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ABSTRACT: One of the most effective biotechnological techniques for producing plant metabolites is the hairy roots
(HRs) culture system. HRs are genetically and biologically stable and able to produce secondary metabolites in a short
time. Ficus caricaL. is one of the most important plant sources of valuable medicinal compounds, especially polyphenolic
compounds. The aim of this study was to investigate the growth and morphological features of HRs, methyl jasmonate
(MelJA) elicitation and plant regeneration potential of HRs induced by different strains of Agrobacterium rhizogenes on
Ficus carica cv. Siah. Four bacterial strains (A4, A7, A13 and ATCC 15834) were used for HR induction in leaf and shoot
samples. The MS medium containing 2 mg/l of 2,4-D in combination with 1 mg/l of TDZ or BAP was used to induce
callus from HRs, and then the callus regeneration ability was evaluated in MS medium containing TDZ and NAA.
Depending on explant type and bacterial strain, the roots were induced directly or indirectly (via callus formation) from
the wound sites, and exhibited different morphology. The HRs showed high levels of phenolic compounds. A 4-day
elicitation with MeJA, in dependence on the concentration, enhanced the phenolic capacity and antioxidant capacity of
HRs. The calli obtained from HRs showed root (70-80%) and bud (23.33%) regeneration potential. The current study
described that the HR culture systems, in addition to providing the possibility of plant regeneration from transgenic roots,
could be a promising in vitro technique for high production of secondary metabolites through elicitation.
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INTRODUCTION

Ficus carica L. (Moraceae) known as common fig is one
of the most valuable medicinal fruit trees and healthy food
products (1). All parts of plant (fruit, leaf, latex, and root)
have been considered medicinally important. The
isolation of many different compounds from F. carica
such as flavonoids from fruit and leaf, coumarins from
leaf and root, sterols from leaf and triterpenoids from
latex and root have been reported in previous
investigations (6, 16, 40). The most important medicinal
properties of the fig including the antibacterial, antiviral,

*Corresponding author (P<)): mohebodini @uma.ac.ir
Received: 3 August 2019/ Last revised: 23 November 2019
Accepted: 21 December 2019

antifungal, anti-cancer and antioxidant effects have been
attributed to the poly-phenolic compounds (6, 31, 39).
However, little information is available about root
metabolic activity.

The HR syndrome induced by Agrobacterium rhizogenes
infection due to its unique ability to produce a wide
variety of secondary metabolites in large scale has
recently received much attention (41, 51), is the focus of
many studies. The HR cultures are genetically stable, so
their phytochemical biosynthetic potential can be
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preserve for a long time. The T-DNA transfer from A.
rhizogenes root inducing plasmid (pRi) and integration of
its rol genes (rolA, rolB, rolC, rolD) into the host genome
is responsible for inducing the hairy roots (10, 21). Each
transformed cell at the infection site develops an
independent HR line. The HR lines have distinct features,
including high growth power, no need for growth
regulators, high branching and plagiotropic growth (19).
Although morphological characteristics and biosynthetic
traits of the HRs are genetically controlled, they are also
affected by various environmental and nutritional
conditions (48). Therefore, the phenomenon of HR will
be a reflection of the interaction between the type of plant
species, bacterial strain, explants, infection location,
culture medium and growth conditions (22, 45). In this
regard, one of the main advantages of the HR culture
system is the possibility of using different types of abiotic
and biotic elicitors to increase the production of
secondary metabolites (41).

The plant regeneration capability from the HRs has been
reported in a number of plant species (13, 23, 46, 55). The
regeneration might be occurred spontaneous or induced
by growth regulators. The regenerated plants showed
different phenotypes in comparison with normal plants
and were able to transmit their traits to progeny (46, 52).

