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ABSTRACT

Introduction: Adventitious root cultures of medicinal plants are a source of secondary
metabolites of pharmaceutical importance, and are considered as an alternative method for
clonal propagation and germplasm conservation in medicinal plants.Chicory (Cichorium
intybus L.) is a medicinal plant from Asteraceae and isused in traditional medicine to
promote appetite and digestion. This plant contains many important metabolites including
chicoric asid, inulin, scoline, coumarin and flavonoids. In the current research, an efficient
protocol has been developed for adventitious root culture on MS medium supplemented
with different concentrations of Indole-3-acetic acid (IAA) and a-Naphthalene acetic acid
(NAA).

Materials and Methods: The seeds were surface-sterilized with 50 ml I'* sodium
hypochlorite for 20 min, subsequently with 700 ml I ethanol for 90 s. The surface-
sterilized seeds were inoculated against the MS medium and cultures were incubated at 25
+2 °C under fluorescent light for a cycle of 16 h light and 8 h dark per day. The leaves
explants of 28-day-old in vitro plantlets were used as explants. For root initiation, IAA (O,
0.2,0.4 and 0.6 mg I™) and NAA (0, 0.5, 1 and 1.5 mg I™*) were used. After four weeks, the
well-established roots were separated. To determine the best medium of composition for
growth of roots, approximately 100 mg fresh weight of adventitious roots were cultured in
MS liquid medium with different concentrations of IAA (0, 0.5, 1 and 1.5 mg 1Y) and NAA
(0,05, 1and 1.5 mg 1™).

Results and Discussion: According to the results, among the different concentrations of
IAA, the highest root induction (72.5 percent), root number (4.75), and root branch (10.08)
were exhibited by 1.5 mg/L IAA. Among different NAA levels, the highest root induction
(88.88 percent), and root number (8.04) were observed in 1.5 mg/L NAA and was not
significantly different from 0.5 and 1.5 mg/L NAA. This hormone at concentration of 1.5
mg/L, induced the highest root branching (18.42 per explant). The highest fresh weight
(0.74 g) and dry weight (0.062 g), growth index (6.51), and phenol (4.1 mg/g DW) were
obtained in MS liquid medium containing 0.5 mg 1™ NAA in combination with 0.5 mg 1™
IAA, and Flavonoid content in 270, 300 and 330 nm wavelengths was higher (60.26, 85.88
and 98.53 pg g DW) in the roots obtained from 1 mg I”' of NAA in combination with 1
mg I"" of IAA. Increasing NAA concentrations induced callus mediated root formation and
produced a lower number of adventitious roots. By using IAA, adventitious roots were
initiated, but the frequency and average number of roots initiated were lower when
compared with NAA.

Conclusion: Adventitious roots obtained by different concentration of auxins are a suitable
tool for the production of plant secondary metabolites due to their genetic stability, and
generally, show a fast growth rate. This study describes the protocol for adventitious root
induction which could further be useful for the production of secondary metabolites and
biomass.
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Introduction

