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Abstract
The induction of secondary metabolites under osmotic stress is well documented. However, cell death is probably due to 
osmotic stress. This work tries to study the synergetic effect of hydropriming and polyethylene glycol (PEG) on enhancing 
the secondary metabolites production in fenugreek callus cultures without facing cell death. PEG initiates the stress and 
the hydropriming increase the plant cell response against the stress. Fenugreek calli were initiated from hypocotyl of two 
groups of seeds, the first was hydroprimed overnight before germination, the second remained dry. Three months old calli 
of the two groups were subcultured on media containing two different concentration of PEG (5, 10%). The calli growth, 
biochemical analysis, secondary metabolism keys, and secondary metabolites were determined after 4 weeks. PE induced 
oxidative stress, which increased the membrane lipid peroxidation and decreased cell viability and growth. Hydropriming 
enhanced the activity of antioxidant enzymes, regulating the reactive oxygen species level, accumulating the osmolytes 
and secondary products. Therefore the primed callus can tolerate the osmotic stress initiated with PEG. Consequently, cell 
biomass increased and not affected by PEG treatment. On the other hand, the calli from non-primed seeds have a significant 
decrease in fresh weight, and dry weight under the higher PEG treatment. The hydropriming protected the growth of the 
cells under PEG treatment with a high content of secondary metabolites and high antioxidant machinery. The synergetic 
effect of hydropriming and PEG can be used as a simple and low-cost way to produce valuable compounds in commercial 
industrial bioreactors.

Key message 
The synergetic effect of hydropriming and PEG enhances the secondary metabolites production in fenugreek callus. PEG 
initiates the stress and the hydropriming improves the plant cell response against the stress.
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Introduction

Fenugreek, Trigonella foenum-graecum L. is a medicinally 
and economically important legume. Its cell culture has been 
reported for the isolation of important bioactive secondary 
metabolites (Ahmad et al. 2016).

Plant secondary metabolites play an important role in plant 
protection from various stresses. The synthesis of these com-
pounds is low under normal conditions. Many biotechnologi-
cal methods have been used to improve secondary metabo-
lites production. One of these methods is the elicitation. It has 
been considered as the most efficient and easy to apply for 
increasing the production of desirable secondary metabolites 
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from cell, organ and plant systems. Elicitation is the process in 
which the synthesis of secondary metabolites by the plants is 
activated to ensure their survival in various conditions (Thakur 
et al. 2019).

The polyethylene glycol (PEG) is an osmotic agent caus-
ing osmotic stress, biochemical and morphological changes. 
These changes lead to an increase in secondary metabolites 
production in plant cells and organ cultures (Masoabi et al. 
2018). These biochemical changes commonly appeared as 
an increase in reactive oxygen species (ROS), such as hydro-
gen peroxide (H2O2), superoxide (O2−) and hydroxyl radicals 
(OH·) causing oxidative stress. This oxidative stress results in 
dangerous damage at vital molecules in the cell such as degra-
dation of membrane lipids, proteins, and nucleic acids, causing 
cell death (Guo et al. 2018). Thus, activation of antioxidant 
machinery is the most important defense response in living 
cells under stress conditions. This antioxidant machinery 
consists of enzymatic antioxidants e.g., superoxide dismutase 
(SOD), catalase (CAT), peroxidase (POX), and non-enzymatic 
antioxidant compounds e.g., ascorbate, tocopherol, carotenoids 
and other secondary metabolites (flavonoids and phenolics) 
(Sánchez-Rodríguez et al. 2011).

The induction of secondary metabolites under stress is well 
documented. However, cell death is probably due to the harm-
ful effects of stress. The combined use of elicitors can be an 
effective way to enhance the secondary metabolites production 
in the plant cell, tissue and organ cultures without facing cell 
death. The first elicitor initiates the stress and the second one 
can increase the plant cell response against the stress (Sarmadi 
et al. 2018).

Hydropriming is a proven way in the elicitation of plant 
defense responses (Naguib 2019). It can probably stimulate 
secondary metabolites production in fenugreek callus cultures. 
To date, few studies have investigated the metabolic changes 
and biochemical responses of fenugreek tissue cultures under 
osmotic stress and, to the best of our knowledge; the interac-
tion between the hydropriming and osmotic stress on the plant 
callus culture has not been investigated. The present study tried 
to gain insight into the effects of hydropriming and different 
levels of PEG on the growth, physiological, biochemical and 
metabolic traits of fenugreek callus culture for the first time. 
Our findings have application in the management and com-
mercial exploitation of controlled fenugreek cell and tissue 
cultures for the semi-industrial production of the important 
pharmaceutical compounds.

Materials and methods

Plant material

Trigonella foenum-graecum (cv Giza 30) mature seeds 
were obtained from local markets in Egypt. The seeds were 

botanically authenticated with voucher specimens depos-
ited in the Cairo University Herbarium, Egypt. The seeds 
were divided into two groups for callus induction. The first 
remained dry (as it is obtained from the market) and the 
second was conditioned in between two towel papers wet 
with distilled water for 12 h for hydropriming and after that 
seeds were air-dried to avoid excess moisture.

Seed surface sterilization and germination

The two groups of T. foenum-graecum seeds were surface 
sterilized with 10% Formaline for 10 min, then 70% ethanol 
for 30 s, and then immersed in 95% NaOCl for 30 min with 
frequent shaking, after that rinsed in sterile distilled water 
several times. After surface sterilization, the seeds from each 
group were germinated on sterile moist filter paper at 28 °C 
in dark for 7 days.

Callus induction and culture establishment

We used the hypocotyls as explants of fenugreek (T. foenum-
graecum) in this study for callus induction. Three hypoco-
tyls pieces (2–3 mm away from the apex) were cultured on 
Murashige and Skoog (MS) medium (obtained from Sigma-
Aldrich) supplemented with 2 mg/L 2,4-dichlorophenoxy-
acetic acid (2,4-D), 0.2 mg/L 6-benzyl amino purine (BAP), 
30  g/L sucrose, and 8  g/L agar (obtained from Sigma-
Aldrich). The pH of the medium was adjusted to 5.7 ± 0.01. 
The medium was autoclaved at 120 °C and 108 kPa for 
20 min. The explants on the media were incubated at 27 °C 
under a 16 h photoperiod. The light intensity was 1700 lx at 
the shelf surface.

Callus proliferation from around the edges of the explants 
was transferred for the establishment of stock cultures to 
subculture medium contains the same concentration of phy-
tohormones as in the initiation medium, and maintained at 
the same induction conditions. Callus tissues were subcul-
tured every 4 weeks on fresh medium for three times till 
obtaining suitable healthy callus mass for performing the 
different treatments.

Polyethylene glycol (PEG) treatment

Experimental treatments were prepared by adding different 
concentrations of PEG 6000 (obtained from Sigma-Aldrich) 
(5% and 10% w/v) to the subculture media. Homogeneous 
3-month-old calli (3 g) as the inoculum were transferred to 
the baby food jars containing prepared media (25 mL) and 
incubated at the same previous conditions. The calli groups 
were arranged and marked as following:

C: Control calli initiated from hypocotyl of non-primed 
seeds and grow on MS media free of PEG.
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P: Primed calli initiated from hypocotyl of hydroprimed 
seeds and grow on MS media free of PEG.

