
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 9
:5

1:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effect of pRi T-D
aDepartment of Biochemistry, Faculty of Biol

Islamabad 45320, Pakistan. Fax: +92-51-90
bPlant Physiology Laboratory, Faculty of Pha

XXIII s/n, 08028 Barcelona, Spain. Fax: +34

† Electronic supplementary informa
10.1039/c7ra06399g

‡ Present address: Department of Pla
Agricultural Sciences, Växtskyddsvägen
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NA genes and elicitation on
morphology and phytoecdysteroid biosynthesis in
Ajuga bracteosa hairy roots†

Waqas Khan Kayani, ‡a Javier Palazòn,b Rosa M. Cusidòb and Bushra Mirza ‡*a

The medicinal plant Ajuga bracteosa is a rich source of biologically active and metabolism-enhancing

phytoecdysteroids. Transgenic hairy roots from A. bracteosa were obtained by infection with

Agrobacterium rhizogenes strains A4, LBA-9402 and ARqua1. The 59 selectively established and rolC-

positive hairy root lines increased in size up to 6.6-fold (L42) after one month of in vitro culturing and

produced a phytoecdysteroid content ranging from 69.3 to 4449 mg g�1 (L3 and A2, respectively). The

clones of these transgenic roots were maintained for successive subcultures on hormone-free medium

to obtain a stabilized morphology. Hairy roots displayed four different morphologies: typical hairy root

(THR) (59%), callus-like (CM) (17%), thick (TK) (14%) and thin (TN) (10%). The growth rate of the transgenic

hairy root lines varied according to their morphology, with CM showing the highest rate (3.93-fold per

month). However, THR exhibited the highest phytoecdysteroid content (1538.5 mg g�1). Considering the

hairy root morphology in relation to the pRi TR-DNA genes, 100% of the hairy root lines harbored the

mas1 and ags genes and 90% of CM lines the aux1 gene. Strikingly, the clones with TK morphology were

all positive for the TL- and TR-DNA genes. In contrast, 0% of TN clones harbored the aux1 and ags

genes, and only 16.7% the mas1 gene. All CM and TK hairy roots were positive for the ags gene, while

mas1 was present in all hairy root types except TN. As expected, all the root lines considered in this work

were positive for the rol C gene. Eleven hairy root lines displaying a high growth rate and

phytoecdysteroid content were elicited with methyl jasmonate (MeJ) and coronatine (Cor). MeJ doubled

the phytoecdysteroid content after 14 days of elicitation (8356 mg g�1 in L2) compared with unelicited

control hairy roots, and in in vitro-grown untransformed roots the increase was 5.6-fold.
Introduction

Ajuga bracteosa (Lamiaceae) is a perennial medicinal herb of the
sub-tropical and temperate regions of Kashmir, Bhutan, Paki-
stan, Afghanistan, China and Malaysia and highly used in folk
medicine.1 Studies report that A. bracteosa alleviates liver
brosis,2 possesses promising anti-inammatory activity,3,4 and
exhibits a dose-dependent inhibition of chronic arthritis in rats5

and analgesic effects in mice.3,6 Extracts of A. bracteosa are
valuable antiplasmodial agents.7,8

Major compounds found in A. bracteosa are phytoecdyste-
roids, neo-clerodane diterpenoids, withanolides and iridoid
glycosides. Phytoecdysteroids are structural analogs of the
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insect molting hormone ecdysone. In plants, these compounds
are responsible for some physiological functions, while in
mammals they have a huge variety of applications. Phy-
toecdysteroids increase protein-synthesizing processes,9 body
mass10 and blood protein content in rats,10 improve kidney
functioning,11 suppress albuminuria,12 activate human
lymphocytes,13 reduce lipid peroxidation,14 and increase the
copulative function and improve sperm quality.15 They are
neuroprotective,16 anti-hyperglycemic,17 anti-inammatory,18