edicinal plants are a major

source of life-saving drugs and

bioactive compounds. These

compounds currently extracted
from plants are used as food additives,
pigments, dyes, insecticides, cosmetics,
perfumes and fine chemicals (Sanchez et al.,
2019). Chicory (Cichoriumintybus L.) is a
medicinal plant, known to grow as a weed on
roadsides. It is used in traditional medicine to
promote appetite and digestion (Vahabinia et
al., 2019).Over 100 individual and important
compounds have been identified from this
medicinal plant, the majority of which are
from the roots (Cova et al., 2019). Chicory
root extracts have anti-bacterial and
hepatoprotective effect (Carazzoneet al.,
2013). The fresh root is bitter, with a milky
juice. To obtain roots of a larger size, the soil
must be rich, light and well manured. Under
cultivation, the root becomes large and fleshy
with a thick rind and is employed extensively
when roasted and ground for blending with
coffee (Hazra et al., 2002). The root of chicory
contains a number of important metabolites
such as chicoric acid, inulin, sesquiterpene
lactones, coumarins, flavonoids and vitamins.
It is used as antihepatotoxic, antiulcerogenic,
antiinflammatory, appetizer, digestive, stomachic,
depurative, and diuretic (Peng et al., 2019).
Inulin is used to replace sugar and reduce the
calories of food. Due to its non-digestibility, it
is suitable for consumption by diabetics
(Carazzoneet al., 2013). Pharmacological
investigation of the root extract of chicory
revealed itsimmunomodulatory, antitumor and
anticancer properties (Hazra et al., 2002). In
vitro adventitious root culture system is an
effective tool for plant metabolites production,
and also an experimental system for secondary
metabolic  pathway elucidation  studies
(Moradi et al., 2019). Moreover, growth of
root culture is highly advantageous, as it is an
alternative method for clonal propagation and
germplasm conservation in medicinal plants
(Srivastava et al., 2019). The in vitro
production of medicinal compounds can
become possible through root culture under
precisely controlled physical and chemical
conditions (Ali et al., 2018). Root cultures can
be used in many ways including studies of
carbohydrate metabolism, mineral nutrient

requirements, essentiality of vitamins, and
other growth regulators. Root cultures grow
rapidly, are relatively easy to prepare and
maintain, show a low level of variability, and
can be easily cloned to produce a large supply
of experimental tissue (Srivastava et al.,
2019).

In the field of secondary metabolite
production, hairy root cultures, induced by
Agrobacterium rhizogenes has been also
reported as an ideal production system for
plant metabolites production (Georgiev et al.,
2007). Fathi et al. (2018) reported hairy roots
induction in C.intybus by different A.
rhizogenes strains and the maximum hairy
root induction and number of roots were
observed from 5-day-old cotyledons explants.
They suggested 3 days co-culture of explant
and Agrobacterium was more efficient in
inducing hairy root phenotype in transformation
(Fathi et al., 2018). However, compared with
hairy root induction, adventitious roots culture
system is safer and easier for management
(Nakayasu et al., 2018).

The quality and quantity of the secondary
metabolite, collected from wild and field
grown plants, are often fluctuating and
heterogeneous,  depending  upon  the
environmental conditions. Infestation, diseases
and the application of pesticides would
additionally decrease the quality of the
plant materials (Gerth et al., 2007). These
problems can be overcome by using an in
vitro production technique. Plant cell
suspension, hairy and adventitious root
cultures are used as natural “bioactive
substance factories” to produce plant-derived
compounds (Hahn et al., 2003). By these
techniques, secondary  metabolites are
isolated and produced in large quantities, as
well as of high qualities, and are stable and
produced rapidly in an adapted culture
medium. Therefore, production of secondary
metabolites under in vitro conditions has
become an active field of research (Sato et al.,
2001). Adventitious roots have been successfully
induced in many plant species and cultured for
the production of high value secondary
metabolites of pharmaceutical, nutraceutical,
and industrial importance (Murthy et al.,
2008). In the presentpaper, the effects of the
different levels of strengths of auxin on
growth and secondary metabolites production
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in adventitious root culture of C. intybus is
described.

Materials and Methods
Plant material

The current research was conducted in
2017 at University of MohagheghArdabili.
The seeds were surface-sterilized by rinsing
them in water mixed with fungicidebenomyl
(20 mg 1) for 30 min and later sterilized
with 50 ml I sodium hypochlorite for 20
min subsequently with 700 ml I"* ethanol for
90 s. The MS basal medium supplemented
with 30 g I"! sucrose and 5.5 g I'* agar was
autoclaved at 1.06 kg cm? pressure and
121 oC for 20 min. The surface-sterilized
seeds were inoculated against the medium,
and cultures were incubated at 25 +2 C
under fluorescent light for a cycle of 16 h
light and 8 h dark per day.