PEG 5: Calli initiated from hypocotyl of non-primed 
seeds and grow on MS media with 5% PEG.

PEG10: Calli initiated from hypocotyl of non-primed 
seeds and grow on MS media with 10% PEG.

PPEG5: Primed calli initiated from hypocotyl of 
hydroprimed seeds and grow on MS media with 5% PEG.

PPEG10: Primed calli initiated from hypocotyl of 
hydroprimed seeds and grow on MS media with 10% PEG.

The experiment was done with triplicates per treatment. 
Totally five jars were considered as experimental units in 
each replicate. The calli were harvested after 4 weeks for 
analysis.

Growth of treated calli

The callus samples were separated from the solid medium 
and weighed using citizen scale CY 204 to calculate their 
fresh weight (FW). They were then dried at 60 °C till con-
stant weight for dry weight (DW) determination.

The plasma membrane permeability was determined as 
the electrolyte leakage percent according to Poovaiah and 
Leopold (1973). Calli pieces (0.1 g) immersed in 10 mL 
distilled deionized water in closed test tubes and incubated 
at 32 °C for 2 h. After incubation, the electrical conductiv-
ity of the solution (EC1) was measured, and then the tubes 
were autoclaved at 121 °C for 20 min, after that the electrical 
conductivity (EC2) was measured after cooling to 25 °C. 
Plasma membrane permeability % (The electrolyte leakage) 
was expressed following the formula: Plasma membrane 
permeability % (EL %) = EC1/EC2 × 100.

Biochemical traits

Reactive oxygen species and antioxidant machinery

Oxidative stress markers  H2O2 content was determined 
according to the method of Alexieva et al. (2001). Fresh calli 
(1 g) was homogenized in 0.1% trichloroacetic acid (TCA). 
The homogenate was centrifuged at 3800×g for 10  min. 
The assay mixture was 3 mL containing 0.5 mL 100 mM 
K-phosphate buffer (pH 6.8) and 2 mL KI reagent (1 M KI 
in fresh double-distilled water H2O) added to 0.5 mL of the 
extract supernatant. The tubes were incubated in dark at 
room temperature for 1 h, and then the solution absorbance 
measured at 390 nm. The amount of hydrogen peroxide was 
calculated using a standard curve prepared with known con-
centrations of H2O2.

Malonyl dialdehyde (MDA) content (lipid peroxidation 
product) was evaluated according to the method described 
by Li (2000). Fresh calli (0.2 g) was homogenized in 1.5 mL 
5% TCA. The homogenates were centrifuged at 13,000×g 

for 20 min. A reaction mixture of 0.5 mL supernatant and 
1 mL 20% TCA and 1 mL 0.5% TBA (thiobarbituric acid) 
was incubated at 95 °C in a water bath for 25 min. The reac-
tion mixture was cooled immediately and centrifuged at 
3800×g for 5 min. The absorbance of the supernatants was 
determined at 450, 532 and 600 nm, respectively. Calcula-
tion of MDA was based on the following formula:

Antioxidant enzymes

Enzymes extraction

Fresh calli (3 g) was homogenized in 0.05 M cold phosphate 
buffer (pH 6.5) containing 1 mM EDTA, Na2 and centri-
fuged at 3800×g for 10 min. The supernatant was completed 
15 mL volume and used as calli extract and enzymes source 
(Ma et al. 2012).

Enzymes assays

Superoxide dismutase (SOD) activity was evaluated based 
on the nitro blue tetrazolium (NBT) reduction method 
(Beyer and Fridovich 1987). The reaction solution consists 
of 3 mL assay buffer (comprising of potassium phosphate 
buffer (50 mM, pH 7.8) and 9.9 mM l-methionine), 60 µL 
crude enzyme and finally 30 µL riboflavin (added last to 
initiates the reaction). The reaction solution was incubated 
under Fluorescent lamps at 25 °C for 7 min. The reaction 
was stopped by turning off the lamps. The absorbance of the 
blank and reaction solution was measured at 560 nm. SOD 
activities were evaluated with the following formula: SOD 
activity (%) = (1 − A/B) × 100 (A: absorbance of the sample; 
B: absorbance of blank).

One unit of SOD activity was defined as the amount of 
the enzyme that inhibited 50% of NBT photoreduction.

Catalase (CAT) activity was measured according to 
Kar and Mishra (1976). Assay mixture (5 mL) compris-
ing 300 µM of phosphate buffer (pH 6.8), 100 µM of H2O2 
and 1 mL of the crude extract was incubated at 25 °C for 
5 min. The reaction was stopped by the addition of 10 mL 
2% H2SO4. The residual H2O2 was titrated against 0.01 N 
KMnO4 until a faint purple color persisted for at least 15 s. 
A blank activity was run at the same time, in which the 
enzyme activity was stopped at zero time. One unit of CAT 
activity was defined as the amount of enzyme that destroys 
10 µmol H2O2.

Peroxidase (POX) was measured according to Upad-
hyaya et  al. (1985). Assay mixture (5 mL) containing 
300 µM of phosphate buffer (pH 6.8), 50 µM catechol, 
50  µM H2O2 and 1  mL of crude enzyme extract was 

MDA (μm/mL) = 6.45(A532 − A600) − 0.56 A450
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incubated at 25 °C for 5 min. The reaction was stopped by 
the addition of 1 mL 10% H2SO4. The absorbance of the 
produced color was measured at 430 nm. One unit of POX 
activity was defined as the amount of enzyme that causes 
0.01 change in the optical density.

Osmolytes determination

Proline content was determined according to the method 
of Bates et al. (1973). Calli (0.5 g) was homogenized in 
10 mL 3% aqueous sulphosalicylic acid. The homogen-
ate was centrifuged at 3800×g for 10 min. The reaction 
mixture consists of 2 mL of glacial acetic acid and 2 mL 
acid ninhydrin were added to 2 mL of supernatant in a 
glass test tube. The reaction mixture was incubated in a 
boiling water bath for 1 h. After incubation, the reaction 
was stopped by placing the tubes in an ice bath. Toluene 
(4 mL) was added to the reaction solution and stirred well 
for 20–30 s. The toluene layer was taken and absorbance of 
the produced color was measured at 520 nm. The amount 
of proline is calculated from a standard curve with known 
concentrations of proline.

Glycine betaine (GB) analysis was carried out accord-
ing to the method of Grieve and Grattan (1983). Calli 
(0.5 g) was ground in 5 mL 0.05% toluene and mechani-
cally shaken for 24 h at 25 °C, and then the homogenate 
was centrifuged at 3800×g for 10 min. The supernatant 
(0.5 mL) was mixed with 1 mL of 2 N HCl solution and 
then add 0.1 mL potassium tri-iodide solution (7.5 g iodine 
and 10 g KI in 100 mL of 1 N HCl). The reaction mixture 
was incubated in a shaking ice-cold water bath for 90 min. 
After incubation 2 mL of ice-cooled water was added, and 
then 10 mL of 1, 2 dichloroethane (chilled at − 10 °C) was 
added to it after gentle shaking. A continuous airstream 
was passed in the tubes for 1–2 min, two layers were sepa-
rated the optical density of the organic lower layer was 
recorded at 365 nm. The amount of GB in the test sample 
as calculated from the standard curve.

