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Abstract

Allium jesdianum Boiss. & Buhse. is the most important species of the Amaryllidaceae
family with various pharmacological properties. Three subsequent experiments (germina-
tion, callogenesis, and elicitation) were carried out as a completely randomized design with
six replication. At the first study, the highest seed germination (78.33%) was achieved at
chemical pre-treatment including the combination of a-naphthalene acetic acid (1 mg L)
and benzylaminopurine (3 mg L™!) under in vitro condition. The highest callus induction
(86.7%) was observed at MS/2 media, which was supplemented by NAA (1 mg L™!) and
BAP (3 mg L™!) from hypocotyl explants. Then, two chemical elicitors including methyl
jasmonate (MeJ) (0, 25, 50, and 100 pM) and putrescine (Pu) (0, 0.5, and 1 mM) were
used to investigate their effects on different biochemical traits under callus culture. The
results showed the superiority of MeJ over Pu for increasing the secondary metabolites and
antioxidant activity in calluses of Allium jesdianum, compared to the control. The high-
est contents for total phenolics (6.02 mg GAE g~' FW), total flavonoids (0.52 mg QE g™
FW), and total flavonols (0.39 mg QE g_1 FW) were observed under 50 uM of Mel. Mean-
while, the highest value for anthocyanin (8.99 u mol g~! FW) was achieved at 25 uM of
Mel. The highest 2,2-diphenyl-1-picrylhydrazyl activities were observed at 50 and 100 uM
of Mel. Putrescine (0.5 mM) elicitation showed only superiority for callus growth rate
(0.53 mm day™'). Enhancement of desired secondary metabolites at 50 uM MeJ could be
suitable for future studies in biotechnological aspects of this medicinal plant.
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Introduction

The discovery of natural products with medicinal characteristics is the subject of intense
research [1]. Plants with medicinal and nutritional properties are traditionally considered
among the main sources of secondary metabolites (SMs) and natural drugs with antioxi-
dant properties [1]. These SMs are important ingredients for producing different cosmetics,
fragrances, flavors, food additives, and pharmaceutical and industrial products [2, 3].

The technique of plant cell culture is based on a set of biotechnological methods for pro-
ducing valuable plant-specific SMs on large scale, independent from environmental condi-
tions [4, 5]. In vitro culture techniques have been used for more producing of different phy-
tochemical compounds as a promising bio-production way for desired and/or rare natural
products with elite pharmacological properties [1, 6]. The production of these compounds
is a dynamic defense response exhibited by plant cells when challenged by an elicitor. The
scavenging of the reactive oxygen species (ROS) is triggered sufficiently under in vitro
elicitation [7]. In vitro production of worthy compounds using callus culture has been very
well recognized and is being used widely for different industrial applications [8].

The subsequent modulating and production of plant SMs occurs by regulating the
expression of genes that are involved in producing key enzymes implicated in the biosyn-
thesis of different defense-related compounds as phytoalexins, flavones, flavonoids, pheno-
lics, and other bioactive compounds [2] under the elicitation process.

Elicitors can be divided into two types including abiotic and biotic [2, 8]. In about abi-
otic elicitors with non-biological origin they are grouped in chemical, physical and hor-
monal factors [8]. Among abiotic elicitors, chemical elicitors have been widely applied
in recent years as an effective technique to enhance the production of different SMs with
valuable pharmacological properties [8]. Chemical elicitors grouped into different types as
heavy metals and hormones [8].

Jasmonates (JA) are considered an important chemical messenger for different biologic
pathways such as elicitation for the biosynthesis of SMs and participating in enzyme acti-
vation under environmental stresses [9, 10]. Methyl jasmonate (MelJ) is an essential signal-
ing compound in the intracellular signal cascades that ultimately leads to the hyper produc-
tion of various SMs [8, 11]. According to previous studies in the stimulation of flavonoids
and phenolic compounds production, jasmonates and their derivatives such as Mel have
been used in many plant families as elicitors under cell cultures [12—14].

Polyamines (PAs), as a group of phytohormone-like aliphatic amine natural compounds,
play critical roles in the defense mechanism of plants against environmental stresses [15].
Polyamines are beneficial for protein homeostasis, detoxification of ROS, activation of the
antioxidative machinery, and providing broad-spectrum tolerance against a variety of envi-
ronmental stresses [16]. The PAs are also involved in many important cellular processes
such as cell viability, cell division, and its prolongation, protein synthesis, replication of
DNA, regulation of different physiological processes such as embryogenesis, floral devel-
opment, and fruit ripening and senescence [15, 17, 18].

The putrescine (Pu) is used as one of the chemical plant elicitors which is in polyamines
group [17]. This organic compound is considered as the primary source of other PAg spe-
cies such as spermidine and spermine [17, 18]. The polyamines play a role in membrane
fluidity, signal transduction, and RNA processing [19]. Many studies have shown progress-
ing effects of PAg as elicitors on increasing the plant tolerance to environmental stresses
such as drought and salinity stresses [16, 20]. But few studies have been reported that the
effect of exogenous PA( is enhanced for somatic embryogenesis and shoot regeneration

@ Springer



Applied Biochemistry and Biotechnology (2022) 194:601-619 603

in some plants such as Cucumis anguria L. [21], Dactylis glomerata L. [22], and Nigella
damascena L. [23] and also callus induction in some plant species as Hancornia speciosa
Gomes [24]. On the other hand, some studies have done regarding the effects of Pu as an
elicitor on callus level [19, 25].