Adventitious root induction

The leafexplants of 28-day-old in vitro
plantlets were cultured in MS medium
containing 0, 0.2, 0.4 and 0.6 mg. I of
indole-3-acetic acid (IAA), and 0, 0.5, 1, 1.5
mg. I a-naphthalene acetic acid (NAA) alone.
A medium devoid of auxins was used as
control. All media were adjusted to pH 5.8
with 0.1 M NaOH before gelling with 5.5 g
agar I and autoclaved at 121°C for 20 min.
The cultures were maintained at 25 + 2°C
under a 16/8 h (day/night) photoperiod
provided by cool white fluorescent lamp with
a light intensity of 4000 lux. The cultures were
refreshed every 2 weeks. The data were
collected after 4 weeks for the percent of
adventitious roots induction and mean number
of roots.

Adventitious Root Biomass Determination

For fresh biomass accumulation, fresh
roots (2-2.5 cm in long and 100 mg per flask)
were transferred aseptically into 250 ml
Erlenmeyer flasks containing 20 ml of MS
liquid medium supplemented with combinations
of growth regulators, NAA (0, 0.5, 1 and 1.5
mg-I") and 1AA (0, 0.5, 1.0 and 1.5 mg-L™).
The cultures were incubated on a rotary shaker
at 80 rpm at 25 + 2 "C under dark condition.
35 days later, these roots were carefully
washed with sterile distilled water and pressed

gently on filter paper to remove excess water
and finally weighted. Similarly, for dry
biomass determination, roots were dried in an
oven at 30 °C and finally weighted. Fresh and
dry biomass of adventitious roots were
expressed in gram/liter.

Determination of secondary metabolites
content

The content of phenol was determined by
the Folin-Ciocalteu method (Soland and
Laima, 2001). For this purpose, 1 mL of 95%
ethanol was added to 10 mg of dried hairy
roots of powdered clones and control; the
solution was then subjected to extraction for
48-72 hours. Upon centrifuging at 6000 rpm
for 10 min, 0.5 mL of the sample extract
solution was mixed with 0.5 mL of 95%
ethanol. Then, 250 pl of diluted folin reagent
(1:10) and 500 pL of 5% Na,CO3 were added
to the extract, and the mixture was shaken
thoroughly. Subsequently, the solution was
diluted to 3 ml with distilled water and mixed
well. After incubation at 23 C in dark for 1
hour, absorbance spectra of the samples were
recorded using a spectrophotometer (Jenway
6305, English) operated at 725 nm. Gallic acid
standard curve was used to investigate the
number of samples.

Flavonoids were measured using the
Krizek et al. (1998) method. For this purpose,
2 g of dried root were weighed and mixed
with 3 ml of acid ethanol. It was then passed
through a filter paper and placed in a warm
water bath at 80 'C for 10 minutes. After
cooling the samples, the absorbance by
spectrophotometer was read at 270, 300 and
330 nm in three wavelengths. The extinction
coefficients formula was used to determine the
amount of flavonoids.

Statistical analysis

All experiments were performed based on
a completely randomized design (CRD). All
of the experiments were replicated three times.
The data were subjected to analysis of
variance test. The means were compared using
Duncan’s multiple range tests at a 5% level of
significance.The results were analyzed
statistically using SPSS 16 software.

Results and Discussion
Adventitious root initiation by IAA
The MS supplemented with NAA and I1AA
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initiated adventitious roots and showed
significant results at the 1% probability level
(data not shown). The protrusions were
formed from cut ends and wveins after
two weeks of inoculation (Figure 1). The
results of the experiments showed that the
highest root induction (72.5 percent), root
number (4.75), and root branch (10.08) were
exhibited by 1.5 mg/L IAA (Figure 2, 3, 4).
Among different NAA levels, the highest
root induction (88.88 percent) and root
number (8.04) were observed in 1.5 mg/L
NAA which was not significantly different

from 0.5 and 1.5 mg/L NAA. This hormone
at concentration of 1.5 mg/L, induced the
highest root branching (18.42 per explant)
(Figure 2, 3, 4). Increasing NAA concentrations
induced callus mediated root formation and
produced a lower number of adventitious
roots. By using IAA, adventitious roots were
initiated, but the frequency and average
number of roots initiated were lower when
compared with NAA. The results demonstrated
that NAA is a more effective treatment for
triggering the induction of adventitious roots
from explants of C.intybus.