Soluble carbohydrates were estimated according to the 
phenol sulphuric acid method of DuBois et al. (1956).

Calli (1 g) grounded in 5 mL dist. water and incubated 
in a boiling water bath for 30 min. After incubation, the 
homogenate was centrifuged at 3800×g for 10 min. The 
reaction solution contains 1 mL supernatant, 1 mL of phe-
nol solution, and 5 mL of concentrated H2SO4 to each tube 
and then shake well, set a blank with 1 mL of water instead 
of the sample solution. After 10 min shake well and incu-
bate in a water bath at 30 °C for 20 min. The absorbance 
of the developed color was read at 490 nm. Calculate the 
amount of total soluble carbohydrate present in the sample 
solution using a glucose standard curve.

Secondary metabolism keys

The shikimic acid concentration was determined according 
to Zelaya et al. (2011). Calli (0.2 g) were ground in 2 mL 
0.25 M HCl and then centrifuged at 3800×g for 30 min. 
The supernatant (50 μL) reacted with 0.5 mL of a 1% peri-
odic acid and incubated at room temperature for 3 h. After 
incubation 0.5 mL 1 M NaOH and 0.3 mL 0.1 M glycine 
were added. The absorbance of the solution was measured at 
380 nm. The amount of shikimic acid was determined using 
the shikimic acid standard curve.

Phenylalanine ammonia lyase (PAL) activity was deter-
mined according to Rösler et al. (1997). Enzyme extract 
(0.5 mL) was added to 2 mL assay buffer (0.2 M sodium 
borate-NaOH, pH 7.7, containing 61 mM L-Phe, and the 
mixture was incubated at 40 °C for 1 h. The reaction was 
finished by the addition of 0.5 mL 6 M HCl. The absorbance 
of the solution was determined at 280 nm as a measure of 
the formed cinnamic acid.

Phytochemical components

The tannin, steroids, saponins and alkaloids contents in the 
calli extract were determined according to Harborne (1973) 
and modified by Trease and Evans (1996). Total flavonoid 
content was evaluated according to Pallab et al. (2013). The 
phenols content in the extract was determined according to 
Julkunen-Tiitto (1985).

Determination of tannin content  Calli extract (2 mL) was 
pipette out and 0.3 mL 0.1 N FeCl3 in 0.1 N HCl was added 
to it. Zero-point (0.3 mL) 0.0008 M potassium ferricyanide 
was also added. The absorbance of the solution was read at 
720 nm. The concentration of tannin was calculated from 
the standard curve.

Determination of steroid content  Calli extract (2 mL) was 
pipetted out and 2  mL of cholesterol color reagent was 
added. The solution was left to stand for 35 min. After incu-
bation, the absorbance of the solution was taken at 550 nm. 
The concentration of steroids was calculated from the cho-
lesterol standard curve.

Determination of  saponin content  Calli extract (0.5  mL) 
was evaporated to dryness. A fresh solution of vanillin ace-
tic acid (5% w/v, 0.2 mL) and perchloric acid (0.8 mL) was 
added and kept at 70 °C for 15 min. The sample was cooled 
on ice for 20 s before adding glacial acetic acid (5 mL). The 
absorbance was read at 550 nm. The concentration of sapo-
nin was calculated from the sapogenin standard curve.

Determination of alkaloid content  Calli extract (1 mL) was 
pipette out and 5 mL 60% H2SO4 added. They were mixed 
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and allowed to stand for 3 h. The absorbance of the resulting 
solution was taken at 565 nm. The concentration of alka-
loids was calculated from the atropine standard curve.

Total flavonoid  The assay solution consists of 0.3  mL 
sodium nitrite solution (5%) was added to 1 mL calli extract 
and incubated at room temperature for 5 min. After incu-
bation, 0.3 mL aluminum chloride (10%) was added, then 
2 mL 1 M NaOH was added. Finally, volume was completed 
up to 10 mL with distilled H2O and mix well. The absorb-
ance was recorded at 510 nm. The total flavonoid content of 
the extract was calculated from the quercetin standard curve.

Estimation of  phenolic compound  Calli extract (1  mL) 
mixed with 0.5 mL 2 M Folin-Ciocalteu reagent and 2.5 mL 
20% Na2CO3. The mixture was kept stand at room tempera-
ture for 20 min. The absorbance was measured at 725 nm. 
The phenol concentration was determined from the pyro-
gallol standard curve. The data of total phenols of extract 
were calculated from the pyrogallol standard curve.

Trigonelline content  This was determined according to 
Jyothi et al. (2017). The extract absorbance was measured 
at 265 nm against blank solution (phosphate buffer pH 6.5) 
using a UV spectrophotometer.

Statistical analysis

The experiments were carried out in a completely ran-
domized design of 5 replicates per treatment and each 
treatment repeated in three sets. All results were analyzed 
by SPSS software (version 14). Data were expressed as 
mean ± SD. Comparison of mean values of the sample 
and the control was done using ANOVA test. P < 0.05 was 
considered to be significant.

Results

Effect of hydropriming on the growth of treated calli

Results in Table 1 showed the positive effect of hydroprim-
ing on the growth of the calli either under osmotic stress or 
not. The primed callus showed significantly higher growth 
than the control under normal conditions.

Under osmotic stress primed protected the growth of 
the calli. The primed calli group under polyethylene glycol 
(PEG) treatment showed a non-significantly decrease in the 
fresh and dry weight compared to that of the control group.

Priming interestingly protects the plasma membrane sta-
bility of the calli cells under osmotic stress. The primed calli 
group has a plasma membrane stability index non-signifi-
cantly lower than that in the control (Table 1).

Effect of hydropriming on biochemical traits 
under PEG treatment

Effect of hydropriming on reactive oxygen species 
and antioxidant machinery under PEG treatment

Oxidative stress markers  Priming significantly decreased 
the H2O2 content in the non-treated primed calli group than 
that in the control. Priming can protect the calli from the 
oxidative stress under PEG treatment. Under PEG treatment 
H2O2 content in the primed calli group was non significantly 
higher than that in the control. On the other hand, H2O2 con-
tent in the non-primed group significantly increased under 
PEG treatment compared to that in the control (Fig. 1).

