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Abstract
Main conclusion Peanut cultivars are known to produce stilbene compounds. Transcriptional control plays a key role 
in the early stages of the stress response mechanism, involving both PR-proteins and stilbene compounds.

Abstract In this study, the production of stilbenoid compounds, especially prenylated, was investigated in two cultivars 
of peanut hairy root lines, designated as K2-K599 and T9-K599 elicited with a combination of chitosan (CHT), methyl 
jasmonate (MeJA), and cyclodextrin (CD): CHT + MeJA + CD. The antioxidant activities and stilbenoid content of both 
K2-K599 and T9-K599 hairy root lines increased significantly during the elicitation period. The T9-K599 hairy root line 
expressed higher ABTS and FRAP antioxidant activities than the K2-K599 line while the latter exhibited greater total phe-
nolic content than the former at all-time points. Additionally, the K2-K599 line exhibited more stilbene compounds, includ-
ing trans-resveratrol, trans-arachidin-1, and trans-arachidin-3 than the T9-K599 line, which showed statistically significant 
differences at all-time points. Gene expression of the enzyme involved in the stilbene biosynthesis pathway (PAL, RS, RS3) 
was observed, responding early to elicitor treatment and the metabolic production of a high level of stilbenoid compounds 
at a later stage. The antioxidant enzyme (CuZn-SOD, APX, GPX) and pathogenesis-related protein (PR; PR4A, PR5, PR10, 
chitinase) genes were strongly expressed after elicitor treatment at 24 h and decreased with an increasing elicitation time. 
Investigation of the response mechanism illustrates that the elicitor treatment can affect various plant responses, including 
plant cell wall structure and integrity, antioxidant system, PR-proteins, and secondary plant metabolites at different time 
points after facing external environmental stimuli.
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Introduction

Peanut (Arachis hypogaea L.) is a legume plant belonging 
to the Fabaceae family. It is an important source of bioactive 
compounds, such as stilbenes, phenolic acids, and flavonoids 
(Davis and Dean 2016). In Thailand, there are many varie-
ties of peanut cultivar with diverse backgrounds and char-
acteristics, such as Kalasin 2 (Valencia type) and Tainan 
9 (Spanish type). Our previous studies demonstrate a high 
trans-resveratrol content in Kalasin 2 and Tainan 9 cultivars 
of peanut sprout crude extracts, although it varies according 
to the peanut cultivar effect and germination period (Lim-
mongkon et al. 2017). It has been frequently reported that 
both external stimuli and genotypes significantly influence 
the antioxidant properties and metabolite content of plants. 
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In comparing 15 cultivars of Cape gooseberry fruit, their 
total phenolic, antioxidant, and ascorbic acid content were 
strongly affected by the cultivar, maturity level of fruit, and 
harvest time (Bravo et al. 2015). Sinkovič et al. (2020) also 
demonstrated that the antioxidant potential of organic farm-
ing chicory was dependent on chicory cultivars and the type 
of external fertilizer used.

Several studies have reported that peanut roots repre-
sent a potent source of non-prenylated and prenylated stil-
bene compounds, which function as phytoalexins to pro-
tect plants from external abiotic and biotic stimuli (Sales 
and Resurreccion 2014). Prenylated stilbenoids, including 
trans-arachidin-1 and trans-arachidin-3, were previously 
reported to have higher biological and pharmaceutical 
activities than non-prenylated trans-resveratrol stilbenoids. 
Trans-arachidin-1 exhibited higher anticancer activity in 
human leukaemia HL-60 cell culture than trans-resveratrol 
(Huang et al. 2010) and showed greater antioxidant and anti-
inflammatory activities than BHT, trans-resveratrol, and 
trans-arachidin-3 (Chang et al. 2006). Brents et al. (2012) 
reported that prenylated stilbenoids (trans-arachidin-1 and 
trans-arachidin-3) could bind to both cannabinoid receptors 
mCB1Rs and hCB2Rs, while non-prenylated stilbenoids 
(trans-resveratrol and trans-piceatannol) could only bind to 
the mCB1Rs receptor. Furthermore, prenylated stilbenoids 
trans-arachidin-1 and trans-arachidin-3 exhibited cytotoxic-
ity in RAW264.7 and Hela cell lines (Abbott et al. 2010). 
The addition of the prenyl group positioned at the C3 or 
C4 of the stilbenoid backbone molecule increased hydro-
phobicity and enhanced the effectiveness of the prenylated 
stilbenoid biological properties (Botta et al. 2009).

The elicitor strategy has been widely used for enhanc-
ing the production of secondary plant metabolites (Hasan 
et al. 2013). Our previous study demonstrated the increasing 
production of prenylated stilbenoids, especially trans-arachi-
din-1 and trans-arachidin-3, in peanut hairy root cultures by 
pre-treatment of the culture with paraquat (PQ) and the sub-
sequent addition of methyl jasmonate (MeJA) plus cyclodex-
trin (CD) (PQ_MeJA + CD) (Somboon et al. 2019). Heavy 
metal ion such as cadmium (Cd) together with MeJA and CD 
also increased the stilbenoids in peanut hairy root culture 
(Pilaisangsuree et al. 2020). Moreover, light and mechanical 
abiotic stresses were reported to affect the number of pre-
nylated stilbenoids and influence other defence mechanisms, 
inducing antioxidant activity and pathogenesis-related pro-
tein (PR-protein) (Wongshaya et al. 2020). Apart from the 
accumulation of secondary metabolites, plants might also 
possess diverse defence mechanisms, including reactive oxy-
gen species (ROS) formation, phytohormones, antioxidant 
enzymes, and PR-proteins, to protect themselves and sur-
vive external biotic and abiotic stress (Ramirez-Estrada et al. 
2016). Primary endogenous defensive mechanisms for react-
ing with ROS are associated with antioxidant enzymes such 