anti-diabetic19 and also possess antifungal and antibacterial
activity.20

Hairy roots are a valuable biotechnological tool for the
production of plant secondary metabolites due to their high
productivity and growth rate, and genetic stability.21 Agro-
bacterium rhizogenes infect plants and generate hairy roots in
response to the transfer and integration of DNA (T-DNA) from
the large root-inducing agrobacterial plasmid (pRi) into the
plant genome.22,23 Agropine type strains contain two T-DNA
regions on the Ri plasmid known as TL-DNA and TR-DNA,
which can be independently incorporated into the plant
genome.22,24 The Ri TL-DNA carrying rolA, B, C and D genes is
responsible for hairy root induction,24,25 while Ri TR-DNA
RSC Adv., 2017, 7, 47945–47953 | 47945
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possesses the genes responsible for opine biosynthesis,26 as well
as those involved in the additional route for the formation of
indole acetic acid. The TR-region is also important in the
determination of the hairy root morphology.27,28 Elicitation of
hairy roots can further enhance the biosynthesis of valuable
secondary metabolites.21

Phytoecdysteroid biosynthesis in A. reptans hairy roots was
found to be closely related to their growth: in a root line (Ar-4)
that increased in weight 230-fold, the content of 20-hydrox-
yecdysone (20-HE) increased 4-fold aer 45 days of culture.29

The regenerated plants from these hairy roots showed altered
plant morphology30 but the same production of 20-HE as in
original root line.31 Hairy roots obtained from A. multiora
produced 10 times more 20-HE compared to the wild type.32

Moreover, elicitors are found to induce higher phytoecdysteroid
biosynthesis in Spinacia oleracea plants.33

To the best of our knowledge, in the present study, we
evaluated for the rst time the potential of transformed roots of
A. bracteosa to produce phytoecdysteroids and the effect of
elicitation. Moreover, the phenotypic effects of the integration
of TR-DNA genes from A. rhizogenes into the hairy root genome
were also investigated.
Methods
Hairy roots cultures

Hairy roots of Ajuga bracteosa were obtained by the trans-
formation of the plant genome with three agropine Agro-
bacterium rhizogenes strains: A4, LBA-9402 and ARqua1 as
described by Kayani, et al.34 Briey, leaves with petioles at the
proximal end were surface sterilized and infected with YEB
(yeast extract and beef medium)-grown agrobacteria. Explants
were infected with agrobacteria adhered to the surface of
a sterile surgical blade. The inoculated leaf discs were placed on
Schenk–Hildebrandt (SH) medium35 with a pH of 7 and con-
taining 3% sucrose, 0.1% myoinositol and 0.8% phytagel at
27 �C in the dark. Aer a 2 day co-cultivation, the explants were
shied to new SHmedium supplemented with claforan (500 mg
l�1). The hairy roots were retained with the mother explants for
20–30 days, and were then excised and grown on optimized
hormone-free half-strength Murashige and Skoog (MS)
medium36 (half-strength of salts) supplemented with 30 g l�1

sucrose and solidied with 0.8% phytagel. Fiy nine hairy root
clones were used to study growth and the phytoecdysteroid
prole, and eleven of these (elite root clones in growth and
production) were maintained in the growth room in darkness at
27 �C and routinely subcultured every 2 weeks.
Growth quotient

To screen actively growing hairy roots, 200 mg of fresh weight of
root inoculum was cultured on half-strength media for one
month. Aer the incubation period, each root line was har-
vested and its fresh weight measured. The growth quotient was
obtained by dividing the hairy root fresh weight by the fresh
weight of the inoculum. For the extraction of ecdysteroids, the
harvested hairy roots were freeze-dried, weighed (dry weight)
47946 | RSC Adv., 2017, 7, 47945–47953
and ground to a ne powder. The powder was stored at �20 �C
until further processing.

