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Abstract

Glycyrrhiza glabra is one of the most important and well-known medicinal plants which produces various triterpene saponins
such as glycyrrhizin. Beta-amyrin 11-oxidase (CYP88D6) plays a key role in engineering pathway of glycyrrhizin produc-
tion and converts an intermediated beta-amyrin compound to glycyrrhizin. In this study, pBI121°YS:CYP88D6 construct
was transferred to G. glabra using Agrobacterium rhizogene ATCC 15834. The quantitation of transgene was measured in
putative transgenic hairy roots using qRT-PCR. The amount of glycyrrhizin production was measured by HPLC in transgenic
hairy root lines. Gene expression analysis demonstrated that CYP88D6 was over-expressed only in one of transgenic hairy
root lines and was reduced in two others. Beta-amyrin 24-hydroxylase (CYP93E6) was significantly expressed in one of
the control hairy root lines. The amount of glycyrrhizin metabolite in over-expressed line was more than or similar to that
of control hairy root lines. According to the obtained results, it would be recommended that multi-genes of glycyrrhizin

biosynthetic pathway be transferred simultaneously to the hairy root in order to increase glycyrrhizin content.
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Introduction

Licorice is a popular medicinal plant used in many fields
such as flavorings, medicaments, and cosmetics [1]. Gly-
cyrrhizin is the most important triterpene saponin in roots
and stolons of Glycyrrhiza (licorice) plant and is a conju-
gate of two molecules of glucuronic acid and glycyrrhetinic
acid aglycone [2]. Glycyrrhizin demonstrates a wide range
of pharmacological, antibacterial, hepato-protective [3, 4],
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antiulcer, anti-allergy [5], and anticancer [6-8] activities as
well as antiviral function against various DNA and RNA
viruses [5] including HIV [9] and severe acute respiratory
syndrome-associated coronavirus [10]. Biosynthesis of trit-
erpenoids in licorice starts with conversion of two mole-
cules, namely farnesyl diphosphate (FDP) and squalene syn-
thase enzyme (SQS) to squalene [11]. Then, oxidosqualene
cyclases cause cyclization of 2,3-oxidosqualene to produce
triterpenes and phytosterols [12]. Beta-amyrin synthase is
one of the oxidosqualene cyclases, producing beta-amyrin
which is responsible for biosynthesis of glycyrrhizin and
soyasaponin triterpene saponins [13]. Oxidation of beta-
amyrin at C-11 and C-30 positions produces glycyrrhizin,
whereas oxidation at C-22 and C-24 positions leads to the
production of soyasaponins [14—16]. Cytochrome P450s
play critical roles in oxidative reactions during biosynthesis
of diverse natural plant products. Beta-amyrin 11-oxidase
(CYP88D6) is a cytochrome P450 which catalyzes two
sequential oxidation steps of beta-amyrin at the position of
C-11 to yield 11-oxo-beta-amyrin. Beta-amyrin 24-hydrox-
ylase (CYP93E) is another P450 that catalyzes oxidation
reaction of beta-amyrin at C-24 position and is a key initial
enzyme in biosynthetic pathway of soyasaponins [15].
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Hairy root cultures provide the potential for production
of plant secondary metabolite and metabolic engineering by
introducing or alteration the expression of specific metabolic
pathway genes [17, 18]. These cultures possess genetic and
biochemical stability, rapid growth rate, and high capability
for synthesis of secondary metabolites at quantities com-
parable to the original plants [19]. A lot of researches have
shown the increase in production of secondary metabolites
using gene over-expression in transgenic hairy roots. The
metabolic engineering approach increased production of
flavonolignans through over-expressing petunia chalcone
synthase (chsA) gene in hairy root cultures of Silybum mari-
anum [20]. Over-expression of 7-O-acetyltransferase (Sa/AT)
gene was employed as the target for metabolic engineering
in Papaver bracteatum hairy root cultures, which led to the
enhancement of morphinan alkaloid production [21]. There
are a number of researches which have been successful in
producing glycyrrhizin in G. glabra plant in cell and hairy
root culture systems [22-24]. However, there is only one
report on metabolic engineering of glycyrrhizin biosynthetic
pathways in Glycyrrhiza plants, which uses gene transfer of
squalene synthase 1 (SQS17) to enhance glycyrrhizin produc-
tion in hairy root lines of Glycyrrhiza uralensis [11]. The
cDNAs of CYP88D6 have been isolated and cloned from G.
glabra [25], which provided the possibility to improve the
study of glycyrrhizin pathway via metabolic engineering of
G. glabra hairy root cultures.

