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ABSTRACT

Keywords:

Paclitaxel (taxol) has been recognized as a very effective anti-cancer drug. Today, hazelnuts, as

Ascorbic Acid;

one of the natural sources of this medicinal compound, have been heeded more than before.

Citric Acid;

Optimizing culture conditions to promote hairy root growth is an important step towards the

Hairy root;

production of medicinal metabolites. In this study, we developed an efficient culture medium to

Hazelnut;

increase the production of hazelnut hairy roots. To achieve this aim, different intensities (full, and

Medium;
Vitamin

) of WPM, SH, NRM, and DKW media, and the replacement of vitamins with the B5 medium
vitamins were evaluated. We found that
nursery medium and

WPM + vit B5 increased hairy roots growth in solid

SH + vit B5 was the effective media for hairy roots development in liquid

culture media. Appling 100 mg l-1 ascorbic acid and citric acid reduced the browning of hairy roots
and improved their growth rate. The paclitaxel production in hairy roots was assured by using
HPLC.

Abbreviation AA Ascorbic Acid, CA Citric Acid,

risk of extinction. The biotechnological approaches,

DKW Driver Kuniyuki, DW Dry Weight, PC

such as cell suspension culture and hairy root culture are

Paclitaxel, WPM Woody Plant Medium, NRM Nas and

promising methods to eliminate these limitations in

Read Medium, SH Schenk and Hildebrandt medium

PC production (Bestoso et al., 2006). In addition, Taxus
spp., hazelnut (Corylus avellana) has also been defined

Introduction

as the only angiosperm which can produce PC

Paclitaxel©(PC) is a diterpenoid plant metabolite

(Hoffman, 1998; Service, 2000). However, the PC

with potent anti-mitotic action and accordingly, with

contents in hazelnut tissues are lower than their contents

biological anti-cancer activities (Kohler and Goldspiel,

in yew, hazelnut is an easily accessible plant, and its in

1994; Schiff et al., 1979). Taxus spp. has been the first

vitro culture is more reliable than yew (Bestoso et al.,

and main source of PC. The major limitation is its

2006; Gallego et al., 2015). Recently, several studies

massive demands and low supply of this compound due

have also disseminated hazel cell culture as a new

to the low PC content in Taxus spp. Direct extraction of

source of PC (Rahpeyma et al., 2015; Salehi et al.,

PC from the bark of Taxus has exposed this tree to the

2017; Salehi et al., 2019a). Hazelnut cell cultures are
potent in modifying PC content (Rahpeyma et al., 2017;
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Salehi et al., 2019a). Besides, hazelnut is considered as

maximum regeneration (Ashrafi et al., 2009; Vahdati et

a valuable source of proteins, phenolic components,

al., 2009; Eshghi Khas et al., 2020). In the present study,

vitamins, and antioxidants (Alasalvar et al., 2006;

the authors tried to access new modifications in culture

Amaral et al., 2005).

media

Since the importance of PC, attempts have been

composition

including

mineral

salts

concentrations and vitamins, to optimize hairy roots

made to declare and improve its production sources

culture in C. avellana L.

(Jalalipour Parizi et al., 2020; Kumar et al., 2019; Salehi
Materials and Methods

et al., 2019b).
Transgenic hairy roots are the biotechnological

Explant preparation and hairy roots induction

platforms that have been revolutionized the production
and development of plant secondary metabolites. They

The hazelnut hairy roots were induced in the in-vitro

are unique in their genetic and biosynthetic stability,

seedlings of C. avellana L. Hazelnut seeds had been

faster and hormone-independent growing, more easily

collected from the Gilan Province of Iran (37.1378° N,

maintaining and synthesizing a wide range of chemical

50.2836° E). In brief, the inoculation of in-vitro leaf and

compounds (Giri and Narasu, 2000; Shanks and

cotyledon explants with Agrobacterium rhizogenesis

Morgan, 1999). The most noticeable upside of hairy root

strain C58C1PRIA4 resulted in hairy roots formation of

cultures is that they often exhibit the same or higher

hazelnut. The first, hairy roots appeared 8 days after

biosynthetic capacity for secondary metabolites than

inoculation

their mother plants (Anthony and Davey, 2010). Hairy

rhizogenesis-free hairy roots nursery stocks was kept at

roots have also been considered as the efficient

solid

biological systems for commercial-scale production,

transformation accuracy of hairy roots has been

clarification of biosynthetic pathways, and metabolic

confirmed with PCR analysis, using the rolC gene in the

engineering of secondary metabolites (Sharma et al.,

TL-DNA and virD primers (Jalalipour Parizi et al.,

2013). They have been introduced as a novel system for

2020).

and

continued

for

two

months.