Treatment with elicitors

Methyl jasmonate (MeJ) and coronatine (Cor) (Sigma-Aldrich,
St. Louis, MO, USA) were added to the medium optimized for
stable growth and production (half-strength MS) prior to inoc-
ulation. Both the elicitors were lter-sterilized (0.22 mm sterile
PES lters, Millipore, Billerica, MA, USA) and added to the
media just before pouring to make a nal concentration of 100
mM MeJ and 1 mM Cor. 200 mg of fresh inoculum of each hairy
root line was cultured for 14 and 21 days. Each treatment was
conducted in triplicate, and to compare the effect of elicitors,
control (unelicited) hairy roots were treated with 2.5 ml ethanol
(MeJ control). For analysis, three plates for each root line
studied were harvested aer 14 and 21 days of elicitation.

Molecular analysis

For the PCR analysis, genomic DNA was isolated from hairy
roots and control roots (untransformed) by an optimized
method37 and its quantitative and qualitative parameters were
checked by NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies Wilmington, DE, USA). Integration of TL-DNA
into the genome of hairy roots was conrmed by the PCR of
the rolC gene. To ensure the hairy root clones were free from
agrobacterial contamination, PCR was carried out to conrm
the absence of the virD1 gene. TR-DNA integration into the hairy
root genome was conrmed by the PCR analysis of aux1, mas1,
and ags genes. The rolC and actin genes were used in the
expression analysis by sq-RT-PCR. Total RNA was isolated with
the TRIzol® Plus RNA Purication Kit (Life Technologies, Ger-
many) following the manufacturer's instructions. cDNA was
synthesized with SuperScript II reverse transcriptase (Invi-
trogen, Carlsbad CA) according to their instructions. PCR
Master Mix (Life Technologies, Spain) was used for the PCR
reaction in a thermocycler (Perkin-Elmer Gene Amp PCR System
9600, USA). The genes, primers, primer sequences and PCR
conditions are described in Table 1. PCR conditions were xed
except for the annealing temperature. They consisted of: 5
minutes at 95 �C; 35 cycles of 35 s at 95 �C, 35 s (primer
annealing temperature given in Table 1), and 1 min at 70 �C;
and 10 min at 70 �C. Amplied PCR products were resolved at
1.5 percent (w/v) agarose gel electrophoresis in TBE running
buffer and visualized with UV-Trans illuminator (Life Tech-
nology, USA).

Extraction of ecdysteroids

The six ecdysteroids screened in the study were 20-hydrox-
yecdysone (20-HE), ajugalactone (AJL), sengosterone (SG),
cyasterone (CY), polypodine (PoB) and makisterone A (MKA)
(Fig. 1).3,34 For the ecdysteroid extraction, a previously optimized
protocol38 was followed with some modications.34 In brief,
powdered plant material (�500 mg) was extracted rst with
10 ml of methanol (MeOH) two times and then the residue was
extracted again with 85% MeOH and both fractions (100%
MeOH and 85% MeOH) were mixed and dried. The resulting
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra06399g


Table 1 Primers sequences of the genes used in the studya

Gene Sequence Size (bp) Tm (�C)

rolC F:50-TAACATGGCTGAAGACGACC-30, R:50-AAACTTGCACTCGCCATGCC-30 534 60
virD1 F:50-ATGTCGCAAGGCAGTAAGCCC-30, R:50-GAAGTCTTTCAGCATGGAGCA-30 438 56
ags F:50-GGCGTGAGCACCTCATATCCG-30, R:50-TTCGAAGCCTTTGCCTGCAAA-30 347 62
mas1 F:50-ACCTTGGTACTGCCCAGCCAC-30, R:50-CTTCAGTGGTCCATACCCACC-30 343 62
aux1 F:50-ATGTCGCAAGGCAGTAAGCCC-30, R:50-GAAGTCTTTCAGCATGGAGCA-30 438 56
actin (SQ-RT-PCR) F:50-ATCAGCAATACCAGGGAACATAGT-30, R:50-AGGTGCCCTGAGGTCTTGTTCC-30 160 60
rolC (SQ-RT-PCR) F:50-CTGTACCTCTACGTCGACT-30, R:50-AAACTTGCACTCGCCATGCC-30 363 62

a PCR conditions were xed except for annealing temperature. They were; 5 minutes 95 �C, followed by 35 cycles of 35 seconds at 95 �C, 35 s for
primers annealing (temperature given in table), extension of 1 min at 70 �C and a nal extension of 10 min at 70 �C.

