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Abstract In this study, the effect of methyl jasmonate

(MeJA) incorporation on in vitro propagation, metabolic

profiling, and production of the bioactive compound,

proximadiol, in the medicinally important herb Cymbo-

pogon schoenanthus subsp. proximus has been investi-

gated. The propagation approaches involved both somatic

embryogenesis and direct organogenesis. All studied con-

centrations (10–400 lM) have significantly improved

somatic embryogenesis at different developmental stages,

as indicated by higher numbers of somatic and mature

embryos as well as the embryogenic shoots. In contrast, the

studied concentrations have negatively affected organo-

genic shoot and root regeneration. Metabolic profiling of

polar extracts from the direct regenerated shoots was ana-

lyzed based on NMR measurements. The results showed

that 200 lM MeJA increased production of trigonelline by

tenfold. However, the concentrations of several amino

acids including alanine were decreased. Based on gas

chromatography and mass spectrometry (GC/MS) data,

proximadiol concentrations significantly decreased with 10

and 100 lM MeJA. Proximadiol production improved by

using 200 lM MeJA, although the data were non-signifi-

cant. Our findings suggested that, while the addition of

MeJA to embryogenic calli improved somatic embryo

induction, maturation, and germination, it suppressed

organogenic shoot and root formation. MeJA at a particular

concentration (200 lM) enhanced the accumulation of

trigonelline and osmoprotectant amino acids, while their

effect on proximadiol production was statistically non-

significant.

Keywords GC/MS � Medicinal plants � NMR

spectroscopy � Organogenesis � Somatic embryogenesis �
Trigonelline

Introduction

Methyl jasmonate (MeJA) is a methyl ester of jasmonic

acid. It is a phytohormone that is widely distributed in the

plant kingdom and reportedly proven to enhance plant

regeneration and bioactive metabolite elicitation. It plays a

pivotal role in protecting plants from biotic (e.g. pathogen

attacks) and abiotic stress (e.g. salinity, drought) (Pan

et al., 2020; Taheri et al., 2020; Tayyab et al., 2020).

Jasmonates (Jasmonic acid and MeJA) were proven to

improve the shoot and root regeneration of several plants.

They promoted the de novo root and shoot regeneration in

Arabidopsis (Park et al., 2019; Zhang et al., 2020); induced

adventitious root formation in petunia cuttings (Lischweski

et al., 2015); and increased shoot and bulb development in

Allium sativum (Ravnikar et al., 1993). They also enhanced

the photosynthetic activity and productivity of three

Brassica oleracea varieties (Sirhindi et al., 2020).

The elucidating role of MeJA in accumulation of ther-

apeutically important metabolites in plants has been pre-

viously reported. Exogenous application of MeJA

enhanced the production of glucosinolates and phenolic
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metabolites from broccoli cell culture (Sánchez-Pujante

et al., 2020) and upregulated the production of phenolics

and monoterpenes from Mentha x piperita (Cappellari

et al., 2020). It also improved the accumulation of flavo-

noids in Orostachys cartilaginous (Hao et al., 2020).

Methyl jasmonate has been reported to down regulate

amino acids which are known to be involved in secondary

metabolite biosynthesis in green, oolong, and black tea (Shi

et al., 2019). Concentration of the amino acids histidine,

threonine, arginine, leucine, and lysine decreased when

using 100 lM MeJA on Scenedesmus quadricauda culture

(Kováčik et al., 2011).

Genus Cymbopogon belongs to the family Poaceae; is

distributed in the tropical and subtropical regions of Africa,

Asia, and America (Avoseh et al., 2015). It comprises

numerous aromatic species, and many of them possess

therapeutic activities (Akhila, 2009). Cymbopogon

schoenanthus (L.) Spreng. subsp. proximus (also known as

Halfa barr) grows as wild aromatic grass in the desert of

Southern Egypt and Northern Sudan (Bolous, 1999). Plant

extract from aerial plant parts is used for treatment of renal

calculi-related spasms and available in pharmacies under

different dosage forms such as tablets, capsules, and

effervescent powders for this therapeutic purpose. Addi-

tionally, the arial parts are of importance in traditional

medicine (usually used as herbal infusions) as an efficient

curative for many other ailments, e.g. inflammatory dis-

orders, urinary tract infection, and diabetes (Batanouny

et al., 1999; Taeckholm, 1974). The antimicrobial and

antioxidant activities of the plant extract have also been

documented (Selim, 2011). Terpenoids make up most of

the chemical constituents in the plant extract (El-Askary

et al., 2003). Proximadiol, an eudesmane sesquiterpene, is

the principle bioactive compound present in the plant.