A.

WPM medium at 25°C in the darkroom. The

taxol production (Kim et al., 2009) capable of
Culture media amendment experiments

substantial enhancement of PC content in Taxus hairy
roots (Syklowska-Baranek et al., 2009; Sykłowska-

Three independent experiments were carried out

Baranek et al., 2019). Additionally, the induction of PC-

based on Completely Randomized Design (CRD) with

producing hairy roots has been reported in C. avellana

five replications. In all experiments, each replication

L. by Jalalipour Parizi et al. (2020).

consisted of tissue culture petri dishes (100 mm x 15

The composition of culture media and the growing

mm) or Erlenmeyer flask (with a size of 100 ml)

condition have been found to significantly affect the

containing 30 ml medium. The first experiment, adapted

success of plant tissue culture (Ashrafi et al., 2010;

from Jalalipour Pariziz et al., (2020), was performed to

Naderi and Mahmoudi, 2017; Sarikhani and Sarikhani-

assess some modified media (Table 1) to improve hairy

khorami, 2021). Therefore, it is essential to make efforts

roots growth in the solid nursery media. Different

to modify the culture medium composition by removing

concentrations of 4 basic media formed the basis of this

the disadvantages and improving the advantages of

experiment. The effects of substitution of original

medium according to the plant and the aim of

medium vitamins with Gamborg (B5) medium vitamin

micropropagation in order to achieve a protocol for

has been evaluated on hairy roots growth, separately.

328

Z. Vahedi et al

Journal of Nuts 11(4) (2020) 327- 338

The media include WPM,
SH, NRM,

NRM,

development in the liquid culture (Table 1). The third

WPM, WPM, SH, SH,

NRM, DKW,

DKW,

experiment was set up to evaluate the effects of different

DKW

concentrations of ascorbic acid (AA) and citric acid
and Also,

. The

(CA) (vitamin C) (0, 50, 100, 150, mg l−1) on C.

second experiment was designed to study the effect of

avellana L. hairy roots browning.

the above-mentioned media, by the main focus on
modified

vitamin

on

hairy

roots

growth

and

Table 1. The different culture media used to improve the C. avellana hairy roots growth and development
Media

Basic Mineral Salt

Intensity

Vitamins

Intensity

Reference

WPM

Woody Plant Medium

Full

WPM

Full

Lloyd and McCown (1981)

WPM

Woody Plant Medium

WPM

Lloyd and McCown (1981)

WPM

Woody Plant Medium

WPM

Lloyd and McCown (1981)

WPM + vitB5

Woody Plant Medium

SH
SH

SH

SH + vit B5

DKW

DKW

DKW
NRM

Schenk and Hildebrandt
medium

Gamborg’s B5
medium
Full

SH

Schenk and Hildebrandt

Schenk and Hildebrandt

Schenk and Hildebrandt

Gamborg’s B5

medium

medium

medium

Full

Schenk and Hildebrandt (1972)

Schenk and Hildebrandt (1972)
Schenk and Hildebrandt
(1972),
Full

DKW

Driver Kuniyuki Walnut
medium
Driver Kuniyuki Walnut
medium
NRM

Gamborg et al. (1968)

SH

medium

Driver Kuniyuki Walnut

Full

SH

medium

Lloyd and McCown (1981),

Full

Full

Schenk and Hildebrandt
(1972), Gamborg et al. (1968)

Full

Driver and Kuniyuki (1984)

DKW

Driver and Kuniyuki (1984)

DKW

Driver and Kuniyuki (1984)

NRM

Full

Nas and Read (2004)

NRM

NRM

NRM

Nas and Read (2004)

NRM

NRM

NRM

Nas and Read (2004)

Measurement of hairy roots growth and tissue

scales of 1-4 (yellow, light brown, dark brown, black).

browning

The data were analyzed by ANOVA using the SPSS
(version 15.0) and Duncan’s multiple range test (P <