Fig. 1 Chemical structure of the used phytoecdysteroids standards.
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pellet was resuspended in 85%MeOH, sonicated for 20min and
subjected to partial purication through previously activated/
equilibrated column cartridges (Strata C18-E, 55 mm, 70 A,
Phenomenex, USA) with 85% MeOH. The ltrate obtained was
dried, and the pellet was resuspended in 5 mL of 85% MeOH
and used for the HPLC injection.
RP-HPLC analysis

Analytical HPLC was performed according to already optimized
protocols34,39 and the mobile phases were water (A) and aceto-
nitrile (B). The HPLC system, chromatographic column with its
dimensions, injection volume, ow rate, the gradient program
This journal is © The Royal Society of Chemistry 2017
and the acquisition of UV spectra were same as described
before.34
Results and discussion
Phenotypic characterization and phytoecdysteroid content in
transgenic roots

Transgenic roots were observed in the proximal end of A. brac-
teosa leaves infected with A. rhizogenes strains A4, LBA-9402 and
ARqua1 carrying pRi within 9–12 days (Fig. 2a–d). The cultures
were maintained for successive subcultures without changes in
morphology. Among the selected hairy root lines, two were
RSC Adv., 2017, 7, 47945–47953 | 47947
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Fig. 2 Hairy roots induction and different morphologies. (a–d) Hairy root induction, (e–f) callus like morphology, (g) control in vitro grown
untransformed roots, (h) transgenic hairy root with thick morphology, (i) transgenic hairy root with thin morphology, (j) typical transgenic hairy
root.
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obtained from the A4 strain (A1 and A2), while the others were
obtained from the infection with the LBA-9402 strain (L1 to L42).

A variety of media (MS, B5 and SH with different combina-
tions) was used for the optimization of hairy root induction,
stabilization and steady growth (ESI Table 1†). Among 1596
explants infected, LBA infected explants were 56.3%. SH
medium supported maximum hairy roots induction as 289
hairy roots (90% ramied) were produced from the only 60
infected explants. Moreover, unlike to that of MS or B5 media,
the transgenic hairy roots were induced within a week over SH
Table 2 Hairy root morphology and integration of T-DNA fragments of

Root morphology Incidence Growth rate PE content (mg

THR 58.62% 3.277 � 0.32 1538 � 48.2
CM 17.24% 3.93 � 0.3 1509.56 � 37.3
TK 13.79% 2.675 � 0.23 1217 � 17.9
TN 10.34% 2.35 � 0.52 1202.3 � 63

a Growth capacity of transgenic clones of different root lines expressed as (h
strength MS medium. Each value is the average of 3 replicates. THR: ty
morphology, TN: hairy root with thin morphology, PE: phytoecdysteroid c

47948 | RSC Adv., 2017, 7, 47945–47953
medium (ESI Table 2†). Initially, half strength MS medium with
IBA was found proliferating the hairy roots (ESI Table 3†) but for
the stable growth of well ramied hairy roots IBA was alleviated
(ESI Table 4†). Besides the media and hormones, the ex vitro
source plants were found as the best explant source for hairy
roots induction (ESI Table 5†).

