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Abstract
The current study aimed to evaluate and compare the effect of different concentrations (0.0–200.0 µM) of jasmonic acid (JA), 
methyl jasmonate (MeJA), and salicylic acid (SA) on suspension culture mass production and untargeted metabolic profiling 
of the medicinal plant Cymbopogon schoenanthus subsp. proximus. The addition of 50 µM MeJA improved the fresh weight 
of embryogenic tissue significantly. MeJA and SA did not affect tissue dry weight, whereas JA significantly decreased it. 
Based on 1H and 1H–13C NMR data and NMR databases, 50 compounds were identified. The addition of stress hormones 
resulted in the biosynthesis of novel metabolites like theophylline and syringate that were absent in control samples. In 
addition, significant variations in the concentrations of numerous compounds, including sugars, amino acids, organic acids, 
phenols, and alkaloids, were observed. The upregulation of trigonelline concentration was observed upon the addition of 
a higher concentration of MeJA (200 µM), whereas all tested concentrations of SA resulted in its upregulation. Addition 
of JA and SA causes significant changes in aminoacyl-tRNA biosynthesis pathway and amino acid metabolism pathways, 
such as alanine-aspartate and glutamate metabolism and arginine and proline metabolism. MeJA had significant impacts on 
glycolysis and starch-glucose metabolism pathways in addition to amino acids metabolism pathways. The present findings 
were successful in demonstrating a correlation and distinction between the effects of JA, MeJA, and SA, on the metabolome 
of Cymbopogon schoenanthus, a valuable medicinal plant. The identified metabolites and their associated pathways would 
be valuable in future biotechnology applications of the genus Cymbopogon.

Key Message 
Exogenous application of stress hormones to Cymbopogon schoenanthus suspension culture impacted metabolic pathways 
involved in amino acids and protein metabolism, induced novel medicinal compounds (theophylline and syringate) and 
upregulated osmoprotectants.

Keywords Chemometrics analysis · Medicinal plants · Pathway enrichment · Stress hormones · JA · MeJA · SA

Introduction

The genus Cymbopogon, family Poaceae, comprises a large 
number of aromatic species which possess commercial impor-
tance in the fields of drug, food and cosmetics industries 
(Avoseh et al. 2015). Cymbopogon schoenanthus subsp. proxi-
mus is a densely tufted aromatic grass that grows at Gabel 
Elba and Egypt’s southern borders—an adequate habitat for 
growing the wild population (Sayed 1980). The wild plant 
has been utilized for centuries in folk medicine in treatment 
of renal calculi (Sayed 1980; Heiba and Rizk 1986). The wild 
plant shoot is a rich source of bioactive metabolites including 
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terpenoid, phenols and alkaloids, which are used in drug 
production and the cosmetics industries (Abdelsalam et al. 
2017; Malin et al. 2018). Proximol®, for example, is a wild 
plant-based medication used to expel urinary calculi and as 
an antispasmodic in the treatment of renal colic (Abdullah 
et al. 2021). The aerial part of the wild plant was found to 
have varied biological activities including antioxidant (Selim 
2011) and anticancer properties against human breast cancer 
and human colon adenocarcinoma cell lines (Yagi et al. 2020), 
antimicrobial activity (Moglad et al. 2020) and insecticidal 
activities (Hasaballah 2018).

Somatic embryogenesis and organogenesis are generally 
applied for regeneration and micropropagation in various 
Cymbopogon species, including Cymbopogon pendulus and 
Cymbopogon winterianus (Bhattacharya et al. 2010; Dey et al. 
2015). In previous work, we reported the effects of various fac-
tors such as media composition, growth regulators, and sugar 
concentrations on in vitro regeneration of Cymbopogon sch-
oenanthus subsp. proximus using various tissue culture tech-
niques such as suspension culture (El-Bakry and Abdelsalam 
2012), somatic embryogenesis (Abdelsalam et al. 2015), indi-
rect organogenesis (Abdelsalam et al. 2018), and direct tiller-
ing (Abdelsalam et al. 2017). In addition, the genetic fidelity 
of in vitro regenerated plants grown in different tissue culture 
techniques has been described (Abdelsalam et al. 2019).

Despite the economic significance of the genus Cym-
bopogon, phytochemical research has concentrated mostly 
on the essential oil content (Kaur et al. 2021; Kumar et al. 
2021), whereas the study of untargeted metabolic profiling 
is limited to a few studies. Untargeted metabolic profiling of 
Cymbopogon citratus (Madi et al. 2020) and Cymbopogon 
schoenanthus (Abdelsalam et al. 2017, 2021, 2022) have 
been reported. Also, the use of untargeted metabolomic pro-
filing in the distinguishing of Cymbopogon species has been 
demonstrated (Singh et al. 2017; Otify et al. 2022).

Stress hormone signals, such as salicylic acid (SA), 
abscisic acid (ABA), and jasmonic acid (JA) enable plants 
to adapt to biotic and abiotic conditions and enhance the 
production of bioactive metabolites (Nguyen et al. 2016). 
These stress hormones regulate a cascade of physiological 
and biochemical processes that increase the plant’s stress 
tolerance. For example, ABA closes stomata to reduce water 
loss and prevent microbe invasion, and it enhances the pro-
duction of osmoprotectant metabolites like proline (Bhar-
ath et al. 2021). JA stimulates the expression of antioxidant 
genes, and enhances the accumulation of osmo-protective 
metabolites (Tang et al. 2020; Wang et al. 2021). External 
application of SA leads to accumulation of a variety of sec-
ondary metabolites like phenols and alkaloids compounds 
(Ali 2021). As evidenced by transcriptome and metabo-
lome data, these effects are associated with alterations and 
complex interactions within the metabolic pathways. MeJA 
and SA enhanced the wheat plant’s resistance to Puccinia 

triticina caused fungal infection by modulating multiple 
metabolic pathways, such as phenyl alanine biosynthesis, 
which contributes to flavonoid biosynthesis and conse-
quently improved plant resistance to fungal infection (Kim 
et al. 2020). Chen et al. 2020 reported that the application 
of JA to Chrysanthemum enhanced the plant's resistance to 
western flower thrips via proteomic and metabolic modifi-
cations. SA and MeJA both triggered metabolic alterations 
in Jacobaea vulgaris and J. Aquatica with MeJA having a 
greater effect than SA (Wei et al. 2021). MeJA stimulated 
the production of osmoprotectant metabolites and secondary 
compounds in in vitro-regenerated Cymbopogon schoenan-
thus subsp. proximus shoots (Abdelsalam et al. 2021).

Cell suspension culture is an appropriate tool for the 
study and exploration of different biological processes in 
the plant cell as well as in the production of secondary 
metabolites as it produces large amounts of uniform material 
in a relatively short time frame (Casimiro et  al. 2023). 
Suspension culture is frequently used in the production of 
bioactive metabolites from economically valuable medicinal 
plants like Dracocephalum polychaetum (Taghizadeh 
et al. 2019), Dracocephalum kotschyi and D. polychaetum 
(Taghizadeh et al. 2020), and from Tanacetum parthenium 
(Pourianezhad et al. 2019). The effects of several biotic 
elicitors, particularly JA and SA, on the physiological and 
molecular characteristics of suspension culture of various 
plant species have been examined in many studies. They are 
considered to be efficient elicitors for the production of, for 
example, alkaloids from Papaver armeniacum (Naeini et al. 
2021) and improved the phenols and flavonoids content in 
Prunella vulgaris plants (Tang et al. 2022).