Interestingly malonyl dialdehyde (MDA) content as a 
measure for the lipid peroxidation showed a similar trend 
to the H2O2 content. under non-treatment conditions, the 
MDA content was significantly lower in the primed group 
than that in the control. MDA content under the PEG treat-
ment increased significantly in the non-primed calli com-
pared to that in the control. On the other hand under the 

Table 1   The effect of 
hydropriming on calli growth 
and plasma membrane 
permeability under PEG 
treatment

Values are given as means of three replicates ± SD. Within a row, means followed by different letters are 
significantly different according to the ANOVA test

Calli sample PEG % Fresh weight (g) Dry weight (g) Plasma membrane 
permeability (%)

Non-primed Calli 0% PEG 5.289 ± 0.483a 1.780 ± 0.293a 89.520 ± 1.020a
5% PEG 3.450 ± 0.392b 1.510 ± 0.201b 63.520 ± 1.930b
10% PEG 2.050 ± 0.572c 1.420 ± 0.332b 37.940 ± 2.930c

Primed Calli 0% PEG 9.450 ± 0.048d 2.540 ± 0.102c 91.730 ± 0.994a
5% PEG 6.490 ± 0.190a 1.920 ± 0.092a 89.440 ± 1.024a
10% PEG 5.540 ± 0.103a 1.690 ± 0.083a 88.560 ± 1.396a
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PEG treatment, MDA content in the primed group showed a 
non-significant increase compared to that in control (Fig. 1).

Antioxidant enzymes  Priming enhanced the activity of the 
studied antioxidant enzymes under PEG treatment. The anti-
oxidant enzymes showed the highest activity in the primed 
calli group under 10% PEG treatment (Fig. 2).

Effect of priming on osmolytes accumulation 
under PEG treatment

Priming increased the accumulation of the osmolytes (pro-
line, glycine betaine, and soluble carbohydrates) in calli 
under PEG treatment (Fig. 3). The primed calli showed 

Fig. 1   The effect of hydropriming on H2O2 and MDA content in 
calli under PEG treatment. C: Control calli initiated from hypocotyl 
of non-primed seeds and grow on MS media free of PEG. P: Primed 
calli initiated from hypocotyl of hydroprimed seeds and grow on MS 
media free of PEG. PEG 5: Calli initiated from hypocotyl of non-
primed seeds and grow on MS media with 5% PEG. PEG10: Calli 
initiated from hypocotyl of non-primed seeds and grow on MS media 
with 10% PEG. PPEG5: Primed calli initiated from hypocotyl of 
hydroprimed seeds and grow on MS media with 5% PEG. PPEG10: 
Primed calli initiated from hypocotyl of hydroprimed seeds and grow 
on MS media with 10% PEG

Fig. 2   The effect of hydropriming on antioxidant enzymes [super-
oxide dismutase (SOD), peroxidase (POX), catalase (CAT)] in calli 
under PEG treatment. C: Control calli initiated from hypocotyl of 
non-primed seeds and grow on MS media free of PEG. P: Primed 
calli initiated from hypocotyl of hydroprimed seeds and grow on MS 
media free of PEG. PEG 5: Calli initiated from hypocotyl of non-
primed seeds and grow on MS media with 5% PEG. PEG10: Calli 
initiated from hypocotyl of non-primed seeds and grow on MS media 
with 10% PEG. PPEG5: Primed calli initiated from hypocotyl of 
hydroprimed seeds and grow on MS media with 5% PEG. PPEG10: 
Primed calli initiated from hypocotyl of hydroprimed seeds and grow 
on MS media with 10% PEG
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the highest accumulation ratio about (315.116, 326.615, 
73.650%) for proline, glycine betaine and carbohydrates 
respectively compared to that in the control. On the other 
hand in the non-primed calli, the accumulation of the 
osmolytes was in a low ratio in comparison to that in the 
control. The non-primed group accumulation ratio of proline 
and glycine betaine was 61.300 and 98.890% respectively, 
while the accumulation of carbohydrates was non-significant 
(about 2.330%).

Effect of priming on secondary metabolism keys 
under PEG treatment

The shikimic acid content significantly decreased under 
PEG treatment either in primed or non-primed calli, but the 
decrease ratio in the primed calli (about -80.6%) was sig-
nificantly higher than that in the non-primed group (about 
-56.6%) (Fig. 4).

Phenylalanine ammonia lyase (PAL) activity showed a 
significant increase in the two groups under PEG treatment. 
The PAL activity in the primed group increased in a higher 
ratio (about 130.2%) than that in the non-primed group 
(about 47.4%) (Fig. 4).

Effect of hydropriming on phytochemical 
components under PEG treatment

Hydropriming significantly increased the phytochemical 
components in fenugreek calli under normal conditions. 
Under PEG treatment the phytochemical components sig-
nificantly increased in both calli groups (primed and non-
primed). In the case of the non-primed group, this significant 
increase was only under the low concentration of PEG. On 
the other hand in the primed calli the phytochemical compo-
nents significantly increased under the two PEG concentra-
tions (Fig. 5).

Trigonelline is an important active component in the 
fenugreek, hydropriming increased its production either 
under normal conditions or under the PEG concentrations 
(Fig. 6). Hydro priming increased its content under normal 
conditions about (70.6%) and under 5% and 10% PEG con-
centration about (239.3 and 244.4% respectively). On the 
other hand trigonelline content in the non-primed calli sig-
nificantly increased only under 5% PEG treatment (about 
70.6%) while under 10% PEG treatment its increase was 
non-significant (about 13.7%).

Discussion

The positive effect of hydropriming on activating the meta-
bolic status of plant cells is well reported (Naguib 2019). 
This positive effect is ensured in the present study as the 

Fig. 3   The effect of hydropriming on osmolytes [proline, glycine 
betaine (GB) and soluble carbohydrates] content in calli under PEG 
treatment. C: Control calli initiated from hypocotyl of non-primed 
seeds and grow on MS media free of PEG. P: Primed calli initiated 
from hypocotyl of hydroprimed seeds and grow on MS media free of 
PEG. PEG 5: Calli initiated from hypocotyl of non-primed seeds and 
grow on MS media with 5% PEG. PEG10: Calli initiated from hypoc-
otyl of non-primed seeds and grow on MS media with 10% PEG. 
PPEG5: Primed calli initiated from hypocotyl of hydroprimed seeds 
and grow on MS media with 5% PEG. PPEG10: Primed calli initiated 
from hypocotyl of hydroprimed seeds and grow on MS media with 
10% PEG
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growth of calli initiated from primed seeds was higher than 
that of the calli initiated from dry seeds either under normal 
conditions or under polyethylene glycol (PEG) treatment. 
Calli growth under PEG treatment significantly decreased. 
This decrease in growth under drought stress can be attrib-
uted to the decrease in cell division due to oxidative stress. 
PEG treatment results in an increase in the reactive oxygen 
species (ROS) which results in the degradation of many vital 
biomolecules such as protein, DNA, lipids in membranes 
(Guo et al. 2018). The oxidative stress in the non-primed 
calli under PEG treatments is ensured with our results 
(Fig. 1). The H2O2 content highly significant increases in 
these calli under the two PEG concentrations. The harmful 

effect of ROS accumulation has appeared in a significant 
increase in the malonyl dialdehyde (MDA) content (Fig. 1). 
Drought increases the level of free radicals and ROS causing 
peroxidation and bio-membrane degradation, which initi-
ates oxidative stress (Karimi and Souri 2016). The severity 
of membrane damage is directly related to the intensity of 
the oxidative stress and the level of ROS, including H2O2 
(Sarmadi et al. 2018). The membrane damage is signifi-
cantly shown in the non-primed calli under PEG treatment 
(Table1). This damage increases the water and cell compo-
nent losing and so cells lose its viability and die (Akula and 
Ravishankar 2011).