as catalase (CAT) and superoxide dismutase (SOD). Anti-
oxidant enzyme activity has been investigated under drought 
and heat stress in two citrus genotypes. The results demon-
strated higher SOD, CAT, and APX activity and the upregu-
lation of responsive antioxidant enzyme genes in Carrizo 
compared to Cleopatra genotypes (Zandalinas et al. 2017). 
The activation of PR-proteins is considered to be a plant 
defence mechanism under pathogenic and non-pathogenic 
stress. PR-proteins are related to systemic acquired resist-
ance (SAR), contributing to long-lasting plant response. 
PR-proteins are classified into 17 families of various plant 
species such as PR2 (β-1,3-glucanase), PR4 (chitinase), PR5 
(thaumatin-like protein), and PR10 (ribonuclease-like pro-
tein). Overexpression of the JIOsPR10 gene in rice has been 
reported to enhance fungal Magnaporthe oryzae tolerance 
and also associated with drought and salt stress (Wu et al. 
2016). The PR4 SUGARWIN proteins have been character-
ised in sugarcane for responding to fungi Colletotrichum fal-
catum by exhibiting ribonuclease, chitosanase, and chitinase 
activity (Franco et al. 2019).

Our previous investigation suggested that a low-cost and 
non-toxic elicitor of chitosan (CHT) combined with MeJA 
and CD (CHT + MeJA + CD) could simultaneously enhance 
the highest levels of prenylated stilbenoids compared to 
other elicitors (Chayjarung et al. 2021). In the present study, 
we investigated the influence of peanut hairy root cultivars 
on the production of prenylated stilbene compounds. Two 
cultivars were available in our laboratory, Kalasin 2 (K2-
K599) and Tainan 9 (T9-K599) lines of peanut hairy root 
cultures, and these were elicited with CHT + MeJA + CD at 
various time points. The stilbene content, antioxidant capac-
ity, and total phenolic compound were evaluated to compare 
the potential of the two hairy root cultivars. The effective 
cultivar was chosen for further response mechanism exami-
nation by investigating the expression of genes encoded for 
the stilbene biosynthesis pathway, antioxidant enzymes, and 
peanut hairy root culture PR-proteins in response to elici-
tors. Additionally, plant tissue structures which provide a 
crucial protective function were investigated using diverse 
microscopic strategies.

Materials and methods

Hairy root culture and elicitor treatment

Peanut hairy roots derived from peanut cultivars Kalasin 
2 (K2-K599) and Tainan 9 (T9-K599), transformed with 
Agrobacterium rhizogenes (K599), as described by Pilai-
sangsuree et al. (2018), were used in this study. The elicita-
tion experiment was performed with the hairy root liquid 
culture. One gram of hairy root was cultured in 500 mL 
Erlenmeyer flasks containing 200 mL ½ MS liquid medium 
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supplemented with 1.5% of sucrose and incubated in the 
dark at 25 ºC on a rotary shaker (150 rpm) for seven days. 
After seven days, the growing hairy roots were transferred to 
200 mL of fresh ½ MS liquid medium containing 200 mg/L 
CHT, 100 µM MeJA, and 6.87 mM CD, as described by 
Chayjarung et al. (2021). The control flask was treated with 
1% of acetic acid (the dissolved solvent for the elicitor). All 
experiments were incubated on a continuous rotary shaker 
(150 rpm) at 25 °C under darkness and harvested at 24, 48, 
and 72 h. All elicitation experiments were performed using 
three biological replicates.

Extraction and stilbene compound analysis

After elicitor treatment, the hairy root tissues were separated 
from the culture medium. The culture medium was subse-
quently extracted by partition with equal volumes (200 mL) 
of ethyl acetate and repeated three times. The solvent was 
evaporated using a rotary evaporator (Büchi). The stilbene 
content was analysed by HPLC as described by Limmong-
kon et al. (2018), using a C18 column (Luna 5 µm C18 (2) 
100A column, 4.6 × 250 nm, Phenomenex, CA, USA). The 
crude extract was separated in the column using a gradi-
ent elution of mobile phase acetonitrile (solvent A) and 2% 
formic acid in water (solvent B) with a flow rate of 1.0 mL/
min in each gradient step. A UV detector with a wavelength 
of 306 nm was used for trans-resveratrol and 340 nm for 
trans-arachidin-1 and trans-arachidin-3.

Antioxidant activity assay

ABTS assay

The 2,2′-azinobis (3-ethylbenzoline sulfonic acid) (ABTS) 
assay was carried out according to the method used by Boli-
gon (2014). Briefly, 2 µL of crude extract was mixed with 
198 µL of  ABTS.+ solution and kept in the dark for 6 min. 
After incubation, the decolourisation of the ABTS radical 
was measured at 734 nm against the Trolox standard. The 
antioxidant capacity expressed as TEAC (Trolox equivalent 
antioxidant capacity, µmol Trolox/g DW of hairy root).

Ferric reducing antioxidant power assay

The ferric reducing antioxidant power (FRAP) assay was 
evaluated as described by Boligon (2014). The reaction 
mixture was prepared by adding 2 µL of crude extract to 
198 µL of freshly prepared FRAP working solution (10 mM 
TPTZ, 20 mM  FeCl3 in 300 mM acetate buffer pH 3.6). 
After incubation in the dark for 5 min, the reaction mixture 
was measured at 593 nm absorbance against the ascorbic 
acid standard. The ascorbic acid equivalent (AAE) value was 
reported as mg ascorbic acid/g DW of hairy root.