Since most herbaceous species are susceptible to infection
by A. rhizogenes, there are many reports of successful
cultivation of HRs, which is still increasing. The efficient
genetic transformation of F. carica with A. tumefaciens
strain EHA 105 have been reported by Yancheva et al.
(58), but so far no study has been done on the use of A.
rhizogenes in the fig culture. Regarding to importance of
HR culture, the overall objective of the present study was
to investigate morphogenesis, phenolic compounds
biosynthesis and regeneration of F. caricahairy roots. The
results of this study can provide an optimal tool (HR
culture and plant regeneration from transgenic roots) for
molecular plant breeding programs and thus improve the
pharmacological and agronomic properties of F. carica.

MATERIALS AND METHODS

Plant materials and hairy root cultures
F. carica cv.
collected from Estahban (29° 08N, 54° 03'E, and

1767 m average elevation from sea level) by

Siah  (Smyrne fig) seeds were

Zarringiah Company (Zarringiah Medicine Plant
Co. Ltd. West Azerbaijan Province, Iran). Seed
sterilization was performed by soaking in ethanol

(70%, 2 min) and hypochlorite sodium (2.5%, 20
min), followed by three times rinsing with
sterilized deionized-water. The seeds were cultured
on WP medium (33) supplemented with 20 g/l
sucrose and 6g/l agar and incubated at 25+2°C
under a 16 h light/8 h dark photoperiod. The leaves
and shoots of three weeks-old in vitro seedlings
were used as explant for A. rhizogenes-mediated
transformation for HR induction.

The single colonies of bacterial cultures (A4, A7,
Al13 and ATCC 15834 A.

provided from the National Institute of Genetic

rhizogenes strains,

Engineering and Biotechnology, Iran) were grown
PH 7.0)
rifampicin, in a shaking incubator at 180 rpm in

in LB medium containing 50 mg/1

dark condition at 28°C to an optical density of 0.6
at 600 nm. After centrifugation of the bacterial
cultures (3500 rpm, 10 min) and re-suspension of
the pellets in Y2 MS liquid medium, bacterial
cultures were used to inoculate the explants.
Induction of HR was performed by immersion of
explants in suspensions of A4, A7, Al3 and ATCC
15834 A. rhizogenes strains followed by three-day
co-cultivation on % MS solid medium (20 g/l
sucrose, 6 g/l agar, 100 pM acetosyringone, pH
5.8) at room temperature in darkness.

After emergence of HRs tip at wounded sites (1-2
weeks after co-cultivation), 1-2 cm of each HR line
were picked up and cultured on solid Y2 MS
medium (pH 5.8)

cefotaxime

supplemented with 200 mg/l

(decreased regularly by  successive
subcultures). The HRs which were free from any
bacterial contamination were transferred into liquid
¥»» MS and incubated on shaker incubator (120
25+2°C  in  darkness. After PCR

confirmation of the transformed nature of HRs, the

rpm)  at

morphology of HR lines was studied in solid and
liquid cultures. The superior HR line was screened
based on morphology and growth pattern (fast
growth and high branching) from different lines.

Methyl jasmonate treatment of HRs

Established HR cultures of superior line in Ilate
exponential phase growth (30 days, determined by
growth pattern) were elicited by MeJA as an
abiotic elicitor. The MeJA solution was prepared
by dissolving in absolute methanol. Elicitation of
HR cultures was conducted by adding different
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MeJA concentrations of 0, 100, 150 and 200 pM to
the HR culture medium followed by HR sampling
at exposure time of 96 h. At the end, the HRs was
harvested and the effects of elicitation on growth
index and biochemical properties of elicited HRs
were evaluated. Growth index (GI) was measured
by the formula: where FDW is final dry weight
(g) and IDW is initial dry weight (g).

Extraction and biochemical analysis of

elicited hairy roots

The dried HRs (elicited and non-elicited HRs) and
NRs (non-transformed roots) were powdered and
macerated in pure methanol at room temperature
for 48-72 h. The solution was filtered (paper filter),
the methanol solvent was removed by evaporation
under vacuum, and the extract was re-solved in
methanol. Total phenolic content (TPC) of HRs
was assessed using Folin-Ciocalteu colorimetric
method (49) by a spectrophotometry (HALO DB-
20 UV-VIS
Dynamica, UK) and expressed as mg Gallic Acid

double beam  spectrophotometer,
Equivalent per g of dry weight (mg GAE/g DW).
Total flavonoid content (TFC) based on Aluminum
method “4) was
measured in samples as mg Quercetin Equivalent
per g of dry weight (mg QE/g DW). Antioxidant
capacity of samples was determined using DPPH

chloride  spectrophotometry

(2,2-diphenyl-1-picrylhydrazyl) radical-scavenging

colorimetric ~assay (3) and Ferric Reducing

Antioxidant Power (FRAP) colorimetric assay (7).