Pharmaceutical industries, as well as folk medicine soci-

eties still depend on the wild species as their main source of

plant material and therefore are bringing the wild popula-

tion under an accelerated threat of extinction due to the

uncontrolled collection. Thus, alternative intervening

approaches of plant mass propagation and/or bioactive

metabolite elicitation are in high demand. In vitro propa-

gation protocol for Cymbopogon schoenanthus subsp.

proximus has been previously established (El-Bakry and

Abdelsalam, 2012; Abdelsalam et al., 2017a), and the

differences between the wild and the in vitro propagated

tissues at the metabolite level were investigated (Abdel-

salam et al., 2017b). However, the possibility of mass

propagation of the species under the influence of exoge-

nous elicitors application has not been studied.

Therefore, this study was undertaken with the aim of

studying the influences of MeJa exogenous supplementa-

tion on the mass production of plants of Cymbopogon

schoenanthus subsp. proximus, metabolite changes within

each propagation system (i.e., embryogenesis and organo-

genesis), as well as its impact on the accumulation of the

bioactive principle from the plant.

Materials and methods

Plant material

Mature inflorescences of Cymbopogon schoenanthus

subsp. proximus were collected during April 2015 from the

botanical garden of Aswan University in Egypt. The plant

material was authenticated by Prof Hasnaa Hosni, Profes-

sor of Plant taxonomy, Herbarium of Cairo University and

a voucher specimen was deposited at the Herbarium of the

Faculty of Science at Helwan University in Egypt.

Chemicals

Murashige and Skoog modified basal medium with Gam-

borg vitamins was obtained from Phytotech Lab (Lenexa,

KS, USA). Proximadiol reference standard (5 mg) was

purchased from BOC Sciences (NY, USA). Methyl jas-

monate, Benzyl adenine, 2, 4-Dichlorophenoxyacetic acid,

1-Naphthaleneacetic acid, sucrose, phytagel powder, sol-

vents and NMR standard components were purchased from

Sigma Aldrich (St. Louis, Mo., USA).

Seed sterilization and culture conditions

Healthy, mature seeds were collected from the inflores-

cence one day before culturing. Seeds were washed under

running tap water for 15 min followed by dist. H2O for

5 min. Surface sterilization was performed using 95%

ethanol for 1 min followed by 1.0% NaOCl for 20 min.

Residual disinfectants were removed from the surface of

sterilized seeds by washing with sterile dist. H2O for

15 min under aseptic conditions. Murashige and Skoog

(1962) with B5 vitamins (Gamborg et al., 1968) medium

(MSB5) was used as the basic culturing media, which was

further fortified with other regulators according to the

intended propagation protocol. As a general culturing

condition, the pH of the media was adjusted to 5.8 and

supplemented with phytagel (2.0 g/L) before sterilization

at 121 �C for 20 min. The cultures were incubated at

25 ± 1 �C under cool white fluorescent light (3000 lx).

Somatic embryogenic tissues were maintained at 8/16 h

light/dark photoperiod in the first 12 weeks, then the pho-

toperiod increased to 16/8 h light/dark until the end of the

experiment. The direct regenerated plants were incubated

under 16/8 h light/dark photoperiod.
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Effect of MeJA on in vitro regeneration through

somatic embryogenesis

Seeds were cultured in Petri dishes on MSB5 supplemented

with 4.0 mg/L 2, 4-Dichlorophenoxyacetic acid (2, 4-D)

and 0.5 mg/L Benzyl adenine (BA). The first subculture

was carried out under similar conditions four weeks post

culturing. Six weeks after the first subculture, the second

subculturing was carried out by transferring embryogenic

calli to MSB5 media containing 1.0 mg/L 2,4-D,

0.125 mg/L BA and different concentrations of MeJA

(10.0, 100.0, 200.0, 300.0, 400.0 lM), while control cul-

tures were MeJA-free. After 8 weeks from the second

subculture, the explants were screened for the number of

embryos (globular), mature embryos (scutellar), as well as

the number of embryogenic shoots. For each MeJA con-

centration 20 replicates were used (5 plates, 4 seeds/plate).