The metabolic reactions of cells in suspension cultures 
of genus Cymbopogon have not been thoroughly studied. 
Since the efficiency of biotechnological systems is tied 
to familiarity with the biosynthetic machinery of a given 
culture, investigating metabolomic changes is of the utmost 
importance.

The goal of the present study was to investigate and 
compare metabolomic changes, identify key metabolites, 
and determine the biological pathways and their impact, 
as associated with, the addition of different concentrations 
of jasmonic acid (JA), methyl jasmonate (MeJA), and 
salicylic acid (SA) to suspension culture of the wild grass 
Cymbopogon schoenanthus sub. proximus.

Materials and methods

Plant material

Mature inflorescences of C. Schoenanthus sub. proximus 
(Hochst. ex A.Rich.) Maire & Weiler were obtained from the 
botanical garden at Aswan University (coordinate location 
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24.0° N, 32.5° E) and stored in paper bags at 25 °C in the 
dark until use. Professor Hasnaa Hosni, professor of plant 
taxonomy, the Botany department, Cairo University, Egypt, 
identified the plant material. Three plant specimens were 
deposited in the Herbarium of the Faculty of Science at 
Helwan University in Egypt.

Establishment of embryogenic callus culture

As previously described (El-Bakry and Abdel-Salam 2012), 
the induction and maintenance of embryogenic calli have 
been performed. Briefly, healthy seeds were rinsed for 
15 min in tap water and then washed for 5 min in distilled 
water. The seed was surface sterilized by dipping it in 70% 
ethanol for 1 min before agitating for 20 min in 1.05% (v/v) 
sodium hypochlorite. Seeds were then rinsed three times 
each for 15 min in sterile double distilled water.

Embryogenic calli were induced by aseptically culturing 
sterile seeds for four weeks on Murashige and Skoog 
medium (Murashige and Skoog 1962) with B5 vitamins 
(Gamborg et al. 1968) (MSB5) medium, supplemented with 
1 mg/l 2,4-Dichlorophenoxy acetic acid (2,4-D) and 0.5 mg/l 
6-Benzyl amino purine (BAP), 3% sucrose and solidified 
using 2 g/l phytagel. After subculture on the same medium 
composition and growth regulator concentrations for 
another 6 weeks, friable, embryogenic calli were obtained. 
Embryogenic calli were incubated at 25 °C for 8 h under 
cool white, fluorescent light (3000 lx).

Cell suspension culture establishment

A preliminary investigation was conducted to determine the 
appropriate media composition, inoculum weight, growth 
curve, and liquid media addition for establishing efficient 
suspension cultures system and are described as follows:

1. 1. Effect of different inoculums weight on suspension 
culture

  Various weights of embryogenic callus (0.03, 0.06, 
0.125, 0.25, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 10  g) were 
inoculated into 25 ml MSB5 media supplemented (in 
100 ml Erlenmeyer flask) with 1 mg/l 2,4-D and 0.5 mg/l 
BAP (determined based on previous experiment results). 
After 4 weeks of culture initiation, fresh and dry weights 
were recorded. The growth rate was measured in terms 
of the growth index (GI) for both fresh and dry weights, 
which was computed using the following equation:

2. 2. Cell growth curve
  To determine the cell suspension culture growth 

curve 0.25 g of fresh embryogenic callus was added to 

GI = (final weight−initial weight)∕initial weight

25 ml MSB5 media supplemented with 1 mg/l 2,4-D in 
a 100 ml Erlenmeyer flask. The fresh and dry weights 
of suspension-culture cells were observed at seven-day 
intervals from the first day to the end of fourth week.

Effect of stress hormones on suspension culture 
growth and metabolic profiling

Suspension cultures were initiated by inoculating 0.25 g of 
friable embryogenic calli into a 125 ml Erlenmeyer flask 
containing 25 ml liquid MSB5 medium supplemented with 
the same type and concentration of growth regulators as 
used with solid media according to (El-Bakry and Abdel-
Salam 2012). After two weeks, cultures were treated with 
5 ml of the same MSB5 medium composition and growth 
concentrations plus (0.0, 50, 100, 200 µM) jasmonic acid 
(JA) or methyl jasmonate (MeJA) or salicylic acids (SA). 
JA, MeJA and SA were sterilized using 0.45  µm filter 
(Minisart®, Sartorius, Germany). Twelve replicates were 
carried out for each type and concentration of the stress 
hormone. Cultures were harvested after 7 days from the 
stress hormones addition. Suspension cultures were filtered 
under vacuum using Whatman® filter paper No. 1 and 
immersed directly in liquid nitrogen, then lyophilized for 
24 h using (Labcono®, Kansas City, MO, USA) lyophlizer.

Fresh weight and dry weight data (twelve replicates from 
each treatment) were statistically analyzed using Minitab® 
17 software by one-way ANOVA. Where between treatment 
differences are significant, treatment means were compared 
by Fisher least significant difference (LSD) with 95% 
confidence level.

NMR sample collection, metabolite extraction, data 
collection and analysis

The dry embryogenic tissue was completely homogenized, 
and 20  mg of each sample was used for metabolite 
extraction. Methanol, chloroform, and water were used in 
a constant ratio of 2:2:1.8 to extract the metabolites, as 
described by Kim et al. 2010, through the utilization of 
dry mass and the water loss ratio. The hydrophilic upper 
layer was separated from the extract and vacuum-dried with 
a centrivap (Labcono®, Kansas City, MO, USA) for 24 h. 
The hydrophilic extracts were resuspended in 620 µl of 
TMSP NMR buffer, which consisted of 1 mM deuterated 
Trimethylsilylpropanoic acid (TMSP-d4), 100 mM sodium 
phosphate buffer, and 0.1% sodium azide dissolved in 99.9% 
 D2O. The 700  MHz Bruker Avance™ III spectrometer 
was used to collect NMR data, with a spectral width of 
16.0 ppm and 64 K points, resulting in an acquisition time 
of 2.9 s. On-resonance pre-saturation was utilized for solvent 
suppression during a 3 s recycle delay. With 120 scans, 4 
dummy scans, a 3 s relaxation delay, and pre-saturation 
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at the residual water frequency, the first increment of the 
presat-noesy spectra was collected. Each sample’s 90° pulse 
width was determined using Topspin 2.1.1’s automatic 
pulse calculation experiment (pulsecal) (Bruker BioSpin, 
Billerica, MA). Two dimensional 1H–13C HSQC data were 
collected using a Bruker hsqcedetgpsisp 2.2 pulse sequence. 
The 1H was observed in the F2 channel with a spectral width 
of 11 ppm while the 13C was observed in the F1 channel with 
a spectral width of 180 ppm.