In order to explore the potential of metabolic engineer-
ing of glycyrrhizin biosynthetic pathway, over-expression
of CYP88D6 gene in hairy root cultures of G. glabra var.
glabra was investigated. For this purpose, CYP88D6 was
transferred into hairy root culture of G. glabra, followed by
the expression of CYP88D6 and CYP93E6 genes, and subse-
quently, the amount of glycyrrhizin production in transgenic
hairy roots was quantified.
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Materials and Methods
Construction of CYP88D6 Expression Vector

The full-length cDNA of CYP88D6 was isolated from seed-
lings of G. glabra [25]. The CYP88D6 coding sequence
was digested with Xbal and BamHI, and was subcloned
into pBI1219Y5* plant vector (kindly provided by Dr. K.
Esfahani, the National Institute of Genetic Engineering and
Biotechnology, Iran) under control of a CaMV 35S promoter.
Subsequently, pBI121°Y5°:CYP8SD6 construct (Fig. 1) was
introduced into Agrobacterium rhizogenes ATCC 15834
strain via electroporation. The A. rhizogenes having no
binary vector was used for induction of the control hairy
root. Prior to infection, mono-clone of ATCC 15834 was
grown to mid-log phase (ODgy,=0.6) in liquid Luria—Ber-
tani (LB) medium with 50 mg/L rifampicin and 100 mg/L
kanamycin on a rotary shaker at 28 °C/110 rpm.

Hairy Root Transformation

Seeds of licorice (G. glabra L. var. glabra, Fabaceae) were
provided by Pakan-Bazer Company (Isfahan, Iran). The
seeds were disinfected using H,SO, (98%) for 20 min and
were subsequently washed with sterile water [23]. Then,
they were cultured on solid MS medium [26] and incubated
at 25 +2 °C for a photoperiod of 16 h light. Either 3-day-
old seedlings or 3-week-old leaves were used as an explant
for inoculation with A. rhizogenes containing the binary
vector. The leaves were pricked with a sterile scalpel [23],
and seedlings were cut off at root—hypocotyl transition site
[27], which were then immersed in the overnight culture of
bacteria suspension for 20 min and eventually blotted on
a sterile filter paper. Some explants were inoculated with
A. rhizogene devoid of binary vector which were served
as controls. The inoculated explants were transferred to a
solid MS medium containing 200 puM acetosyringone and
were kept at 22 °C in darkness, during co-cultivation for
48 h [28]. In order to eliminate bacteria, the explants were
washed in sterile distilled water and transferred to the fresh
MS medium supplemented with 0.5 g/L cefotaxime. With
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Fig. 1 T-DNA region of the binary vector the pBI1216YS2:CYP8SD6. LB left borders, RB right borders, NOS neomycin phosphotransferase,
KanR kanamycin resistance, CAMV 35S cauliflower mosaic virus promoter, CYP88D6 beta-amyrin 11-oxidase
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emergence of hairy roots, they were selected on MS solid
medium supplemented with 20 mg/L kanamycin. Then,
3—4 cm root pieces were transferred to MS liquid medium
with 1% activated charcoal and were kept at 25+ 2 °C on
a rotary shaker (110 rpm) in darkness. The transformation
frequency in leaves and seedlings was determined using a
percentage of the number of explants inducing hairy roots
to the total number of explants inoculated with A. rhizogene.

PCR Analysis of Putative Transgenics

Genomic DNA of hairy roots was extracted by CTAB
method [29]. PCR was performed using A. rhizogenes VirD1
F 5-ATGTCGCAAGGCAGTAAG-3' and R 5-CAAGGA
GTCTTTCAGCATG-3' as negative control to ensure the
absence of bacteria in the results [30], ro/B F 5'-TTAGGC
TTCTTTCATTCGGTTTACTGCAGC-3" and R 5'-ATG
GATCCCAAATTGCTATTCCCCACGA-3' to determine
the integration of T-DNA from Ri plasmid into the roots
[20], and CYP88D6 F 5'-ATGGAAGTACACTGGGTT
TGC-3" and R 5'-CTACGCACATGAAACCTTTATC-3' to
confirm the presence of CYP88D6 gene in transgenic hairy
roots [25].