Effect of MeJA on in vitro regeneration through

direct organogenesis

Surface sterilized seeds were cultured in Magenta vessels

(4 vessels for each MeJA concentration, 4 seeds/vessel) on

MSB5 supplied with 7.0 mg/L BA and 0.05 mg/L

1-Naphthaleneacetic acid (NAA). After four weeks of seed

culturing, 10.0 mL of MSB5 liquid media containing

MeJA at a final different concentration (10.0, 100.0, 200.0,

300.0, 400.0 lM) and 0.2 mg/L BA were added in each

culturing magenta box. After two weeks of liquid media

addition, 10.0 ml MSB5 hormone-free media were added

into each magenta box. Two weeks later, each explant was

screened for the number of the organogenic shoots and

roots.

Metabolic profiling of direct regenerated shoots

using NMR spectroscopy

Sample collection

Only plantlets produced via organogenesis were examined

for accumulation of proximadiol, as embryogenic shoots

only were produced in two of the studied treatments. Six

replicates from the control and MeJA-treated shoots (10.0,

100.0, 200.0 lM) were randomly collected from nine dif-

ferent Magenta vessels. Plants of the other two concen-

trations i.e. 300.0 and 400.0 lM were completely brown at

the time of sample collection, and therefore were not

included. Collected plantlets were immediately immersed

in liquid nitrogen, lyophilized for 48 h, and shoot parts

were separated and finely powdered to be used in metabolic

profiling analysis.

Polar metabolite extraction and NMR data collection

Twenty milligrams of the finely powdered samples were

extracted using methanol: chloroform: water in a volu-

metric ratio of 2:2:1.8 (Kim et al., 2011) based on dry mass

and water loss ratio reported by Bligh and Dyer (1959) and

Wu et al. (2008). The extraction process was proceeded by

vortex-mixing the calculated methanol and water volumes

with the powder for 30 s, then placed on ice for 10 min to

allow the solid matter to precipitate. The supernatant was

then separated in 10.0 mL glass tubes containing the cal-

culated amount of ice-cooled chloroform, vortex-mixed for

30 s, and kept on ice for 5 min. For bilayer separation,

samples were centrifuged at 4 �C (2000 9 g) for 5 min.

The polar layers were separated and dried under vacuum at

30 �C for 24 h using a CentriVap vacuum concentrator

(Labcocno, Kansas City, MO, USA).

The obtained (mostly brownish) residues were dissolved

in 620 lL of NMR buffer containing 100.0 mM sodium

phosphate buffer, pH 7.3, 1.0 mM 3-(trimethylsilyl) pro-

pionic-2,2,3,3-d4 acid as internal standard (TMSP), and

0.1% sodium azide, in 99.9 atom % D2O. NMR data were

acquired at 700 MHz (BrukerAvanceTM III spectrometer,

Bruker Biospin GmbH, Rheinstetten, Germany).

Data were obtained 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 used for solvent sup-

pression during a 3 s recycle delay. The first increment of

the presat-noesy spectra was collected with 120 scans, 4

dummy scans, 3 s relaxation delay, and pre-saturation at

the residual water frequency. The 908 pulse widths were

measured for each sample using the automatic pulse cal-

culation experiment (pulsecal) in TopSpin 2.1.1 (Bruk-

erBioSpin, Billerica, MA). Two dimensional 1H-13C

HSQC data were collected at 700 MHz 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 statistical analysis of NMR

data

Polar metabolites were annotated by inputting the acquired
1H NMR spectra into Chenomx NMR Suite (Chenomx

Inc., Edmonton, Alberta, Canada) and using the 700 MHz

data library. For further metabolite confirmation, 2D
1H-13C HSQC experiments were carried, and the observed

cross peaks were matched with those reported for the same

compounds in Madison Metabolomics Consortium Data-

base (MMCD) (Cui et al., 2008). Spectra were labeled

using Mnova software.
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NMR data analysis was carried out using MetaboAna-

lyst version 4.0 (MetaboAnalyst 4.0—a comprehensive

server for metabolomic data analysis) with 95% confidence

intervals according to the bucket tables created by AMIX

software. Chemometrics analysis including the Principal

Component Analysis (PCA) and Hierarchical Cluster

Analysis (HCA), and one way analysis of variance

(ANOVA) were performed with a spectral region ranging

from 0.5 to 10.0 ppm with 0.01 ppm bucket widths and

advance bucketing, while water region (4.833–4.833 ppm)

was specified for exclusion. The spectral bins were nor-

malized to total intensity (Xia et al., 2012). Hierarchical

cluster analysis was carried out using Ward’s linkage as a

clustering algorithm and Euclidean distance as a similarity

measurement. Boxplots were generated for the most sig-

nificant metabolites selected based on p values calculated

using one way ANOVA. ANOVA was adjusted to p‹0.05
value and Fisher’S LSD post-hoc analysis.