Figure 1. Effects of NAA and IAA on adventitious root induction, A: Without hormone,
B: Adventitious root induction by 1.5 mg/L NAA, C: Adventitious root induction
by 0.6 mg/L 1AA.D: Control root culture, E: Adventitious root culture in NAA,
F: Adventitious root culture in IAA
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The adventitious root induction technique
has been applied to economically important
plants for a secondary metabolite production,
like Panax ginseng (Le et al., 2018),
Oplopanaxelatus (Han et al, 2019)
Taxusbaccata (Rowinsky et al., 1990), and
Iris germanica (Akashi et al., 2005).
Mainly, auxins are involved in most aspects
of root development, there fore, the
responses of various concentrations of auxins
were tested for the purpose of root initiation
and elongation. The vein-associated cells
were stimulated and actively divided in
response to auxins, which function as
pluripotent stem cells, which can be switched
into roots (Rose et al., 2006). Higher
concentrations of NAA were shown to
have the highest rooting efficiency. This
could be explained by the fact that auxins
at high concentration may possess an elicitor
for cell elongation (Hussein et al., 2012).
Many studies revealed that the addition of
auxins liquid medium stimulates adventitious

root induction in high-valued medicinal
plants. Lee et al. (2015) reported that
lower concentration of NAA acceleratesthe
adventitious root production in Aloe vera.
Lee et al. (2011) observed that the addition
of NAA and IAA to the medium induced
adventitious roots in Lycopersiconesculentum.
Hussein et al. (2012) found that the
application of NAA is the best option
to  produce adventitious rooting in
Eurycomalongifolia. Contrary to previous
reports, in this investigation, different
concentrations of NAA induced optimum
adventitious rooting response in Prunella
vulgaris L.liquid culture. Therefore, it is
concluded that the addition of 1.0 or 1.5 mg
I NAA ensures the best medium for
adventitious root production in P. vulgaris

Adventitious Root Biomass Determination

An amount of 0.1 g of roots inoculum
was inoculated against liquid medium
containing different concentrations of NAA
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and 1AA (0, 0.5, 1.0 and 1.5 mg I'"). This 0.5 mg I™* of IAA followed by 0.055 g/L on
experiment showed significant results at the MS medium with 1 mg I™* NAA and 1AA
1% probability level (Table 1). Maximum (Figure 5). Maximum growth index (6.51)
adventitious root biomass accumulation was observed 0.5 mg 1" of NAA in
(0.74 g) was observed after 35 days of root combination with 0.5 mg I™* of IAA (Figure
culture in liquid medium containing 0.5 mg 6). Phenolic contents were estimated in
I" of NAA in combination with 0.5 mg 1™ harvested roots from different experiments.
of IAA. The addition of 1 mg I NAA and The highest average content was 4.1 mg/g
IAA also induced higher accumulation of DW in 0.5 mg I* of NAA and 0.5 mg I
biomass (0.65 g), but lower than 0.5 mg I™* of IAA followed by 1 mg I* of NAA
of NAA and IAA. Other treated cultures in combination with 0.5 mg 1" of IAA
also produced optimum biomass after 35 (3.98 mg/g DW) and 1 mg I"* of NAA and
days (Figure 5). It shows that the production 1 mg I* of IAA after 35 days of culture
of adventitious root biomass in liquid (Figure 7). The results of the flavonoid
culture is PGRs dependent. After 35 days, measurement showed significant differences
0.5 mg I NAA and IAA treated culture between flavonoid content in the root
showed a fourfold increment in biomass. resulted from the hormonal experiment in
The growth study of the roots in shake comparison with medium control. Flavonoid
cultures showed that the dried weight of content in 270, 300 and 330 nm wavelengths
the adventitious roots increased rapidly in was higher (60.26, 85.88 and 98.53
35 days. The 0.062 g/L drymass was Hg g* DW) in the hairy roots obtained
produced in MS medium supplemented with from 1 mg I of NAA in combination with
05 mg I'* of NAA in combination with 1 mg 1" of IAA (Table 2).