Allium jesdianum Boiss (A. jesdianum) is an important endemic, threatened, and
underutilized herbal species of Iran (known locally as “Bonsorkh” and “Yazdi onion”),
which belongs to Allium genus in the Amaryllidaceae family. It grows in high altitudes
(1800-2600 m) of Zagros Mountains in west and northwest regions of Iran [26, 27]. This
species is eaten raw or as a cooked vegetable or is used as a flavor additive to fresh or
cooked foods in Iran. In the field cultivation, its propagation rate is very slow, and it takes
years to produce a new variety. In folk medicine of Iran, bulbs and leaves of this vegetable
are used for the treatment of cold, kidney problems, and rheumatic pains [27]. Also, other
medical properties as antibacterial [28] and anticancer [28] are reported for this valuable
species. In this regard, many attempts have been made to isolate and exploit the active
medicinal compounds from it.

The study of seed germination of medicinal plant species has received special attention
due to the increased demand for these plants in the pharmacological industries [29]. Con-
sidering the potential medical values of A. jesdianum, there is an urgent need to develop
strategies for the conservation of this genus by the breaking of its seed dormancy and cal-
lus induction methods for future exploitation aims through cell culture elicitations.

The present work aimed to optimize an efficient procedure for seed germination and cal-
lus induction of A. jesdianum, by the first. Then it aimed to evaluate the elicitation effects
and suitable concentration of used elicitors (methy jasmonate and putrescine) on various
physio-biochemical traits of A. jesdianum under callus culture.

Materials and Methods
Seed Collection

A. jesdianum seeds were gathered from the highland of Sabzkooh province (31° 27" N 52°
40" E mountain about 2,140 m height), in Chaharmahal-o-Bakhtiari region of Iran. A. jes-
dianum seeds were identified by the experts at the department of Natural Resources in Isfa-
han University of Technology using the Flora Iranica [30] and registered under the voucher
name RIBB/AJ-1/2019 at the Herbarium of Research Institute of Biotechnology and Bio-
engineering, Isfahan University of Technology (IUT), Isfahan, Iran.

In Vitro Germination and Callus Induction

For in vitro evaluation studies, the seeds of A. jesdianum were disinfected with 70% (v/v)
ethanol for 90 s and then surface sterilized thoroughly with 2% (v/v) sodium hypochlorite
for 15 min. The seeds were then rinsed three times with sterile water to remove the remain-
ing amount of disinfection liquid. For in vitro germination, the Murashige and Skoog [31]
basal medium (Duchefa, Haarlem, the Netherlands) was used. The MS media adjusted to
pH 5.8, which was supplemented with 3% sucrose (Merck Com.) (30 g L ~') agar (8 g L
) (Sigma-Aldrich) and different physio-chemical treatments (Table 1). Eight number of
seeds were incubated in each petri dishes (10 mm) under 16/8 day/night photoperiod at a
light intensity of 110 umol m~2 s~!, temperature of 24 +2 °C and 60% air humidity under
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Table 1 Effect of different pre-treatments on germination traits of A. jesdianum under in vitro culture con-

ditions
No Treatments Germination
percentage (%)

1 Control (MS)! 9.12'+1.10
Chemical treatments

2 MS+GA; (10 mg L™ 42.17°+2.3

3 MS +GA; (3 mg L™!) +Kin (5 mg L7 357144+ 1.73

4 MS +2,4-D (2 mg L™ +NaCl (1 M) 201+2.3

5 MS +NAA (1 mg L™)+BAP 3 mgL™") 78.33*+1.73
Mechanical treatment

6 MS + mechanical scarification 16.67%"+1.73
Chemical + mechanical treatments
MS +GA; (10 mg L™!) + mechanical 25°+1.15
MS +2,4-D (2 mg L") + mechanical scarification 125"+ 1.15
MS/2+ (NAA 1 mg L'+ BAP 3 mg L™!) + mechanical scarification 324+ 1.15

10 MS/4+(NAA 1 mg L' +BAP 3 mg L™!) + mechanical scarification 9.10'+0.9

11 MS/4+(NAA 3 mg L' +BAP 1 mg L")+ mechanical scarification 8.23'+1.10'
Thermal treatments

12 Cold (4 °C for 3 weeks) 24.66°+0.88
Chemical + thermal treatments

13 MS +GA; (10 mg L™!) +cold 20°+1.73

14 MS/4+(NAA 1 mg L™'+BAP 3 mg L™!) +cold 13.365" +1.27

15 MS/4+(NAA 3 mg L™'+BAP 1 mg L™!) +cold 17.5%+23

16 MS/2+(GA, 10 mg LY +cold 126"+ 1.15

I: MS Murashige and Skoog media, GA; gibberellic acid, NAA naphthalene acetic acid, BAP benzyl amino
purine, 2,4D 2,4-dichlorophenoxyacetic acid, ¥ means =+ standard deviations; in column, the means with
similar letter are not significant at P <0.01 through least significant difference (LSD) test

aeration for 2 months. Six replicates were considered for each treatment in germination
section.