Metabolite identification and NMR‑data analysis

The metabolites were identified by comparing the 1H data 
of the suspension culture with the data present in Chenomx 
NMR Suite (Chenomx Inc., Edmonton, Alberta, Canada). 
The 1H–13C HSQC data were compared with 1H–13C HSQC 
data that was published in the literature as well as data that 
was available online in HMDB (The Human Metabolome 
Database, https:// hmdb. ca) in order to confirm the Chenomx 
assignments, particularly in the case of overlapping peaks. 
MetaboAnalyst 5.0 software (MetaboAnalyst 5.0—a com-
prehensive server for metabolomic data analysis, https:// 
www. metab oanal yst. ca/ home. xhtml) was used to perform 
statistical analyses on the normalized NMR data. Principal 
Component Analysis (PCA) was adjusted to 95% confidence 
intervals. Clustering analyses (heat map and hierarchical 
cluster) were constructed using Euclidean distance meas-
urement and Ward clustering algorithms. One way analysis 
of variance (ANOVA) was adjusted to p > 0.05 and Fisher’s 
LSD post-hoc analysis. Boxplots were generated for the 30 
most significant metabolites selected based on p-values cal-
culated using ANOVA. The metabolic pathways that were 
significantly changed during stress hormone treatment were 
visualized using enrichment analysis and pathway analysis. 

Enrichment analysis was performed using metabolite sets 
based on KEGG human metabolic pathways. Pathway anal-
ysis based on significant metabolites was carried out using 
Oryza sativa (Japanese rice) (KEGG) as a reference.

Results

The present study investigated the effects of various 
concentrations of jasmonic acid (JA), methyl jasmonate 
(MeJA), and salicylic acid (SA) (represented as J, M and 
S respectively, followed by 1, 2 or 3 depending on the 
concentrations, in the figures) on suspension culture mass 
production and metabolic profiling of the medicinal aromatic 
herb Cymbopogon schoenanthus subsp. proximus. To 
establish an efficient suspension culture system, different 
factors have been studied. Based on these findings, 0.25 g 
inoculum weight had the highest values in both fresh and dry 
weights of suspension cultures (Fig. 1 in the supplementary 
material). Based on fresh and dry weight data, a growth 
curve was generated, with the greatest increase in fresh 
weight occurring in the first two weeks of culture initiation. 
After four weeks, the growth rate in fresh weight was 
negligible, while it remained constant for dry weight (Fig. 2 
in the supplementary data).

Figure 1 shows the stages of embryogenic callus induc-
tion and maturation from natural seeds, as well as the sus-
pension culture of the plant.

MeJA at 50 µM concentration improved the fresh weight 
of embryogenic tissue. All JA concentrations lowered both 
the fresh and dry weights of embryogenic tissue (Fig. 2). 
The lower concentrations of SA (50.0 and 100.0 µM) sig-
nificantly lowered the fresh weight of calli, while the higher 

Fig. 1  Cell suspension culture establishment from Cymbopogon 
schoenanthus; A The wild plant showing the mature inflorescences; 
B The wild seeds; C 4  week-old callus culture showing somatic 
embryos; D 6  week-old embryogenic friable callus showing scutel-

lar stage; E 6 week -old embryogenic friable callus showing mature 
somatic embryos; F 7 day old suspension culture and G suspension 
culture filtrate

https://hmdb.ca
https://www.metaboanalyst.ca/home.xhtml
https://www.metaboanalyst.ca/home.xhtml
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concentration of SA (200 µM) was statistically similar to 
the control.

To determine the effect of stress hormones on the met-
abolic profiling of the plant suspension culture, 1H and 
1H–13C (HSQC) NMR data were generated. Based on the 
metabolites in the Chenomx database, fifty metabolites were 

identified among the various NMR signals that character-
ized the polar extract of suspension culture. The metabo-
lites were identified in the spectral region δ 0.5–10.0 ppm. 
The identified metabolites include 45% amino acids, 12.5% 
carbohydrates, 10.4% carboxylic acids, and 8% alkaloids 
(Fig.  3). Signals of eighteen aliphatic amino acids e.g. 

Fig. 2  Effect of jasmonic acid (J), methyl jasmonate (M) and sali-
cylic acid (S) on the fresh and dry weight of three weeks old suspen-
sion culture from the C. schoenanthus. The letters (a, b, c) assigned 

to each column indicates the significance between mean of the group 
being compared at p < 0.05 level according to Fisher test

Fig. 3  Pie chart showing the percentage of chemical classes identified in the polar extract of C. schoenanthus suspension culture after hormone 
stress treatments
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alanine, asparagine, and arginine, as well as amines and 
organic acids, have been identified in the spectrum region δ 
0.5–3.0 ppm (Fig. 4A). Glucose, fructose, sucrose, L-fucose, 
trehalose and xylose signals have been detected in the sugar 
enhanced signals region (δ 3.5–5.5 ppm) (Fig. 4B). The 
signals of aromatic amino acid (e.g., tryptophan, phenyla-
lanine) and alkaloids (trigonelline, xanthine, oxypurinol, 
theophylline) acids were identified in the aromatic area (δ 
5.5–9.5 ppm) (Fig. 4C). The chemical shifts of all identified 
metabolites are listed in Table 1 supplementary data.

Ethanolamine was present in JA and MeJA treatments, as 
well as, in the control, but not detected in all SA treatments. 
2,3-Butanediol and acetate were present in SA treatments 
and control samples. All concentrations of SA were 
characterized by the presence of theophylline. Sarcosine 
was detected only in the 50 µM SA concentration (Table 1).

Glycine and syringate were present in different 
concentrations of MeJA, but absent in all other treatments 
(JA, SA) and in the control.

Irrespective of the type and concentration of stress 
hormone treatment, the following seven compounds were 
induced, but were absent in the control, namely glycine, 
malate, sarcosine, syringate, theophylline and uridine.

Table 1 in the supplementary data lists the identified 
metabolites, along with their chemical formulas, molecular 
weights, coupling constants, and 1H and 13C chemical shifts.

Principal component analysis (PCA) 2D and 3D scores 
plots, as well as ANOVA, were used to show the metabolic 
association between the different stress hormone treatments 
and the control (Fig. 5). The effect of different JA con-
centrations is shown in Fig. 4A. The lower concentration 
(50 µM) overlapped with control in 2D and 3D scores plots, 
and clearly separated from the other concentrations. PC1 
and PC2 explained a total of 74% of the variance and with 
PC3, 84.4% of total variance (Fig. 5A1 and A2). ANOVA 
showed 59 metabolites changed significantly in concentra-
tion (Fig. 5A3).

The effect of MeJA concentrations is shown in Fig. 5B. 
In a 2D scores plot, the control sample is separated from 
all various MeJA treatments. The 100.0 and 200.0  µM 
concentrations overlapped (Fig. 5B1). On the other hand, 
in a 3D scores plot, all treatments are clearly separated 
(Fig.  5B2). PC1 and PC2 explained a total of variance 
59% while PC1, PC2 and PC3 explained 75.6% of the 
total variance. ANOVA revealed significant concentration 
changes in 85 metabolites (Fig. 5B3).

Figure 5C shows the effect of different SA concentra-
tions. All treatments are well separated in 2D and 3D scores 
plots (Fig. 5C2). ANOVA revealed significant concentration 
changes in 77 metabolites. PC1 and PC2 explained 55.8% of 
the total variance while PC1, PC2, and PC3 accounted for 
75.7% (Fig. 5B3).