Table 1. Analysis of variance of the effect of NAA and IAA on roots growth and secondary metabolites

Means of square

Source of df

variation Fresh Dry Growth Phenolic Flavonoid  Flavonoid  Flavonoid
weight weight index content 270 nm 300 nm 330 nm
NAA 3 0.36** 0.002** 39.31** 1.97** 290.75** 647.15* 1177.59**
IAA 3 0.035* 0.0002** 4.19** 1.65** 466.32* 757.47* 777.53*
NAA x IAA 9 0.06** 0.0004** 6.97** 0.44** 371.42* 427.12* 790.82**
Error 32 0.009 0.0005 0.89 0.122 61.51 189.94 223.48

*, **: significant at 5% and 1% probability level.
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Table 2. Mean comparisons of the effects of NAA and IAA on flavonoid content

NAA 1AA Flavonoid 270 nm Flavonoid 300 nm Flavonoid 330 nm
(mg 1) (mg I (Hg/g DW) (Lg/g DW) (ug/g DW)

0 0 29.9™ 38.12° 44.35%°
0 0.5 31.95%¢ 51.96" 57.06°%¢
0 1 23.56° 36.31° 42.11%

0 1.5 25.69% 34.33¢ 41.09°

0.5 0 24.56° 37.52¢ 54.66°¢
0.5 0.5 58.242 70.79% 92.22%
0.5 1 31.04% 48.67" 58.54°%
0.5 15 37.72°¢ 56.22¢ 55.62°%¢
1 0 22.51° 39.83° 41.65°

1 0.5 36.47° 56.86 60.27°°¢
1 1 60.26° 85.88° 98.53°

1 15 30.97% 48.02"° 54.61%9
15 0 40.58" 56.39% 72.36™
15 0.5 42.83° 50.84° 58.43°¢
15 1 54.14%¢ 49.38™ 71.07°
1.5 15 28.77° 48.71% 63.67°¢

Numbers followed by the same letter are not significantly differents (P<0.05).
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In this study different media were tested
in order to optimize adventitious root growth
and secondary metabolites accumulation
because this either reduced or enhanced
rooting behavior among different species
(Cui et al., 2010). Medium content has an
important regulatory role in repressing
the transcription of photosynthetic genes
(Sheen et al., 1999), also induced changes in
growth, physiology and secondary metabolite
content in adventitious roots (Baque et al.,
2010). The protrusions were formed from cut
ends and veins after two weeks of inoculation
(Figure 3) and In vitro adventitious root
culture showed a high rate of proliferation and
active secondary metabolism (Hahn et al.,
2003). Therefore, a substantial increase in
phenol and flavonoid content was detected in
the adventitious roots grown in MS medium
supplemented with NAA in combination with
IAA. The results are in agreement with earlier
studies on Lobelia inflate (Yonemitsu et al,
1990), Fagopyrumesculentum (Lee et al., 2015),
and Withaniasomnifera (Murthy et al., 2008).
Adventitious-root cultures of Iris germanicaon
liquid medium accumulated 4-5 fold higher
contents of isoflavone, aglycones, and
glucosides in 3-week-old liquid cultures
(Akashi et al., 2005). The results of root
induction in Papaver somniferum showed that
the concentration of 5.0 mg/mL of yeast
extract elicitor had the most impact on the
growth rate of the roots (Siahmansour et al.,
2018). The present study was a description,
drawing upon testing different auxins for in
vitro secondary metabolites production from
adventitious root cultures. The produced
phenol content was 2.25 folds higher than that
of the natural plant, depending on the medium
content. The study will be helpful for
commercial-scale production of secondary
metabolites using bioreactors.