Priming induced PEG tolerance in priming calli. Prim-
ing can protect the calli cells from oxidative stress. This 
appeared in the non-significant increase in the H2O2 and 
MDA (Fig. 1), which helped in the protection of the mem-
brane stability (Table 1). This is agreed with Rao and FTZ 
(2013) who reported that PEG tolerant callus line main-
tained membrane integrity under drought stress, on the other 
hand, sensitive callus line loosed its membrane integrity 
under PEG stress. This caused lower growth and metabolic 
disturbance. Lipid peroxidation activation under PEG treat-
ment is also reported in other species like the bean (Yasar 
et al. ; 2010), blueberry callus (Ming et al. 2009).

The most important defense response against oxidative 
stress is the activation of the antioxidant machinery includ-
ing, antioxidant enzymes such as superoxide dismutase 
(SOD), peroxidases (POX), catalase (CAT), glutathione 
reductase (Guo et al. 2018). Rao and Jabeen (2013) reported 
the enhancement of the CAT, POX and SOD activity in PEG 
tolerant sugarcane callus cultures. Others also reported the 
significant increase in activity of antioxidant enzymes in 
callus derived from drought tolerant explants, such as maize, 
tobacco (Bueno et al. 1998; Li and van Staden 1998). The 
decrease in the H2O2 content in the primed calli combined 
with the higher increase in the studied antioxidant enzymes 
(SOD, PPO, and POX) than that in the non-primed calli 
(Fig. 2). This is in harmony with the fact that the balance 
between production and elimination of reactive oxygen spe-
cies at the intracellular level is an urgent need for cell sur-
vival under stress (Guo et al. 2018; Naguib 2018).

Besides, the regulation of antioxidant defense mecha-
nisms in living cells to fight osmotic stress, plants have 
developed various mechanisms to counteract osmotic 
stress. One of these mechanisms is osmolytes or osmo-
protectants accumulation in the plant cells in response to 
osmotic stress. Many osmotically active molecules such 
as sugars, proline, glycine betaine (GB), and organic 
acids get accumulated to balance the water relations under 
osmotic stress. The aggregation of these solutes in the 
cells under water stress results in highly negative osmotic 
potential, which causes endosmosis and protects the cell 
turgidity (Anjum et al. 2017; Sharma et al. 2019; Tanveer 

Fig. 4   The effect of hydropriming on secondary metabolism Keys 
[shikimic acid and phenylalanine ammonia lyase (PAL)] content in 
calli under PEG treatment. C: Control calli initiated from hypocotyl 
of non-primed seeds and grow on MS media free of PEG. P: Primed 
calli initiated from hypocotyl of hydroprimed seeds and grow on MS 
media free of PEG. PEG 5: Calli initiated from hypocotyl of non-
primed seeds and grow on MS media with 5% PEG. PEG10: Calli 
initiated from hypocotyl of non-primed seeds and grow on MS media 
with 10% PEG. PPEG5: Primed calli initiated from hypocotyl of 
hydroprimed seeds and grow on MS media with 5% PEG. PPEG10: 
Primed calli initiated from hypocotyl of hydroprimed seeds and grow 
on MS media with 10% PEG
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et al. 2019). The importance of osmolytes accumulation 
such as proline, Gb and soluble carbohydrates has signifi-
cantly appeared in the present study. Priming calli show-
ing higher fresh and dry weight than that in non-primed 
one (Table 1), also showed higher content of osmolytes 
proline, GB and soluble carbohydrates. These results are 

in correlation with Yamada et al. (2005) who showed that 
drought-tolerant variety of Petunia hybrida accumulated 
more free proline than the sensitive one under drought 
stress. Rao and Jabeen (2013) showed that proline accu-
mulated in the PEG tolerant lines of sugarcane than that in 
the sensitive one. Similarly GB and soluble carbohydrates 

Fig. 5   The effect of hydropriming on Phytochemical components 
content in calli under PEG treatment. C: Control calli initiated from 
hypocotyl of non-primed seeds and grow on MS media free of PEG. 
P: Primed calli initiated from hypocotyl of hydroprimed seeds and 
grow on MS media free of PEG. PEG 5: Calli initiated from hypoc-
otyl of non-primed seeds and grow on MS media with 5% PEG. 

PEG10: Calli initiated from hypocotyl of non-primed seeds and grow 
on MS media with 10% PEG. PPEG5: Primed calli initiated from 
hypocotyl of hydroprimed seeds and grow on MS media with 5% 
PEG. PPEG10: Primed calli initiated from hypocotyl of hydroprimed 
seeds and grow on MS media with 10% PEG
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accumulated in the tolerant varieties mores than in the 
sensitive one (Sharma et al. 2019).

Secondary metabolism is activated under stress factors 
to produce secondary metabolites such as phenolics flavo-
noids, saponins, alkaloids (Thakur et al. 2019; de Castro 
et al. 2020).

Shikimic acid and phenylalanine ammonia lyase (PAL) 
are considered as the key for the gate of secondary metabo-
lism in plant cells (Sharma et al. 2019). Shikimic acid accu-
mulates in inert metabolically tissues. Also, the shikimic 
acid decreases under stress as it is used in the synthesis of 
phenolic compounds which help in the resistance against 
the stress (Bochkov et al. 2012; Naguib 2018; Naguib and 
Abdalla 2019). The shikimic acid content decreased in the 
two calli groups under PEG treatment but in the case of non-
primed samples, the shikimic acid content was significantly 
higher than that in the primed one (Fig. 4). The high signifi-
cant decrease in the shikimic acid content in the primed calli 
under PEG treatment ensured the highest metabolic status 
of the primed calli cells as priming increases the metabolic 
activity of plant cells (Naguib 2018, 2019).

PAL has a critical role in converting the metabo-
lism of phenylalanine from the primary to the secondary 

phenylpropanoid/phenolic metabolism in plant cells, through 
catalyzing deamination reaction of this amino acid to form 
trans-cinnamic acid. This is the first and committed step in 
the phenylpropanoid pathway. Therefore the PAL has an 
extremely important role to run the resistance mechanisms 
against the toxic effects of stress factors (Gholizadeh and 
Kohnehrouz 2010). Here we showed that PEG treatment sig-
nificantly increased the PAL activity in both calli groups. 
The PAL activity was significantly higher in the primed 
calli than that in the non-primed (Fig. 4). The results are 
in harmony with those obtained by Jóźwiak-Żurek et al. 
(2011) who confirmed that PAL activity increased under 
stress, but the response of the cucumber genotypes varied 
in intensity; it was higher in the more tolerant than in the 
sensitive genotype.