Plant regeneration from hairy roots

In order to callus induction, the fragments of
superior HR line were inoculated on solid MS
medium supplemented with 30 g/l sucrose, 2 mg/l
2,4-D in combination with 1 mg/l TDZ or 1 mg/l
BAP and incubated at room temperature in 16/8 h
(light/dark)
induced calli were

photoperiod.  After 3  weeks, the

transferred to regeneration
mediums including solid MS medium containing
2mg/l TDZ alone or combined with 1 mg/l NAA
(a-naphthalene acetic acid) and 30 g/l sucrose.
Stem cuttings (at least 2 buds and 1 cm in length)
from regenerated plantlets were grown on solid %2

MS without growth regulators.

PCR analysis

The genomic DNA of putative HR lines was extracted by
CTAB-based method  (43).
conformation of regenerated HRs was carried out by PCR

extraction Molecular

analysis using ro/A-B (1724A-F: 5'gtgctttcgcatcttgacag3’,
1724B-R: 5'tctcgcgagaagatgcagaa3’) and roB (ro/B-F:
roB-R:
S'ttaggcttetttcattcggtttactgcage3’) genes-specific primers.

S'atggatcccaaattgctattcccccacga3’,

PCR amplification was performed in a 12.5 pL final
reaction volume with 1 pl of template DNA (~ 25ng/ul),
0.75 pL of each primer (20 pmol), 6.25 pl of master mix
(YTA, Yekta Tajhiz Azma, Iran) and 3.75 pl of distilled
H20, under thermal conditions as follow: 94 °C (5 min),
30 cycles of three stages of 94 °C (1 min), 58°C (rolA-
B)/60°C (rolB) (60 s) and 72 °C (70 s) and a final
extension at 72 °C for 10 min. The PCR products were

loaded onto 1.2% agarose gel stained with ethidium
bromide.

Statistical analysis

The experiments were conducted in a factorial
based on completely randomized design (CRD).
All experiments of HR induction, elicitation and
regeneration of HRs were performed in three

replications. ~ Morphological =~ observations  were
recorded regularly after induction of HRs. The
results were expressed as means =+ standard error
(SE). Statistical data analysis was done using IBM
SPSS  Statistics 22

differences

software. ~The significant

between the mean values were
determined through analysis of variance (ANOVA)
with Student-Newman-Keuls’s multiple range tests

at P<0.05.

RESULTS AND DISCUSSION

Effects of A. rhizogenes strain on morphology of
hairy roots

Non-infected explants were unable to grow and induce
any hairy roots when cultured on hormone-free medium
but infected explants showed a different response to
strains of Agrobacterium. In general, the higher
transformation efficiency (~ 100% HR induction rate with
1-7 HRs at infection sites) was obtained using shoot
explants and A7 bacterial strain (data not shown). The HR
induction was occurred directly or indirectly through
callus formation on infected sites of explants. In leaf
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explants, HR was induced at wounded sites of major veins
and petiole. In shoot explants, HRs was induced directly
(without callus formation) at wounded sites of internodes
and indirectly (after callus formation) at the bottom end
of explants (cutting site) (Fig 1). Interestingly, depending
on bacterial strain, the HRs exhibited distinct morphology
features that were classified into three different types.

It has been reported that the HR morphology was related
to the presence of Agrobacterium genes in the plant
genome (38). A. rhizogenes strains 15834, A4 and A7
have been classified as agropine-type strains by having
agropine catabolism genes on the plasmid Ri (27) and
Agrobacterium strain of Al3 has been classified as
mikimopine-type strain (42). Morphology of induced HRs
using two strains of A4 and ATCC 15834 was similar
(classified as type I), as observed in the cases of using A7
and A13 strains (classified as type II and type III).