Only one hairy root line with moderate growing capacity was
obtained from ARqua1 strain and named as AR1. The estab-
lished hairy root cultures grew actively on hormone-free half-
strength medium, and showed four different morphologies
pRiA4 in hairy root genomea

g�1 DW) virD1 rolC aux1 mas1 ags

0% 100% 70.6% 100% 73.5%
0% 100% 90% 100% 100%
0% 100% 100% 100% 100%
0% 100% 0.0% 16.7% 0.0%

arvested FW/inoculum FW) aer 28 days of culture in hormone-free half
pical hairy root, CM: callus like morphology, TK: hairy root with thick
ontent.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 HPLC chromatographs showing the elution of phytoecdysteroids. (a) Standard ecdysteroids (100 mg ml�1 of each standard), (b) phy-
toecdysteroid elution pattern in one of the hairy root extract.
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(Fig. 2e–j). Most of the hairy roots (59%) exhibited typical hairy
root morphology (THR), as described previously.40 Among the
rest of the hairy root lines established, those with callus-like
(CM), thick (TK) and thin (TN) morphology accounted for
17%, 14% and 10%, respectively of the total (Table 2). All hairy
root lines obtained were fast-growing, ramied and plagiotropic
except those with CM, which were less ramied. The CM lines
exhibited the capacity to dedifferentiate and produce callus
tissue in hormone-free culture medium.

All the hairy root lines were subjected to HPLC analysis
(Fig. 3) and growth rate measurements (Fig. 4). The growth rate
of hairy roots (fresh weight harvested/fresh weight of inoculum)
was found to be signicantly high in 11 transgenic hairy root
lines (Fig. 4a, Table 3). These fast-growing hairy root lines also
possessed signicantly high phytoecdysteroid contents, e.g.
4449 and 4122 mg g�1 DW accumulated by A2 and L1 hairy root
lines, respectively (Fig. 4b). The growth rate of the transgenic
hairy root lines varied according to their morphology (Fig. 4c).
This journal is © The Royal Society of Chemistry 2017
Aer 30 days of culture, on average, CM hairy roots showed
a higher growth rate (3.93 times) by producing 786 mg of fresh
weight in one month of culture than the other hairy root lines
(Fig. 4c). However, THR showed more phytoecdysteroid content
(1538.48 mg g�1 DW) than CM lines (1509.56 mg g�1 DW). The
lowest phytoecdysteroid levels were found in TN and TK hairy
roots (Table 2). A possible reason for the decrease in phy-
toecdysteroids in CM roots is the loss of organized tissue.
Similarly, Mallol and coworkers found that ginsenoside
production in Panax ginseng transgenic hairy roots with CM and
THR morphology (levels almost the same) was signicantly
higher than in roots with thin morphology.27
TL- and TR-DNA integration into the genome of transgenic
hairy root lines

We related the presence of T-DNA genes with the morphology
and growth rate of transgenic hairy roots, and their
RSC Adv., 2017, 7, 47945–47953 | 47949
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Fig. 4 Growth rate of hairy roots and production of phytoecdysteroids. (a) Growth rate of the transgenic hairy roots after one month of in vitro
culturing, (b) phytoecdysteroid production by transgenic hairy roots, (c) growth rate and production of phytoecdysteroid contents compared
with different hairy root morphologies. THR¼ typical hairy root, CM¼ callus like morphology, TK¼ normal hairy root with thick morphology, TN
¼ normal hairy root with thin morphology.
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phytoecdysteroid content (ESI Table 6†). Three TR-DNA genes of
A. rhizogenes, aux1, ags and mas1, were screened along with the
rolC gene located in the TL-DNA, which is a key gene respon-
sible for hairy root development. The ags gene is involved in
agropine biosynthesis, while the aux1 gene, as indicated previ-
ously, is considered to play an additional role in the formation
47950 | RSC Adv., 2017, 7, 47945–47953
of indole-3-acetic acid in transgenic material.41 Themas1 gene is
involved in manopine biosynthesis.42

When comparing the different hairy root morphologies in
relation with the genes of the pRi T-DNA, it was observed that
100% of the CM root lines harbored rolC, mas1 and ags genes,
and 90% of the total hairy root lines established were positive
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra06399g


Table 3 Analysis of variance (ANOVA) of transgenic hairy root lines using 2-factor complete randomized designa

Source DF SS MS F-Value
P
value

Transgenic hairy roots 58 22 012 543.866 379 526.618 590.6268 ***

Ecdysteroids 3 39 953 845.301 13 317 948.434 20 725.6527 ***

Transgenic hairy roots �
phytoecdysteroids

174 18 722 812.986 107 602.373 167.4529 ***

Error 472 303 299.093 642.583
TOTAL 707 80 992 501.246

a Coefficient of variation: 6.71%. ANOVA of transgenic hairy root lines was done against 59 established root clones. DF, degree of freedom; SS, sum
of squares; MS, means square. *** means that the transgenic lines, phytoecdysteroids and their interaction is signicant at P < 0.001.