The metabolic relationship between all studied stress hor-
mones and the control are presented in Fig. 6. The PCA 2D 
scores plot revealed that control, J1 and J3 samples overlap 
and are present in the same quartile. Also, the samples of 
the J2, M2, and S2 treatments are overlapping. Additionally, 
M1, M3, S1 and S3 samples are present in the same quartile 
(Fig. 6A). Results from hierarchical cluster analysis (HCA) 
were consistent with those from principal components analy-
sis (PCA). In HCA, there were two main clusters, the first 
contained the control, J1, and J3 samples, while the second 
contained all remaining treatments (Fig. 6B).

Figure 7 shows one way Analysis of Variance (ANOVA) 
showing 98 significant metabolites among control, JA, MeJA 
and SA treatments.

A heat map shows the relative concentrations of metabo-
lites between the control group and the various types and 
concentrations of growth hormones in Fig. 8. Based on heat 
map data, J1 treatment raised the concentration of orni-
thine, while J2 treatment increased the concentrations of 
glutamine, β-alanine, glutamate, and serine. Metabolites 
putrescine and threonine were both increased by J3 addi-
tion. M2 treatment showed higher levels of proline, aspara-
gine, and pyruvate, while M3 samples have a larger quantity 
of betaine. The amounts of trans-aconitate and trehalose 
increased in samples S2 and S3, respectively. The levels of 
proline and asparagine increased in M2 and S2 samples.

The relative concentrations of the significant metabolites 
(selected based on ANOVA test) are shown in Fig. 8. Fig-
ure 9A presents the relative concentrations of metabolites 
associated with the addition of exogenous JA. The accu-
mulation of histamine was greatest when 50 µM JA (J1) 
was added to suspension cultures compared to other JA con-
centrations and the control samples. Metabolites glutamine, 
leucine, isoleucine, ethanolamine, and sucrose were present 
in control and J1 samples at comparable concentrations. 
In comparison to other treatments, the addition of 100 µM 
JA (J2) resulted in higher accumulation of serine, pheny-
lalanine, ornithine, pyroglutamate, β-alanine, glutamate, 
and oxypurinol. On the other hand, J2 samples showed a 
downregulation in the amounts of alanine, glutamine, iso-
leucine, ethanolamine, and glucose-6-P when compared to 
the control samples. Many metabolites, including proline, 
threonine, and betaine, were upregulated in samples treated 
with 200 µM JA (J3).

With the addition of MeJA, the metabolites isoleucine, 
valine, leucine, alanine and fructose were found to be down-
regulated (Fig. 9B). The addition of 50 µM MeJA (M1) 
enhanced the accumulation of glutamate. Trigonelline, syrin-
gate, trehalose, glucose, glucose-6-P, proline, asparagine, and 
glutamate were all upregulated with 100 µM MeJA (M2). 
The highest concentration of MeJA (M3) increased the levels 
of sucrose, betaine, arginine and putrescine.
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Fig. 4.  1D NMR spectra of the polar extract from the control sample of Cymbopogon schoenanthus suspension culture, A aliphatic region, B 
sugar abundant signals region and C aromatic regions
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SA in various concentrations boosted trigonelline, argi-
nine and glutamine accumulation while downregulated 
alanine, acetate, glycerol and phenylalanine relative con-
centrations. Concentrations of SA had varying effects on 
the accumulation of metabolites; for example, 50 µM SA 
(S1) increased the accumulation of serine, choline, betaine, 
malate, and malonate, while 100 µM SA (S2) increased 
the accumulation of asparagine, proline, 4-aminobutyrate, 
putrescine, and trans-aconitate. The addition of 200 µM SA 
resulted in a significant increase in the levels of metabolites 
like trigonelline, arginine, trehalose, glutamate, and ornith-
ine compared to both the control and other SA treatments 
(Fig. 9C).

The influence of different concentrations of JA, MeJA, 
and SA on the C. schoenanthus suspension culture's physi-
ological pathways is shown in Fig. 10. The significance of 
the pathways is characterized in Fig. 10A by the enrichment 
analysis (analysis based on the metabolites set) and the path-
ways analysis Fig. 10B (analysis describing the metabolites 
set and their interaction).

Pathway analysis revealed that the addition of JA sig-
nificantly altered 29 metabolic pathways (Table 2 supple-
mentary data). The effect of different concentrations of JA 

was observed in aminoacyl-tRNA biosynthesis, arginine and 
proline metabolism and glutathione metabolism pathways 
based on both enrichment analysis and pathway analysis 
(Fig. 10A1 and B1). Amino sugar-nucleotide sugar metabo-
lism and galactose metabolism were the least significantly 
affected based on enrichment analysis and pathway analy-
sis respectively. Alanine-aspartate-glutamate metabolism, 
arginine-proline metabolism, and glycine-serine-threonine 
metabolism pathways represented the main impact dur-
ing exogenous JA addition (Fig. 10B1). Seven significant 
metabolites were involved in the aminoacyl-tRNA biosyn-
thesis pathway, including proline, arginine, isoleucine, and 
glutamine (Fig. 11A). In arginine and proline metabolism 
pathway, five significant metabolites were involved (argi-
nine, proline, putrescine, glutamate, and ornithine).

The addition of MeJA significantly altered 30 metabolic 
pathways, according to pathway analysis (Table 3 sup-
plementary data). Aminoacyl-tRNA biosynthesis, starch-
sucrose metabolism, and valine-leucine-isoleucine biosyn-
thesis were the pathways most significantly affected by the 
addition of exogenous MeJA. Valine-leucine-isoleucine bio-
synthesis produced a higher enrichment ratio (Fig. 10A2). 
On the other hand, pathway analysis (Fig. 10B2) showed the 

Fig. 4.  (continued)
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Table 1  Metabolites identified 
in C. schoenanthus suspension 
culture after using different 
concentrations of jasmonic 
acid (J), methyl jasmonate (M), 
salicylic acid (S) and control 
(C)

(*) indicates that the compound is present, whereas (–) indicates that the compound is not present (or too 
low in concentration to detect) in this treatment