For callus induction, two different explants (seed and hypocotyl) were used. For prepa-
ration of hypocotyl explants, the best treatment for seed germination was used (Table 1).
Ten number of hypocotyls (4—-6 mm long) and sterile seeds as explants were cultured in
each replicates containing MS basal medium, 3% (w/v) sucrose and 0.8% (w/v) agar, which
was supplemented with various combination of plant growth regulators (PGRs). The treat-
ments for PGRs included [1 mg L' I-naphthaleneacetic acid (NAA)+3 mg L™! 6-Ben-
zylaminopurine (BAP)], [3 mg L™' NAA+1 mg L™! BAP], [l mg L™! BAP+2 mg L™!
2,4-dichlorophenoxyacetic (2, 4-D)] and [2 mg L™' BAP+ 1 mg L' 2, 4-D]. The pH of the
culture media was adjusted to 5.8 before autoclaving for 20 min at a pressure of 1.06 kg/
cm’. Ten numbers of explants were cultured in each replicates for each medium. The six
numbers of replicates were considered for each treatment in callus induction experiment.
The cultures were incubated under 16 h light/8 h dark photoperiod at 25+2 °C and pho-
ton flux of 90 pmol m~2 s™! for 2 months in the culture chamber. The callus induction
percent (CI) and callus growth rate (CGR) were measured. To calculate CI, callus induc-
tion was measured using the following equation: [(n/N)x 100], at the end of 2 months
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from the initial of callus induction. In this formulae, “n” represents the total number of
callus explants, and “N” is the total number of cultured explants. Callus growth rate was
calculated according to the means of callus growth rates (mm day™") at every 15 days in
2 months period [32].

Methyl Jasmonate and Putrescine Elicitation

Two independent experiments were done to study the effects of different concentration of
MeJ and Pu on phytochemical traits of A. jesdianum. Methyl jasmonate (Sigma-Aldrich,
USA) was dissolved in pure ethanol and filtered using a micro filter of 0.22 p pore size and
then added to the MS medium with different concentrations. Putrescine (Sigma-Aldrich,
USA) was dissolved double sterile water and then added to the MS medium with differ-
ent concentrations through a micro filter of 0.22 p pore size. For elicitation purposes, after
2 months of callus induction, the friable and white callus as equal fragments were trans-
ferred to new MS media containing 3 mg L™ of BAP and 1 mg L™! of NAA under differ-
ent concentrations of MeJ (0, 25, 50, and 100 uM) and Pu (0, 0.5, and 1 mM). All treat-
ments were incubated in the 16 h light/8 h dark photoperiod at 24 +2°C and photon flux
of 90 umol m~2 s~! in the culture chamber. Different phytochemical characteristics were
measured under MeJ and Put elicitation after 4 weeks of incubation under six number of
replicates per treatment.

Studied Traits Under Elicitation Process
Callus-Related Characteristics

Callus relative fresh weight (RFW) was according to this formulae: RFW =(FW, —-FW,)/
days, where, FW, is the fresh weight of the callus at the initiation of the elicitation and
FW, is the final fresh weight of the callus at the final day post of elicitation process. Callus
growth rate was calculated at 15, 30, 45, and 60 day post callus transferring to elicitation
media.

Lipid Peroxidation Assay

The amount of cell membrane damage was determined by measuring malondialdehyde
(MDA) as the end product of peroxidation of membrane lipids. For this assay, 0.2 g of
fresh calli was homogenized with 3 mL trichloroacetic acid (TCA) (0.1% w/v) (Merck,
Com.). The homogenate was centrifuged for 30 min at 4000 rpm. Then the supernatant
(5 mL) was collected and mixed with 4 mL of thiobarbituric acid (TBA) (0.5% w/v) and
20% TCA (w/v). Then, the sample was heated at 95 °C for 25 min and then placed on ice
bath. Its absorbance was measured at 532 and 600 nm using a UV-Vis spectrophotom-
eter (Unico-UV 2100). The content of MDA was calculated by an extinction coefficient of
155 mM ™' ecm™! and expressed as umol g~! FW [33].

Methanolic Callus Extract

At first, 0.5 g of completely dried callus were powdered and added to 10 mL of diethyl
ether [(C,H;),0]. The mixture was well mixed and stored in a refrigerator for 24 h. For
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complete evaporation of diethyl ether, the supernatant was transferred to dryer. Then
10 mL of 80% methanol were added to that purified supernatant and then filtered using a
0.4 pm filter.

Determination of Total Phenolic Content

Based on the Folin-Ciocalteu reagent method described by Singleton et al. [34], total phe-
nolic content (TPC) was determined. In brief, 0.2 g fresh weight of celli was homogenized
with 3 mL CH;OH (Merck. Com) and centrifuged at 4000 rpm for 25 min. Then, metha-
nolic extract (0.5 mL) was mixed with 2.5 mL of Folin-Ciocalteu reagent (Sigma-Aldrich,
Com), followed by the addition of 2.0 mL of 7% Na,CO; solution. The mixture was dis-
posed in the dark for 90 min at room temperature. The absorbance of the supernatant was
recorded at 765 nm against the reagent blank by a spectrophotometer. The amount of TPC
was then quantified by the method of calibration curve using gallic acid (Sigma-Aldrich,
Com) as standard.