Total phenolic content assay

The total phenolic content (TPC) was determined using 
the Folin–Ciocalteu method described by Zheng and Wang 
(2001). The 2 µL of crude extract and 10 µL of Folin reagent 
were mixed with 10 µL of 20% w/v sodium carbonate and 
subsequently 178 µL of distilled water. The reaction was 
incubated for 30 min in the dark and measured at 765 nm. 
The GAE (Gallic acid equivalent, mg gallic acid/g DW of 
hairy root) was reported using gallic acid as the standard.

Antioxidant enzyme activity assay

Ascorbate peroxidase activity (EC 1.11.1.11) assay

Ascorbate peroxidase (APX) activity was determined 
according to the decrease in ascorbate substrate (Sarker and 
Oba 2018). The enzyme extract was prepared by homog-
enizing 1.0 g of hairy root tissue in a 6 mL extraction buffer 
containing 2 mM sodium ascorbate, 2% PVP, 1 mM EDTA, 
and 50 mM sodium phosphate buffer (pH 7.8). The assay 
reaction was initiated by adding enzyme extract to the mix-
ture of 5 mM sodium ascorbate, 3%  H2O2, 1 mM EDTA, and 
a 50 mM sodium phosphate buffer (pH 7.0). The continu-
ous decrease in absorbance at 290 nm was measured at 10 s 
intervals for 3 min. One unit of ascorbate peroxidase activity 
corresponded to the amount of enzyme needed to decrease 
one µmole of ascorbate per min.

Superoxide dismutase activity (EC 1.15.1.1) assay

Superoxide dismutase (SOD) activity was determined 
according to Cheng et al. (2015), who measured the ability 
of enzymes to inhibit superoxide anions generated by the 
photoreduction of riboflavin. The presence of superoxide 
anions subsequently reduced nitroblue tetrazolium (NBT) 
to formazan (Cw et al. 2015). The reduction of NBT to 
formazan was measured at an absorbance of 560 nm. The 
enzyme extract was prepared by homogenizing 1 g of hairy 
root tissue with a 6 mL extraction buffer (50 mM sodium 
phosphate buffer, pH 7.8, 2% polyvinylpolypyrrolidone 
(PVP), and 1 mM EDTA). The reaction mixture was pre-
pared with a 50 mM sodium phosphate buffer (pH 7.8), 
5 mM L-methionine, 0.2 mM riboflavin, 0.06 mM EDTA, 
1 mM NBT, and crude extract. The reaction mixtures were 
subjected to light exposure by a 13-W LED lamp for 5 min. 
One unit of SOD activity is defined as the amount of enzyme 
causing 50% inhibition of NBT substrate in 1 min.

Quantitative real‑time PCR (qPCR) analysis

The total RNA was extracted from K2-K599 whole root 
tissue (50 mg) using the GeneJET Plant RNA Extraction 
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Kit (Thermo Fisher Scientific Inc., MA, USA) according to 
the manufacturer’s guidelines. One microgram of RNA was 
treated with DNaseI and subsequently reverse-transcribed 
to cDNA using an AccuPower RT-Premix cDNA synthe-
sis kit (Bioneer Inc., Daejeon, Korea) following the manu-
facturer’s instructions. All qPCR reactions were achieved 
using the Exicycler™ 96 PCR system (Bioneer, Korea). The 
primers and GenBank accession numbers of all genes are 
listed in Supplementary Table S1. There were three groups 
of amplified target genes. 1) The stilbene synthesis-related 
gene: phenylalanine ammonia lyase (PAL), resveratrol syn-
thase (RS), resveratrol synthase 3 (RS3). 2) The antioxidant 
enzyme gene: ascorbate peroxidase (APX), CuZn-superoxide 
dismutase (CuZn-SOD), glutathione peroxidase (GPX). 3) 
The pathogenesis-related protein gene: pathogenesis-related 
protein class 4A (PR4A), thaumatin-like protein (PR5), 
pathogenesis-related protein class 10 (PR10), endochi-
tinase (chitinase). The relative gene expression fold changes 
according to the elicitor treatment, and the control group was 
evaluated using the  2−ΔΔCT method. The elongation factor 
1 alpha (ef1a) gene served as an internal reference for all 
qPCR experiments.

Hairy root tissue staining and microscopy

The treated CHT + MeJA + CD and the control hairy root 
were prepared and cut freehand using a sharp razor blade 
on a longitudinal section. Tissues were subsequently stained 
with 1% aqueous safranin O solution for 2 min. The stained 
tissues were transferred into a drop of water on a micro-
scope slide and examined using an inverted fluorescence 
microscope (Zeiss Axio Vert A1). Image acquisition was 
performed by Zen software (Carl Zeiss Microscopy GmbH, 
Jena, Germany) under bright-field and fluorescence filter sets 
for the blue (excitation 365/12 nm, emission LP397 nm) and 
red (excitation 545/25 nm, emission 605/70 nm) channels.

Scanning electron microscopy (SEM) of hairy root

The freeze-drying process was used on the treated and 
untreated K2-K599 root tissues. All tissue samples were 
mounted on aluminium scanning electron microscope stubs 
with conductive carbon tape and coated with gold. The SEM 
results for hairy root tissues were evaluated under the SEM 
instrument (LEO Model 1450VP Variable Pressure, Carl 
Zeiss, Oberkochen, Germany). The SEM was run under 
vacuum in 1–400 Pa at a voltage of 1–30 kV.

Statistical analysis

Statistical analysis was conducted using one-way ANOVA, 
followed by LSD post hoc with the IBM SPSS statistics ver-
sion 23. All experiments were performed in three biological 

replicates and expressed as the mean ± SD values at a sig-
nificance level of p < 0.05.