In this study, all experiments focused on promising

0.05) was applied to the assessment of the statistically

C. avellana L. hairy roots growth, and two features

significant differences among the mean values. Excel

(growth rate and tissue browning) were assessed. The

software (2016 version) was used to drawing the graphs.

hairy root growth rate was evaluated according to the
following equation and tissue browning was calculated

Growth

by using the non-parametric one-way Kruskal–Wallis

=

test (P < 0.05). Browning tissue was represented on

329

rate

of

dry

weight

(GRDW)
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Paclitaxel detection
the two superlative media, WPM and SH media, with

Ultimately, the presence of PC has been confirmed
in

hairy

roots

using

high-performance

B5 vitamins, highly augmented the growth of hairy

liquid

chromatography (HPLC). Paclitaxel content has been

roots. Accordingly,

isolated according to the following steps: The freeze-

highest GRDW (63.1) (Fig. 2A).

dried hairy roots powders were ultrasonicated in 8 mL

WPM + vit B5 resulted the in

The effect of nutritional elements of the culture

methanol for 30 min followed with the centrifugation

media,

(2500×g) to separate the debris. Then the supernatant

intensities of salts and vitamin composition on hairy

was desiccated with a rotary evaporator and dissolved in

roots growth and development, were evaluated in the

2 mL water and dichloromethane (1:1, v/ v), and

liquid proliferation medium, too. It can be interpreted

centrifuged for 15 min at 2500×g. The isolated

from the results that the composition and intensity of the

dichloromethane phase was evaporated under vacuum-

salts

and resolved in 100 μL HPLC grade methanol. It,

improved GRDW was obtained from SH basic media in

finally, was filtered with a 0.45 μm syringe filter and

comparison with NRM and DKW and WPM (Fig. 1B).

injected into the HPLC system (Waters, Milford, MA

The lowest GRDW (0.62) was obtained in DKW.

01757), with a C-18 column (Develosil, 250 × 4.5

Besides, reducing the salt intensity significantly affected

[NW], Seto, Aichi, Japan) and UV detector at 227 nm).

the growth rate of hairy roots. Accordingly, the

The solution of acetonitrile and water (60:40), at a flow

including

significantly

media

affected

main

growth

reduction of salt concentration to

rate of 1 mL min−1 were set up to PC tracing. The

composition

indexes.

and

The

intensity in media

improved the growth rate. The highest GRDW (49.8)

genuine paclitaxel (Sigma-Aldrich, T7402) was used as
were obtained from

an external standard.

SH media (Fig. 1B). Similar to

solid nursery media, the composition of vitamins in
Results

media has a significant impact on the growth rate of
hairy roots in liquid media. The exchange of original

Culture media amendment experiments

vitamins composition of media to B5 medium vitamins
Some media composition were assessed in regard of

improved the hairy roots growth rate in both SH and

improving hairy roots growth in solid nursery media.

WPM media. Significantly, the best GRDW (63.14)

The media composition significantly affected GRDW.

have been obtained from SH + vit B5 (Fig. 2B).

Reducing salts in the culture medium on one hand and
adding B5 vitamins to the culture medium on the other
hand, improved the growth of the hairy roots. WPM
basic medium had an enhancing effect on the hairy roots
growth rate compared to SH, DKW, NRM media.
strength of WPM significantly improved GRDW (49.8)
(Fig. 1A). The lower growth rates was obtained in DKW
(Fig. 1A). Vitamins of B5 medium have a significant
effect on root growth. The alternation of the vitamins of
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Fig. 1. Effect of different culture media on the growth rate of the dry weight of hazelnut hairy roots in (A) solid nursery medium, (B) liquid culture
medium; Duncan’s multiple range test was applied to the comparison of the means. Different letters on the bars refer to significant differences.
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Fig. 2. Effect of replacement of SH and WPM media vitamins with B5 medium vitamins in (A) solid nursery media, (B) liquid culture medium on the
growth of the hairy roots; Duncan’s multiple range test was applied to compare the means. Different letters on the bars refer to significant differences.

