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Abstract Plants synthesize a variety of metabolites in

response to biotic elicitors. To comprehend how the

digested cell wall of Piriformospora indica affects the

response of ROS burst, antioxidant enzymes, amino acids

profiling, and phenylpropanoid compounds such as lignans,

phenolic acids, and flavonoids in Linum album hairy roots;

we accomplished a time-course analysis of metabolite

production and enzyme activities in response to CDCW

and evaluated the metabolic profiles. The results confirms

that CDCW accelerates the H2O2 burst and increases SOD

and GPX activity in hairy roots. The HPLC analysis of

metabolic profiles shows that the H2O2 burst shifts the

amino acids, especially Phe and Tyr, fluxes toward a pool

of lignans, phenolic acids, and flavonoids through alter-

ations in the behavior of the necessary enzymes of the

phenylpropanoid pathway. CDCW changes PAL, CCR,

CAD, and PLR gene expression and transiently induces

PTOX and 6MPROX as the main-specific products of PAL

and PLR genes expression. The production of phenolic

acids (e.g., cinnamic, coumaric, caffeic, and salicylic acid)

and flavonoids (e.g., catechin, diosmin, kaempferol, lute-

olin, naringenin, daidzein, and myricetin) show different

behaviors in response to CDCW. In conclusion, our

observations show that CDCW elicitation can generate

H2O2 molecules in L. album hairy roots and consequently

changes physiological, biochemical, and molecular

responses such as antioxidant system and the specific

active compounds such as lignans. Quantification of

metabolic contents in response to CDCW suggests enzyme

and non-enzyme defense mechanisms play a crucial role in

L. album hairy root adaptation to CDCW.
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Graphical abstract A summary revealed that the corre-

lation between H2O2 generation and L. album hairy root

defense system under CDCW. Increase of H2O2 generation

led plant to response against oxidative conditions. SOD,

and GPX modulated H2O2 content, Phe, and Tyr shifted to

the phenylpropanoid compounds as a precursor of PAL and

TAL enzyme, the predominant phenylpropanoid com-

pounds controlled oxidative conditions, and the other

amino acids responsible for amino acid synthesis and

development stages.

Keywords Digested cell wall � Hairy roots � H2O2 � Linum
album � PTOX � Phenylpropanoid metabolites

Abbreviations

6MPTOX 6-Methoxy podophyllotoxin

Arg Arginine

Asp Asparagine

CAD Cinnamyl alcohol dehydrogenase

CCR Cinnamoyl-CoA reductase

DW Dry weight

FW Fresh weight

Glu Glutamine

Gly Glycine

GPX Guaiacol peroxidase

H2O2 Hydrogen peroxide

Ile Isoleucine

LARI Laricinol, Leu, Leucine

Met Methionine

PAL Phenylalanine ammonia-lyase

Phe Phenylalanine

PINO Pinoresinol

PLR Pinoresinol-laricinol reductase

PTOX Podophyllotoxin

ROS Reactive oxygen species

SA Salicylic acid

SM Secondary metabolite

SOD Superoxide dismutase

Tyr Tyrosine

Introduction

Linum album Kotschy ex Boiss is an essential source of

phenylpropanoid metabolites, especially PTOX and

6MPTOX, growing in Iran (Fuss 2003; Ahmadian Chashmi

et al. 2013). L. album has anti-tumor, anti-cancer, and anti-

inflammatory effects, which may be relevant to specific

secondary metabolites such as lignans, which are highly

accumulated in this species (Westcott and Muir 2003;

Javadian et al. 2017). Lignans are the main group of phe-

nolic compounds, which are generally synthesized by the

phenylpropanoid pathway (Samari et al. 2020). The

phenylpropanoid pathway is among the most commonly
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considered for metabolite production in plants. This path-

way can produce various phenolic acids, flavonoids,

anthocyanins, lignin, and lignans (Hano et al. 2006a).

In association with the phenylpropanoid pathway, PAL

first converts Phe and Tyr as the main precursor con-

stituents of the phenylpropanoid pathway to cinnamic acid

(Mur et al. 2017; Sagharyan et al. 2020). Also, the

phenylpropanoid pathway could be modified by several

genes, including CCR, CAD, and PLR, which convert

cinnamic acid into monolignol (Corbin et al. 2017). The

phenylpropanoid compounds are an important group of

secondary metabolites synthesized by plants at a low

molecular weight (Samari et al. 2020). Eliciting plants is

considered an effective strategy for induction of the plant

defense system and increasing secondary metabolite pro-

duction (Delaunois et al. 2014).