Determination of Total Flavonoid and Total Flavonol Content

Total flavonoid (TFD) and total flavonol (TFL) contents were determined by spectrophoto
metrically using the method of Miliauskas et al. [35]. In brief, 0.2 g fresh calli was ground
in 3 mL of methanol and centrifuged at 4000-rpm for 25 min. Then, supernatant was used
to assay TFD and TFL contents. For estimation of TFL, 0.5 mL of methanolic extract,
0.5 mL of AICl; (2% w/v) solution, and 1.5 mL of sodium acetate (5% w/v) were mixed and
after 90 min of incubation at room temperature, and the absorbance of mixture was meas-
ured at 445 nm. For total flavonoid 0.5 mL of methanolic extract, 125 pL of AlCl; solution
(%10 w/v) and 125 pL of CH;COOK (1 M) were mixed, and the samples were kept at
room temperature for 30 min. A spectrophotometer was used to measure the absorbance
of the reaction mixture at 415 nm with. The contents of total flavonoids and flavonols were
expressed as mg quercetin (QE) equivalents per gram of fresh mass (mg QE g~' FW).

Determination of Anthocyanin

At the first step, 2 mL acidified methanol (1% HCI) was used for homogenizing the fresh
calli (0.2 g) at room temperature [36]. After one day, the total extract was centrifuged
for 25 min at 4000 rpm. Then, the content of anthocyanin was determined by spectro-
photometer at wave length of 511 nm based on the extinction coefficient of Raphanusin
(33,000 M~ em™).

DPPH Assay

Radical scavenging activities of safflower calli were determined by DPPH assay [37]. The
methanolic extract (20 pL) was added to 1 mL of 50 pM DPPH (Sigma-Aldrich) solution
in methanol. The prepared extracts ranged from 0 to 250 ug m L~!. The mixtures were
mixed and incubated in the dark condition for 20 min. The reduction of DPPH absorp-
tion was measured at 515 nm. The positive control was ascorbic acid (Sigma-Aldrich). The
DPPH radical scavenging activity was calculated using the equation: Inhibition concentra-
tion (inhibition percentage: IP %)= (absorbance control — absorbance sample)/(absorbance
control) X 100.
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Statistical Analysis

This study elicitation section was carried out as a factorial based on a completely rand-
omized design with six replications. The germination and callus induction experiments
were carried out as a completely randomized design. The analysis of variance is done using
SAS software version 9.3 (SAS Institute, 2011). Then, mean comparisons (+ standard devi-
ations) were carried out using Fisher’s least significant difference (LSD s4) test.

Results
Seed Germination

Different treatments including mechanical (scarification), chemical (different combina-
tion of plant growth regulators), and thermal conditions (cold temperature) were applied
to enhance the germination ratio in A. jesdianum (Table 1). Evaluation of seed germina-
tion under different treatments showed extensive variation in GP in about 30-45 days after
initiating the treatment. There was a statistically significant difference (P <0.01) in GP and
between different pre-germination treatments (Table 1). According to the data in Table 1,
the maximum GP (78.33%) was observed in seeds treated with treatment including PGRs
as NAA (1 mg L")+ BAP (3 mg L™!). On the other hand, the minimum of GP (9.12%)
was observed in control condition (Table 1).

Callus Induction

In the present investigation, callus initiation from explants (hypocotyl and seeds) was
observed within 14—18 days on all medium compositions. The induced calli grew into yel-
low-to-greenish color with a semi-friable structure on four different media. The growth of
calli was fast after their induction.

Analysis of variance showed a significant effect of treatments on CI and CGR
(Table S2). Callus induction in all tested PGRs and explants were effective (Table 2).
The effects of different PGRs (2,4-D, NAA, and BAP) and explants (seed and hypocotyl)

Table2 The effects of combination of different plant growth regulators on the callus-related traits of A.
Jesdianum

Explant Plant growth regulators treat- Callus color and texture CI (%) CGR(mm day™)
ments

Seed MS/2+NAA (1 mg L")+ BAP Yellow-greenish/friable ~ 83.92%+8.80% 0.48 *+0.05
(3mgL™

Hypocotyl MS/2+BAP (1 mgL™")+2,4-D Yellow/friable 78.33°+7.35  0.23*°+0.1
@mgL™)

Hypocotyl MS/2+BAP (2mg L™)+2,4-D yellow/ friable 42.01°+£22.77 0.18°+0.08
(ImgL™)

Hypocotyl MS/2+NAA (1 mg L™))+BAP pale- yellow / friable 86.7+8.12 0.23°+0.1
(BmgL™)

¥, means + standard deviations; in each column, the means with similar letters are not significant at P <0.01
by LSD test. CI callus induction, CGR callus growth rate
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on callus induction (%) and callus growth rate of A. jesdianum are presented at Table 2.
As seems, this is the first report for callus induction in A. jesdianum. According to
Table 2, MS/2 media supplemented with 1 mg L~! NAA and 3 mg L™' BAP were recog-
nized as the best combination for highest callus induction (83.92%) in seeds explants of
A. jesdianum (Table 2), which showed no significant difference with MS/2 media sup-
plemented with NAA (1 mg L™")+BAP (3 mg L™!) from hypocotyl explants (Table 2).
The least value for CI (42.01%) was denoted to MS/2 media which was supplemented
by 2 mg L™! BAP and 1 mg L™! 2,4-D (Table 2). The highest CGR (0.48 mm day~') was
observed at seed explants (Table 2).

Elicitation Effects on Different Studied Traits Under Callus Culture
Callus Growth Traits

Overall, a decrease in relative fresh weight was observed in response to most of the
treatments compared to the control (Table 3). The least content for RFW (0.60) was
observed at 100 uM concentration of MelJ rather than control (0.42) (Table 3). The
CGR showed variation from 0.17 (mm day_l) under 100 uM Mel to 0.53 (mm day_l)
at 0.5 mM Pu to (Table 3). For CGR, all elicitations resulted in a significant reduction
compared to the control, except for 0.5 (mM) of Pu (Table 3).