Compound name C J1 J2 J3 M1 M2 M3 S1 S2 S3

1 2,3-Butanediol * – – – – – – * * *
2 4-aminobutyrate * * * * * * * * * *
3 Acetate * – – – – – – * * *
4 Adenosine * – – – – – – – – –
5 Alanine * * * * * * * * * *
6 Arginine * * * * * * * * * *
7 Asparagine * * * * * * * * * *
8 Aspartate * * * * * * * * * *
9 Betaine * * * * * * * * * *
10 Choline * * * * * * * * * *
11 Dimethylamine * * * * * * * * * *
12 Ethanolamine * * * * * * * – – –
13 Formate * * * * * * * * * *
14 Fructose * * * * * * * * * *
15 L-Fucose * * * * * * * * * *
16 Fumarate * * * * * * * * * *
17 Glucose * * * * * * * * * *
18 Glutamate * * * * * * * * * *
19 Glutamine * * * * * * * * * *
20 Glycine – – – – * * * – – –
21 Histidine * * * * * * * * * *
22 Isoleucine * * * * * * * * * *
23 Lactate * * * * * * * * * *
24 Leucine * * * * * * * * * *
25 Lysine * * * * * * * * * *
26 Malate – * * * * * * * * *
27 Myoinositol * * * * * * * * * *
28 Oxypurinol * * * * – * * * * *
29 Phenylalanine * * * * * * * * * *
30 Proline * * * * * * * * * *
31 Putrescine * * * * * * * * * *
32 Pyroglutamate * * * * * * * * * *
33 Pyruvate * * * * * * * * * *
34 Sarcosine – – – – – – – * – –
35 Succinate * * * * * * * * * *
36 Sucrose * * * * * * * * * *
37 Syringate – – – – * * * – – –
38 Theophylline – – – – – – – * * *
39 Threonine * * * * * * * * * *
40 Thymidine * * * * * * * * * *
41 Trans-aconitate * * * * * * * * * *
42 Trehalose * * * * * * * * * *
43 Trigonelline * * * * * * * * * *
44 Tryptophan * * * * * * * * * *
45 Tyrosine * * * * * * * * * *
46 Uridine – * * * * * * * * *
47 Valine * * * * * * * * * *
48 Xylose * * * * * * * * * *
49 Xanthine * * * * * * * * * *
50 β-Alanine * * * * * * * * * *
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most significantly altered pathways were aminoacyl-tRNA 
biosynthesis, alanine-aspartate-glutamate metabolism, argi-
nine-proline metabolism, and pyruvate metabolism, while 
the highly impacted pathways were phenylalanine metabo-
lism, and alanine-aspartate-glutamate metabolism. The rela-
tionship between the significant metabolic pathways and the 
significant metabolites that were changed because of MeJA 
addition is shown in Fig. 11B. The high significance of the 
aminoacyl-tRNA biosynthesis pathway stems from its asso-
ciation with ten significant amino acids, including arginine, 
proline, phenylalanine, and asparagine. Other metabolic 
pathways have been altered by the addition of MeJA, which 

stimulates alkaloid production including tropan, bipyridine, 
and pyridine alkaloids.

Adding SA to a suspension culture significantly alters 
34 metabolic pathways (Table 4 supplementary data). The 
three most significant pathways were aminoacyl-tRNA 
biosynthesis, arginine-proline metabolism, and alanine-
aspartate-glutamate metabolism, with inositol phosphate 
metabolism being the least significant (Fig.  10A3 and 
B3). Alanine-aspartate-glutamate metabolism is the 
most impacted pathway due to SA addition: this pathway 
incorporated many key metabolites (alanine, glutamine, 
asparagine, aspartate) that are involved in many other 
significantly altered pathways like aminoacyl-tRNA 

Fig. 5  Principal component analysis (PCA) 2D (A1, B1, C1), 3D 
(A2, B2, C2) and One-way analysis of variance (ANOVA) (A3, B3, 
C3), showing significant metabolite changes between control and 
A JA, B MeJA and C SA treated samples. ANOVA was calculated 
based on p-value threshold ˂ 0.05 and using post-hoc tests—Fish-

er’s least significant difference (LSD). J1 = 50  µM JA; J2 = 100  µM 
JA; J3 = 200  µM JA; M1 = 50  µM MeJA; M2 = 100  µM MeJA; 
M3 = 200 µM Me JA; S1 = 50 µM SA; S2 = 100 µM SA; S3 = 200 µM 
SA and C = control
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biosynthesis, glycoxalate and dicarboxylate metabolism 
and C-fixation processes (Fig. 11C).

The combined data for the effect of JA, MeJA, and SA 
on the metabolic pathways of the C. schoenanthus suspen-
sion culture showed that, aminoacyl-tRNA biosynthesis, 
valine-leucine-isoleucine biosynthesis are the most sig-
nificantly altered pathways based on enrichment analysis 

(Fig. 10A4). Pathway analysis (Fig. 10B4) illustrated that 
the most significantly influenced pathways were aminoacyl-
tRNA biosynthesis, glutathione metabolism, and glyoxylate 
and dicarboxylate metabolism. The phenylalanine metabo-
lism pathway showed the lowest significance according to 
both enrichment and pathway analysis.

Fig. 6  A Principal component analysis (PCA) and B Hierarchical 
cluster analysis (HCA) dendrogram showing metabolite relation-
ship between different C. schoenanthus cultures treated with JA, 

MeJA, and SA. J1 = 50  µM JA; J2 = 100  µM JA; J3 = 200  µM JA; 
M1 = 50  µM MeJA; M2 = 100  µM MeJA; M3 = 200  µM Me JA; 
S1 = 50 µM SA; S2 = 100 µM SA; S3 = 200 µM SA and C = control

Fig. 7  One-way analysis of variance (ANOVA) showing the signifi-
cant and non-significant metabolites between C. schoenanthus sus-
pension culture treated with different concentrations of JA, MeJA and 

SA. ANOVA was calculated based on p-value threshold ˂ 0.05 and 
using post-hoc tests—Fisher’s least significant difference (LSD)
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Discussion

In the last two decades, scientists have learned a lot about 
stress hormones like jasmonate and salicylic acid, as well as 
their biosynthesis pathways, cell signaling, and roles in plant 
growth, development, and protection from biotic and abiotic 
stress (Zhang and Li 2019; Yang et al. 2019; Ghorbel et al. 
2021). Jasmonate and salicylic acid are known to play a role 
in the elicitation of bioactive metabolites (Liu et al. 2023). 
Most of these studies were carried out on dicotyledonous 
plants, with monocotyledonous plants receiving far less 
research. Their impact on the metabolic profile of the genus 
Cymbopogon has yet to be studied. In the present study, we 
describe the effect of various concentrations of jasmonic 
acid, methyl jasmonate, and salicylic acid on the growth as 
manifested by fresh weight and dry weights of suspension 
culture, as well as, on the metabolic profile of the polar 
extract of the medicinal aromatic plant C. schoenanthus 
subsp. proximus.

The data showed that 50  µM MeJA improves the 
fresh weight of embryogenic suspension culture, while 
different JA concentrations decrease both the fresh and dry 
weights. MeJA has been reported to enhance embryogenic 
callus biomass in Cymbopogon schoenanthus, whereas it 
dramatically decreased the biomass of shoots and roots 
generated from direct organogenesis (Abdelsalam et al. 
2021). There have been reports of various effects of MeJA 

on various plant species, such as the external addition of 
MeJA increasing the biomass of Melastoma malabathricum 
suspension culture (See et  al. 2011). MeJA at higher 
concentrations has been reported to inhibit the root and 
branch growth of the Pharbitis nil plant. (Maciejewska and 
Kopcewicz 2002). There is evidence that JA controls the 
balance between plant growth and defensive mechanisms 
against pathogenic invasions (Hewedy et  al. 2023) and 
induced microspore embryogenesis in Brassica napus 
(Ahmadi et al. 2014).

According to the present investigation, the fresh 
weight of suspension cultures treated with SA at varying 
concentrations did not increase when compared to the 
control. Dong et al. 2010 have found comparable outcomes. 
After 48 h of treatment, the addition of SA to a Salvia 
miltiorrhiza suspension culture had no effect on the growth 
of cells.