Accumulation of secondary metabolites occurs in the 
plant cells grown under various stresses, elicitors or signal 
molecules (Thakur et al. 2019). The results of the present 
study ensured the previous fact as both calli group under 
PEG treatment showed higher content of secondary metabo-
lites (phenolics, saponin, tannins, steroids, alkaloids, and 
flavonoid) (Fig. 5). Primed calli showed higher content of 
these secondary metabolites. The highest content of second-
ary metabolites in the primed calli is due to its highest meta-
bolic activity appeared in the lower content in the shikimic 
acid and the enhanced activity of PAL (Naguib 2019; Abas 
and Naguib 2019). The enhancement of secondary metabo-
lites under PEG treatment is well reported by various works 
(Yamaner and Erdage 2013; Gupta et al. 2015; Sarmadi et al. 
2018).

In general, fenugreek contains two important phytochemi-
cal constituents with medicinal value; (1) diosgenin, a kind 
of steroidal sapogenin and (2) trigonelline, a kind of N-alka-
loid. The fenugreek anti-diabetic and hypocholesterolemic 
properties are attributed to the trigonelline content (Zhou 
et al. 2012). Priming significantly increased the trigonelline 
content either under normal conditions or under PEG treat-
ment (Fig. 6). This correlated with Bitarafan et al. (2019) 
who reported the increase in the trigonelline in fenugreek 
under drought stress. Trigonelline is accumulating upon 
stress and acting as an osmoprotectant. Moreover, trigonel-
line has been found to function as a hormone that is involved 
in the control of the cell cycle in plants (Minorsky 2002).

Conclusion

This study considered being the first report for studying the 
synergetic effect of PEG and hydro priming treatments on 
fenugreek callus culture to enhance secondary metabolites 
production. PEG induced oxidative stress and enhanced free 
radicals like H2O2, the PEG treatment increased the mem-
brane lipid peroxidation and decreased cell viability. As a 

Fig. 6   The effect of hydropriming on trigonelline content in calli 
under PEG treatment. C: Control calli initiated from hypocotyl of 
non-primed seeds and grow on MS media free of PEG. P: Primed 
calli initiated from hypocotyl of hydroprimed seeds and grow on MS 
media free of PEG. PEG 5: Calli initiated from hypocotyl of non-
primed seeds and grow on MS media with 5% PEG. PEG10: Calli 
initiated from hypocotyl of non-primed seeds and grow on MS media 
with 10% PEG. PPEG5: Primed calli initiated from hypocotyl of 
hydroprimed seeds and grow on MS media with 5% PEG. PPEG10: 
Primed calli initiated from hypocotyl of hydroprimed seeds and grow 
on MS media with 10% PEG
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defense response to the deleterious effects of PEG treatment, 
the levels of secondary metabolites and trigonelline elevated, 
along with antioxidant enzyme activity and osmolytes. 
Hydropriming enhanced the activity of antioxidant enzymes, 
regulating the ROS level, accumulating the osmolytes and 
secondary products, thus improved the callus tolerance to 
drought stress initiated with PEG treatment; consequently, 
the cell biomass increased. The effects of hydropriming and 
PEG can be used as a simple and low-cost way to produce 
these valuable compounds in suspension cultures and com-
mercial industrial bioreactors.

Acknowledgements  Dr. Deyala M. Naguib would like to show 
her great gratitude to her supervisor Professor Hegazy Sadik 
Hegazy,professor of physiology, for his effort, time and patience giv-
ing to her in her life and work.

Author contributions  The authors contributed equally to this work.

Funding  This paper is self-funding and we did not take any funds from 
any organization or person.

Data availability  All data generated or analyzed during this study are 
included in this published article.

Compliance with ethical standards 

Conflict of interest  We declare that we have no competing interests.

Ethical approval  This research article does not contain any studies with 
human participants or animals performed by any of the authors.

References

Abas ASM, Naguib DM (2019) Effect of germination on anticancer 
activity of Trigonella foenum seeds extract. Biocat Agric Biotech 
18:101067. https​://doi.org/10.1016/j.bcab.2019.10106​7

Ahmad A, Alghamdi SS, Mahmood K, Afzal M (2016) Fenugreek a 
multipurpose crop: potentialities and improvements. Saudi J Biol 
Sci 23:300–310. https​://doi.org/10.1016/j.sjbs.2015.09.015

Akula R, Ravishankar GA (2011) Influence of abiotic stress signals on 
secondary metabolites in plants. Plant Signal Behav 6:1720–1731. 
https​://doi.org/10.4161/psb.6.11.17613​

Alexieva V, Sergiev I, Mapelli S, Karanov E (2001) The effect of 
drought and ultraviolet radiation on growth and stress markers in 
pea and wheat. Plant Cell Environ 24:1337–1344. https​://doi.org
/10.1046/j.1365-3040.2001.00778​.x

Anjum SA, Ashraf U, Tanveer M, Khan I, Hussain S, Shahzad B, 
Zohaib A, Abbas F, Saleem MF, Ali I, Wang LC (2017) Drought 
induced changes in growth, osmolyte accumulation and antioxi-
dant metabolism of three maize hybrids. Front Plant Sci 8:69. 
https​://doi.org/10.3389/fpls.2017.00069​

Bates LS, Waldren RP, Tear ID (1973) Rapid determination of free 
proline for water stress studies. Plant Soil 39:205–207. https​://
doi.org/10.1007/BF000​18060​

Beyer WF Jr, Fridovich I (1987) Assaying for superoxide dismutase 
activity: some large consequences of minor changes in condi-
tions. Anal Biochem 161:559–566. https​://doi.org/10.1016/0003-
2697(87)90489​-1

Bitarafan Z, Asghari HR, Hasanloo R, Gholami A, Moradi F, Khaki-
mov B, Liu F, Andreasen Ch (2019) The effect of charcoal on 
medicinal compounds of seeds of fenugreek (Trigonella foe-
num-graecum L.) exposed to drought stress. Ind Crops Prod 
131:323–329. https​://doi.org/10.1016/j.indcr​op.2019.02.003

Bochkov DV, Sysolyatin SV, Kalashnikov AI, Surmacheva IA (2012) 
Shikimic acid: review of its analytical, isolation, and purifica-
tion techniques from plant and microbial sources. J Chem Biol 
5(1):5–17. https​://doi.org/10.1007/s1215​4-011-0064-8

Bueno P, Piqueras A, Kurepa J, Savouré A, Verbruggen N, Mon-
tagu MV, Inzé D (1998) Expression of antioxidant enzymes 
in response to abscisic acid and high osmoticum in tobacco 
BY-2 cell cultures. Plant Sci 138:27–34. https​://doi.org/10.1016/
S0168​-9452(98)00154​-X

de Castro KM, Batista DS, Silva TD et al (2020) Water deficit modu-
lates growth, morphology, and the essential oil profile in Lippia 
alba L. (Verbenaceae) grown in vitro. Plant Cell Tissue Organ 
Cult. https​://doi.org/10.1007/s1124​0-020-01766​-w

DuBois M, Gilles KA, Hamilton JK, Rebers PA, Smith F (1956) 
Colorimetric method for determination of sugars and related 
substances. Anal Chem 28:350–356. https​://doi.org/10.1021/
ac601​11a01​7