Proximadiol identification and quantification

in direct regenerated shoots

Sample collection

Similarly, plantlets resulting from the organogenic exper-

iments were used. Three replicates were sampled from the

control and each MeJa-treated plant (10.0, 100.0,

200.0 lM). Any remaining solid media were carefully

removed using forceps and samples were immediately

immersed in liquid nitrogen to quench any possible enzy-

matic reactions. Samples were then lyophilized (Labcocno,

Kansas City, MO, USA) for 48 h. Afterwards, aerial parts

were separated and powdered in a mortar, then used for

proximadiol analysis.

Extract preparation, qualitative and quantitative analysis

of proximadiol

Non-polar soluble fraction preparation, as well as proce-

dures for qualitative and quantitative analysis of proxima-

diol have been carried out as we described previously

(Abdelsalam et al., 2017b). Briefly, 100.0 mg dry powder

from each sample were extracted using methanol: water (1:

1, V/V, 2.0 mL) in 10.0 mL glass reaction tubes. The

mixture was then sonicated for 20 min at 40 �C. Metabolite

portioning was performed by adding 2.0 mL chloroform,

and the mixture was vigorously shaken for 5 min. Fol-

lowing bilayer separation, the non-polar organic phase was

separated. The partition process was repeated by adding

another 2.0 mL chloroform and steps proceeded as men-

tioned. Collected organic phases were pooled, filtered

through 0.22 lM syringe filters, dried under vacuum, and

redissolved in 1.0 mL chloroform. This solution was kept

at – 20 �C until GC analysis of proximadiol.

GC–MS measurements were recorded on an HP Agilent

5890 GC instrument equipped with Restek fused silica

RtX-5 column (30 m 9 0.25 mm i.d.; film thickness

0.25 lm) and connected to VG 70 S mass unit. Tested

samples and standard solution were injected (1.0 lL) in

splitless mode and spectra were collected over a mass

range 50–450 m/z. Helium was used as a carrier gas and

worked at a flow rate of 1.0 mL/min. The injector tem-

perature was set to 250 �C and oven temperature ramp was

programmed as follows: 70 �C for 0 min, (70–150 �C) at
10 �C/min, (150–210 �C) at 5 �C/min and finally

(210–300 �C) at 10 �C/min for 10 min. Proximadiol stock

solution was prepared at 1.0 mg/mL in chloroform. The

standard calibration curve was constructed using four

dilution points (0.5, 1.0, 10.0, and 50.0 lg/mL). The

proximadiol peak in each sample was determined by

matching the retention indices as well as mass fragmenta-

tion behavior with those of the proximadiol standard. The

area under the base ion peak at 149.0 was used for con-

struction of the calibration curve. Proximadiol concentra-

tion was calculated from the generated linear regression

equation.

Statistical design and data analysis

For in vitro culture studies, a completely randomized

experimental design was performed. For each methyl jas-

monate treatment, 4–5 replicates have been carried out.

Each replicate was represented by one container (petri-dish

or magenta box) with 4 explants cultured in each container.

All replicates came from different seeds.

Proximadiol concentration data was collected using 3

explants for each MeJA treatment selected randomly from

3 different containers.

Data was analyzed using Minitab 17 software by one

way ANOVA. Fisher least significant difference (LSD)

method with 95% confidence level was used to compare

treatment means.

Results and discussion

Effect of MeJA on in vitro regeneration through

somatic embryogenesis

MeJA at five different concentration levels

(10.0–400.0 lM) was externally applied to the embryo-

genic calli. Under the applied MeJA concentrations, the

total number of somatic shoots significantly increased

compared to the control cultures (Fig. 1). Although, there

was no significant difference in the number of mature
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embryos, the numbers were enhanced (10.9 and 12.0

embryos/explant) by using 200 and 300 lM MeJA,

respectively. MeJA at 300 lM concentration improved the

number of somatic embryos, mature embryos, and

embryogenic shoots (Fig. 2). The enhancing effect of

MeJA on embryo induction and maturation is supported by

earlier studies. It induced the embryogenesis-related pro-

teins and mRNAs in leaf tissues of Nicotiana

plumbaginifolia (Reinbothe et al., 1994). Moreover, MeJA

at concentrations of 10 and 100 lM has improved somatic

embryo maturation in Lithospermum erythrorhizon plant

(Mariani et al., 2004). Jasmonic acid enhanced the

biosynthesis of indole acetic acid in Arabidopsis explants,

which is known to induce the production of somatic

embryos (Mira et al., 2016).