The type I HRs had slow growth rate, non-callus
morphology and low branching phenotypes with thin
lateral roots. The color of the HRs of type I was white-
yellowish, but after cutting and fragmenting, with the
exception of the newly developing parts, the HR
fragments turned brownish color (Fig 2, A and B). The
type II HRs showed non-callus morphology (Fig 2, G and
H) with higher branching potential, fast growth and
thicker roots compared to type 1 HRs. The type III HRs
showed typical HR phenotypes with a high degree of
growth rate and branching. The type III HRs were
distinguished from type II by having the callus-like
friable, white, soft and watery cells at the main branch that
were surrounded by a pod-like brown structure which was
gradually dried and opened after branching (Fig 2, C-E).
As the branching progressed, the callus-like tissue
gradually decomposed and eventually the main branch of
HR became apparent (Fig 2, E and F). The fresh weight
of HRs lines with type III morphology was much higher
than HR lines with type I and II morphology because of
their thick roots and high branching (Table 1; Fig 2, 1).
According to the previous experiments, the superior high-
branching line of HRs was determined with an average
fresh weight (6 weeks after transferred of 100 mg into
liquid medium) of 14.12 g/flask (1.17 g/flask DW) from
induced HRs of the type III in leaf explants inoculated by
A. rhizogenes strain A7.

Variety in morphological phenotypes and growth rate of
HRs induced by different strains of A. rhizogenes has
been studied in numerous plants. The induction of three
phenotypes of typical transformed root, transformed
callus, and rooty callus from HR lines by A. rhizogenes

Figure 1. Induction of hairy roots at different infected sites from
Ficus carica explants inoculated with A7 bacterial strain, A:
indirect HRs induction on major veins of Leaf explant, B: HR
induction directly in the middle of the petiole and indirectly at
the end of petiole of leaf explant, C: direct HR induction on the
internodes of shoot explant, D: indirect HR induction at the
bottom end of shoot explant.

Figure 2. Morphology of Ficus carica hairy roots, A: HR type I

cultured on solid %2 MS medium and B on liquid ¥2 MS medium
(horizontal growth, non-callus type and limited growth of
branches), C-I: HRs type III, C: morphology of HR type III
(opening the pod-like structure of callus-like cells protector
tissue), D: gradual branching of the HRs type III, E: appearance
of white branches and gradual detachment of protector tissue in
HR type III, F: Complete removal of protective tissue and
appearance of main branch from HR type III, G: HRs
mikimopine type II, H: type II and I HRs type III at exponential
growth phase on liquid media.
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Table 1. Fresh weight (g/flask) of F. carica HRs with three different morphology types within 1-6 weeks of growth

Phenotypes week0 weekl week2 week3 week4 week5 week6
Type I 0.1 0.89+0.078 1.85+0.31° 3.17+0.50¢ 4.24+0.34¢ 5.11+0.37¢ 5.74+0.42¢
Type II 0.1 1.46+0.13* 3.31+0.25% 5.44+0.43> 7.23+0.39° 8.69+0.51° 9.69+0.46°
Type 11 0.1 1.16+0.13% 2.48+0.24% 7.35£0.63* 11.19+0.24% 13.07+0.20° 14.06+0.13%

Values represent the means + SE. Mean values followed by different lowercase letters are significantly different (P < 0.05).