Results

Characteristics of hairy root culture and culture 
medium

The characteristics of root and culture medium from 
K2-K599 and T9-K599 hairy root lines elicited with a com-
bination of CHT + MeJA + CD at 24, 48, and 72 h exposure 
periods are presented in Figs. 1 and 2. Both K2-K599 and 
T9-K599 treated hairy root tissues appeared to have a yel-
lowish colour compared to the control group (Fig. 1). How-
ever, the K2-K599 line exhibited rapid growth, high lateral 
branching, as well as thicker and stronger characteristics 
with numerous long roots compared to the T9-K599 line 
during the same period of elicitation. The culture medium of 
both lines exhibited a progressively intense yellowish colour 
by increasing the treatment times compared to the unelicited 
control group (Fig. 2), in accordance with the colour of the 
hairy root tissues.

Total antioxidant activity

The antioxidant activities of the culture medium crude 
extract were measured by ABTS and FRAP assays. Increas-
ing antioxidant activity was observed in both K2-K599 
and T9-K599 lines after treatment with CHT + MeJA + CD 

Fig. 1  Phenotypes of hairy root tissues from K2-K599 and T9-K599 
lines: control and CHT + MeJA + CD treatment at 24, 48, and 72 h. 
Scale bar = 1.5 cm
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compared to the control group. A significant increase in 
ABTS and FRAP antioxidant activities from 24, 48, and 72 h 
occurred in both K2-K599 and T9-K599 lines. The highest 
ABTS and FRAP antioxidant activities were observed at 
72 h after elicitation in both hairy root lines; however, no 
significant difference in activity occurred between K2-K599 
and T9-K599 lines at this time point. The T9-K599 line elic-
ited with elicitors at 72 h showed the highest ABTS antioxi-
dant activity of 523.26 ± 33.23 µmol Trolox/g DW of hairy 
root, which was 84.3-fold higher than the T9-K599 control 
group (Fig. 3a and Supplementary Table S2). The highest 
FRAP antioxidant activity was observed in the K2-K599 line 
elicited at 72 h by 60.38 ± 3.48 mg ascorbic acid/g DW of 
hairy root. However, the result was not significantly different 
from the T9-K599 line during the same elicitation period 
(Fig. 3b and Supplementary Table S2).

In addition to the antioxidant activity results, the total 
phenolic content was also determined in both K2-K599 
and T9-K599 lines. The total phenolic compounds rapidly 
increased after elicitation with CHT + MeJA + CD compared 
to the control group in each line. The phenolic content of 
the K2-K599 line was higher than the T9-K599 line, and a 
significant difference between K2-K599 and T9-K599 lines 
was observed at 48 and 72 h of elicitation. The highest level 
of phenolic compounds was detected in the K2-K599 line 
at 72 h with a value of 42.51 ± 2.96 mg gallic acid/g DW of 
hairy root, demonstrating a 2.1-fold increase compared to 
the T9-K599 line (Fig. 3c and Supplementary Table S2).

Stilbenoid content of culture medium crude extract

The amounts of non-prenylated (trans-resveratrol) and 
prenylated (trans-arachidin-1 and trans-arachidin-3) stil-
bene compounds for the elicited K2-K599 and T9-K599 
lines were determined by HPLC (Fig. 4 and Supplemen-
tary Fig. S1–S6). An increase in stilbenoids was detected 
after elicitation with CHT + MeJA + CD, demonstrated in a 
time-dependent manner. Interestingly, the culture medium 
crude extract of the K2-K599 line exhibited a much higher 
number of stilbenoids and mostly demonstrated significant 
differences compared to the T9-K599 line at all time points 
(Fig. 5a–c and Supplementary Table S2). The highest lev-
els of trans-resveratrol, trans-arachidin-1, and trans-ara-
chidin-3 were observed with the K2-K599 line at 72 h of 

elicitation, with values of 3.57 ± 0.85, 843.55 ± 58.20, and 
700.02 ± 92.21 mg/g DW of hairy root, respectively, which 
were 4.46-, 2.07-, and 2.15-fold higher than the T9-K599 
line.

Antioxidant enzyme activity

APX and SOD activities were further examined from 
CHT + MeJA + CD-treated hairy root compared to the con-
trol (Fig. 6a and b). There was no significant difference in 
APX and SOD activities at 24, 48, and 72 h in comparison to 
the same group; treatment group separately from the control 
group. The APX activity of CHT + MeJA + CD-treated hairy 
root was increased by 4.3%, 4.5%, and 6% at 24, 48, and 
72 h, respectively, compared to the control group, which was 
significantly higher than the untreated control group at all 
time points (Fig. 6a). The SOD activity of treated hairy root 
showed an increase of 8.3%, 46.6% and 38.5% at 24, 48, and 
72 h, respectively, in comparison to the control group. How-
ever, a significant difference in SOD activity was detected 
at 48 h only (Fig. 6b).

Gene expression profiles

The K2-K599 line of hairy root was chosen for further 
study of the molecular plant defence mechanism due to 
the appearance of higher biological activity and stilbenoid 
content compared to the T9-K599 line after elicitation with 
CHT + MeJA + CD. The gene expression profile was pre-
sented in the elicited K2-K599 line at 24, 48, and 72 h.