Table 3 The mean comparison for different studied traits of A. jesdianum under callus elicitation (methyl
jasmonate and putrescine)

Traits Control Mel ( Mel (50 uM) Mel Pu (0.5 mM) Pu (1 mM)
25 uM) (100 pM)

Callus related traits

CGR'! 0.42%%%0.02 039°+0.02 0.19°+0.02 0.179+0.03  0.53*+0.003  0.31°+0.01

RFW 1.52°40.08 1.12°+0.055 0.8°+0.06 0.609+0.027 0.72%+0.002 0.64°+0.02

Lipid peroxidation

MDA (pmol  0.18°+0.007 0.21°+0.05 0.33°+0.014 0.47°+£0.018 0.26"+0.033 0.53*+0.05
g FW)
Secondary metabolites

TPC (mg 2.869+0.22 3.79°+0.10 6.02°+0.20 2.89°+0.38 3.54*+0.06 3.01°+0.20
GAE g7!

FW)

TFD (mg QE  0.204+0.01  0.33*°+0.02 0.528+0.043 0.39°+0.02 0.62°+0.048  0.22°1+0.007
g™ ' FW)

TFL(mg QE  0.24°+0.008 0.31°+0.01 0.39°+£0.01  0.26°£0.008 0.27°£0.009  0.25°+0.02
g™ FW)

Ant (pmol  2.43%+0.41 8.99a+0.53 7.46°+£0.22 5.59°+029 2.939+0.3 2.419+0.1
-1

g™ FW)

!CGR callus growth rate, RFW relative fresh weight, MDA malondialdehyde, TPC total phenolic content,
TFD total flavonoids, TFL total flavonols, Ant anthocyanin. ¥: In each row, the means with similar letters
are not significant at P <0.01 by LSD test
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Lipid Peroxidation

Callus evaluation revealed a significant increase in MDA content under treatments of
MelJ and Pu (Table 3). This increase varied from 0.18 pmol g~' FW in the control to
0.53 pmol g~' FW in the samples treated with | mM Pu (Table 3). The MDA content
showed a 2.94-fold increase (P <0.05) in the calluses exposed to 1 mM (Pu) compared
with the control cultures. According to the results, MDA content under 1 mM (Pu) was
not significantly different from the control (Table 3).

Total Phenolic Content

According to the analysis of variance (ANOVA) results, there was a statisti-
cally significant difference for all studied traits under elicitation (Table S3).
According to the findings, using MeJ and Pu resulted in a significant increase
in TPC compared to control (Table 3). The highest (6.02 mg GAE g~! FW) and
the least (2.86 mg GAE g~! FW) contents of TPC were observed at treatments
of 50 mM Mel and control treatments, respectively (Table 3). In callus cultures
treated with 25, 50, and 100 uM of MelJ, the TPC showed 1.32-, 2.10-, and 1.01-
fold increases compared to control, respectively (Table 3). When treated with
50 uM Mel, callus cultures induced maximum corresponding TPC levels of
6.02 mg GAE g~! FW, while 100 uM MeJ resulted in inhibited levels with the
value 2.89 mg GAE g~! FW on callus culture (Table 3). The callus treated with
0.5- and 1-mM Pu indicated 1.23-fold and 1.05-fold increases in TPC content,
respectively (Table 3).

Total Flavonoid and Flavonol Contents

The TFD content showed a significant increase compared to the control (0.2 mg QE
g_l FW) up to 0.52 (mg QE g_1 FW) under 50 mM of Mel (Table 3). For Pu elicita-
tion, only the lower concentration level (0.5 mM) showed a significant difference with
control (Table 3). The content of TFL showed variation from 0.24 (mg QE g_1 FW) in
control to 0.39 (mg QE g~! FW) under 50 uM MeJ (Table 3).

Anthocyanin Content

In the present study, elicitation by MeJ and Pu increased the in vitro accumulation of
anthocyanin in the A. jesdianum calli (Table 3). Its values varied from 2.43 umol g!
FW at control condition to 8.99 pumol g~! FW at 25 mM Mel. Higher concentrations
of MeJ (50 and 100 pM) showed a descending trend for Ant rather than 25 uM (Mel)
(Table 3). The concentration of 0.5 mM Pu led to a 1.21-fold increase in anthocyanins
rather than control, but the higher concentration (1 mM Pu) did not have any significant
effect compared to the control (Table 3).

Antioxidant Activity

In this study, antioxidant activity was determined as DPPH radical scavenging activ-
ity. The highest (86.40%) and the least (66.31%) radical scavenging activities were
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Fig.1 The means for DPPH activity (+standard deviation) in different elicitors (methyl jasmonate and
putrescine) under in vitro callus culture in Allium jesdianum. In each column, the means with similar letters
are not significant at P <0.01 by LSD test

found in callus cultures treated with 100 mM MeJ and control conditions, respec-
tively (Fig. 1). Callus cultures treated with 50 mM and 100 mM of MeJ showed no
significant difference for reactive scavenging ability through the DPPH method. The
DPPH activity under two different concentrations of Pu showed no significant effect
for DPPH activity compared to control conditions (Fig. 1). It was observed that A. jes-
dianum calluses had a dose-dependent DPPH radical scavenging activity under Mel
elicitation (Fig. 1).