Table 2. Effect of methyl jasmonate elicitation on biomass of F. carica hairy roots

Dry weight (g)

MelJA (uM) 4 days Growth Index
DW; (before MeJA) DW; (4 days after MeJA) DW difference
0 0.98+0.03* 1.00+0.02¢ 0.02+0.00* 0.02+0.00*
100 1.04+0.02? 0.97£0.012 -0.07+0.012 -0.06+0.012b
150 1.00+0.02? 0.88+0.01° -0.12+0.012 -0.12+0.01°
200 1.10+0.09° 0.62+0.01¢ -0.49+0.1° -0.44+0.05¢

Values represent the means + SE. Mean values followed by different lowercase letters are significantly different (P < 0.05).

strains LBA 9402 in Withania somnifera (5), three

phenotypes of typical morphology, callus-like
morphology and thin morphology from HR lines by A.
rhizogenes A4 in Panax ginseng (36), two phenotypes of
typical and callus-like morphology from HR by LBA
9402 Agrobacterium strain in Dracocephalum kotschyi
Boiss have been reported (17). It seems that depending on
integration of T-DNA fragments (TR-DNA and TL-
DNA) and their copy number into the host plant genome

of HRs show different phenotypes (9, 11).

Effects of MeJA elicitation on growth index and
biochemical capacity of hairy roots

In our study, the effect of MeJA on growth index, total
phenolic and flavonoid production and antioxidant
capacity in F. carica HRs were investigated. MeJA
elicitation for 4 days significantly decreased the growth
index, so that in the presence of the highest concentration
of MeJA (200 uM), the lowest growth rate of HRs was
observed (Table 2). On the other hand, MeJA affected the
secondary metabolism of HRs. Adding 100 and 150 uM
MeJA to HRs medium significantly increased the content
of total flavonoid and phenolic compounds, respectively
(Fig 3, A and B).

Antioxidant capacity of samples was measured using
DPPH and FRAP assays. The DPPH method is a
decolorization test based on the electron transfer ability of
extract' secondary metabolites as free radical scavengers.
Some of antioxidant compounds of sample may be inert
to DPPH or react with it slowly (44), so the FRAP method

was also used in the present study to determine the
antioxidant capacity. FRAP method is a colorization
assay based on the reduction power of sample
antioxidants to reduce ferric iron (Fe3+) reduction to
ferrous iron (Fe2+) with no involvement of free radicals
(7, 44).

A four-day treatment with MeJA resulted in a significant
reduction in DPPH radical scavenging capacity at
concentration of 100 and 150 pM compared to HR

control. At200 pM concentration of MeJA no significant
difference was observed in DPPH-based antioxidant
activity compared to HR control (Fig 3, C). However,
FRAP antioxidant capacity of HRs increased gradually
with the addition of MeJA and peaked at 200 pM
treatments (Fig 3, D). It should be noted that in all
treatments, non-hairy roots had the lowest value in
secondary metabolism and antioxidant capacity compared
to HRs.

According to the results, it can be said that at the identical
exposure time of MeJA depending on concentration,
MelJA elicitation can affect biosynthesis of phenolic and
flavonoids compounds involved in antioxidant activity.
MelJA as one of the derivatives of jasmonic acid is an
important plant signal for defense responses to a variety
of membrane destructive stresses (56). One of the clear
effects of methyl jasmonate, which has been mentioned in
many studies, is the growth-inhibitory effects from the
treated samples. The inhibitory effect of MeJA on growth
rate can be due to important role of MeJA in negative
regulation of cell division cycle, reduction of cell number
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and triggering plant senescence (32). However, MeJA can
play a decisive role in the secondary metabolite
biosynthesis pathway by activating cell defense responses
due to altering the pattern of expression of genes (12, 24,
29, 59). It has been reported that MeJA elicitation of HRs
enhanced synthesis of phenolic compounds in Polygonum
multiflorum (26), flavonoids in Hypericum perforatum
(54), alkaloids and flavonoids in Isatis tinctoria L. (20),
isoflavonoids in Astragalus membranaceus (18), phenolic
compounds in  Scutellaria lateriflora (37), phenolics
secretion from Coleus blumei, tanshinones in Salvia
miltiorrhiza (60).