Generally,

during

hairy

roots

induction,

the

from the univariate analysis (Kruskal–Wallis test) (Chi-

browning of the explants started from the wound site

square: 14.3; Asymp. Sig: 0.003) which indicated that

and spread over the explants and hairy roots. Another

application of AA + CA decreased the amount of hairy

experiment was performed to assess the effects of the

roots browning and the lowest browning index was

different concentrations of ascorbic acid (AA) and citric

observed at 100 mg l-1 AA + CA (Fig. 3). A non-

acid (CA) (vitamin C) (0, 50, 100, 150, mg l −1) on C.

significant reduction of hairy root browning was

avellana L. hairy roots browning. Browning of the hairy

detected at a low concentration of AA + CA (50 mg l-1)

roots occurred 2-3 days after hairy roots transferring in

(Fig. 3). The high concentration of AA + CA (150 mg l-

liquid media. A significant difference was found

1

-1

between the control (0 mg l AA + CA) and applying
the combination of anti-browning agents, interpreted

332

) weakened the growth rate (Fig. 4).
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Fig. 3. Effect of antioxidants (AA + CA) application on hairy roots browning of hazelnut in liquid proliferation medium. The analysis was done with the
Kruskal–Wallis test. Treatments with different letters are significantly different (p < 0.05). AA: ascorbic acid, CA: citric acid.

Fig. 4. Effect of antioxidants (AA + CA) application on the growth rate of hazelnut hairy root culture in liquid proliferation medium. Duncan’s multiple
range test was applied to compare the means. Different letters on the bars refer to significant differences (p < 0.05). AA: ascorbic acid, CA: citric acid.
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Paclitaxel detection
HPLC analysis was used to confirm the intercellular

medium and WPM to MS, WPM, Perez-Tornero

PC content of hairy roots in the present study. The total

medium (PT) (Perez-Tornero et al., 2000) and Anderson

yield of PC concentration in the non-elicited hairy root

(1983) medium (Damiano et al., 2005; Yu and Reed,

-1

was evaluated 4.02 µg g (DW) at the retention time (tR)

1993). Also, Nas and Read Medium (NRM), a newer

8.3 min.

medium

formulated

based

on

hazelnut

kernel

composition, was introduced as an efficient medium for
Discussion

hazelnut micropropagation (Nas and Read, 2004). The

The effect of culture media, different intensities of

superior callus induction was obtained from NRM

basal compounds, and combinations of vitamins in

medium (Shirazi et al., 2020). In contrast, the solitary

culture media on C. avellana hairy roots growth and

study in hazelnut hairy roots indicated that WPM

development were studied. Culture media amendment

medium was significantly more effective in hairy roots

studies were designed in three independent experiments.

induction than DKW and MS media (Jalalipour Parizi et

In the solid nursery culture media conditions, regarding

al., 2020). Our results, supportingly, showed that WPM

the rate of secondary dry weight to primary dry weight

media improved hairy roots growth rate in solid nursery

(GRDW) of hairy roots, besides the culture media, using

culture media, and also DKW and NRM are inferior

the lower concentration of nutrients significantly

ones. SH media has been used to Genista tinctoria hairy

increased GRDW. Accordingly, ¼ WPM medium was

root culture (Łuczkiewicz and Kokotkiewicz, 2005), and

the most effective, and DKW was the least efficient

performed the best for Angelica gigas (Xu et al., 2009),

medium among all

assesd media. As well, vitamin

Polygonum tinctorium Lour (Young-Am et al., 2000),

composition in culture media significantly affected the

and Plumbago zeylanica (Sivanesan and Jeong, 2009)

growth rate. The alternation of vitamin composition in

hairy roots. Diluted SH media increased the growth rate

culture media with Gamborg’s B5 medium vitamins

of hairy roots in Catharanthus roseus (Jung et al.,

highly improved the growth rate of hair roots, and ¼

1994), Scutellaria baicalensis (Leea et al., 2013),

WPM + vitB5 was even more effective than ¼ WPM. In

Angelica gigas (Xu et al., 2009). Similar to the results

the section which the hairy roots transferred to liquid

of the present study, the diminution of the intensity of

media to proceed with the growth and development,

culture media nutrients performed the best growth rate

similar results were obtained. Reduction of the

in C. avellana hairy roots induction (Jalalipour Parizi et

concentration of nutrient media had an influential

al., 2020).

impact on the growth rate with the difference that ¼ SH

In general, during hairy roots induction, the

media was the best of all media. Additionally, ¼ SH +

browning of explants started from the wound site and

vitB5 improved the GRDW in comparison with ¼ SH.