Despite a considerable number of reports for the

increase of secondary metabolites for pharmaceutical

applications, gene expression studies on plant-endophytic

interactions and their bioactive compounds production are

not yet fully understood (Esmaeilzadeh et al. 2011, 2014;

Kamalipourazad et al. 2016). It is well-known that Piri-

formospora indica, a root endophytic fungus, and its

derivatives elicitation such as cell wall and mycelium could

induce phenylpropanoid metabolites such as lignans and

phenolic metabolites (Baldi 2008, 2010; Tashackori et al.

2016, 2018).

Therefore, the current study was performed on hairy root

culture of L. album treated with Chitinase Digested Cell

Wall (CDCW) derived from P. indica cell wall to under-

stand how L. album respond to CDCW. This study aims to

elucidate the inducing effects of CDCW on the repro-

gramming of amino acids and gene expression in connec-

tion with lignans and other phenolic metabolite

accumulation in L. album hairy roots.

Materials and methods

Plant material and hairy root culture

Mature seeds of L. album were collected from wild-grown

plants in the Sohanak region (35�4800N, 51�320E, and

altitude of 1900 m), Tehran province Iran. This plant

species was identified by Dr. Shahrokh Kazmepour-Osa-

loo, a professor of systematic and evolutionary botany. A

voucher sample (No. 2450) of L. album was stored at the

Herbarium, plant biology department, biological sciences

faculty, Tarbiat Modares University, Tehran, Iran. The

hairy root cultivation was established based on the previous

study (Ahmadian Chashmi et al. 2013). Briefly, Agrobac-

terium rhizogenes strain LBA9402 was used to transform

the hairy roots. These roots were cultivated into a 200 mL

flask with a 50 mL liquid MS medium (Murashige and

Skoog 1962) and incubated at dark conditions on a shaker

(100 rpm) and 25 �C. Two grams of hairy roots were

subsequently transferred into the fresh medium every three

weeks.

Elicitor preparation

The cell wall of P. indica was provided according to

Tashackori et al. (2018). Chitinase treatment of P. indica

cell wall was performed based on the manufacture’s

instruction using chitinase (EC 3.2.1.14) lyophilized pow-

der from Trichoderma viride (ref C8241, Sigma Aldrich).

100 mg of the fine cell wall P. indica was mixed with 100

lL of chitinase enzyme powder and 1 mL phosphate buffer

(pH = 6.1) for 12 h. Finally, HCl (0.5 M) and hot water

were used to deactivate the chitinase enzyme permanently.

Then, the CDCW elicitor was obtained and used as a biotic

elicitor at 1 mg mL-1.

A representative growth curve revealed that root growth

reached the log phase after the 10th day (data not shown).

2 g of hairy roots were treated with different concen-

trations of sterilized CDCW (0.5, 1, 2.5, and 5% v/v). Each

sample was collected after 5 days of elicitation. After

optimizing CDCW concentration, we performed a time-

course test to study the elicitation effect of CDCW on

growth efficiency and SM production by hairy roots

of L. album.

For this purpose, 2 g of hairy roots were poured into

30 mL of the medium with CDCW (1% (v/v)) and incu-

bated in dark conditions at 25 ± 2 �C on a rotary shaker

(110 rpm). Samples were harvested after 12, 24, 48, 72,

and 120 h cultivation.

H2O2 content assay

H2O2 content in treated hairy roots was determined

according to Velikova et al. (2000), as described by Zafari

et al. (2017). 200 mg of the fresh hairy root was extracted

with 5 mL of Trichloroacetic acid (TCA; 0.1%, w/v) in an

ice bath. The samples were centrifuged at 12,000 rpm for

15 min and then thoroughly added 0.5 mL of supernatant

to 0.5 mL of phosphate buffer (pH = 7.0) and 1 mL of KI

(1 M). The absorbance of these mixtures was evaluated at

390 nm. Finally, H2O2 content was analyzed by compar-

ison with a standard curve and described as lmol g-1 FW.

Antioxidant enzyme, and total protein assay

For the enzyme assay, hairy roots were extracted based on

Garden (2003) method. Protein content was assayed by the

Bradford (1976) protocol. SOD (E.C.1.15.1.1) activity was

quantified using the nitroblue tetrazolium (NBT) reduction
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method as described by Giannopotitis and Ries (1977).

SOD activity was measured by the IC50 rate (the amount

of SOD that inhibits the NBT reduction at 560 nm). Also,

GPX activity (E.C.1.11.1.7) was estimated based on the

measurement of guaiacol oxidation by H2O2 at 470 nm

(Lin and Wang 2002).

HPLC analysis of lignans

2 g of dried hairy roots was crushed to fine powder. The

fine powder was subjected to lignan extraction with

methanol/dichloromethane (Ahmadian Chashmi et al.

2013). Lignan content was analyzed by an Agilent 1260

HPLC system (Agilent Technologies, Santa Clara, CA,

USA). The HPLC system was equipped with a stationary

phase, a C18 column (Perfectsil Target ODS-3 (5 lm),

250 9 4.6 mm, MZ-Analysentechnik GmbH, Mainz,

Germany), with a mobile phase consisting of acetonitrile

and water. A UV detector was applied to detect lignans at

290 nm (Yousefzadi et al. 2010; Ahmadian Chashmi et al.