In the current study, although total phenolic content of
HRs was lower than the TPC reported of leaves from
different cultivars of F. carica by Mahmoudi et al. (35),
but TPC value of both non-elicited and elicited HRs (100

and 150 uM) of F. carica (29.63 - 35.89 mg GAE/g DW)

]
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was considerably higher than TPC values of fruits
reported from studies as follows: TPC value of 19.1 —21.8
mg/100 g FW from dry and fresh fig fruits reported by
Vallejo et al. (53); TPC value of 21.901 mg CE/g DW
from dry extract of fig fruit reported by Amessis
Ouchemoukh et al. (2); TPC value of 2 - 3.5 mg GAE/g
FW from dry fruit fig (F. caricaL. var. ‘Sabz’) under rain-
fed condition reported by Sedaghat and Rahemi (47); TPC
value of 19.4 — 220 mg GAE/100g FW from fig fruits of
green, yellow, purple, black and brown cultivars reported
by Caliskan and Polat (8) and TPC value of 10.1 — 14.8
mg chlorogenic acid equivalents /g DW from three
cultivars fig fruits reported by Loizzo et al. (34). Based
on results, HR culture system of F. carica could be
introduced as an appropriate tool for high production of
secondary metabolites.
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Figure 3. Effect of 4 days methyl jasmonate elicitation on biochemical properties, A: total phenolic content (mg GAE/g DW), B: total
flavonoid content (mg QE/g DW), C: DPPH radical scavenging capacity (%) and D: FRAP antioxidant capacity (M/g DW). Values
represent the means + SE. Mean values followed by different lowercase letters are significantly different (P < 0.05).
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Plant regeneration ability of hairy root cultures
Axenic superior HR line was cut off and subcultured into
callus induction medium (MS medium containing 2 mg/1
2,4-D and 1 mg/l TDZ/BAP). The formation of the callus
tissue (90-95 %) started from the beginning of cultivation
(Table 3). After 20 days of culture, the callus covered the
entire surface of explants, so that only the callus tissue
was visible. The early-formed callus from the root
originally was white, fragile, but rapidly growing, which
later turned into yellowish-brown or pale green, compact
and slowly growing (Fig 4, A-C). The obtained calli
continued to grow after transferring to regeneration
medium. Regeneration process started with an intense
coloring and resulted in the induction of small roots and
shoots within 15 days (D-I). Although root regeneration
occurred from about 70-80% of growing calli,
regeneration of shoot was achieved only in 23% of calli
and in the presence of 2 mg/l TDZ alone. Since
regeneration of shoot and root occurred separately (Fig 4),
regenerated shoots were transferred to a growth regulator-
free medium to establish and develop the root system.
These plants were successfully rooted and their root
system exhibited morphological characteristics of HRs,
such as high growth rate, high-branching, and
plagiotropic growth (Fig 5).

Figure 4. Induction and plant regeneration of Ficus carica hairy

roots, A-C: callus induced using MS medium containing 2 mg/1
2,4-D and 1 mg/l TDZ, A: different color types of callus from
white and yellowish-brown to pale green, B: white, friable and
watery callus, C: Gradual color change and compression of
callus after transferring to the regeneration medium, D: root
regeneration of HR callus on MS medium containing 1 mg/l
NAA in combination with 2 mg/l TDZ, E: 1 mg/l TDZ and F: 2
mg/l TDZ, G-I: from pale green and compact callus to root and
shoot regeneration, separately (MS medium containing 2 mg/l
TDZ).

The confirmation of transformed regenerated plants was
performed by PCR analysis. As shown in Fig 6, PCR
product of regenerated plants, HRs and A. rhizogenes
(positive control), DNA bands of 1794 bp and 780 bp,
were responsible for rolA-B and rolB, respectively.

In similar to reported studies (13, 14, 30) the regenerated
plants showed bushy phenotype with shortened
internodes and it was seemed that the apical dominance in
these plants had been lost. On the other hand, contrary to
the previous reports (11, 28, 57) the regenerated plant
leaves were low wrinkling. The leaf color of the
regenerated plants was initially light green and changed
over time to a deeper green (Fig 5).

Within the genus Ficus, no study of HR induction has
been done and the present study is the first report that
focused on

morphology, secondary metabolites

production and regeneration potential of Ficus carica HR

culture.