spread over the explants and hairy roots. Exogenous AA

The effect of culture media and the intensity of nutrients

and CA are included in antioxidants compounds that

for thriving culture vary for different purposes and plant

reduce oxidative stress and impede oxidation of

species. Several efforts to improve hazelnut tissue

phenolic compounds and, subsequently prevent tissue

culture have indicated DKW and NRM are efficient C.

browning (Smirnoff, 2005). While, these compounds

avellana multiplication. Shoot proliferation was superior

exert a negative effect on Agrobacterium growth in co-

on a modified DKW medium or a combination of DKW

culture medium (Rana et al., 2016), minimize the
explants browning and hairy roots browning (Hassan
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and Belbasi, 2017). Some studies revealed that

Alasalvar C, Karamać M, Amarowicz R, Shahidi F

application of the combination of AA and CA was

(2006) Antioxidant and antiradical activities in

remarkably efficient to inhibit the hairy roots browning

extracts of hazelnut kernel (Corylus avellana

(Hassan and Belbasi, 2017). It has been inferred from

L.) and hazelnut green leafy cover. Journal of

-1

our results that, a combination of 100 mg l AA + AC

Agricultural and Food Chemistry. 54(13),

reduces the hazelnut hairy roots browning and improves

4826-4832.

hairy roots growth. However, higher concentrations of

Amaral JS, Ferreres F, Andrade PB, Valentão P (2005)

AA + CA not only did not have significant effects on

Phenolic profile of hazelnut (Corylus avellana

the hairy roots browning; but also reduced root growth.

L.) leaves cultivars grown in Portugal. Natural
Product Research. 19(2), 157-163.

Conclusions

Anderson W (1983) Micropropagation of filberts,
Corylus

The growth rate of hazelnut hairy roots has been

avellana,

media

International

compositions. The culture media, the intensity of the

33,132-137.

improved

by

modification

of

culture

Combined

Plant

proceedings

Propagators'

Society.

mineral salts, and the combination of vitamins

Anthony P, Davey MR (2010) Plant Cell Culture:

significantly affected the growth of hairy roots.

Essential Methods. Wiley-Blackwell.

Accordingly, ¼ WPM + vitB5 and ¼ SH + vitB5 were

Bestoso F, Ottaggio L, Armirotti A, Balbi A (2006) In

the efficient media for hairy roots growth and

vitro cell cultures obtained from different

development in solid nursery and proliferation liquid

explants of Corylus avellana produce Taxol

culture media, respectively. Furthermore, the application

and taxanes. BMC Biotechnology. 6(1), 45.
Damiano C, Catenaro E, Giovinazzi J, Frattarelli A,

of 100 mg l-1 AA + CA reduced the browning of hairy

Caboni E (2005) Micropropagation of hazelnut

roots and improved their growth rate.

(Corylus avellana). Acta Hort. 686, 221-226.
Conflict of interests

Driver JA, Kuniyuki AH (1984) In vitro propagation of
Paradox walnut rootstock. HortScience. 19(4),

The authors declare that they have no competing
interest.

507-509.
Eshghi Khas M, Abbasifar A, ValizadehKaji B (2020)

References

Optimization of in vitro propagation of purple
Ashrafi EN, Vahdati K, Ebrahimzadeh H, Mirmasoumi

passion fruit (Passiflora edulis), an important

M, Lotfi N (2009) Optimization of walnut

medicinal and ornamental plant. International

tissue culture medium using seed composition.

Journal

Horticulture, Environment and Biotechnology.

Technology. 7(3), 305-14.

50(2), 148-153.

of

Horticultural

Science

and

Gallego A, Imseng N, Bonfill M, Cusido RM (2015)

Ashrafi EN, Vahdati K, Ebrahimzadeh H, Mirmasoumi

Development of a hazel cell culture-based

M (2010) Analysis of in-vitro explants mineral

paclitaxel and baccatin III production process

contents

on a benchtop scale. Journal of Biotechnology.

to

modify

medium

mineral

composition for enhancing growth of Persian

195, 93-102.

walnut (Juglans regia L.). Journal of Food,

Gamborg OLc, Miller RA, Ojima K (1968) Nutrient

Agriculture & Environment. 8(2), 325-329.

requirements

335

of

suspension

cultures

of

Z. Vahedi et al

Journal of Nuts 11(4) (2020) 327- 338

soybean

root

cells.