Fig. 1 Effect of different MeJA

concentrations on mean number

of somatic embryos, mature

embryos, and embryogenic

shoots. *Different letters
indicate statistically significant

difference within embryos at P-
value = 0.022; within mature

embryos at P-value = 0.00;

within shoots at P-
value = 0.001, according to

Fisher test (n = 20)

Fig. 2 Somatic embryogenesis induced in media supplemented with 300 lM MeJA. A embryogenic callus; B Embryogenic callus showing

somatic embryos (globular); C Mature embryos (scutellar); D Embryogenic shoots
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Effect of MeJA on in vitro regeneration through

direct organogenesis

In contrast to regeneration through somatic embryogenesis,

the applied MeJA concentrations (10.0–400.0 lM) have

significantly reduced the number of de novo regenerated

shoots and roots (Fig. 3). MeJA at 10.0 and 100.0 lM
reduced the shoot number by approximately tenfold com-

pared with the control cultures by dramatically decreasing

the mean number of adventitious roots. Moreover, orga-

nogenic shoots and roots were completely inhibited when

300 and 400 lM of MeJA were used (Fig. 4E). Based on

the results, we conclude that the regeneration process via

direct organogenesis was significantly retarded by exoge-

nous MeJA application under the studied concentrations.

Earlier studies showed that MeJA led to reduction in the

height and biomass of Helianthus annuus, Solanum

lycopersicum, and Glycine max (Lie et al., 2018),

decreased the number of floral buds and inhibited the

growth of shoots and roots in Pharbitis nil (Maciejewska &

Kopcewicz, 2002). Moreover, MeJA decreased the bulb

formation in in vitro regenerated Tulip plants (Pod-

wyszyn�ska et al., 2015). Also, it has resulted in root

suppression of Phaseolus coccineus, Allium cepa and Zea

mays (Maksymiec & Krupa, 2007). Therefore, the appli-

cation of exogenous MeJA in the present study adds evi-

dence to the previous studies reporting the negative effects

of MeJA on plant organogenesis.

Effect of MeJA on metabolic profiling

of organogenic shoots

Metabolic profiling of the polar extracts of organogenic

shoots was performed using NMR spectroscopy. Metabo-

lite annotation was facilitated by Chenomx NMR Suite

and, for confirmation, compared with corresponding

metabolite spectra on Madison Metabolomics Consortium

Database (MMCD). In total, 34 metabolites were identified

in both the control and MeJA-fortified shoot samples

(Table S1 in supplementary data). The identified com-

pounds included different classes like alkaloids (e.g. tri-

gonelline), amino acids (e.g. alanine, arginine, asparagine,

threonine, and valine), carbohydrates (e.g. fructose, glu-

cose, sucrose), and organic compounds (e.g. formic acid).

Scores plot analysis generated using PCA showed that

samples corresponding to each MeJA treatment were

clustered together, whereas different treatments were

clearly separated based on the metabolite variabilities

(Fig. 5A and B). Samples treated with 10 and 200 lM
MeJA are close to each other and varied from 200 lM
MeJA treated samples. The metabolites responsible for the

separation and sample grouping in PCA are shown in the

score plot (Fig. 5C). Hierarchical clustering (Fig. 5D)

showed two main clusters, control cultures in one cluster

and the MeJA-treated cultures in the other one. The cluster

including MeJA-treated samples are divided into two

subclusters one for 10 and 200 lM MeJA-treated samples

and the other for 10 lM MeJA-treated samples. This could

indicate that the observed increase in proximadiol con-

centration in both samples of the former subcluster com-

pared to the later subcluster could be attributed to the

favorable alteration effects of MeJA on the primary pre-

cursors upstreaming to the sesquiterpenes biosynthesis in

the former.

Boxplots of twelve metabolites that were selected from

the loading plot analysis are shown in (Fig. 6). Alanine,

4-hydroxybenzoate is downregulated sharply by using 10

and 200 lM MeJA. Also, fructose and threonine concen-

trations decreased by nearly 3- and 10-folds, respectively,

by using 200 lM. On the other hand, glucose-6-P was

upregulated twofold by using 200 lM-treated samples.