Gholizadeh A, Kohnehrouz BB (2010) Activation of phenylalanine 
ammonia lyases a key component of the antioxidative system of 
salt-challenged maize leaves. Braz J Plant Physiol 22:217–223. 
https​://doi.org/10.1590/S1677​-04202​01000​04000​01

Grieve CM, Grattan SR (1983) Rapid assay for determination of water 
soluble quaternary ammonium compounds. Plant Soil 70:303–
307. https​://doi.org/10.1007/BF023​74789​

Guo YY, Yu HY, Yang MM, Kong DS, Zhang YJ (2018) Effect of 
drought stress on lipidperoxidation, osmotic adjustment and anti-
oxidant enzyme activity of leaves and roots of Lycium rutheni-
cum Murr. seedling. Russ J Plant Physiol 65:244–250. https​://doi.
org/10.1134/S1021​44371​80201​27

Gupta P, Sharma S, Saxena S (2015) Biomass yield and steviol gly-
coside production in callus and suspension culture of Stevia 
rebaudiana treated with proline and polyethylene glycol. Appl 
Biochem Biotechnol 176:863–874. https​://doi.org/10.1007/s1201​
0-015-1616-0

Harborne JB (1973) Phytochemical methods. A guide to modern tech-
nology of plant analysis, 2nd edn. Chapman and Hall, New York, 
pp 88–185

Jóźwiak-Żurek A, Kozłowska M, Nuc K (2011) Phenylalanine ammo-
nia lyase under combined effects of enhanced UV-B radiation and 
allelopathy stress. Acta Biol Crac Ser Bot 53:73–78. https​://doi.
org/10.2478/v1018​2-011-0027-y

Julkunen-Tiitto R (1985) Phenolic constituents in the leaves of northern 
willows: methods for the analysis of certain phenolics. J Agric 
Food Chem 33:213–217. https​://doi.org/10.1021/jf000​62a01​3

Jyothi D, Koland M, Priya S, Puthenveetil JJ (2017) Formulation of 
herbal capsule containing Trigonella foenum-graecum seed extract 
for the treatment of diabetes. J Young Pharm 9:352–356. https​://
doi.org/10.5530/jyp.2017.9.70

Kar M, Mishra D (1976) Catalase, peroxidase, and polyphenol oxidase 
activities during rice leaf senescence. Plant Physiol 57:315–319. 
https​://doi.org/10.1104/pp.57.2.315

Karimi N, Souri Z (2016) Antioxidant enzymes and compounds 
complement each other during arsenic detoxification in shoots 
of Isatis cappadocica Desv. Chem Ecol 32:937–951. https​://doi.
org/10.1080/02757​540.2016.12360​87

Li HS (2000) Principles and techniques of plant physiological bio-
chemical experiment. Higher Education Press, Beijing

Li L, van Staden J (1998) Effects of plant growth regulators on the 
antioxidant systems in callus of two maiz cultivars subjected 
to water stress. Plant Growth Regul 24:55–66. https​://doi.
org/10.1023/A:10059​54532​397

https://doi.org/10.1016/j.bcab.2019.101067
https://doi.org/10.1016/j.sjbs.2015.09.015
https://doi.org/10.4161/psb.6.11.17613
https://doi.org/10.1046/j.1365-3040.2001.00778.x
https://doi.org/10.1046/j.1365-3040.2001.00778.x
https://doi.org/10.3389/fpls.2017.00069
https://doi.org/10.1007/BF00018060
https://doi.org/10.1007/BF00018060
https://doi.org/10.1016/0003-2697(87)90489-1
https://doi.org/10.1016/0003-2697(87)90489-1
https://doi.org/10.1016/j.indcrop.2019.02.003
https://doi.org/10.1007/s12154-011-0064-8
https://doi.org/10.1016/S0168-9452(98)00154-X
https://doi.org/10.1016/S0168-9452(98)00154-X
https://doi.org/10.1007/s11240-020-01766-w
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1590/S1677-04202010000400001
https://doi.org/10.1007/BF02374789
https://doi.org/10.1134/S1021443718020127
https://doi.org/10.1134/S1021443718020127
https://doi.org/10.1007/s12010-015-1616-0
https://doi.org/10.1007/s12010-015-1616-0
https://doi.org/10.2478/v10182-011-0027-y
https://doi.org/10.2478/v10182-011-0027-y
https://doi.org/10.1021/jf00062a013
https://doi.org/10.5530/jyp.2017.9.70
https://doi.org/10.5530/jyp.2017.9.70
https://doi.org/10.1104/pp.57.2.315
https://doi.org/10.1080/02757540.2016.1236087
https://doi.org/10.1080/02757540.2016.1236087
https://doi.org/10.1023/A:1005954532397
https://doi.org/10.1023/A:1005954532397


190	 Plant Cell, Tissue and Organ Culture (PCTOC) (2020) 141:179–190

1 3

Ma H, Song L, Shu Y, Wang S, Niu J, Wang Z, Yu T, Gu W, Ma H 
(2012) Comparative proteomic analysis of plants leaves of dif-
ferent salt tolerant soybean genotypes. J Proteom 75:1529–1546. 
https​://doi.org/10.1016/j.jprot​.2011.11.026

Masoabi M, Lloyd J, Kossmann J, van der Vyver C (2018) Ethyl meth-
anesulfonate mutagenesis and in vitro polyethylene glycol selec-
tion for drought tolerance in sugarcane (Saccharum spp.). Sugar 
Tech 20:50–59. https​://doi.org/10.1007/s1235​5-017-0524-8

Ming SY, ZhiDong Z, YaDong L, Wu L, Liu HG (2009) Effect of PEG 
stress on resistance of low bush blueberry callus. J Jilin Agric 
Univ 31(5):538–542

Minorsky PV (2002) Trigonelline: a diverse regulator in plants. Plant 
Physiol 128(1):7–8. https​://doi.org/10.1104/pp.90001​4

Naguib DM (2018) Control of Fusarium wilt in wheat seedlings by 
grain priming with defensin-like protein. Egypt J Biol Pest Con-
trol 28:68. https​://doi.org/10.1186/s4193​8-018-0073-9

Naguib DM (2019) Metabolic profiling during germination of hydro 
primed cotton seeds. Biocatal Agric Biotechnol 17:422–426. https​
://doi.org/10.1016/j.bcab.2018.12.025

Naguib DM, Abdalla H (2019) Metabolic status during germination of 
nano silica primed Zea mays seeds under salinity stress. J Crop 
Sci Biotechnol 22(5):415–423. https​://doi.org/10.1007/s1289​
2-019-0168-0

Pallab K, Tapan BK, Tapas KP, Ramen K (2013) Estimation of total 
flavonoids content (TPC) and antioxidant activities of methanolic 
whole plant extract of Biophytum sensitivum Linn. J Drug Deliv 
Ther 3:33–37. https​://doi.org/10.22270​/jddt.v3i4.546

Poovaiah BW, Leopold AC (1973) Deferral of leaf senescence with 
calcium. Plant Physiol 52:236–239. https​://doi.org/10.1104/
pp.52.3.236