Phenol and Flavonoids are widely
distributed in various plant organs, and their
positive effects on human health are mostly

References

Akashi, T., Ishizaki, M., Aoki, T., & Ayabe, S. I. (2005).
Isoflavonoid production by adventitious-root cultures
of Iris germanica (Iridaceae). Plant biotechnology,
22(3), 207-215. doi: 10.5511/plantbiotechnology.
22.207

Ali, H., Khan, M. A,, Ullah, N., & Khan, R. S. (2018).

attributed to their antioxidant property (Lin
and Du, 2018). Numerous studies have
revealed that flavonoid and anthraquinone
accumulation in root cultures are improved
by hormones. For instance, Lee et al.
(2015) confirmed that 50 uM NAA is
optimal for the enhancement of flavonoid
production in adventitious root cultures
of Eleutherococcuskoreanum. Hwang et al.
(2013) also determined a maximum content
of total flavonoids at 20 puMMeJA and 5
uM IBA with the adventitious root culture of
Codonopsis  lanceolate. In this regard,
Perassolo et al. (2017) indicated that elicitation
with 100 uM NAA resulted in massive
anthraquinone accumulation in the hairy root
culture of Rubiatinctorum. These findings
indicate that a suitable amount of NAA should
be used in a culture system to maximize
metabolite production. Our elicitation strategy
involved treatment of C.intybus with NAA
and IAA which produced the highest amount
of total phenol and flavonoids.

Conclusion

Adventitious roots obtained by different
concentration of auxins are suitable tools for
the production of plant secondary metabolites
due to their genetic stability, and generally,
they show fast growth rate. The present
study described the protocol for adventitious
root induction which could further be useful
for the production of secondary metabolites
and biomass.In this research the highest root
induction and root number were observed in
1.5 mg/L NAA and the highest fresh weight
and dry weight, and phenol were obtained in
MS liquid medium containing 0.5 mg 1*
NAA in combination with 0.5 mg 1™ IAA.

Acknowledgments

The authors acknowledge the support of
Horticulture Department Laboratory, Faculty
of Agricultural Sciences, University of
Mohaghegh Ardabili.

Impacts of hormonal elicitors and photoperiod
regimes on elicitation of bioactive secondary
volatiles in cell cultures of Ajugabracteosa.Journal of
Photochemistry and Photobiology B: Biology, 183,
242-250. doi: 10.1016/j.jphotobiol.2018.04.044

Baque, M. A, Lee, E. J., & Paek, K. Y. (2010). Medium



475 Plant Productions, 2021, 43(4), 467-476

salt strength induced changes in growth, physiology
and secondary metabolite content in adventitious
roots of Morindacitrifolia: the role of antioxidant
enzymes and phenylalanine ammonia lyase. Plant
Cell Reports, 29(7), 685-694. doi: 10.1007/s00299-
010-0854-4

Carazzone, C., Mascherpa, D., Gazzani, G., & Papetti,
A. (2013). Identification of phenolic constituents in
red chicory salads (Cichoriumintybus) by high-
performance liquid chromatography with diode array
detection and electrospray ionisation tandem mass
spectrometry. Food Chemistry, 138(2-3), 1062-1071.
doi: 10.1016/j.foodchem.2012.11.060

Cova, C. M., Boffa, L., Pistocchi, M., Giorgini, S,
Luque, R., & Cravotto, G. (2019). Technology and
process design for phenols recovery from industrial
Chicory (Chicoriumintybus) leftovers. Molecules,
24(15), 2681.doi: 10.3390/molecules24152681

Cui, X. H., Murthy, H. N., Wu, C. H., & Paek, K. Y.
(2010). Adventitious root.suspension cultures of
Hypericumperforatum: effect of nitrogen source on
production of biomass and secondary metabolites. In
vitro Cellular and Developmental Biology-Plant,
46(5), 437-444. doi: 10.1007/s11627-010-9310

Fathi, R., mohebodini, M., & Chamani, E. (2018).
Optimization of hairy roots induction in chicory
(Cichoriumintybus L.) and effects of auxin and
carbon source on their growth. Iranian Journal
of Horticultural Science, 49(3), 393-405. doi:
10.30479/ijgpb.2017.1491 [In Farsi with English
abstract]

Georgiev, M. 1., Paviov, A. I, & Bley, T. (2007). Hairy
root type plant in vitro systems as sources of
bioactive substances. Applied Microbiology and
Biotechnology, 74(6), 1175-85. doi: 10.1007/s00253-
007-0856-5

Gerth, A., Schmidt, D., & Wilken, D. (2007). The
production of plant secondary metabolites using
bioreactors. Acta Horticulturae, 764, 95-104. doi:
10.17660/ActaHortic.2007.764.11