The gene coding antioxidant enzyme CuZn-SOD was 
greatly upregulated at all time points, but the highest 
CuZn-SOD gene expression level was detected 24 h after 
elicitation, with 26.77-fold changes, representing a signifi-
cant difference from the control group (Fig. 7a). A similar 
trend was observed with APX and GPX gene expression, 
which appeared greatly upregulated at 24 h to 2.84- and 
4.61-fold changes, respectively, while slightly decreasing 
at 48 and 72 h, respectively, compared with the control 
group (Fig. 7a). The highest expression of gene encoding 
enzymes in the stilbene biosynthesis pathway was observed 
24 h after elicitation (RS; 63.17-, RS3; 65.70-, PAL; 12.66-
fold changes) with decreased expression upon an increase 
in the elicitation time (Fig. 7b). All genes encoding the 

Fig. 2  Characteristics of culture 
medium from K2-K599 and 
T9-K599 lines: control and 
CHT + MeJA + CD treatment 
at 24, 48, and 72 h. Scale 
bar = 1.5 cm
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pathogenesis-related proteins (PR4A, PR5, PR10, Chitinase) 
were strongly expressed after 24 h of elicitation and sig-
nificantly upregulated to 25.20-, 38.67-, 15.91-, and 16.46-
fold changes, respectively, compared to the control group. 
These expressions of pathogenesis-related protein-coding 

genes subsequently decreased at 48 and 72 h after elicita-
tion (Fig. 7c).

Safranin fluorescent staining of hairy root

Safranin staining was used to examine the structure of hairy 
root cells. In particular, cells with lignin as a cell wall con-
stituent, such as xylem, tended to be highly stained with 
safranin because the cell wall contained a large accumula-
tion of lignin. As shown by the results in Fig. 8a, the safra-
nin staining of untreated hairy root tissue visualised under 
brightfield demonstrated the thick cell wall structure of 
xylem tissue with the intense red of safranin stain indicat-
ing the abundance of lignin accumulation. In addition, the 
cortex of untreated control cells was also able to detect the 
presence of lignin which can be observed as red-thin-walled 
parenchyma cells. Unlike the CHT + MeJA + CD-treated 
hairy root tissue demonstrated in Fig. 8b, the weak safranin 
staining observed on cortex and xylem tissues illustrated 
lesser lignin accumulation in treated hairy root. Various 
polyphenolic compounds, including lignins, are naturally 
fluorescent, and the autofluorescence of these substances can 
be visualised under blue and red fluorescent channels with 
filter sets for blue (excitation 365/12 nm, emission LP397 
nm) and red (excitation 545/25 nm, emission 605/70 nm) 
channels, respectively. A clearer image was illustrated by 
merging the autofluorescence of blue and red channels with 
safranin-strained tissues. The accumulation of lignin in the 
control hairy root tissues represented clearly observable 
red autofluorescence emitted from the thick and lignified 
xylem vessel cell walls and lignified parenchyma cell walls, 
as demonstrated in Fig. 8c. On the other hand, the autofluo-
rescence of CHT + MeJA + CD-treated hairy roots exhibited 
a weaker red fluorescence from the xylem walls and cortex 
tissues as illustrated in Fig. 8d, indicating the presence of 
thin lignified cell walls in treated hairy roots compared to the 
control roots. Interestingly, the intense blue autofluorescence 
from the blue channel was clearly visible on the root surface 
of CHT + MeJA + CD treated hairy root (Fig. 8d) in com-
parison to the control roots (Fig. 8c). This could probably 
be related to the increasing amount of stilbene compounds, 
especially trans-arachidin-1 and trans-arachidin-3, which 
are the major substances produced in treated hairy roots and 
can be autofluorescent within the blue wavelength.

SEM of hairy root tissue

As a result of the high amount of stilbene compound 
detected in CHT + MeJA + CD-treated K2-K599 hairy root 
line at 72 h, the detailed structure of elicited hairy root tis-
sues at this time point was chosen for investigation using 
the scanning electron microscope (SEM). The specified 
root structure of CHT + MeJA + CD-elicited hairy root was 

Fig. 3  Effect of CHT + MeJA + CD-treated K2-K599 and T9-K599 
lines of hairy root at 24, 48, and 72  h on the biological activity of 
culture medium crude extract. a ABTS radical assay, b FRAP anti-
oxidant assay, and c total phenolic compound. The data represents 
the mean ± standard deviation of three biological replicates. Differ-
ent lowercase and uppercase letters represent the significant differ-
ence (p < 0.05) between each time point within the same line of hairy 
roots. An asterisk (*) denotes the significant difference (p < 0.05) 
between the different lines of hairy roots
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compared with the unelicited hairy root control group. The 
SEM structure of the non-elicited hairy root tissue appeared 
as intact hairy root with a rather smooth and undamaged 
root surface (Fig. 9a and b). Interestingly, the surface of 
CHT + MeJA + CD-treated hairy root tissue exhibited a lac-
erated and damaged root layer (Fig. 9c and d). The irregular 
aggregate-like structures were observed along the root sur-
face area and inside the wound furrows. These aggregate-
like structures resembled a flat sheet and clung loosely to the 
elicited root surface but were not found on the control root, 
as can be seen in Fig. 9e and f.

Discussion

Hairy root culture can be used as a biotechnological 
approach for producing secondary metabolites in plants. 
Several factors, including environmental stress caused 
by light and chemical substances, have been reportedly 
involved in the secondary metabolite production of plants. 
The enhancement of secondary plant metabolites has been 
widely studied using the elicitor treatment method, which 
may act as an inducer to increase the secondary metabolite 
biosynthesis pathway (Namdeo 2007). The elicitation of 
Centella asiatica (L.) hairy root culture by 0.1 mM of MeJA 
for three weeks was reported to enhance a large quantity of 
asiaticoside to 7.12 mg/g DW (Kim et al. 2007). Gharari 
et al. (2020) demonstrated that the combination of 100 µM 
of MeJA and 50 mg/L of CHT induced high levels of chry-
sin, wogonin, and baicalein production in the Scutellaria 
bornmuelleri hairy root culture.