A total of fifty polar metabolites were identified from the 
polar extract of suspension culture cells when treated with 
different stress hormone types and concentrations. Among 
the identified metabolites was trehalose, which was detected 
in all suspension culture treatments. Previous studies on the 
metabolic profiling of C. schoenanthus shoots and calli 
revealed the presence of trehalose only in the polar extract of 
wild plant shoots, while it was absent in shoots regenerated 
from various tissue culture systems and greenhouse shoots, 
as well as embryogenic and organogenic calli (Abdelsalam 

Fig. 8  Heat map analysis created by MetaboAnalyst 5.0 software, 
using Euclidean distance measurement and Ward clustering algo-
rithms. Each row represents a metabolite, and each column rep-

resents a sample. J1 = 50 µM JA; J2 = 100 µM JA; J3 = 200 µM JA; 
M1 = 50  µM MeJA; M2 = 100  µM MeJA; M3 = 200  µM Me JA; 
S1 = 50 µM SA; S2 = 100 µM SA; S3 = 200 µM SA and C = control
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Fig. 9  Boxplots of relative concentrations of the most signifi-
cant metabolites (based on ANOVA analysis) that significantly 
changed between control and A Jasmonic acid = J (J1 = 50  µM 
JA; J2 = 100  µM JA; J3 = 200  µM JA), B Methyl jasmonate = M 
(M1 = 50 µM MeJA; M2 = 100 µM MeJA; M3 = 200 µM Me JA), and 
C Salicylic acid = S (S1 = 50 µM SA; S2 = 100 µM SA; S3 = 200 µM 

SA). The black dots represent the concentration of the selected 
metabolite in each replicate. The notch indicates the 95% confidence 
interval around the median of each treatment, defined as ± 1.58* IQR/
sqrt (n). The relative concentration of each treatment is indicated by 
the yellow diamond. The Y axis defines the relative abundances of 
the specific metabolite and X axis defines the treatment group
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Fig. 9  (continued)
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Fig. 9  (continued)
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et al. 2017, 2022). Extreme environmental stress is associ-
ated with the presence of trehalose in the shoots of wild 
plants (Abdelsalam et al. 2017). Therefore, the suspension 
culture induced comparable metabolic changes to those 
induced by environmental stress in the wild plant.

Sugars of various types were detected in polar extracts 
from suspension, with some of those sugars, such as 
L-fucose and xylose, not previously identified in metabolic 
profiling of wild, greenhouse, direct and indirect regener-
ated shoots (Abdelsalam et al. 2017) and embryogenic and 
organogenic calli (Abdelsalam et al. 2022). This indicates 
that, compared to other in vitro culture techniques, the sus-
pension culture approach successfully promoted the pro-
duction of novel and valuable metabolites. L-fucose is a 

pentose sugar and considered a rare sugar; it has a variety 
of cosmetic, agricultural, and medical applications (Kim 
et al. 2019; Iqbal et al. 2021). L-fucose has many potential 
applications, including pharmaceuticals as anticancer and 
antitumor (Tomsik et al. 2011; Adhikari et al. 2022) and 
boosting the immune system; cosmetics for treating skin 
discoloration and dryness; and for preventing and revers-
ing the effects of aging (Péterszegi et al. 2003a, b; Robert 
et al. 2005). L-fucose biosynthesis in plants plays a multi-
functional role in plant immunity and defense against stress 
conditions (Zhang et al. 2019a, b).

In the present work, alkaloids (trigonelline, xanthine, 
oxypurinol and theophylline) constituted 8% of the identi-
fied metabolites. Various species of the genus Cymbopogon, 

Fig. 10  Metabolic pathways in C. schoenanthus polar extract that 
are significantly altered after stress hormone treatments. A Interac-
tive bar-chart of the enrichment analysis (based on KEGG database) 
for the effect of A1 = JA, A2 = MeJA, A3 = SA and A4 = combined 
data of JA, MeJA and SA on suspension culture; The most signifi-
cant p-values are represented by dark red columns, while the color 
decreases gradually with decreasing p-values, with pale yellow rep-
resenting the least significant; the length of the column represent the 

enrichment ratio; B Pathway analysis (based on KEGG database) 
showing significantly changed metabolic pathways in response to 
B1 = JA, B2 = MeJA, B3 = SA and B4 = combined data of JA, MeJA 
and SA on Cymbopogon schoenanthus suspension culture. The dark 
red color circles show that the pathways which were strongly affected 
by stress hormones; As the p-value increases, the color progressively 
fades, whereas the larger the circle size, the greater the pathway’s 
influence



153Plant Cell, Tissue and Organ Culture (PCTOC) (2023) 155:137–163 

1 3

such as C. citratus and C. nardus, have been reported to 
contain alkaloid and phenol compounds (Ang and Manuales 
2022; Solekha et al. 2022). We previously documented the 
presence of trigonelline and xanthine in wild and in vitro 
regenerated shoots from the same plant (Abdelsalam et al. 
2017, 2022).

According to our results, PCA and HCA clearly show that 
cells' metabolic responses to MeJA and SA are fundamen-
tally distinct in C. schoenanthus suspension culture. MeJA 
samples are characterized by the presence of the phenolic 
compound syringate, whereas SA treatments are character-
ized by the presence of the alkaloid theophylline. Neither 
metabolite has been previously reported in wild or in vitro-
regenerated Cymbopogon schoenanthus plants. Syringate 
and theophylline have been reported to have therapeutic 

properties. Theophylline is a purine alkaloid which used 
to treat lung diseases like chronic obstructive pulmonary 
disease and asthma (Barnes 2013; Jilani et al. 2022). It acts 
as an anti-inflammatory agent, bronchodilator, and immu-
nomodulatory agent (Vassallo and Lipsky 1998; Kanehara 
et al. 2008). It has been reported that light can stimulate 
theophylline biosynthesis in the leaves of Coffea arabica 
(Pompelli et al. 2013). In response to drought and salinity 
stress, theophylline accumulates in Coffea canephora plant 
(Kumar et al. 2015). Syringate is a naturally occurring phe-
nolic compound which is biosynthesized by some plants 
like pumpkin, olives and grapes (Srinivasulu et al. 2018). 
It exhibits useful pharmaceutical properties such as anti-
oxidant, anti-microbial, anti-inflammation, anti-cancer, and 
anti-diabetic (Srinivasulu et al. 2018). Syringate triggered 

Fig. 10  (continued)
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Arabidopsis plants to accumulate more lignin in their inter-
fascicular fibers (Adams et al. 2020).

PCA scores plots revealed that the lower concentration 
of JA (50 µM) is more like control on a metabolic level than 
the same concentration of MeJA and SA, implying that the 
metabolic changes generated by MeJA and SA were greater 
than those caused by JA. In addition, analysis of variance 
revealed that MeJA and SA significantly altered more metab-
olites than JA. Creelman and Mullet (1997) and Stitz et al. 
(2011) reported that MeJA is a highly volatile compound 
that enters the plant cytoplasm and crosses cell membranes 
more efficiently than JA. It has been proven that MeJA is 
more effective than other forms of exogenous jasmonates 

(Kamińska 2021). Also, many studies have shown that MeJA 
is more effective than JA in terms of plant development and 
protection from various stress conditions; the inductive 
impact of exogenous MeJA is more effective than that of JA 
in enhancing Larix olgensis seedlings resistance to insects 
(Wang et al. 2015). MeJA enhanced the accumulation of 
rosmarinic acid in peppermint plants more effectively than 
JA (Krzyzanowska et al. 2012). In comparison to MeJA, 
the negative effects of JA on the growth and yield of Oryza 
sativa were less pronounced (Bhavanam and Stout 2021).