Hahn, E. J., Kim, Y. S,, Yu, K. W,, Jeong, C. S., & Paek,
K. Y. (2003). Adventitious root cultures of Panax
ginseng CV Meyer and ginsenoside production
through large-scale bioreactor system. Journal of
Plant Biotechnology, 5(1), 1-6. doi:
10.5511/plantbiotechnology.22.235

Han, L., Piao, X. C., Jiang, J., Jiang, X. L., Yin, C.R., &
Lian, M. L. (2019). A high production of flavonoids
and anthraquinones via adventitious root culture of
Oplopanaxelatus and evaluating antioxidant activity.
Plant Cell, Tissue and Organ Culture (PCTOC),
137(1), 173-179. doi: 10.1007/s11240-018-01543-w

Hazra, B., Sarkar, R., Bhattacharyya, S., & Roy, P.
(2002). Tumour inhibitory activity of chicory root
extract against Ehrlich ascites carcinoma in mice.
Fitoterapia, 73(7-8), 730-733. doi: 10.1016/S0367-
326X(02)00232-0

Hussein, S., Ling, A. P. K., Ng, T. H., lbrahim, R., &
Paek, K. Y. (2012). Adventitious roots induction of
recalcitrant tropical woody plant, Eurycomalongifolia.
Romanian Biotechnol Lett, 17(1), 7026-35. doi:
10.5511/planthiotechnology.22.145

Hwang, H. J., Song, G., Kim, M. H,, Do, S. G., & Bae,
K. H. (2013). Increasement of antioxidative activity
in Codonopsislanceolata adventitious root treated
by Methyl jasmonate and salicylic acid. Journal
of Plant Biotechnology, 40(3), 178-183. doi:
10.5010/JPB.2013.40.3.178

Krizek, D. T., Britz, S. J., & Mirecki, R. M. (1998).
Inhibitory effects of ambient levels of solar UV-A
and UV-B radiation on growth of cv. New Red Fire
lettuce. Physiologia Plantarum, 103(1), 1-7. doi:
10.1034/j.1399-3054.1998.1030101.x

Le, K. C., Im, W. T,, Paek, K. Y., & Park, S. Y. (2018).
Biotic elicitation of ginsenoside metabolism of
mutant adventitious root culture in Panax ginseng.
Applied Microbiology and Biotechnology, 102(4),
1687-1697. doi: 10.1007/s00253-018-8751-9

Lee, E. J, Park, S. Y., & Paek, K. Y. (2015).
Enhancement strategies of bioactive compound
production in adventitious root cultures of
Eleutherococcuskoreanum Nakai subjected to methyl
jasmonate and salicylic acid elicitation through airlift
bioreactors. Plant Cell, Tissue and Organ Culture
(PCTOC), 120(1), 1-10. doi: 10.1007/s11240-014-
0567-4

Lee, Y. S, Yang, T. J., Park, S. U., Baek, J. H., Wu, S., &
Lim, K. B. (2011). Induction and proliferation of
adventitious roots from ‘aloevera’ leaf tissues
for'invitro' production of aloe-emodin. Plant Omics,
4(4), 190. doi: 10.1007/511240-018-01543-w

Lin, L, & Du, H. (2018). An anthraquinone
compound and its protective effects against
homocysteine-induced cytotoxicity and oxidative
stress. Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, 202, 314-318. doi:
10.1016/j.5aa.2018.05.058

Moradi, F., Mehrjerdi, M. Z., Vahdati, K., & Hasanloo,
T. (2019). Effect of different factors on induction of
hairy roots in Iranian garlic. Plant Productions,
41(4), 43-54. doi: 10.22055/ppd.2018.22526.1487
[In Farsi with English abstract]

Murthy, H. N., Hahn, E. J., & Paek, K. Y. (2008).
Adventitious roots and secondary metabolism.
Chinese Journal of Biotechnology, 24(5), 711-716.
doi: 10.1016/S1872-2075(08)60035-7