Fig. 5 PCR analysis of the selected genes to confirm their integration
into the transgenic hairy roots' genome. First well contains ladder DNA,
second and third are positive and negative controls respectively while
the rest of the samples are in accordance with the information
provided in ESI Table 6.†

Fig. 6 Semiquantitative reverse transcriptase PCR analysis. (a) rolC
gene in the selected high ecdysteroid yielding hairy root lines (363 bp).
(b) actin as housekeeping gene (160 bp). M ¼ DNA ladder 100 bp+, 1 ¼
positive control (in “a” it is PCR from the pA4 while in “b” it is plant
gDNA), 2 ¼ negative control (in “a” it is PCR from the gDNA of
untransformed root while in “b” it is PCR without DNA), 3–4 ¼ hairy
root lines A1 and A2 respectively which were obtained from infection
of Agrobacterium rhizogenes A4 strain, 5–11 ¼ L1, L2, L6, L8, L11, L12,
L13, L32 and L42 transgenic hairy root lines obtained from the infection
of A. rhizogenes strain LBA-9402.
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for aux1 (Fig. 5), which was not found in any of the TN roots
(Table 2). A semi quantitative PCR analysis of the high phy-
toecdysteroid yielding transgenic hairy root lines has shown
high rolC expression (Fig. 6). The role of the aux1 gene (to
provide the transgenic cells with an additional source of auxins)
is reected in previous studies.43 Our ndings are in accordance
with previous work44 in which the provision of synthetic auxins
(2,4-D) enhanced callus biomass and reduced alkaloid
This journal is © The Royal Society of Chemistry 2017
production. It is argued that the overproduction of auxins can
drive the disorganization in the transgenic hairy root lines.45

Robins reported a complete loss of nicotine in the root clones of
Nicotiana rustica treated with synthetic auxins.46

Strikingly, the roots with TK morphology were 100% positive
for the TL- and TR-DNA genes. In contrast, the TN roots showed
0% presence of the aux1 and ags genes, and only 16.7% of them
were positive for mas1 integration into their genome. The ags
gene was present in all CM and TK hairy roots, while mas1 was
present in all hairy root types except TN (Table 2 and ESI
Table1†). In another study, 100% of CM hairy roots from
tobacco, Duboisia hybrid and Datura metel Solanaceae plants
exhibited insertion of the aux1 gene.28 Less incorporation of TR-
DNA into transgenic hairy roots can be due to incomplete
integration events.47 In a previous study, a constitutive A.
tumefaciens strain carrying pRiA4TR (aux genes deleted)
produced transgenic hairy roots with exactly the same
morphology (no callogenesis) and alkaloid production as the
transgenic roots obtained with the strain A4.28
Effect of elicitors on phytoecdysteroid production in hairy
root clones

The hairy root lines (11 independent clones, Fig. 4a and b)
exhibiting the highest growth rate and phytoecdysteroid content
were selected to study the effect of elicitation with MeJ (100 mM)
and Cor (1 mM). Elicitation with MeJ was found to induce
a maximum phytoecdysteroid content of 8356 mg g�1 DW aer
14 days in the L2 line, followed by L32, which produced 8066 mg
g�1 (Fig. 7a). In our study, elicitation withMeJ was more effective
than with Cor. Moreover, higher phytoecdysteroid levels were
obtained aer 14 days of elicitation than 21 days.