Additionally, plant species or even cultivars with different 
genetic backgrounds are also regarded as influential factors 

affecting the ability of secondary metabolite synthesis in 
plants by producing similar substances in varying quanti-
ties. Flanigan and Niemeyer (2014) demonstrated the effect 
of eight purple basil (Ocimum basilicum L.) cultivars on 
the total anthocyanin levels. The total phenolic compounds, 
especially quercetin, ellagic acid, and ρ-coumaric acid were 
studied in various strawberry cultivars. The results demon-
strated that the highest phenolic compound was found in 
the ‘Jonsok’ cultivar, and the lowest in the ‘Senga Sengana’ 
cultivar (Häkkinen and Törrönen 2000). Our previous report 
investigated the production of trans-resveratrol in two dif-
ferent germinated peanut cultivars, and the results showed 
that the Kalasin 2 cultivar could produce higher amounts of 
trans-resveratrol than the Tainan 9 cultivar (Limmongkon 
et al. 2017). In addition, the study of transformed hairy roots 
derived from the peanut Kalasin 2 cultivar (K2-K599 hairy 
root line) (Somboon et al. 2019) and Tainan 9 cultivar (T9-
K599 hairy root line) (Pilaisangsuree et al. 2018) indicated 
that both hairy root lines could produce identical stilbenoid 
compounds such as trans-resveratrol, trans-arachidin-1, and 
trans-arachidin-3 but in different amounts after treatment 
with MeJA and CD. In the present study, the simultaneous 
elicitation of CHT, MeJA, and CD (CHT + MeJA + CD) in 
the K2-K599 and T9-K599 lines of hairy root cultures ena-
bled them to produce and secrete stilbenoid compounds such 
as trans-resveratrol, trans-arachidin-1, and trans-arachidin-3 
into the culture medium as can be observed from the yellow-
ish colour of the elicited culture medium. However, the elic-
ited K2-K599 line of hairy root exhibited a greater amount 
of stilbenoid compound than the T9-K599 line. This indi-
cated that the diverse genetic background of plant cultivars 
can be a significant, influential factor in stilbene compound 
production.

Fig. 4  HPLC profile of CHT + MeJA + CD-treated K2-K599 of peanut hairy root culture medium crude extract at 72 h
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In the present study, the total antioxidant activities meas-
ured by ABTS and FRAP methods were determined in the 
K2-K599 and T9-K599 lines of elicited and control hairy 
roots. Interestingly, the T9-K599 hairy root line exhibited 
higher ABTS and FRAP antioxidant activities than the 

K2-K599 line at all time points. The highest ABTS antioxi-
dant activity was observed in the T9-K599 hairy root line 
72 h after elicitation. In contrast to the antioxidant activ-
ity results, the elicited T9-K599 hairy root line expressed 
lower phenolic content than the K2-K599 line at all time 
points. Under stress conditions, the ROS can be generated 
in the cellular compartment of the plant, causing oxidative 
cellular damage. These high levels in the ROS activated 
the antioxidant defence system of the plant, such as low-
molecular-weight non-enzymatic antioxidant substances, 
which can be used to scavenge excessive ROS (Choud-
hury et al. 2013). Polyphenolic compounds are known to 
be powerful substances for conferring antioxidant activity. 
The structure-based action mechanisms of phenolic com-
pounds have been used in computational and experimen-
tal approaches to correlate the structure, thermodynamics, 
and antioxidant activity of 20 natural phenolic acids and 
derivatives (Chen et al. 2015). The results revealed that the 
T9-K599 hairy root line demonstrated higher antioxidant 

Fig. 5  Effect of CHT + MeJA + CD-treated K2-K599 and T9-K599 
lines of hairy roots at 24, 48, and 72 h on the stilbene content of cul-
ture medium crude extract. a trans-resveratrol, b trans-arachidin-1, 
and c trans-arachidin-3. The data represents the mean ± standard devi-
ation of three biological replicates. Different lowercase and uppercase 
letters represent the significant difference (p < 0.05) between each 
time point in the same line of hairy roots. An asterisk (*) denotes the 
significant difference (p < 0.05) between the different lines of hairy 
roots

Fig. 6  Effect of CHT + MeJA + CD-treated K2-K599 line of hairy 
roots at 24, 48, and 72 h on the antioxidant enzyme activity a ascor-
bate peroxidase (APX) enzyme, b superoxide dismutase (SOD) 
enzyme. The data represents the mean ± standard deviation of three 
biological replicates. Different lowercase letters represent the signifi-
cant difference (p < 0.05) between the CHT + MeJA + CD treatment 
versus control
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activity but less total phenolic content in comparison to the 
K2-K599 hairy root line, indicating that the T9-K599 hairy 
root line might produce large quantities of non-phenolic 
antioxidant substances compared to the K2-K599 line. The 
phenolic stilbene content of trans-resveratrol, trans-arachi-
din-1, and trans-arachidin-3 detected in the T9-K599 hairy 

root line was substantially lower than K2-K599, in accord-
ance with the low level of total phenolic content detected in 
the T9-K599 line. These results also suggest that a distinct 
amount of non-enzymatic antioxidant, phenolic, and stilbene 
compound produced from both K2-K599 and T9-K599 hairy 
root lines after elicitation might be strongly influenced by 
the complicated genetic background of each cultivar in con-
trolling secondary metabolites to scavenge the ROS and 
provide self-defence.