The relative concentrations of metabolites associated with 
the addition of exogenous jasmonic acid showed that 100 µM 
JA upregulated metabolites like phenylalanine, ornithine, 

Fig. 11  Metabolic pathways that significantly changed (in yellow 
ovals) as well as the significant metabolites (in green squars) that 
changed in C. schoenanthus suspension culture by adding A Jasmonic 

acid; B Methyl jasmonate; C Salicylic acid; D Combined: jasmonic 
acid, methyl jasmonate and salicylic acid
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pyroglutamate, β-alanine, glutamate and oxypurinol. The 
role of these metabolites in plant protection during stress 
conditions have been previously reported. Under drought 
and salt stress, Arabidopsis plants upregulated ornithine 
production, which helps cope with stress (Kalamaki et al. 
2009). Ornithine and glutamate are aliphatic amino acids 
that serve as precursors to a variety of chemicals, including 
arginine, proline, putrescine, and polyamines, which help 
plants withstand stress (Correa-Aragunde et  al. 2016). 

In tomato seedlings cultivated under Pb stress, Bali et al. 
(2019) found that glutamate, ornithine, and β-alanine levels 
increased. Glutamate has been reported to accumulate in 
Setaria italica in response to high soil temperature (Aidoo 
et al. 2016). Glutamine and pyroglutamate accumulated in 
kiwi plant in response to pathogen infection (Li et al. 2020).

The addition of higher concentrations of JA (200 µM) 
improved the accumulation of proline, threonine, betaine, 
arginine, putrescine, and sarcosine in the polar extract 

Fig. 11  (continued)
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of suspension cultures. According to Sharma et  al. 
(2019), phytohormones such as jasmonates regulate the 
accumulation of osmolytes such as proline, betaine, and 
polyamines. Moreover, in watermelon plants, JA signal 
transduction is responsible for glycine betaine biosynthesis 
and contributes to plant hardening under osmotic stress 
(Xu et al. 2018). Putrescine has been found to accumulate 
during stress conditions and proved to serve several roles 
in plant defense and protection, such as cation balancing, 
antioxidant, reactive oxygen species mediated signaling, 
osmolyte or pH regulation when there is a deficiency of  K+ 
(Alcázar et al. 2010; Cui et al. 2020).

The alkaloid trigonelline and the syringate phenol 
compound accumulated more when MeJA was added in 
concentrations of 100 µM. This outcome matched with the 
results of the pathway studies that revealed that a number of 
biochemical pathways that were involved in the synthesis of 
phenolic and alkaloid metabolites such tropan, bipyridine, 
and pyridine alkaloids as well as phenylalanine metabolism 
were altered by the addition of MeJA. Trigonelline is a 
pyridine alkaloid with a variety of therapeutic benefits 
(Liang et  al. 2023). According to Abdelsalam et  al. 
(2021), trigonelline accumulation was increased when 
exogenous MeJA was added to tissue culture medium of 
C. schoenanthus organogenic shoots, although the effect on 
the bioactive sesquiterpene proximadiol differed depending 
on the MeJA concentration. Exogenous MeJA was used in 
the elicitation of alkaloid and phenol compound production 
from the suspension culture of several plants (Mendoza et al. 
2018; Zhang et al. 2022). MeJA has been proven to promote 
the activity of the enzyme-like phenyl-ammonialyase and 
catalase, which are involved in the production of a range 
of secondary metabolites (Nabi 2021). MeJA induced the 
accumulation of alkaloids concentrations in Dendrobium 
officinale and Nicotiana tabacum plants (Kajikawa et al. 
2009; Chen et al. 2019).

In the present study, the carbohydrates trehalose, glucose, 
and glucose-6-P have been upregulated by the addition of 
100 µM MeJA. Carbohydrates are the plant’s principal 
metabolites and can be produced through the pathways of 
glycolysis, starch and sucrose metabolism, and galactose 
metabolism. They play a crucial part in the plant's defense 
against stress. Trehalose accumulation in watermelon plants 
was linked positively with the addition of MeJA, and the 
inhibition of their hydrolysis aids in cell protection during 
stress conditions (Zhu et al. 2022). MeJA causes a reduction 
in the expression of the gene’s trehalose-6-phosphate phos-
phatase and trehalose-6-phosphate synthase in the Populus 
plant (Gao et al. 2021).

Our data revealed that the addition of 200 µM methyl 
jasmonate boosted the formation of a range of amino acids 
such betaine, pyroglutamate, and 4-aminobutyrate, all 
of which are known to protect plant cells from biotic and 

abiotic stress (Annunziata et al. 2019; Jiménez-Arias et al. 
2019; Shelp et al. 2021).

This study's findings demonstrated that SA, at a variety 
of concentrations, induced trigonelline accumulation. 
According to Beygi et al. (2021), the suspension culture of 
Trigonella foenum-graecum L. accumulated trigonelline 
in response to the addition of SA. Salicylic acid has been 
implicated in the accumulation of secondary metabolites in 
numerous plant species, including Salvia miltiorrhiza and 
Ginkgo biloba cell culture (Xu et al. 2009; Dong et al. 2010).

Trehalose and arginine were upregulated with the addition 
of 100 and 200 µM SA. The accumulation of trehalose, which 
plays an important role as an osmo-protectant metabolite 
during stress conditions, is reported to be stimulated by SA 
in spinach leaves when exposed to freezing stress (Min et al. 
2018). SA enhanced the accumulation of sugars in shoot and 
root of cucumber seedling and Arabidopsis leaves (Dong 
et al. 2011; Gebauer et al. 2017).

Metabolites asparagine and 4-aminobutyrate have been 
accumulated at a higher rate with 100 µM SA. Similar 
accumulation of asparagine and 4-aminobutyrate have been 
observed in response to numerous abiotic and biotic stressors 
across a wide range of species, including pathogen infection, 
environmental deprivation (such as high salt concentrations 
or water deficiency), and nutritional deficiencies (Brikis et al. 
2018; Oddy et al. 2020). Many studies have documented the 
influence of SA on osmoprotectant component accumulation 
in plants, including Ctenanthe setosa and Saponaria 
officinalis (Demiralay et al. 2013; Xu et al. 2022).

According to enrichment and pathway analysis in the 
present study, the addition of stress hormones influences 
various biological pathways, with the aminoacyl-tRNA 
biosynthesis pathway, as well as, the amino acid metabolic 
pathways as arginine and proline metabolism and arginine 
biosynthesis being the most significant. All these pathways 
have been reported to be modulated in plants under stress 
conditions.

The aminoacyl-tRNA biosynthesis pathway is a 
critical pathway in plant stress responses. This pathway is 
responsible for the attachment of particular amino acids 
to their respective transfer RNAs (tRNAs), resulting in 
the formation of aminoacyl-tRNAs, which are a necessary 
component in protein synthesis (Yao and Fox 2020). The 
aminoacyl-tRNA biosynthesis pathway has been reported in 
numerous studies as the most significantly altered pathway 
during plant stress. It was significantly altered in ryegrass 
seedlings exposed to tetracycline (Han et al. 2019), in Elodea 
nuttallii plants exposed to heavy metals (Cosio and Renault 
2020) and was recognized as the most significantly altered 
pathway in response to heat stress in the Sargassum fusiforme 
leaf (Liu and Lin 2020). The process of acylating amino 
acids has the potential to regulate plant immunity against 
pathogens and pests through the synthesis of defensive 
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plant metabolites or the modulation of plant hormone 
signalling pathways (Eskandari et al. 2018). The following 
explains the mechanism underlying the modification of the 
aminoacyl-tRNA biosynthesis pathway under conditions 
of stress: The aminoacyl-tRNA biosynthesis pathway is 
required for the synthesis of stress-related proteins (Fu et al. 
2012). Also, because stress can cause translation mistakes, 
resulting in the biosynthesis of non-functional, misfolded, 
or toxic proteins, the precise aminoacylation of tRNAs by 
aminoacyl-tRNA synthetases (enzymes involved in this 
process) contributes to translation fidelity by ensuring that 
the proper amino acids are integrated into the developing 
polypeptide chain (Ranjan and Rodnina 2016). In addition 
to their role in protein synthesis, under stress, tRNAs alter 
the level of aminoacylation to become uncharged, and these 
uncharged tRNAs act as effector molecules that control 
gene expression, which helps the plant adapt to its stressful 
environment (Li and Zhou 2009).