Figure 5. Regenerated plant from Ficus carica hairy roots after
subcultured on growth regulator-free ¥2 MS medium, A: dwarf
regenerated plants with bright green leaves (shortened
internodes and without apical dominance), B: color change of
regenerated plant leaves to deep green.

AT B
COTT T T HR A C M EENMEAERKE

Figure 6. PCR analysis of ro/ genes from bacterial plasmid

DNA, hairy roots and regenerated plants, A: PCR amplification
of ro/A-B gene (1794 bp), B: PCR amplification of ro/B gene
(780 bp). M: Marker (1 Kb), A: Agrobacterium rhizogenes DNA
plasmid as positive control, HR: F. carica hairy root, T:
transformed regenerated plants, C-: normal plants as negative
control, CY: blank reaction PCR (without DNA).
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Table 3. Effect of different concentrations of growth regulator on callus induction and plant regeneration

Media % callus induction
Control 0.00P
MS + 2mg/12,4-D + 1 mg/1 TDZ 95.00+5.00?
MS +2 mg/12,4-D + 1 mg/l BAP 90.002
% root formation =~ Mean root number % shoot formation =~ Mean shoot number
Control 0.00¢ 0.00° 0.00> 0.00°
MS + 2 mg/l TDZ 70.00+5.00P 2.67+0.582 23.33+5.772 4.00+1.00?
MS + Img/l TDZ 76.67+2.882b 3.33+0.582 0.00> 0.00°
MS + 1 mg/l NAA + 2 mg/l TDZ 80.002 4.00+1.002 0.00b 0.00°

Values represent the means + SE. Mean values followed by different lowercase letters are significantly different (P < 0.05).

The HR has been introduced as an optimum tool for large
scale production of biochemical compounds (41). It has
been demonstrated that HRs will be able to transfer their
distinctive features to its regenerated plants (46).
Induction of callus and regeneration of plant from HRs
was reported in many plant species under different
cultivation conditions such as direct regeneration of HRs
from Hypericum tomentosum using 2 pM thidiazuron
(TDZ) and 40 or 60 pM p-chlorophenoxyisobutyric acid
(PCIB) (25), indirect transgenic plant regeneration of
Catharanthus roseus using MS medium containing 13.32
or 31.08 mM BAP and 5.37 or 10.74 mM NAA (13),
direct regeneration from Rhaponticum carthamoides HRs
using MS medium supplemented with 0.5 mg/L BA and
0.1 mg/L TAA (50), callus induction from Alhagi
pseudoalhagi HRs using MS medium containing 2.0 mg/L
2,4-D and 0.5 mg/L. 6-BA and plant regeneration on MS
medium with 3 mg/L BAP. (55) and induction of callus
from Medicago truncatula HRs using MS medium
containing Smg/l 2,4-D, 0.5 mg/l BAP, 5.0 mg/l PPT
(phosphinothricin) and 3% (w/v) sucrose and
regeneration on MS medium supplemented with 2.5 mg/1
PPT, 2% (w/v) sucrose (15). Although the morphology of
transgenic plants may be different or similar to normal
plants, it is undeniable that the ability to produce the HR
system, and thus the high secondary metabolites
biosynthetic capacity can be maintained in transgenic
plants. It is also possible to create germplasm resistant to
various stresses through the transfer of resistance genes
during the process of transferring the T-DNA from the
bacterial plasmid to the plant genome, inducing the hairy
root and regenerating transgenic plant. Therefore, the
results of this research will be useful in the molecular
breeding and metabolic engineering programs.

CONCLUSION

This study provides an initial step to investigate hairy
roots and plant regeneration from hairy roots in F. carica.
The type of explant and A. rhizogenes strain could affect
the HR induction and morphology features of HRs in F.
carica. MeJA elicitation could increase the production of
secondary compounds in HR cultures. Depending on used
growth regulators, the HR cultures could be regenerated
and maintained the HRs ability in transgenic plants. In
conclusion, HR system culture can be considered as a
promising in vitro method for plant breeding and
pharmaceutical purposes.
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