Experimental

Cell

Taxus sp. of the Northern Himalayan region.

Research. 50(1), 151-158.

Biotechnology Reports. 24, e00395.

Giri A, Narasu M (2000) Transgenic hairy roots. recent
trends

and

applications.

Leea SW, Kim Y, Uddin MR, Kwon D (2013)

Biotechnology

resveratrol production from hairy root cultures

Advances. 18, 1-22.

of Scutellaria baicalensis. Natural Product

Hassan SA, Belbasi Z (2017) Improvemnet of hairy root

Communications. 8, 609-611.

induction in Artemisia annua by various

Lloyd G, McCown B (1981) Woody Plant Medium: A

strains of Agrobacterium rhizogenes. Banat's

mineral nutrient formulation for microculture

Journal of Biotechnology. 8(15), 25.

of woody plant species. HortScience 16, 453.
Łuczkiewicz M, Kokotkiewicz A (2005) Co-cultures of

Hoffman A (1998) Bioprospecting for taxol in
angiosperm

plant

high

shoots and hairy roots of Genista tinctoria L.

chromatography

for synthesis and biotransformation of large

thermospray mass spectroscopy to detect the

amounts of phytoestrogens. Plant Science. 169,

anticancer agent and its related metabolites in

862-871.

performance

extracts-using

liquid

Naderi D, Mahmoudi E (2017) In vitro regeneration of

Filbert trees. Spectroscopy. 13, 22-32.

iranian melon (Cucumis melo L.‘Samsoori’)

Jalalipour Parizi K, Rahpeyma SA, Pourseyedi S (2020)
The

novel

paclitaxel-producing

system:

using

antibiotic

establishment of Corylus avellana L. hairy

micropropagation

root

‘Samsoori’.

culture.

In

Vitro

Cellular

&

Developmental Biology-Plant. 56, 290–297.

and
of

benzyl
Cucumis

International

adenine
melo

Journal

L.
of

Horticultural Science and Technology. 4(1),

Jung K-H, Kwak SS, Choi CY, Liu JR (1994)

117-26.

Development of two stage culture process by

Nas MN, Read PE (2004) A hypothesis for the

optimization of inorganic salts for improving

development of a defined tissue culture

catharanthine production in hairy root cultures

medium of higher plants and micropropagation

of

of hazelnuts. Scientia Horticulturae. 101(1-2),

Catharanthus

roseus.

Journal

of

Fermentation and Bioengineering. 77(1), 57-

189-200.

61.

Perez-Tornero O, Lopez J, Egea J, Burgos L (2000)

Kim JA, Baek K-H, Son YM, Son SH, Shin H (2009)

Effect of basal media and growth regulators on

Hairy root cultures of Taxus cuspidate for

the in vitro propagation of apricot (Prunus

enhanced production of paclitaxel. Journal of

armenica L.) cv. Canino. The Journal of

the Korean Society for Applied Biological

Horticultural

Chemistry. 52(2), 144-150.

75(3), 283-286.

Science

and

Biotechnology.

Kohler DR, Goldspiel BR (1994) Paclitaxel (taxol).

Rahpeyma S-A, Moieni A, Jalali-Javaran M (2017)

Pharmacotherapy: The Journal of Human

Enhancement of paclitaxel content in induced

Pharmacology and Drug Therapy. 14(1), 3-34.

tetraploid Corylus avellana L. cell suspension

Kumar P, Singh B, Thakur V, Thakur A (2019) Hyperproduction

of

taxol

from

culture with regulating the expression of genes

Aspergillus

in paclitaxel biosynthetic pathway. Acta

fumigatus, an endophytic fungus isolated from

Physiologiae Plantarum. 39(10), 241.

336

Z. Vahedi et al

Journal of Nuts 11(4) (2020) 327- 338

Rahpeyma SA, Moieni A, Jalali Javaran M (2015)
Paclitaxel

production

is

enhanced

Schiff PB, Fant J, Horwitz SB (1979) Promotion of

in

microtubule assembly in vitro by taxol. Nature

suspension‐ cultured hazel (Corylus avellana

277(5698), 665.

L.) cells by using a combination of sugar,

Service RF (2000) Hazel trees offer new source of

precursor, and elicitor. Engineering in Life

cancer drug. Science (New York, NY)

Sciences 15(2), 234-242.