A detailed investigation of the defence response mecha-
nism was carried out on the K2-K599 hairy root line due to 
the high level of phenolic stilbene compound production 
exhibited after treatment with CHT + MeJA + CD. These 
chemical elicitors might stimulate the ROS and induce a 
stress defence response in plant cells due to the chitin versus 
CHT function in the fungal cell wall, similar to substances 
which activate plant immune responses during a pathogen 
attack. MeJA is a fatty acid-derived cyclopentanone mol-
ecule and well known as a plant signalling molecule for 
inducing plant response versus abiotic and biotic stress. As a 
cyclic oligosaccharide, CD functions as an elicitor to induce 
secondary plant metabolites for defence response and facili-
tates the formation of hydrophobic secondary metabolites to 
form the inclusion complexes. The application of exogenous 
MeJA and CD has been found to synergistically increase 
taxol biosynthesis in Taxus x media cell culture (Sabater Jara 
et al. 2014). The present result from the safranin fluorescent 
staining of hairy root demonstrated the adaptive response of 
plant tissue under CHT + MeJA + CD treatment. Safranin is 
a well-known dye stain for indicating the lignified region of 
plant tissues. Lignin is composed of polyphenolic polymers 
which strengthen the plant cell walls, particularly vascular 
and supportive tissues such as xylem. Bond et al. (2008) 
reported the emission of red fluorescence in the lignin-rich 
region of the safranin stained plant on the secondary cell 
wall. Our result demonstrated an intense safranin fluorescent 
signal at the xylem and parenchyma cell wall, representing 
the highly lignified region in the control peanut hairy roots. 
In contrast, a weaker autofluorescence in the lignified cell 
wall was observed in the CHT + MeJA + CD treated hairy 
root tissues. This is probably due to less lignin accumula-
tion in the treated hairy root, resulting in a weakening of the 
plant cell wall and the subsequent release of plant second-
ary metabolites into the medium culture through the deli-
cate tissues. Although much higher phenolic content was 
detected in the treated hairy root compared to the untreated 
control group, it could probably be shifted to a broad range 
of secondary metabolite synthesis pathways other than 
lignin biosynthesis. Additionally, the HPLC profile in our 
present result revealed increasing stilbene compound pro-
duction in the treated hairy roots, indicating an alteration 
in the phenylpropanoid metabolic pathway in response to 
external stresses. The phenylpropanoid pathway is involved 

Fig. 7  Effect of CHT + MeJA + CD-treated K2-K599 line of hairy 
roots at 24, 48, and 72 h on the relative gene expression fold change 
of a antioxidant enzyme genes (APX, GPX, CuZn-SOD), b stilbene 
biosynthesis pathways (PAL, RS, RS3), and c pathogenesis-related 
proteins (PR4A, PR5, PR10, chitinase). The data represents the rela-
tive fold change compared to the control group. Different letters rep-
resent the significant difference (p < 0.05) of the same gene at each 
time point
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in a wide range of secondary metabolite biosynthesis that 
play an important role in plant stress response. Various 
reports illustrate that the suppression of lignin biosynthesis 
in plants can result in the accumulation of lignin precursors 
such as coumaric acid, sinapic acid, and ferulic acid, thus 
enhancing the shift of metabolic flux to produce plant sec-
ondary metabolites through the phenylpropanoid pathway in 
response to external stresses (Fornalé et al. 2010). Down-
regulation of the shikimate hydroxycinnamoyl transferase 
gene in the lignin biosynthesis pathway causes impairment 
of the alfalfa (Medicago sativa L.) secondary cell wall integ-
rity but activates the gene expression involved in various 
PR-protein and flavonoid biosynthetic pathways (Gallego-
Giraldo et al. 2011).

Various plant defence mechanisms including antioxidant 
enzymes, secondary plant metabolites, and PR-proteins have 
been generated to maintain ROS homeostasis and protect 
plant cells from excessive ROS. In the present work, gene 
expression was investigated in the CHT + MeJA + CD- elic-
ited K2-K599 hairy root line at 24, 48, and 72 h. The high-
est level of antioxidant enzymes involved the stilbene bio-
synthesis pathway, with PR-protein gene expressions being 
detected 24 h after elicitation, gradually decreasing with 
an increasing elicitation period. The present study demon-
strates the highest gene expression level of the endogenous 
antioxidant enzyme CuZn-SOD gene at 24 h, followed by 
GPX and APX genes, respectively. The antioxidant enzyme 
gene expression result accords with SOD and APX enzyme 

activity, demonstrating the increasing trend of antioxidant 
enzyme activity detected in CHT + MeJA + CD-treated hairy 
root compared to the control group at all time points. The 
CuZn-SOD function is an antioxidant enzyme for catalys-
ing  O2

.− and conversion into  H2O2, whereas GPX and APX 
facilitate the conversion of  H2O2 into water and oxygen (Gill 
and Tuteja 2010). The regulation of antioxidant enzyme 
genes such as SOD, CAT , and glutathione reductase (GR) 
was demonstrated in two CHT-treated red grapevine vari-
eties (Touriga Franca and Tinto Cão) to protect oxidative 
stress in response to ROS scavenging (Singh et al. 2019). 
The investigation of Lolium perenne L. under cadmium 
stress also demonstrated significant upregulation in the anti-
oxidant enzyme gene at 24 h (Luo et al. 2011). This suggests 
that the antioxidant enzyme system probably functions as 
an early elicitor response to ROS scavenging in plant cells.