2013). The lignan contents were determined according to

an authentic standard (LARI, PINO, PTOX, and 6MPTOX

standards) purchased from Sigma-Aldrich (Taufkirchen,

Germany).

Lignin content assay

Lignin assay was performed according to Iiyama and

Wallis (1990) method. For this reason, 0.5 mg of the fresh

roots were mixed with distilled water and centrifuged

(12009g for 20 min). The pellet was washed with 10

volumes (v/w) EtOH and added CHCl3–MeOH to the

reaction mixture (1:2, v/v). The mixtures were incubated at

25 �C for 24 h and washed with acetone. Then, 6 mg of

fine powder was dissolved to 0.1 mL of HClO4 70% and

25% acetyl bromide (v/v in glacial acetic acid). The reac-

tion mixture was blended with NaOH and glacial acetic

acid and incubated at 70 �C for 30 min. Finally, the lignin

content was measured based on the calibration curve (20 g

L-1 cm-1).

Determination of phenolic acids, flavonoids,
and amino acid profiling using HPLC

We used the Owen’s method with a slight modification

through HPLC (Agilent Technologies, a UV diode array

detector at 280 and 300 nm) for phenolic acid quantifica-

tion (Owen et al. 2003).

Measurement of amino acids and flavonoids by HPLC

was clarified in detail in our previous study (Tashackori

et al. 2018). The description of sample peaks was attained

by comparison of the observed retention time with refer-

ence standards.

All phenolic acids standards (e.g., Cinnamic acid, cou-

maric acid, caffeic acid, ferulic acid, and SA) and flavo-

noids (e.g., catechin, myricetin, kaempferol, diosmin,

luteolin, daidzein, and naringenin), and amino acids stan-

dards (e.g., Glu: Glutamine, Asp: Asparagine, Arg: Argi-

nine, Met: Methionine, Gly, Glycine, Ile, Isoleucine, Leu,

Leucine, Phe: Phenylalanine, Tyr, Tyrosine) were obtained

from Sigma-Aldrich.

PAL and CAD activity assay

PAL (EC 4.3.1.24) activity was assayed based on the rate

of cinnamic acid production, and the absorbance of sam-

ples was estimated at 290 nm (Wang et al. 2006). Mea-

surement of CAD (EC 1.1.1.195) activity was

accomplished according to Garden (2003) method with a

slight modification. Coniferyl aldehyde formation was

evaluated by measuring the absorbance at 390 nm.

Gene expression analyses

PAL, CAD, CCR, and PLR were chosen to analyze gene

expression through qPCR in hairy roots of L. album (Ap-

plied Biosystem/MDS SCIEX, Foster City, CA, USA).

First, total RNA was extracted from frozen hairy roots

using the RNXTM-Plus solution kit (CinnaGen Inc, Tehran,

Iran) based on the manufacturer’s recommendation. Total

RNA (2 lg) was used for cDNA preparation (RevertAidTM

M-MuLV) (Fermentas, Burlington, ON, Canada) using RT

primers listed in Table 1 (Esmaeilzadeh Bahabadi et al.

2011). The PCR reaction was done at 95 �C for 10 min,

followed by 40 cycles of 95 �C for 10 s, 60 �C for 10 s,

and 72 �C for 15 s. The visualization of data was done by

using the light cycler 7500 software, version 2.0.1.

Statistical analysis

At first, the raw data were normalized at log2, and subse-

quently, Pearson’s correlation coefficient was applied by

Hierarchical cluster analysis (HCA) via the algorithms

inserted in the web-based MetaboAnalyst (http://www.

metaboanalyst.ca). All data were analyzed using SPSS 24

software based on a completely randomized design with

three replications. Duncan’s multiple range test

(p value B 0.05) was used to compare the significant dif-

ference between means. In this study, we also employed

Excel 2019 and GraphPad Prism 8 plotting diagrams.
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Results

Hairy root growth and lignans production

As shown in Table 2, we observed that different concen-

trations of CDCW had a negative effect on DW after

5 days of elicitation. The growth rate of hairy roots was

remarkably declined by about 40.02% compared to the

control when the CDCW concentration was 5% (v/v).

According to Table 2, the results exhibited that the

highest level of LARI and PINO was achieved at 1%

CDCW, respectively. PTOX content attained the highest

value at 1% CDCW, whereas 6MPTOX content showed

the highest level at both 1 and 2% elicitor. According to

hairy roots’ lignans, we selected CDCW (1%) for the

subsequent experiments. The alterations of Lignans were

significantly dependent on CDCW (1%), where it was able

to induce the highest lignans production with a minimal

decrease in hairy root DW.