Exogenous application of MeJA significantly decreased the

Fig. 3 Effect of MeJA

concentration on the mean

number of organogenic shoots

and roots. *Different letters
indicate statistically significant

difference within shoots at P-
value = 0.02 or within roots at

P-value = 0.0, according to

Fisher test (n = 16)
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concentrations of fructose and glucose in Manduca sexta

leaves (Machado et al., 2015). Also, decreased fructose,

mannose, and sucrose concentrations were reported in

Agastache rugosa cell cultures (Kim et al., 2013) and

decreased alanine and glutamine levels in Codonopsis

pilosula (Ji et al, 2019).

The alkaloid, trigonelline accumulated in MeJA-treated

cultures tenfold compared to the control culture. Trigo-

nelline is a medicinal compound with anti-diabetic, anti-

viral and anti-tumor activities (Qiu et al., 2020; Zhou et al.,

2012). MeJa at concentration of 100 lM improved trigo-

nelline production in Trigonella foenumgraecum suspen-

sion culture and hairy root culture (Abdel Mawla, 2011;

Qaderi et al., 2016).

Heat map dendrogram (Fig. 7) confirmed the Boxplot

findings and showed that sucrose and glucose were

downregulated in 200 lMMeJA treatments compared with

control. Pyroglutamate and arginine have been accumu-

lated in 100 lM MeJA treated samples.

Two hundred lM MeJA induced the highest concen-

tration of the amino acids betaine, proline and glutamate.

Betaine has a role in cell protection under stress conditions

(Naidu et al., 1991). Exogenous application of jasmonate

resulted in accumulation of betaine in pear leaves and

improved its tolerance to drought stress (Gao et al., 2004).

Glutamate is the precursor of several amino acids, e.g.

arginine, proline and 4-aminobutyrate (d-aminobutyric

acid), proline, and d-aminobutyric acid and is reported to

accumulate in plants cultured under stress conditions

(Forde & Lea, 2007). Proline is an osmolyte, which accu-

mulates in plants under abiotic stress to maintain cell

functions (Dar et al., 2016). The effect of jasmonates in

downregulating amino acids threonine, isoleucine, leucine,

and serine has been reported in Brassica oleracea (Tytgat

et al., 2013).

Effect of MeJA on proximadiol production

Proximadiol is the principle active metabolite in the

Cymbopogon schoenanthus subsp. proximus. The thera-

peutic potential of the plant extract as a renal calculi

repellent has been traced to its proximadiol content.

Qualitative analysis of proximadiol in the non-polar extract

of direct organogenic shoots was performed using GC–MS.

Confirmation was done by matching the obtained mea-

surements with a standard proximadiol solution (Fig S1 &

S2 in supplementary data). Quantitative measurements

showed that all samples variably accumulated proximadiol.

Statistical analysis showed that the concentration of prox-

imadiol was significantly lower (12.08 ± 0.11 lg/100 mg

Fig. 4 Effect of different MeJA concentrations on direct organogenesis A MeJA-free cultures, B 10 lM, C 100 lM, D 200 lM and E 300 and

F 400 lM
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dry weight, DW) when using 100 lMMeJA (Fig. 8), while

its concentration has increased to 20.3 ± 0.19 and

25.9 ± 0.21 lg/100 mg DW in 10.0 and 200.0 lM MeJA-

treated cultures, respectively in comparison with 100 lM
MeJA-treated samples.

MeJA is capable of modulating the biosynthetic path-

ways in plants and could therefore shift the carbon back-

bones to a certain pathway (Ji et al., 2019). Our results

indicate that the concentration of proximadiol significantly

decreased in 100 lM MeJa-treated cultures in comparison

with the control and 200 lM MeJA-treated samples. Also,

proximadiol was down regulated further in 100 lM MeJa-

treated cultures compared to 10 lM MeJa-treatment

(results were non-significant), which suggests that the

elicitation potential of MeJa is concentration dependent.