Table 4 The simple correlation coefficients for different morpho-biochemical traits under elicitation by chi-
tosan and gibberellic acid

RFW CGR DPPH TFD TFL TPC MDA Ant
RFW! 1
CGR 0.39" 1
DPPH -0.317 —0.59" 1
TFD —0.46" 0.04 0.17 1
TEL —0.35" —0.45" 0.43™ 0.32" 1
TPC —-0.09 -0.26 0.33" 0.04 -02 1
MDA —0.64" —0.52" 0.28 0.05 0.15 —-0.11 1
Ant 0.87" 0.18 -0.25 —0.46" -0.29 0.16 —0.66" 1

I: RFW relative fresh weight, CGR callus growth rate, DPPH 2, 2-diphenyl-1-picrylhydrazyl, TFD total
flavonoids, TFL total flavonols, TPC total phenolic content, MDA malondialdehyde, Ant anthocyanins. *,
**:significantly different at the 5% and 1% probability levels, respectively
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Correlation Between Different Traits

The simple correlation among studied traits is presented in Table 4. A negative and sig-
nificant correlation was found between RWC with TFD (—0.46") and TFL (—0.35™).
The lipid peroxidation content as MDA showed a negative and significant correlation with
RWC (—0.64™) and CGR (—0.53"") (Table 4).

Discussion

The phenomenon of seed dormancy in seeds of some medicinal plants is usually linked
with internal factors such as physiological dormancy or physical barriers that cover the
seed coat and/or the enclosed embryo [38]. The principle factors that influence seed dor-
mancy include certain PGR, which GAs participate mainly in the termination of seed dor-
mancy [39]. External application of PGRs to seeds could break seed dormancy and enhance
seedling establishment of many medicinal plants [40]. The effect of different PGRs includ-
ing 2,4-D, ethephon, GA;, IBA, and NAA on seed germination of some medicinal species
as Ocimum basilicum [40], Coriandrum sativum [40], and Mentha arvensis [41] has been
reported. Some treatments such as scarification and darkness helped break the dormancy of
some Allium genus as Allium suworowii Regel., Allium aflatunense B. Fedtsch, and Allium
altissimum Regel. at cold temperatures [42]. Enhancement of seed germination through
breaking the seed dormancy is considered as a major gap in A. jesdianum. To the best of
our knowledge, no previous study has reported regarding the improvement of seed ger-
mination in A. jesdianum through application of different pre-treatments. The differences
in the GP of A. jesdianum seeds under different treatments suggest the significant impact
of plant growth regulators including NAA and BAP on breaking the seed dormancy in
this species. Therefore, from the above findings, it can be inferred that dormancy of the
seeds of A. jesdianum was probably associated with the enclosed chemical factors around
the embryo, which could be broken significantly through applying PGRs, specially NAA
and BAP. It seems that the ecological background of the natural habitat for seed collec-
tion region and harvesting time plays predominant roles in seed germination capacity in A.
jesdianum.

Despite the role of A. jesdianum as an important medicinal plant, no research has
focused on using in vitro cultures in this neglected species. Callus induction was opti-
mized by the first as the necessary step for developing callus cultures in further experi-
ments, here. The findings showed no callus induction on complete MS media for A.
Jjesdianum. It could be resulted that lower concentrations of macro and micro elements
were better for cells differentiation from explants in this genus to callus production. The
better responses of hypocotyl explants than seed ones for callus induction could be due
to homogenous cell nature and easy availability of growth substances to each cell of
homogenous tissues in hypocotyl explants. The combined effects of auxins and cyto-
kinins have been considered as essential factors for callus induction in A. jesdianum.
Comparison of four different treatment implied that higher concentrations of BAP (as
cytokinin group) than 2,4-D and NAA (as auxins) could be promotive for more fre-
quency in callus initiation and its growth in A. jesdianum. This finding was similar to
previous reports in Allium schoenoprasum L [43] and Allium ampeloprasum L. [44].
Different with this finding, necessity of higher doses of auxins rather than cytokinins
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is emphasized for callus induction in other species in Amaryllidaceae family as Allium
sativum [45] and Allium cepa [46] and micropropagation in Allium neapolitanum Cirillo
[47]. According to reports of Khar et al. [48], lonely application of 2,4-D (0.5 mg L)
was optimized for maximum callus formation in Allium cepa L. These inconsistencies
can be due to the effects of many factors on callus induction in Allium species such
as genus, genotypes, type of explants, medium composition, and plant growth used
[47]. The highest (0.48 mm day_') callus growth rate were observed in MS/2 media
supplemented with 1 mg L™! NAA and 3 mg L~! BAP (Table 2), but the lowest one
(0.18 mm day™') was observed at MS/2 media which was supported by 2 mg L
BAP+1 mg L™! 2,4-D (Table 2). This implied at a positive interactive effects of these
concentrations of BAP and 2,4-D on used explant for enhancing the callus growth.