Time-course hairy roots growth

No significant changes in root growth were realized up to

72 h after CDCW (1%) elicitation compared to the control

(Fig. 1). However, our results indicated that the root

growth was considerably decreased 120 h after elicitation.

H2O2 content and antioxidant enzyme activity

Data mining showed that H2O2 content significantly gen-

erated after 12 and 24 h treatment with CDCW elicitation

(Fig. 2a). H2O2 content attained highest level after 120 h

of treatment, which was 1.89-times compared to control.

Also, an increasing generation of H2O2 was coordinated

by SOD activity, which peaked at 48 h after CDCW

treatment by 1.41-times higher compared to control

(Fig. 2b). In addition, another antioxidant enzyme activity

analysis showed that the time-dependent CDCW elicitation

enhanced GPX activity after 12 h. The highest GPX

activity was recorded at 48 and 72 h after elicitation,

respectively (Fig. 2c).

Table 1 The specific sequence of primers applied for gene expression assay of the GAPDH (used as a reference gene), CCR, CAD, PLR, and
PAL

Genes Sequences Amplicon size (bp) Accession no.

GADPH F-primer 50-GGT GCC AAG AAG GTT GTC AT-30 148 AJ623267.1

R-primer 50-TAA CCT TAG CCA AGG GAG CA-30

CCR F-primer 50-CCT GTT GGA GCG ACC TGG AGTTC-30 117 AJ440712.1

R-primer 50-CCA CCA CGT CCA CCT CTT TTTCC-30

CAD F-primer 50-GGC CAC ATG GGA GTC AAA GTCG-30 153 AJ811963.1

R-primer 50-GTC GGC GAG CTT CTG CAT CTT C-30

PLR F-primer 50-AGG AAG TAT CCA GCG AAG CA-30 96 AB525816.1

R-primer 50-CAC ATT CGA CGA CAA AAT GG-30

PAL F-primer 50-GAC GCT GCT GGG GCC TTC A-30 132 AY837828.1

R-primer 50-GGC GTC AAA AAG CAC CAT GGAG-30

Table 2 Dry weight and the predominant lignans production of L. album hairy roots after 5 days on culture medium supplemented with different

concentrations (0.5, 1, 2.5 and 5% v/v) of P. indica CDCW

Treatment Characterizations

Dry weight (g) PINO (lg g-1 DW) LARI (lg g-1 DW) PTOX (lg g-1 DW) 6MPTOX (mg g-1 DW)

Control 0.51 ± 0.019a 41.92 ± 1.41d 49.42 ± 0.86d 62.76 ± 2.09d 8.61 ± 0.72cd

0.5 (v/v) 0.43 ± 0.106b 47.47 ± 1.46c 75.5 ± 2.84b 74.2 ± 2c 9.37 ± 0.45bc

1 (v/v) 0.29 ± 0.15c 56.79 ± 2.20a 89.99 ± 8.43a 100.53 ± 3.58a 11.87 ± 0.55a

2.5 (v/v) 0.27 ± 0.008c 51.54 ± 2.05b 82.04 ± 1.52b 89.54 ± 2b 12.82 ± 0.17a

5 (v/v) 0.20 ± 0.009d 41.90 ± 1.32d 67.34 ± 3.11c 77.91 ± 2.11bc 10.13 ± 0.84b

Data represent Means from 3 separate experiments ± SD. Duncan’s multiple range test was applied to reveal differences at p value B 5%. The

same letters represent no significant difference among means
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Fig. 1 The effect of P. indica
CDCW (1% v/v) on dry weight

of L. album hairy root. Means

from 3 separate

experiments ± SD. Duncan’s

multiple range test was applied

to reveal differences at

p value B 5%. The same letters

represent no significant

difference among means

Fig. 2 The effect of P. indica
CDCW (1% v/v) on H2O2 (a),
SOD activity (b), GPX activity

(c) in L. album hairy root.

Means from 3 separate

experiments ± SD. Duncan’s

multiple range test was applied

to reveal differences at

p value B 5%. The same letters

represent no significant

difference among means
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Lignans and lignin content

Eliciting of hairy roots at all times had a significant effect

on lignans accumulations and lignin production (Fig. 3).

Results showed that PINO, LARI, and PTOX accumulation

were improved after 24 h of elicitation. PINO content

peaked at 48 h after treatment (compared to control),

which was unchanged up to 72 h (Fig. 3a). The highest

accumulation of LARI was recorded 72 h after elicitation,

which was 2.6 times more than the untreated roots

(Fig. 3b). A time-course study has shown that PTOX

content was enhanced in response to CDCW and reached

the highest level after 48 and 120 h compared to their re-

spective controls (Fig. 3c).