Notably, MeJa at 100 lM resulted in morphologically

different shoots as compared to other treatments. These

shoots were dwarf, thin, pale green, or purple in color. The

effect of MeJA on terpenoid biosynthesis and plant

development is controversial. For example, MeJA has been

shown to induce accumulation of terpenoids in many plants

as in Centella asiatica and Galphimia glauca plantlets

(Mangas et al., 2006) and in Rhazya stricta hairy root

cultures (Akhgari et al., 2019). However, it did not affect

the terpenoid production in Eucalyptus grandis leaves

(Henery et al., 2008). Moreover, Yousefian et al., (2020)

Fig. 5 Statistical analysis of the control as well as the MeJA-treated

organogenic shoots (6 replicates from each treatment) of normalized

data generated by MetaboAnalyst 4.0. A & B 2-D and 3-D PCA

scores plots, the ovals in the 2D score plot indicate 95% Hotellings

confidence intervals, PC1and PC2 explained the total of 62.2%

variance and PC3 explained 79.4% of total variance C loadings plot

of the two-principal component analysis and D hierarchical cluster

analysis. MJ0 = MeJA-free cultures, MJ10 = samples treated with

10 lM MeJA, MJ100 = samples treated with 100 lM MeJA,

D MJ200 = samples treated with 200 lM MeJA
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reported the fluctuation in the concentrations of some

phenolic compounds from Mentha spicata hairy root cul-

tures exposed to MeJA at different time courses. Also, the

seedling biomass was shown to fluctuate with different

MeJA concentrations in three varieties of Brassica oler-

acea (Sirhindi et al., 2020).

In the present study, 100 lM MeJA treatment signifi-

cantly decreased organogenic shoot and root numbers and

induced the upregulation of lactate and glycolate. Lactate

accumulation in the plant is considered unfavorable for the

plant development because it rapidly leads to cytosolic

acidosis (Ricard et al., 1994). Exogenous lactate was

reported to have negative effects on seedling development

of Arabidopsis thaliana (Wienstroer et al., 2012). Glyco-

late has been shown to have a negative effect on plant

development (South et al., 2019). It was reported to

decrease metabolic activities in maize (González-Moro

et al., 1997) and decrease root growth of Arabidopsis plant

(Engqvist et al., 2015).

The 200 lM MeJA treatment induced the accumulation

of the bioactive secondary metabolites trigonelline (an

alkaloid) and proximadiol (a sesquiterpene), while down

regulated the amino acids arginine, lysine, leucine, and

valine. Arginine and lysine are precursors to a variety of

Fig. 6 Boxplots of relative concentrations of metabolites that were

significantly different in PCA loading plot analysis. The black dots

represent the concentration of the selected metabolite in each

replicate. The notch indicates the 95% confidence interval around

the average of six replicates, defined as ± 1.58* IQR/sqrt (n). The

mean 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. MJ0 = MeJA-free

cultures, MJ10 = samples treated with 10 lM MeJA, MJ100 = sam-

ples treated with 100 lM MeJA, D MJ200 = samples treated with

200 lM MeJA
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Fig. 7 Heat map analysis showing the effect of different concentra-

tions of MeJA (0.0, 10, 100, and 200 lM) on the metabolite

concentrations in the polar extract of direct regenerated shoots.

Colour scale is relative to the abundance of each metabolite. Each row

represents a metabolite, and each column represents a sample

Fig. 8 Effect of different MeJA

concentrations on the

production of the active

metabolite, proximadiol, in the

organogenic shoots. *Different
letters indicate statistically

significant difference at P-
value = 0.00 according to

Fisher test (n = 3)
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alkaloids (Bunsupa et al., 2017; Lichman et al., 2021).

Leucine is involved in sesquiterpenoids biosynthesis

(Zhang et al., 2015).

Our data suggest that Cymbopogon schoenanthus subsp.

proximus cultures require a high concentration of MeJA

(200 lM) to induce the production of bioactive secondary

metabolites, as well as, for the accumulation of osmopro-

tectant amino acids betaine and proline.

Conclusion

The effect of MeJA on somatic embryogenesis and

organogenesis, and metabolite accumulation in Cymbo-

pogon schoenanthus subsp. proximus is concentration

dependent; however, it does not exhibit a direct propor-

tional correlation. MeJa at certain concentrations improved

somatic embryo maturation and germination, promoted

direct organogenesis and enhanced the accumulation of

some metabolites as trigonelline, as well as, osmoprotec-

tant amino acids. Proximadiol concentration increased

significantly using 10 and 200 lM MeJA in comparison

with 100 lM concentration. Further studies are needed to

study the application of MeJA for a targeted improvement

of in vitro propagation system and for the enhancement of

specific metabolite production.
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