After elicitation process, the effects of different concentrations of MeJ and Pu on callus-
related traits, MDA content as a sign of lipid peroxidation damage on cell walls, different
phenolic compounds (TPC, TFD, TFL, and anthocyanins), photosynthetic pigments (chlo-
rophyll and carotenoids), and antioxidant activity were evaluated. When studying the cal-
lus growth, the responses of relative fresh weight and callus growth rate were evaluated
to different doses of MeJ and Pu. In view point of callus-related traits, the stressor effects
of both used elicitors (especially at higher concentrations) reduced the RFW of calluses.
This is probably due to the inhibitory effects of elicitors on cell growth and capacity of cell
osmotic adjustment, which increase the requirement for maintaining turgor of the growing
cells, consuming energy, and decrease in callus growth [32]. Similarly, higher concentra-
tions of MelJ [49] and other elicitors as phenylalanine and mevalonic acid in Zingiber offici-
nale [50] and chitosan in safflower [32] reduced the fresh weight of the callus. Similarly,
an optimized concentration of MeJ (20 uM) produced the highest growth rate (98.21 mg/
day) in callus culture of Dianthus caryophyllus L. (49). Such a response is different with
findings of cell growth and callus diameter in Hypericum perforatum under Me]J elicitation
[51]. According to this finding different concentrations of MeJ (125, 250, and 500 uM)
reduced the callus diameter and fresh weigh of Hypericum perforatum calli [51]. These
discrepancies could be compromised by the differences in elicitor concentration and plant
species [2, 8]. The higher CGR at lower concentration of Pu (0.5 mM) indicates the ben-
eficiary effects of lower concentrations of it on motivating callus growth. According to
the reports of Bais et al. [52], putrescine application at 1.5 mM concentration increased
the biomass of hairy roots of Beta vulgaris and Tagetes patula as 1.4-fold and 1.30-fold,
respectively. It is well established that Pu stimulates not only callus cell extension but also
its cell division and biomass at cellular level. Elicitation by these elicitors changed the
color of calli to yellow-to-pale brown and pale brown after the elicitation period. The calli
under Pu were more turbid. The elicitation process diminishes the friable structure of the
calluses to an approximate extent.

During the elicitation process, some processes such as lipid peroxidation of membranes
lead to enhancing antioxidant enzyme activity and the activation of SMs production [53].
Lipid peroxidation produces MDA as a sign of oxidative damage to scavenging ROS under
elicitation [53]. In agreement with this study, exposure to MeJ significantly increased the
MDA content in Panax ginseng [54] through suspension culture and other elicitors such
as chitosan [32] through callus culture. The non-significant difference between MDA con-
tent at control and Pu (1 mM) could interestingly indicating at effective participating roles
of Pu in sustaining membrane integrity in plant cells [55]. In confirmation of this find-
ing, it could be mentioned at involving role of Pu in ROS signaling in plants and/or direct
interaction of it with ROS under elicitation. Similarly, it has been reported that exogenous
application of Pu reduces the severity of oxidative damage in welsh onion by increasing
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the antioxidant capacity of the plant [55]. This may suggest that a higher concentration
(> 0.5 mM Pu) could act as a stressor agent on calli cells.

Plants employ a different variety of defense response pathways in response to environ-
mental stresses such as elicitor exposure at cellular levels [56]. These cellular responses
lead to the more production and accumulation of several SMs such as total phenolics and
their derivatives (total flavonoids, total flavonols and total anthocyanins) [2, 3, 56]. Among
chemical elicitors, MeJ has been used widely for in vitro elicitation studies as callus culture
systems [10, 49, 54, 57], but fewer studies demonstrated the effects of Pu elicitation on
accumulation of different SMs under callus [19, 25] and hairy root cultures [52].

In Allium species, some studies have reported the effects of elicitation on some SMs
and their content in the whole plant [27, 58], but to the best of our knowledge, no study has
evaluated changes in SMs under elicitation process in A. jesdianum at callus level. Similar
to this finding, the enhancing effect of lower concentrations of MeJ (50 uM) on increase
of TPC was reported on other species through callus cultures of Zanthoxylum stenophyl-
lum [59] and suspension cultures in Artemisia absinthium L. [60], Ajuga bracteosa [61],
Polygonum multiflorum [9], Thevetia peruviana [14], and Panax ginseng [54]. The positive
effects of elicitation by MeJ are also reported an increase of and some specific metabolites
as ursolic acid and oleanolic acid [57] and eugenol content in Dianthus caryophyllus L.
[49].

The effect of in vitro elicitation of Pu on TFD accumulation has been rarely reported in
literature review; however, the results showed its positive effect on increasing some phe-
nolic acids (e.g., ferulic, caffeoylquinic, and sinapic acids) in Gardenia jasminoides L. by
the concentration of 0.5 mg L=! of it [62]. Our finding was also like the positive effects
of MeJ on increase in TFD of Thevetia peruviana [14] and Hypericum perforatum [63]
through callus culture and cell suspension culture of Panax ginseng [54], Taxus baccata
[64], and Ajuga bracteosa [61]. This significant increase can be attributed to the possible
positive effects of used elicitors at specific concentration on the enhanced expression of
the genes, contributing to the synthesis pathway of total flavonoids (e.g., phenylpropanoid)
[65]. The incidence of non-significant differences between the two levels of Pu with con-
trol for the TFL content may be concluded that Pu elicitation did not provide adequate effi-
ciency for increasing TFL in calluses of A. jesdianum and thus other concentrations should
be applied.