6MPTOX content reached the highest level in the trea-

ted hairy roots 120 h after elicitation (Fig. 3d). Moreover,

results showed that lignin content slightly increased in

elicited hairy roots and peaked at 120 h after elicitation

(Fig. 3e).

Phenolic acid and flavonoid contents

The HPLC analysis revealed the presence of 12 main

phenolic compounds: 5 phenolic acids (e.g., cinnamic acid,

coumaric acid, caffeic acid, and SA) and 7 flavonoids

(catechin, diosmin, kaempferol, luteolin, naringenin, daid-

zein, and myricetin), listed in Tables 3 and 4, respectively.

Due to the treatment of CDCW, significant differences

were observed in the profile of phenolic acids between the

treated and control hairy roots (Table 3). The highest

amount of cinnamic acid was detected 24 h after elicita-

tion. Coumaric acid content was enhanced after 24 h in

treated roots and reached a peak at 48 and 72 h after

elicitation, respectively. Also, we observed highest level of

caffeic acid and ferulic acid at 48 h after elicitation. The

Fig. 3 The effect of P. indica CDCW (1% v/v) on PINO (a), LARI
(b), PTOX (c), 6MPTOX (d) and lignin (e) in L. album hairy root.

Means from 3 separate experiments ± SD. Duncan’s multiple range

test was applied to reveal differences at p value B 5%. The same

letters represent no significant difference among means
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highest amount of SA was at 48 and 72 h after elicitation,

respectively.

The production of flavonoids as antioxidant compounds

was mainly increased during elicitation with CDCW (1%)

(Table 4). Catechin and naringenin peaked at a maximum

level of 72 and 120 h after elicitation, respectively. Myr-

icetin content showed no significant difference in treated

and control hairy roots. Also, the accumulation of

kaempferol increased 48 h after elicitation. Ultimately, we

observed that the flavonoid profile (e.g., diosmin, luteolin,

and daidzein) increased and reached the highest at 120 h

after elicitation.

Table 3 Effect of P. indica CDCW (1% v/v) on phenolic acid content in L. album hairy roots

Time after treatment

(h)

Cinnamic acid (lg g-1

DW)

Coumaric acid (lg g-1

DW)

Caffeic acid (lg g-1

DW)

Ferulic acid (lg g-1

DW)

SA (lg g-1

DW)

Control

0 3.93 ± 0.27f 1.81 ± 0.12g 104.10 ± 1.85h 4.18 ± 0.17d 19.8 ± 2.85f

12 4.46 ± 0.35e 1.93 ± 0.21eg 142.97 ± 2.64f 4.31 ± 0.28cd 23.27 ± 3.33def

24 4.43 ± 0.26e 2.29 ± 0.16de 153.39 ± 2.32d 3.03 ± 0.48f 22.46 ± 1.77ef

48 5.03 ± 0.30d 2.57 ± 0.14cd 149.76 ± 2.73e 3.46 ± 0.32ef 25.36 ± 2.01de

72 4.83 ± 0.25de 2.72 ± 0.15cd 159.85 ± 3.56c 3.70 ± 0.10de 24.67 ± 2.02de

120 6.35 ± 0.15c 2.62 ± 0.14cd 155.26 ± 2.01d 4.06 ± 0.20de 27.25 ± 3.52d

Treatment

0 3.93 ± 0.27f 1.81 ± 0.12g 104.10 ± 1.85h 4.18 ± 0.17d 19.8 ± 2.85f

12 4.67 ± 0.24de 1.91 ± 0.17eg 137.16 ± 0.96g 5.49 ± 0.37b 35.88 ± 1.05c

24 8.29 ± 019a 2.86 ± 0.10bc 154.69 ± 1.31d 5.84 ± 0.85b 47.47 ± 1.15a

48 7.43 ± 0.35b 3.82 ± 0.53a 202.65 ± 4.87a 6.68 ± 0.34a 40.32 ± 1.52b

72 6.80 ± 0.30c 3.86 ± 0.42a 171.60 ± 2.5b 4.82 ± 0.10c 45.24 ± 1.20a

120 6.63 ± 0.31c 3.16 ± 0.25b 149.17 ± 1.72e 4.84 ± 0.15c 38.16 ± 1.46bc

Means from 3 separate experiments ± SD. Duncan’s multiple range test was applied to reveal differences at (p value B 5%). The same letters

represent no significant difference among means

Table 4 The Effect of P. indica CDCW (1% v/v) on flavonoid content in L. album hairy roots

Time after

treatment (h)

Naringenin

(lg g-1 DW)

Kaempferol

(lg g-1 DW)

Catechin

(lg g-1 DW)

Myricetin

(lg g-1 DW)

Diosmin

(lg g-1 DW)

Daidzein

(lg g-1 DW)

Luteolin

(lg g-1 DW)