288(5463), 27.
Shanks JV, Morgan J (1999) Plant ‘hairy root’ culture.

Rana M, Han Z-X, Song D-P, Liu G-F (2016) Effect of
medium

supplements

on

Agrobacterium

Current Opinion in Biotechnology. 10(2), 151-

rhizogenes mediated hairy root induction from

155.

the callus tissues of Camellia sinensis var.

Sharma P, Padh H, Shrivastava N (2013) Hairy root

sinensis. International Journal of Molecular

cultures: A suitable biological system for

Sciences 17, 1132.

studying secondary metabolic pathways in

Salehi M, Moieni A, Safaie N (2017) A novel medium

plants. Engineering in Life Sciences. 13(1),

for enhancing callus growth of hazel (Corylus

62-75.

avellana L.). Scientific Reports. 7(1), 15598.

Shirazi MR, Rahpeyma SA, Zolala J (2020) A new

Salehi M, Moieni A, Safaie N, Farhadi S (2019a)
Elicitors

derived

from

endophytic

approach to prevent hazelnut callus browning

fungi

by modification of sub-culture. Biologia

Chaetomium globosum and Paraconiothyrium

Plantarum. 64(1), 417-421.

brasiliense enhance paclitaxel production in

Sivanesan

I,

Jeong

BR

(2009)

Induction

and

Corylus avellana cell suspension culture. Plant

establishment of adventitious and hairy root

Cell, Tissue and Organ Culture. 136(1), 161-

cultures of Plumbago zeylanica L. African

171.

Journal of Biotechnology. 8(20), 5294-5300.

Salehi M, Moieni A, Safaie N, Farhadi S (2019b) New

Smirnoff

N

(2005)

Ascorbate,

tocopherol

and

synergistic co-culture of Corylus avellana cells

carotenoids: metabolism, pathway engineering

and

and

Epicoccum

nigrum

for

paclitaxel

functions

in:

Smirnoff,

N

(Ed.)

production. Journal of Industrial Microbiology

Antioxidants and reactive oxygen species in

& Biotechnology. 46(5), 613-623.

plants. Blackwell Publishing Ltd, Oxford, UK,

Sarikhani H, Sarikhani-Khorami H (2021) Effect of

pp. 53-87.

light quality on micropropagation and some

Syklowska-Baranek K, Pietrosiuk A, Kokoszka A,

morphological properties of cadaman avimag

Furmanowa M (2009) Enhancement of taxane

(Prunus persica × P. davidiana) rootstock.

production in hairy root culture of Taxus x

International Journal of Horticultural Science

media

and Technology. 8(1), 51-65.

Physiology. 166(17), 1950-1954.

var.

Hicksii.

Journal

of

Plant

Schenk RU, Hildebrandt A (1972) Medium and

Sykłowska-Baranek K, Rymaszewski W, Gaweł M,

techniques for induction and growth of

Rokicki P (2019) Comparison of elicitor-based

monocotyledonous and dicotyledonous plant

effects on metabolic responses of Taxus×

cell cultures. Canadian Journal of Botany.

media

50(1), 199-204.

supported two-phase culture system. Plant Cell

hairy

roots

Reports. 38(1), 85-99.

337

in

perfluorodecalin-

Z. Vahedi et al

Vahdati

K,

Journal of Nuts 11(4) (2020) 327- 338

Ashrafi

EN,

Mirmasoumi

M

and

Young-Am C, Yu HS, Song JS, Chun HK, Park SU

Improved

(2000) Indigo production in hairy root cultures

micropropagation of walnut (Juglans regia L.)

of Polygonum tinctorium Lour. Biotechnology

on media optimized for growth based upon

Letters. 22(19), 1527-1530.

mineral

content

Ebrahimzadeh
(2009)

of

walnut

H

seed.

Acta

Yu X, Reed BM (1993) Improved shoot multiplication

Horticulturae 839, 117-124

of mature hazelnut (Corylus avellana L.) in

Xu H, Park J, Kim YK, Park NI, Lee SY, Park SU
(2009)

Optimization

of

growth

vitro using glucose as a carbon source. Plant

and

cell reports 12(5), 256-259.

pyranocoumarins production in hairy root
culture of Angelica gigas Nakai. Journal of
Medicinal Plants Research. 3, 978-981.

338