Polyamines as putrescine had a significant effect on accumulation of flavonols, hydroxy-
benzoic, and hydroxycinnamic acid derivatives in Cucumis anguria L. [21]. Similarly, the
increasing effects of polyamines are reported on the amount of withanolides in regener-
ated Withania somnifera plants [66]. In this regards, different concentrations of putrescine
(0.1, 0.2, and 0.4 mg L~!) were applied for significant increase of capsaicin in Capsicum
annuum L. through cell suspension cultures [25]. In jojoba plants, putrescine (50 ppm)
significantly increased TPC, TFD, tannin content, and antioxidant activity [67]. Gharib
and Hanafy Ahmed [68] reported that putrescine foliar application (1-2 ppm) improved
total phenolic compounds in Pisum sativum shoots [68]. Reviewing the literature shows
no study on the elicitation effects of Pu (as a compound in polyamines) on TFD and TPC
under callus culture.

Anthocyanins are a group of water-soluble flavonoids that are produced at one end
of the flavonoid biosynthesis pathway in the cytoplasm and enter the cells actively or
separately by glutathione pump [69]. Anthocyanins production is affected under dif-
ferent environmental elicitors [69]. The additional result obtained indicated that a
concentration of 50 uM MeJ was the best that could induce the highest anthocyanin
production in this study. The results of this study are consistent with those of Ram
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et al. [70] and Suan See et al. [71], who reported that the quantity of anthocyanin accu-
mulation depends on MelJ concentration in Rosa hybrida and Melastoma malabathri-
cum, respectively. According to Suan See et al. [71], biosynthesis and accumulation of
anthocyanin could be stimulated by MelJ elicitation via induction of particular enzymes
such as catalyzes. Besides, synthetic pathways for anthocyanin biosynthesis or increase
the gene(s) expression of this specialized metabolite biosynthesis are triggered by MeJ
elicitation [70]. The supportive effect of MelJ for anthocyanin accumulation was simi-
lar to the significant effects of MelJ on in vitro enhancement of anthocyanin in Daucus
carota under callus culture [72]. Therefore, at higher concentrations, both elicitors had
an inhibitory or non-significant effect on Ant content in A. jesdianum. Among these
two elicitors, Mel acted as a better inducer of anthocyanin biosynthesis in A. jesdi-
anum callus cultures than Pu. The novel results from the present study show that callus
cultures of A. jesdianum under elicitation could be considered as an efficient way for
these valuable pigments production.

To neutralize the effect of stresses caused through the elicitation process, the plant
cells employ antioxidative activities in different ways such as enhancement of SMs
[10, 32]. The findings based on DPPH assay suggest that A. jesdianum is a good free
radical scavenger under elicitation. Similarly, the increase in antioxidant activity of
callus cells (e.g., DPPH method) was observed under MelJ elicitation in different cell
culture techniques [13]. The significant increase in DPPH activity is reported under
root suspension cultures in Panax ginseng [54].

Totally, the medium concentration of MeJ (50 uM) and a lower concentration of Pu
(0.5 mM) showed an enhancement effect on the contents of phenolics, flavonoids, fla-
vonols, and anthocyanin. This result could be attributed to higher production of trans-
cinnamate as a product of L-phenylalanine deamination by phenylalanine ammonia-
lyase enzyme and more convention of trans-cinnamate to different SMs under lower
concentrations of used elicitors [73]. In this regard, the following factors have sig-
nificant effects on the trends of the elicitation process: the differences in chemical
characteristics of elicitors, its preparation source and concentration, exposure time of
elicitation, age and type of explant for culture, growth regulations in media culture
and nutrition composition, and its interaction with plant species and genotypes [2, 8].
Considering that the production of plant SMs is strongly controlled by signaling events
and environmental factors, a fine and one-by-one analysis might be required to obtain
a deeper understanding of the type of their modulation effects in different plant spe-
cies at the callus level. The significant increase in different phenolic content may be
compromised by the inducing effect on trigging effects of MeJ and Pu on signal trans-
duction pathways. These effects, in turn, speed up enzyme catalysis and lead to the
formation of specific compounds such as flavonoids, flavonols, and anthocyanins in A.
jesdianum.

Correlation studies between different biochemical traits showed the importance of
cell wall integrity on retaining cell water content and its growth under cellular condi-
tions. The antioxidant activity (DPPH method) showed positive and significant correla-
tion with TFL (0.43"” and TPC (0.33""). The antioxidant activity through the DPPH
method was found to be mainly TPC (0.33™) and TFL (0.43™), depending on callus
cultures treated with different elicitors. Furthermore, a positive correlation between
TPC and TFL with DPPH suggests that the elicitation process increased the antioxi-
dant activity of A. jesdianum through more accumulation of TPC and TFL in callus
culture.
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Conclusion

Plant cell cultures have been perceived as an attractive method for producing SMs under
controlled conditions. This study optimized seed germination, callus induction, elici-
tation effects of two different elicitors (MelJ and Pu) on the enhancement of different
secondary metabolites, callus-related traits, and antioxidant activity in A. jesdianum, by
the first. The findings showed higher efficiency of MeJ than Pu for increasing different
secondary metabolites and antioxidant activity in calli of A. jesdianum. The Pu elicita-
tion showed superiority on increase of callus growth. The concentration of 50 uM Mel
showed the best selective dose for enhancing the contents of total phenolics (total flavo-
noids and total flavonols) in A. jesdianum through callus culture. This study could lead
to introducing a new elicitation method to improve the production of the beneficial phy-
tochemical classes from undifferentiated callus cells in the threatened medicinal plant of
A. jesdianum. It is suggested to evaluate the commercially production of specific metab-
olites in these major classes through bioreactor or cell suspension culture techniques in
future.
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