Control

0 1.49 ± 0.05ef 1.45 ± 0.10f 50.15 ± 4.20d 1.16 ± 0.16ab 7.78 ± 0.15c 2.05 ± 0.12g 1.70 ± 0.21g

12 1.62 ± 0.11def 1.60 ± 0.12f 54.90 ± 2.43cd 1.28 ± 0.03a 7.54 ± 0.30c 2.53 ± 0.07f 1.89 ± 0.04fg

24 1.90 ± 0.05cde 1.88 ± 0.09e 56.68 ± 4.99bcd 1.26 ± 0.01a 8.19 ± 0.76c 2.63 ± 0.08def 2.07 ± 0.17def

48 2.04 ± 0.04bcde 2.03 ± 0.08de 57.10 ± 6.05bcd 1.28 ± 0.02a 7.98 ± 0.54c 2.86 ± 0.12def 2.48 ± 0.27bc

72 2.32 ± 0.19bc 2.19 ± 0.22cd 56.67 ± 3.69bcd 1.31 ± 0.02a 8.90 ± 0.60c 3.01 ± 0.01cde 2.36 ± 0.14bcd

120 2.56 ± 0.12b 2.43 ± 0.33bc 63.55 ± 3.15b 1.32 ± 0.04a 8.84 ± 0.75c 3.28 ± 0.10bc 2.39 ± 0.22bcd

Treatment

0 1.49 ± 0.05ef 1.45 ± 0.10f 50.15 ± 4.20d 1.16 ± 0.16ab 7.78 ± 0.15c 2.05 ± 0.12g 1.70 ± 0.21g

12 1.16 ± 0.99f 1.95 ± 0.07de 58.3 ± 2.10bc 1.07 ± 0.04b 7.76 ± 0.55c 2.80 ± 0.25def 2.25 ± 0.03cde

24 1.96 ± 0.08cde 1.61 ± 0.10f 60.25 ± 2.54bc 1.21 ± 0.07 b 10.72 ± 1.1b 2.90 ± 0.12g 1.97 ± 0.16efg

48 2.10 ± 0.04bcd 2.88 ± 0.07a 63.51 ± 1.87b 1.27 ± 0.12a 10.22 ± 0.48b 3.2 ± 0.1cd 2.32 ± 0.19bcd

72 3.10 ± 0.04a 2.47 ± 0.11b 90.87 ± 6.22a 1.21 ± 0.13ab 11.43 ± 0.27b 3.60 ± 0.46b 2.61 ± 0.15b

120 3.28 ± 0.4a 2.36 ± 0.13bc 86.55 ± 3.79a 1.26 ± 0.07a 12.63 ± 0.80a 6.90 ± 0.45a 3.42 ± 0.27a

Means from 3 separate experiments ± SD. Duncan’s multiple range test was applied to reveal differences at (p value B 5%). The same letters

represent no significant difference among means
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PAL and CAD activity assay

To dissect whether PAL and CAD are involved in response

to CDCW elicitation, their activity was assayed in L.

album hairy roots (Fig. 4). CDCW treatment had an

extremely positive effect on the PAL and CAD activity.

The PAL activity sharply peaked at 48 and 72 h after

elicitation, respectively. The lowest PAL activity was

detected in elicited hairy roots 48 h after elicitation com-

pared to the control (Fig. 4a). Also, the CAD activity-in-

duced within a considerable period of 120 h, reaching the

highest level at 72 h after elicitation (Fig. 4b).

Gene expression assay

We were interested in understanding the mechanism of

CDCW treatment modifying upstream and downstream

gene expression of the phenylpropanoid pathway. For this

purpose, we selected PAL, PLR, CCR, and CAD genes

expression for the qRT-PCR experiment (Table 1). Further

analysis revealed that PAL and CAD genes’ expression

was significantly up-regulated 48 h after elicitation, 4.39

and 2.128-fold, respectively (Fig. 5a, b). The expression

of the PLR gene showed higher expression values 48 h

after elicitation when compared to the control (Fig. 5-

c). PLR gene plays a vital role in the production of lignans

compounds in L. album hairy roots. Additionally, the sig-

nificant up-regulation of CCR was revealed 72 h after

elicitation (Fig. 5d).

Free amino acid assay

The amino acid profiling of hairy roots during elicitation is

shown in Fig. 6. The increased Glu and Asp accumulations

content was observed only 72 and 120 h after elicitation

(Fig. 6a, b). Also, the highest value of Arg was observed

72 h after elicitation (76.98% higher compared to the

control) (Fig. 6c). The induction of Met production was

observed 48 and 72 h after elicitation, respectively

(Fig. 6d). Gly content was significantly induced 72 and

120 h after elicitation compared to control (Fig. 6e). At

72 h, Leu content reached the highest (18.53 lg.g -1 FW),

which was 76.54% higher compared to control (Fig. 6g).