Amino acid metabolic pathways constitute an integral 
part of the plant immune system (Moffett and Namboodiri 
2003; Bender 2012). The amino acid metabolism under 
stress conditions is crucial for cellular viability, as it 
facilitates energy production, enhances osmotic regulation, 
and sustains the stability of cell membranes (Wang et al. 
2022). Arginine-proline metabolism pathway is one of the 
main pathways involved in the biosynthesis of arginine and 
proline. Changes in arginine and proline metabolism have 
been linked to stress in several plants (Adamipour et al. 
2020). The modulation of arginine and proline metabolism 
during stressful conditions helps plants cope with stressors 
and maintain cellular homeostasis (Shafi et al. 2019; Du 
et  al. 2021). Proline functions as an osmo-protectant; 
it serves to uphold cellular water potential, stabilise 
proteins, eliminate reactive oxygen species, and protect 
cell membranes against stress-induced damage (Alhasnawi 
2019). Arginine participates in the synthesis of polyamines 
(Grillo and Colombatto 2004), which contribute to stress 
tolerance by modulating ion transport, scavenging reactive 
oxygen species, and regulating gene expression (Pottosin 
et al. 2014; Shi and Chan 2014). According to Huang et al. 
(2021), the regulation of arginine and proline metabolism 
in papaya fruit is crucial for overcoming chilling stress. 
Additionally, the arginine-proline metabolic pathway has 
been identified as a key pathway in the response to heat 
stress in Clematis crassifolia (Qian et al. 2022).

The present study demonstrated that the metabolic 
pathway of alanine-aspartate-glutamate (AAG) displayed 
a higher impact value in response to all examined stress 
hormones compared with the control samples. The AAG 
pathway is known to have a crucial role in the regulation 
of compatible solutes such as proline, glutathione, and gly-
cine betaine, which act as osmo-protectants. This is because 
glutamate serves as a precursor for glutathione and proline 

synthesis (Tapiero et al. 2002; Verslues and Sharma 2010), 
while aspartate is involved in the biosynthesis of glycine 
betaine (Han et al. 2021). Moreover, aspartate plays a cru-
cial role in the tricarboxylic acid (TCA) cycle and is also 
involved in the biosynthesis of malate. Consequently, this 
process enables the generation of energy that is imperative 
for coping with stress (Sweetlove et al. 2010). The altera-
tion of alanine-aspartate-glutamate in plants has been doc-
umented in relation to various abiotic stresses, including 
salt stress in two distinct sesame genotypes (Zhang et al. 
2019a, b) and heat stress in Sargassum fusiforme (Liu and 
Lin 2020).

The pathway and enrichment analysis in the present work 
demonstrated that the addition of varying concentrations of 
MeJA significantly affected glycolysis and the starch-glucose 
metabolism pathways. Both pathways function as pivotal 
centres for energy generation in the plant under adverse 
conditions. The process of glycolysis serves as the primary 
stage in cellular respiration, whereby glucose is transformed 
into pyruvate, resulting in the production of ATP and 
NADH. These energy-rich molecules play a critical role in 
energy production and signal transduction during plant stress 
(Li et al. 2017). Moreover, the process of glycolysis exerts an 
impact on the manifestation of genes that respond to stress 
via diverse mechanisms. The multifunctional properties 
of the glycolytic enzyme glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) have been well documented, 
with its involvement in transcriptional regulation being 
one of its known moonlighting functions. The protein 
GAPDH has the ability to interact with transcription factors 
that are associated with stress and subsequently regulate 
their activity, thereby impacting the expression of genes 
that respond to stress (Plaxton 1996; Zhang et al. 2020). 
Additionally, the process of glycolysis plays a crucial role 
in maintaining the redox balance of the cell by generating 
NADH, which facilitates the reduction of reactive oxygen 
species (ROS) and thereby mitigates the risk of oxidative 
harm to cellular constituents (Dumont and Rivoal 2019). 
Furthermore, glycolysis intermediates are utilised in the 
process of synthesising secondary metabolites that serve as 
protective agents, such as flavonoids and phenolics (Bhatla 
et al. 2018).

The metabolism of starch and sucrose functions as the 
predominant fuel for a multitude of physiological mecha-
nisms, including the ability to adapt to environmental chal-
lenges (Dong and Beckles 2019). Several research studies 
have documented starch metabolism in response to diverse 
abiotic stress conditions, as reported by Halmann and San-
telia in 2017. The change in starch metabolism can be attrib-
uted to either a reduction in the biosynthesis of starch due to 
a malfunction in the photosynthesis process or an increase 
in the breakdown of starch into sugars for the purpose of 
energy production and the synthesis of stress-related sugars 
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such as trehalose, which serves as an osmo-protectant (Dong 
and Beckles 2019). Sugars have been identified as poten-
tial signalling molecules that engage in cross-talk with the 
ABA-dependent signalling pathway, thereby eliciting the 
activation of downstream components in the stress response 
cascade, as reported by Rook et al. (2006). Numerous studies 
have reported a significant change in starch-sucrose metabo-
lism in various plant species under biotic stress conditions. 
For instance, Kaur et al. (2019) reported changes in this 
metabolic pathway in maize plants subjected to heat stress, 
while Zeng et al. (2021) reported similar findings in peanut 
plants exposed to waterlogging stress.

Conclusion

The present research elucidated the metabolic response of 
C. schoenanthus suspension culture treated with different 
concentrations of 3 different stress hormones (JA, MeJA, 
SA). Major changes in the metablome included amino acids, 
carbohydrates, organic acids, phenols and alkaloids. Also, 
compounds of high medicinal value, namely theophylline 
and syringate were present in the treated cultures and were 
not previously recorded. Also, higher concentration of 
trigonelline has been recorded with SA treated samples. 
The analysis of compound enrichment and pathway impact 
demonstrated a significant effect in the aminoacyl-tRNA 
biosynthesis pathway, arginine and proline metabolism 
and arginine biosynthesis pathways leading to amino acid 
increase in JA and SA treatments, and a different response 
leading to the increase the sugars trehalose and sucrose in 
MeJA treated samples.

The research results are of clear significance in the future 
application in biotechnology either through the production 
of biologically active compounds and the control of their 
concentration and stable productivity from cell cultures, 
as well as, their use in metabolic engineering. The 
understanding of the physiological and molecular changes 
in gene expression in response to stress hormones treatment 
are important for both basic science and for their different 
applications.
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