Rao S, Jabeen FTZ (2013) In vitro selection and characterization of 
polyethylene glycol (PEG) tolerant callus lines and regeneration 
of plantlets from the selected callus lines in sugarcane (Saccharum 
officinarum L.). Physiol Mol Biol Plants 19:261–268. https​://doi.
org/10.1007/s1229​8-013-0162-x

Rösler J, Krekel F, Amrhein N, Schmid J (1997) Maize phenylalanine 
ammonia-lyase has tyrosine ammonia-lyase activity. Plant Physiol 
113:175–179. https​://doi.org/10.1104/pp.113.1.175

Sánchez-Rodríguez E, Moreno DA, Ferreres F, del Mar Rubio-Wil-
helmi M, Ruiz JM (2011) Differential responses of five cherry 
tomato varieties to water stress: changes on phenolic metabolites 
and related enzymes. Phytochemistry 72:723–729. https​://doi.
org/10.1016/j.phyto​chem.2011.02.011

Sarmadi M, Karimi N, Palazón J, Ghassempour A, Mirjalili MH (2018) 
The effects of salicylic acid and glucose on biochemical traits 
and taxane production in a Taxus baccata callus culture. Plant 
Physiol Biochem 132:271–280. https​://doi.org/10.1016/j.plaph​
y.2018.09.013

Sharma A, Shahzad B, Kumar V, Kohli SK, Sidhu GPS, Bali AS, 
Handa N, Kapoor D, Bhardwaj R, Zheng B (2019) Phytohormones 
regulate accumulation of osmolytes under abiotic stress. Biomol-
ecules 9:285. https​://doi.org/10.3390/biom9​07028​5

Tanveer M, Shahzad B, Sharma A, Khan EA (2019) 24-Epibrassinolide 
application in plants: an implication for improving drought stress 
tolerance in plants. Plant Physiol Biochem 135:295–303. https​://
doi.org/10.1016/j.plaph​y.2018.12.013

Thakur M, Bhattacharya S, Khosla PK, Puri S (2019) Improving pro-
duction of plant secondary metabolites through biotic and abiotic 
elicitation. J Appl Res Med Arom Plants 12:1–12. https​://doi.
org/10.1016/j.jarma​p.2018.11.004

Trease GE, Evans WC (1996) Phenols and phenolic glycosides in 
Trease and Evans Pharmacology and Biker. Tindall, London, pp 
832–836. ISBN: 0702018996 9780702018992

Upadhyaya A, Sankhla D, Davis TD, Sankhla N, Smith BN (1985) 
Effect of paclobutrazol on the activities of some enzymes of acti-
vated oxygen metabolism and lipid peroxidation in senescing soy-
bean leaves. J Plant Physiol 121:453–461. https​://doi.org/10.1016/
S0176​-1617(85)80081​-X

Yamada M, Morishita H, Urano K, Shiozaki N, Yamaguchi-Shinozaki 
K, Shinozaki K, Yoshiba Y (2005) Effects of free proline accumu-
lation in petunias under drought stress. J Exp Bot 56:1975–1981. 
https​://doi.org/10.1093/jxb/eri19​5

Yamaner O, Erdage B (2013) Effects of sucrose and polyethylene gly-
col on hypericins content in Hypericum adenotrichum. Eur Asian 
J Biosci 7:101–110. https​://doi.org/10.5053/ejobi​os.2013.7.0.12

Yasar F, Uzal O, Ozpay T (2010) Changes of the lipid peroxidation and 
chlorophyll amount of green bean genotypes under drought stress. 
Afr J Agric Res 5(19):2705–2709

Zelaya IA, Anderson JAH, Owen MDK, Landes RD (2011) Evalua-
tion of spectrophotometric and HPLC methods for shikimic acid 
determination in plants: models in glyphosate resistant and sus-
ceptible crops. J Agric Food Chem 59:2202–2212. https​://doi.
org/10.1021/jf104​3426

Zhou J, Chan L, Zhou S (2012) Trigonelline: a plant alkaloid with 
therapeutic potential for diabetes and central nervous sys-
tem disease. Curr Med Chem 19(21):3523–3531. https​://doi.
org/10.2174/09298​67128​01323​171

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jprot.2011.11.026
https://doi.org/10.1007/s12355-017-0524-8
https://doi.org/10.1104/pp.900014
https://doi.org/10.1186/s41938-018-0073-9
https://doi.org/10.1016/j.bcab.2018.12.025
https://doi.org/10.1016/j.bcab.2018.12.025
https://doi.org/10.1007/s12892-019-0168-0
https://doi.org/10.1007/s12892-019-0168-0
https://doi.org/10.22270/jddt.v3i4.546
https://doi.org/10.1104/pp.52.3.236
https://doi.org/10.1104/pp.52.3.236
https://doi.org/10.1007/s12298-013-0162-x
https://doi.org/10.1007/s12298-013-0162-x
https://doi.org/10.1104/pp.113.1.175
https://doi.org/10.1016/j.phytochem.2011.02.011
https://doi.org/10.1016/j.phytochem.2011.02.011
https://doi.org/10.1016/j.plaphy.2018.09.013
https://doi.org/10.1016/j.plaphy.2018.09.013
https://doi.org/10.3390/biom9070285
https://doi.org/10.1016/j.plaphy.2018.12.013
https://doi.org/10.1016/j.plaphy.2018.12.013
https://doi.org/10.1016/j.jarmap.2018.11.004
https://doi.org/10.1016/j.jarmap.2018.11.004
https://doi.org/10.1016/S0176-1617(85)80081-X
https://doi.org/10.1016/S0176-1617(85)80081-X
https://doi.org/10.1093/jxb/eri195
https://doi.org/10.5053/ejobios.2013.7.0.12
https://doi.org/10.1021/jf1043426
https://doi.org/10.1021/jf1043426
https://doi.org/10.2174/092986712801323171
https://doi.org/10.2174/092986712801323171

	Effect of hydropriming on Trigonella foenum callus growth, biochemical traits and phytochemical components under PEG treatment
	Abstract
	Key message 
	Introduction
	Materials and methods
	Plant material
	Seed surface sterilization and germination
	Callus induction and culture establishment
	Polyethylene glycol (PEG) treatment
	Growth of treated calli
	Biochemical traits
	Reactive oxygen species and antioxidant machinery
	Oxidative stress markers 


	Antioxidant enzymes
	Enzymes extraction
	Enzymes assays
	Osmolytes determination
	Secondary metabolism keys
	Phytochemical components
	Determination of tannin content 
	Determination of steroid content 
	Determination of saponin content 
	Determination of alkaloid content 
	Total flavonoid 
	Estimation of phenolic compound 
	Trigonelline content 


	Statistical analysis

	Results
	Effect of hydropriming on the growth of treated calli
	Effect of hydropriming on biochemical traits under PEG treatment
	Effect of hydropriming on reactive oxygen species and antioxidant machinery under PEG treatment
	Oxidative stress markers 
	Antioxidant enzymes 


	Effect of priming on osmolytes accumulation under PEG treatment
	Effect of priming on secondary metabolism keys under PEG treatment
	Effect of hydropriming on phytochemical components under PEG treatment

	Discussion
	Conclusion
	Acknowledgements 
	References