The highest accumulation of Ile in treated roots was

obtained 48 h after elicitation compared to control

(Fig. 6f). Phe content peaked 24 and 48 h after elicitation,

1.81 and 1.69-fold more than the same point control

(Fig. 6h). Tyr production reached a maximum of 48 h after

elicitation, where it was 1.83 times compared to the control

(Fig. 6i).

Time-course metabolic profiling of CDCW-elicited

hairy roots

To address how the effects of time-course of CDCW

elicitor influence the performance of L. album hairy roots,

we analyzed the correlation pattern between metabolites

through Hierarchical Cluster Analysis (HCA) based on the

Pearson coefficient (Fig. 7a). Here, we described the cor-

relation analysis of changes in H2O2 generation, antioxi-

dant enzymes, and primary and SM content in L. album

hairy roots under CDCW elicitation. We designed a heat-

map that indicated the relative frequency of metabolites

based on each metabolite’s Pearson correlation coefficient

(positive and negative correlation were shown by red and

green color, respectively) (Fig. 7a). These results implied

that the different change patterns in primary and secondary

metabolites at a set of time course after treatment. At the

first, the metabolic accumulation was chiefly shifted to the

enhancement of constituents for defensive mechanisms

such as amino acids (Phe, Tyr, Arg, Met, Glu and Asp),

regulatory molecules as H2O2 and SA, and the activities of

antioxidant enzymes such as SOD. On other hand, some

phenylpropanoid metabolites such as PINO, LARI,

Kaempferol, Caffeic acid, Naringenin and Catechin appa-

rated an induction level at the latest hours of treatment.

Ultimately, we observed five main clusters (1–5) with

similar fold-change metabolite profiles (displayed on the

Fig. 4 The effect of P. indica CDCW (1% v/v) on PAL (a) and CAD

(b) activity in L. album hairy root. Means from 3 separate

experiments ± SD. Duncan’s multiple range test was applied to

reveal differences at p value B 5%. The same letters represent no

significant difference among means
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dendrogram with a dash in Fig. 7a. Cluster’s category was

assigned to various response models of H2O2 generation,

antioxidant enzyme activity, primary and SM accumulation

to CDCW elicitation. Cluster 1 (Lignin to Myrecin)

described a weak correlation, cluster 2 (Ferulic acid

to PLR expression), cluster 3 (H2O2 to PAL expression),

cluster 4 (SOD activity to PAL activity) implied positively

co-regulated metabolites and enzymes activity. Finally,

cluster 5 expressed a positive correlation (Glu to Leu).

Also, there was a significant correlation between Phe and

other phenylpropanoid compounds (Fig. 7b).

Discussion

In the current study, we tried to understand how CDCW

derived from P. indica, endophytic fungi, can increase the

phenylpropanoid metabolites, especially lignans. Presented

results showed that H2O2 generation was raised in CDCW

(1%) at early time points (Fig. 2a). Consistent with our

observations, a study has suggested that ROS generation,

mainly H2O2, is considered one of the earliest events that

have a regulatory role in plants to adapt to various stress

conditions (Shen et al. 2018). Also, there was a reverse

correlation between H2O2 accumulation and hairy root

growth (Fig. 1). Our results are supported by Samari et al.

(2020) who reported that plants could tightly control H2O2

content since an increase in H2O2 accumulation can lead to

the cell fate toward programmed cell death (PCD) or other

adaptative responses such as antioxidant enzymes and SM

production.

Also, we recorded an enhancement in the activities of

SOD and GPX enzymes in response to CDCW exposure

(Fig. 2b, c). Based on our results, alteration in the antiox-

idant enzyme activities such as SOD, GPX which could

play a critical role in mitigating H2O2 accumulation. These

results agreed with the observations of Glombitza et al.

(2004) and Chakraborty and Tongden (2005). Our obser-

vations here implied that the activation of SOD and con-

sequently increasing the H2O2 generation could serve as a

defensive mechanism to avoid damages induced by free

radicals. The same phenomenon was reported by Tanou

et al. (2009) in citrus plants.

On the other hand, we observed a close correlation

between free amino acid profiles and H2O2 content in

CDCW-elicited hairy roots. Thus, as Zafari et al. (2016)

suggested, our results highlighted the importance of

reconfiguring amino acids to improve the plant defense

system and mitigate ROS content.

In response to CDCW, L. album hairy roots illustrated

an improvement in PAL and TAL activities at 72 h, while

the concentration of Phe and Tyr generally decreased.

These observations give evidence that the enhancement of

H2O2 content in the elicited hairy roots of L. album would

induce PAL and TAL activities at the early stage of elic-

itation, which could deplete Phe and Tyr concentrations

Fig. 5 The effect of P. indica CDCW (1% v/v) on PAL (a), CAD (b),
PLR (c), and CCR (d) gene expression in L. album hairy root. Means

from 3 separate experiments ± SD. Duncan’s multiple range test was

applied to reveal differences at p value B 5%. The same letters

represent no significant difference among mean
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(Fig. 6). Our findings are in line with those studies that

reported Phe/Tyr act as nutrition elements in plants and

served as essential precursors for producing SM (Mur et al.