The PR-protein genes were induced under pathogen 
infection or other elicitors. These PR-proteins were acti-
vated through salicylic acid (SA) and jasmonic acid (JA) 
signalling pathways, leading to the induction of systemic 
acquired resistance (SAR) (Ryals et al. 1996). PR-proteins 
have been reported to conduct long-term, broad-spectrum 
disease resistance based on acquired memory to reduce 
the severity of symptoms (Sudisha et al. 2012). Our pre-
sent results demonstrate that all PR-protein genes (PR4A, 
PR5, PR10, and chitinase) exert the highest level of gene 
expression (ranging from 15.9 to 39.8 fold change with 
each PR-protein) at 24 h after elicitation, decreasing with 

Fig. 8  Longitudinal cross-
section using freehand 
cutting technique of a and c 
control hairy root, b and d 
CHT + MeJA + CD-treated 
hairy root. Images using fluores-
cence microscope under a and 
b bright field light, c and d 
illuminated under blue and red 
fluorescent channels; symbol c 
cortex, x xylem
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an increase in elicitation time. This investigation revealed 
that the PR-protein response was greatly up-regulated dur-
ing early exposure and lasted throughout the whole period 
of elicitation (ranging from a 2.6 to 11.3 fold change at 48 h 
and a 1.7–10.1 fold change at 72 h compared to the control 
group).

Secondary metabolite production is a promising defence 
mechanism, as can be observed by the increase in stilbene 
compounds such as trans-resveratrol, trans-arachidin-1, 
and trans-arachidin-3 after eliciting the K2-K599 hairy root 
line with CHT + MeJA + CD. The key regulatory enzymes 
involved in the phenylpropanoid biosynthesis pathway have 
been investigated in this study; PAL gene encodes phenylala-
nine ammonia lyase, while RS and RS3 genes encode the stil-
bene synthase (STS) gene family. The results demonstrated 
the significant upregulation of PAL, RS, and RS3 genes at 
24 h, decreasing according to the elicitation times. These 
findings accord with those revealed in a study on resveratrol 
biosynthesis in Gnetum parvifolium under UV-C treatment, 
indicating significant upregulation of the PAL and RS genes 
at 24 h, decreasing at 48 h (Deng et al. 2017). In contrast 
to the stilbene biosynthesis gene expression level, which 

significantly upregulated at an early stage and decreased 
afterwards, the amount of stilbene content was shown to 
increase upon an increase in elicitation time. This was prob-
ably due to the transcription control being regulated more 
rapidly than the metabolic response after confronting the 
external stimuli (Expósito et al. 2009; Gai et al. 2019). A 
study of chitosan induced flavonoid in Isatis tinctoria L. 
hairy root culture also illustrated the greatest number of 
flavonoids at 36 h, while the expression flavonoid biosyn-
thesis gene was found to be the highest at 12 h (Jiao et al. 
2018). These defence mechanisms with secondary metabo-
lite production, antioxidant enzymes, and PR-protein gene 
expression at various time points could play a key role for 
the host plant when encountering various stress conditions. 
The detailed mechanism of plant defence responses at both 
transcriptional and translational regulation level requires 
further investigation.

The structural characteristics of hairy root tissues were 
observed in the SEM study. The K2-K599 hairy root line 
elicited with CHT + MeJA + CD at 72 h was chosen for 
further SEM study due to its ability to produce the high-
est amount of stilbene compound compared to the Tainan 

Fig. 9  Scanning Electron 
Microscopy (SEM) analysis of 
the K2-K599 line of hairy roots: 
a and b non-elicited and c–f 
elicited with CHT + MeJA + CD 
at 72 h
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(T9-K599) hairy root line. The CHT + MeJA + CD-treated 
hairy root exhibited tissue damage along the root layer. It 
has been reported that CHT could act as a cell penetration 
enhancer by inducing cell membrane depolarisation, conse-
quently affecting membrane integrity and potentially trigger-
ing ROS and stress in the plant cell (Suarez-Fernandez et al. 
2020). The stimulation and secretion of secondary metabo-
lites by the hairy root plant into the surrounding medium 
could provide a mechanism for responding to the ROS and 
environmental stress. The SEM results illustrated the for-
mation of an irregular aggregate-like structure resembling 
a flat sheet, loosely attached to the root surface, while this 
flat sheet and aggregated-like structures cannot be seen in 
the non-elicited hairy root. This could probably be due to 
stilbene compounds being synthesized and released from 
elicited hairy root tissues with the purpose of protecting 
themselves. This result accords with that of the SEM for the 
synthesized stilbene compound (Kumari et al. 2019) and the 
SEM of PQ + MeJA + CD-treated hairy roots (Wongshaya 
et al. 2020), which also exhibited disintegrated and diverse 
shapes in the aggregated molecules produced and secreted 
by plants into various environmental systems.

Conclusion

External elicitors and plant cultivars are influential factors in 
the production of stilbenoid compounds. The present study 
demonstrates that the K2-K599 hairy root line elicited with 
CHT + MeJA + CD could induce higher stilbenoid content 
than the T9-K599. The K2-K599 hairy root line demon-
strates various defence mechanisms. At an early stage of 
elicitor exposure, the antioxidant enzymes (CuZn-SOD, 
APX, and GPX), enzymes involved with stilbene biosyn-
thesis (PAL, RS, and RS3), and the PR-protein (PR4A, PR5, 
PR10, and chitinase) genes were significantly upregulated. 
Whereas the high metabolic biosynthesis of stilbenoids and 
other phenolic compounds prolong the later stage of elicita-
tion to confront the external stimuli. Thus, the selection of 
peanut hairy root cultivars and elicitation conditions may 
provide a platform for enhancing the production of stilbe-
noid compounds with potential biological activities and is 
essential for the large-scale production of valuable metabo-
lites. Additionally, elucidation of the plant defence mecha-
nism at molecular level could facilitate further understand-
ing of plant immunity and assist the improvement of plant 
resistance.
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