Phytoecdysteroids are biosynthesized through the mevalo-
nate pathway. In a previous study, 2–3.5% radiolabeled meval-
onate (14C-MVA) was incorporated into the 20-HE produced in
spinach cultures aer 24 hours.48 The key enzyme, 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMGR-CoA reductase),
irreversibly converts HMG-CoA to MVA and is considered to be
the rate-limiting factor in this pathway.49 The higher phy-
toecdysteroid content found in our elicited hairy root clones
could be a result of a high expression of HMGR. Recently, an
elicitor-responsive gene involved in 20-HE production, encod-
ing 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR),
was cloned in Cyanotis arachnoidea. The resulting enhanced
RSC Adv., 2017, 7, 47945–47953 | 47951
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Fig. 7 Effect of MeJ and Cor on growth and production of phytoecdysteroids in transgenic hairy roots. (a) Production of phytoecdysteroid
content in the selected transgenic hairy root lines in response to elicitation, (b) growth rate of elicited transgenic hairy root lines, (c) production
rate of phytoecdysteroid content of elicited transgenic hairy root lines. MeJ: methyl jasmonate, Cor: coronatine.
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biosynthesis of 20-HE in MeJ-treated cells and a correspond-
ingly high expression of HMGR suggest that 20-HE biosynthesis
may be the result of the up-regulation of CaHMGR expression.50

HMGR provides mevalonate for the biosynthesis of 20-HE and
other secondary metabolites. In another study, elicitation of
Achyranthes bidentata cells with 0.6 mMMeJ for 6 days produced
2.6-fold more 20-HE.51

The hairy root lines elicited for 21 days had a higher growth rate/
biomass than those treated for 14 days in comparison with their
respective controls. The growth rate was determined aer culturing
the hairy root clones for one month on hormone-free medium.
However, despite producing more biomass, 21 day-elicited roots
had lower phytoecdysteroid levels and the treatment induced
detrimental effects, since the hairy roots turned from yellow to
brown and then dark brown, and ultimately died (Fig. 7b). The
plasticity or tolerance of plants towards different chemicals varies
according to species. For example, the treatment of spinach with
MeJ induced 78% and 61%more 20-HE concentration in roots and
shoots, respectively, without affecting plant growth.33

On average, MeJ-treated hairy roots produced more phy-
toecdysteroids aer 14 days of elicitation (6789 mg g�1 DW), with
a 1.24-fold higher biomass production (Fig. 7c). In contrast, 21
days of elicitation with MeJ and Cor resulted in the average
production of 4577 and 4498 mg g�1 DW of phytoecdysteroids,
respectively, which was nevertheless 1.58- and 1.55-fold higher
compared to the control. This reduction of phytoecdysteroid
47952 | RSC Adv., 2017, 7, 47945–47953
content aer a longer elicitation period is in accordance with
the experiments performed by Mangas and coworkers. The
production of sterols in Centella asiatica, and Galphimia glauca
increased aer two weeks of MeJ treatment and then gradually
declined during the third and fourth weeks.52 Decrease in
phytoecdysteroid production could also be caused by a higher
concentration of elicitors. In another Ajuga species, A. turkes-
tanica, the 20-HE content increased 3-fold when the cell
suspension culture was treated with 125 mM MeJ and it
dramatically decreased when supplemented with 250 mM MeJ
compared to the control/untreated cultures.53

We report for the rst time the biotechnologically enhanced
production of phytoecdysteroids in A. bracteosa both via trans-
formation and elicitation. pRi TR-DNA genes were found to play
a signicant role in the determination of the morphology of
hairy roots. While those with callus-like morphology produced
more biomass, typical transgenic hairy roots produced more
phytoecdysteroids. Phytoecdysteroid levels were further
enhanced by 14 days of MeJ elicitation. Based on these ndings,
it can be suggested that typical transgenic hairy roots treated
with 14 days of MeJ elicitation constitute a useful tool to achieve
high phytoecdysteroid production in A. bracteosa.
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