2017; Yang et al. 2020).

Therefore, PAL gene expression was closely associated

with the induction of PAL-specific activity. Suzuki et al.

(2004) and Hano et al. (2006b) previously reported a

mutual correlation between PAL gene expression and the

beginning of the phenylpropanoid pathway that can con-

sume Phe. According to increased PAL gene expression,

metabolic profiles were analyzed in different branches of

the phenylpropanoid pathway response to CDCW. It has

been discussed that biotic elicitors could stimulate the

accumulation of phenolic compounds (Hano et al. 2006a;

Tahsili et al. 2014), which serve as potent antioxidants

versus oxidative stress by mitigating ROS (Michalak

2006). In general, all analyzed phenolic acids (cinnamic

acid, coumaric, ferulic, caffeic, and salicylic acid) were

induced after CDCW elicitation (Table 3). Upon exposure

to CDCW, SA content enhancement could improve the

defense system as a necessary signaling molecule in plants.

Also, this result was in line with the fact that SA had a

critical role in controlling H2O2 content through reversible

inhibition of antioxidant enzymes such as SOD (Clark et al.

2000; Samari et al. 2020).

Pearson correlation analysis implies a positive correla-

tion between SA content and PAL genes expression. The

increase of SA during the first hours of elicitation (Table 3)

Fig. 6 The effect of P. indica
CDCW (1% v/v) on amino acids

in L. album hairy root. Glu (a),
Asp (b), Arg (c), Met (d) Gly
(e), Ile (f), Lue (g), Phe (h) and
Tyr (i). Means from 3 separate

experiments ± SD. Duncan’s

multiple range test was applied

to reveal differences at

p value B 5%. The same letters

represent no significant

difference among means
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can partially confirm this hypothesis. Also, CDCW resulted

in shifting the phenylpropanoid pathway towards lignans

production. We also illustrated the behavior pattern of

lignans (Fig. 3). These observations show that LARI is a

precursor for PTOX and 6MPTOX decreasing during

elicitation, while PTOX and 6MPTOX promote lignan

production. It can be argued that in elicited hairy roots of

L. album, the phenylpropanoid pathway allocates the

amino acids and energy for lignan production rather than

other phenolic metabolites in response to CDCW

elicitation. The presented data were in line with those

studies that reported the accumulation of lignans might be

related to responding to various biotic elicitors in L. album

such as Fusarium graminearum (Tahsili et al. 2014) and

chitosan (Samari et al. 2020). Our results explained that the

fungal elicitor could induce the production of phenyl-

propanoid metabolites by the provision of amino acids and

regulation of genes expression.

Fig. 7 a A Correlation between

primary and secondary

metabolites (phenylpropanoid

and the predominant amino

acids). Cluster analysis of

metabolites involved in

metabolic pathways is shown as

a heatmap (distance measure

using Pearson, and clustering

algorithm using Ward.D). We

identified five distinct clusters;

1: Lignin to Myricetin, 2:

Ferulic acid to PLR, 3: H2O2

content to PAL, 4: SOD activity

to PAL activity, 5:Glu to Leu.

The intensity of the red and blue

colorants indicates the high and

low relative abundance of

metabolites, respectively (color

figure online). b H2O2 burst acts

as a secondary messenger

involved in oxidative response

in L. album hairy roots under

P. indica CDCW elicitation.

There is a close relationship

between H2O2 and the others

compounds such as, phenolic

acids, flavonoids, and amino

acids. Also, the

phenylpropanoid pathway starts

with the aromatic amino acid

phenylalanine, which is

converted to cinnamic acid by

the phenylalanine ammonia-

lyase (PAL)
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Conclusion

In conclusion, L. album hairy roots can activate a com-

plicated metabolic network by sensing CDCW derived

from P. indica at a set of time-course. The application of

CDCW presumably modifies the reprogramming of amino

acids toward the phenylpropanoid metabolites. Regarding

the bioactive metabolites of L. album hairy roots, the

CDCW can change the defensive hairy root response

towards the phenylpropanoid production, especially PTOX

and 6MPTOX. Our results declare an exploitable strategy

for cultivating L. album hairy roots with higher accumu-

lations of its bioactive metabolites. Since the materials and

the time constraints limit the study, the molecular mecha-

nisms underlying these processes were not defined.

Therefore, more profound research on signaling molecules

network (e.g., Ca 2?) and epigenetic markers (e.g., miR-

NAs) of the phenylpropanoid metabolites is needed. This

hypothesis can be performed for finding details in lignan

production in this species.
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