Nakayasu, M., Akiyama, R., Lee, H. J., Osakabe, K.,
Osakabe, Y., Watanabe, B., .., & Mizutani, M.
(2018). Generation of a-solanine-free hairy roots of
potato by CRISPR/Cas9 mediated genome editing of
the St16DOX gene. Plant Physiology and
Biochemistry, 131, 70-77. doi: 10.1016/j.plaphy.
2018.04.026

Peng, Y., Sun, Q., & Park, Y. (2019). Chicoric acid
promotes glucose uptake and Akt phosphorylation
via AMP-activated protein kinase o-dependent
pathway. Journal of Functional Foods, 59, 8-15.
doi: 10.1016/j.jff.2019.05.020

Perassolo, M., Cardillo, A. B., Mugas, M. L., Montoya,
S. C. N, Giulietti, A. M., & Talou, J. R. (2017).
Enhancement of anthraquinone production and
release by combination of culture medium selection
and methyl jasmonate elicitation in hairy root
cultures of Rubiatinctorum. Industrial Crops and



Fathi et al.: Adventitious root development and ... 476

Products, 105, 124-132. doi: 10.1016/j.indcrop.
2017.05.010

Rose, R. J., Wang, X. D., Nolan, K. E., & Rolfe, B. G.
(2006). Root meristems in Medicagotruncatula tissue
culture arise from vascular-derived procambial-like
cells in a process regulated by ethylene. Journal of
Experimental Botany, 57(10), 2227-2235. doi:
10.1093/jxb/erj187

Rowinsky, E. K., Cazenave, L. A., & Donehower, R. C.
(1990). Taxol: a novel investigational antimicrotubule
agent. JINCI: Journal of the National Cancer
Institute, 82(15), 1247-1259. doi: 10.1093/jnci/82.
15.1247

Sanchez, M., Lozano, R., & Iglesias, I. (2019). Medicinal
plants in the community of Madrid: A survey of their
consumption. Farma Journal, 4(1), 230-230. doi:
10.5511/plantbiotechnology.22.207

Sato, F., Hashimoto, T. Hachiya, A., Tamura, K.
I, Choi, K. B., Morishige, T., .., & Yamada,
Y. (2001). Metabolic engineering of plant alkaloid
biosynthesis. Proceedings of the National Academy
of Sciences, 98(1), 367-372. doi: 10.1016/S1872-
2075(08)60035-7

Sheen, J., Zhou, L., & Jang, J. C. (1999). Sugars
as signaling molecules. Current Opinion in Plant
biology, 2(5), 410-418. doi: 10.1016/S1369-
5266(99)00014-X

Siahmansour, Sh., Ismaili, A., & Nazarian Firouzabadi,
F. (2018). Effect of different elicitor treatments
on hairy root of medicinal plant poppies (Papaver
somniferum L.). Plant Productions, 41(1), 29-42.
doi: 10.22055/ppd.2018.13548 [In Farsi with English
abstract]

Soland, S. F., & Laima, S. K. (1999).Phenolics and cold
tolerance of Brassica napus.Plant Agriculture, 1, 1-5.
doi: 10.1016/j.jff.2019.05.020

Srivastava, M., Singh, G., Sharma, S., Shukla, S., &
Misra, P. (2019). Elicitation enhanced the yield of
glycyrrhizin and antioxidant activities in hairy root
cultures of Glycyrrhizaglabra L. Journal of Plant
Growth Regulation, 38(2), 373-384. doi: 10.1007/
500344-018-9847-2

Vahabinia, F., Pirdashti, H., & Bakhshandeh, E. (2019).
Environmental factors’ effect on seed germination
and seedling growth of chicory (Cichoriumintybus
L.) as an important medicinal plant. Acta
Physiologiae Plantarum, 41(2), 1-13. doi: 10.1007/
511738-019-2820-2

Yonemitsu, H., Shimomura, K., Satake, M., Mochida,
S., Tanaka, M., Endo, T., & Kaji, A. (1990).
Lobeline production by hairy root culture of
Lobelia inflata L. Plant Cell Reports, 9(6), 307-310.
doi: 10.1007/BF00232857



