development by light and gibberellins. Nature 2008, 451, 475–479. [CrossRef]

102. Yoshii, M.; Yamazaki, M.; Rakwal, R.; Kishi-Kaboshi, M.; Miyao, A.; Hirochika, H. The NAC transcription factor RIM1 of rice is a
new regulator of jasmonate signaling. Plant J. 2010, 61, 804–815. [CrossRef]

http://doi.org/10.1007/s00468-010-0447-4
http://doi.org/10.1016/j.tplants.2007.04.004
http://www.ncbi.nlm.nih.gov/pubmed/17499004
http://doi.org/10.1104/pp.107.115717
http://doi.org/10.1186/1471-2164-14-548
http://www.ncbi.nlm.nih.gov/pubmed/23941306
http://doi.org/10.3389/fpls.2016.00067
http://doi.org/10.3109/19401736.2015.1063128
http://doi.org/10.1371/journal.pone.0073259
http://doi.org/10.1007/s10265-010-0350-5
http://doi.org/10.1105/tpc.16.00958
http://www.ncbi.nlm.nih.gov/pubmed/28827376
http://doi.org/10.3390/molecules24142564
http://doi.org/10.3389/fpls.2014.00519
http://doi.org/10.1016/j.tplants.2010.06.005
http://doi.org/10.1007/s00709-012-0380-z
http://www.ncbi.nlm.nih.gov/pubmed/22307206
http://doi.org/10.1007/s00425-017-2696-6
http://doi.org/10.1093/emboj/19.22.6150
http://doi.org/10.1007/s00438-016-1203-2
http://doi.org/10.1111/j.1365-313X.2007.03373.x
http://doi.org/10.1146/annurev.arplant.57.032905.105252
http://doi.org/10.1104/pp.114.241877
http://doi.org/10.1104/pp.114.251769
http://doi.org/10.1093/jxb/ery349
http://doi.org/10.3389/fpls.2017.01361
http://doi.org/10.1007/s10529-009-0068-4
http://doi.org/10.1038/nature06448
http://doi.org/10.1111/j.1365-313X.2009.04107.x

	Introduction 
	Materials and Methods 
	Plant Material and MeJA Treatments 
	RNA-Seq Library Construction 
	Sequencing, Assembly and Annotation of the Transcriptome 
	Quantification of Gene Expression Levels 
	Differential Expression Genes Analysis 
	GO and KEGG Enrichment Analyses of Differentially Expressed Genes 
	Validation of the DEGs by qRT-PCR 
	Measurement of Antioxidant Enzymes and Non-Enzymatic Antioxidants 
	Statistical Analysis 

	Results 
	Physiological and Biochemical Indexes of Rosemary Suspension Cells under Different Concentrations of MeJA 
	RNA-Seq Analysis of Rosemary Suspension Cells 
	Global Analysis of Gene Expression across the Four Distinct Samples under Different Concentrations of MeJA 
	GO Enrichment Analysis of DEGs in Rosemary Suspension Cells 
	KEGG Enrichment and Mapman Analysis of DEGs in Rosemary Suspension Cells 
	Differential Expression Analysis of Plant Hormone Signal Transduction Related Genes during Rosemary Suspension Cells under Different Concentrations of MeJA 
	Phenylpropanoid Biosynthesis Related Genes Were Differential Expressed during Rosemary Suspension Cells under Different Concentrations of MeJA 
	Terpenoid Biosynthesis Related Genes Were Differential Expressed during Rosemary Suspension Cells under Different Concentrations of MeJA 
	Transcription Factors Are Important in Rosemary Suspension Cells under Different Concentrations of MeJA 
	qRT-PCR Verification of DEGs Related to MeJA 

	Discussion 
	Phenylpropanoid and Terpenoid Pathway Were Closely Related to the Synthesis of Important Metabolite in Rosemary Suspension Cells 
	ROS Scavenging Systems Improved Tolerance of Rosemary Suspension Cells Responding to MeJA 
	Plant Hormone Signal Transduction Played a Key Role in Rosemary Suspension Cells Responding to MeJA 
	Transcription Factors Played an Important Role in Rosemary Suspension Cells Responding to MeJA 

	References