Gene Expression Analysis by Real-Time PCR

Total RNA was extracted from control and transgenic hairy
roots using RNX-plus buffer (SinaClon, Iran) with some
modifications. In order to remove genomic DNA contamina-
tion, total RNA was treated with RNase-free DNase I. 500 ng
of total RNA from each sample was synthesized using oligo
dT primer and RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher). Real-time PCR was performed on BIO-
RAD CFX96 real-time PCR system using 2X GreenHot
Master Mix (BIORON GmbH, Germany). Expression analy-
sis of transgenics was carried out using CYP88DG6F (5'-TCC
ACGTCTTCATGGGCTCT-3") and CYP88DO6R (5'-CAA
CCGCCTTTCATCCACA-3') as gene-specific primers for
CYP88D6, as well as CYPO3EGF (5'-AATGGGAGTGGG
AGAAGAA-3") and CYP93E6R (5'-AAATGGAACAAA
ACGAGGAAC-3') as gene-specific primers for CYPI3EG.
ActinF (5'-GGCACCTCTCAACCCAAAAG-3’) and actinR
(5'-GCTGACACCATCTCCAGAGT-3') primers were used
to quantify the house-keeping gene. PCR amplification was
performed under the following conditions: initial denatura-
tion at 95 °C for 5 min, 45 cycles of denaturation for 20 s
at 95 °C, annealing for 20 s, extension at 72 °C for 20 s,
and final extension at 72 °C for 7 min. Melting curves were
analyzed so as to verify the reaction specificity. For expres-
sion assay, expression levels of the genes were calculated by
comparing the cycle threshold value (Ct) for each gene to
that of the reference gene using 272¢ method [31].
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Chemical Analysis of Glycyrrhizin

40 mg of powdered hairy roots was extracted with 1 mL of
methanol 80% (v/v) at 60 °C for 6 h. Extracts were centri-
fuged at 4000 rpm for 15 min at room temperature [32]. The
supernatant was transferred to a new tube, and the solvent
was evaporated at 30 °C for 5 h. Standard of glycyrrhizin
(Sigma) along with residual extract was re-dissolved in 1 ml
of methanol, followed by filtration through a 0.45 um filter,
and eventually the sample was subjected to HPLC. The sepa-
ration was performed according to Sabbioni et al. method
[33] using an isocratic separation on reversed-phase C g col-
umn (150 x 4.6 mm i.d; 5 um). Mobile phase consisted of
methanol/acetonitrile/water/glacial acetic acid (35:34:30:1
by volume). A 20 pL aliquot of each extracted sample was
analyzed by HPLC at room temperature. The applied flow
rate was 1 mL/min, and detection wavelength was set at
254 nm.

Results and Discussion
Establishment of Transgenic Hairy Roots

Direct generation of root emerged from wounded sites
of leaf and seedling explants without callus formation
on approximately 21-28 and 10 days after A. rhizogenes
inoculation, respectively (Fig. 2a, b). The roots produced
by the seedlings exhibited better growth which might be
attributed to the normal growth of cotyledons and the pres-
ence of non-transgenic aerial parts. This plant was called
as the composite due to the presence of transgenic root and
non-transgenic aerial part. After growing, the roots were
excised from the explants and were sub-cultured on the new
MS medium with cefotaxime and kanamycin for transgenic
harboring CYP88D6 transgene, and the medium having only
cefotaxime for non-transgenic lines. Hairy roots produced by
both methods showed morphological features such as rapid
growth in hormone-free medium and high branching.

After a while, surface of the Petri was covered with roots
(Fig. 2¢). The roots were transferred to MS liquid medium
with activated charcoal (Fig. 2d). Due to the high release
of phenolic compounds in liquid medium and its nega-
tive effects on the growth of roots, activated charcoal was
used which had a favorable effect on root growth and also
prevented browning of the tissue. Positive effects of acti-
vated charcoal on absorbance of toxic compounds including
phenols have been previously reported in different plants
[34]. Inoculation of plants with Agrobacterium rhizogen-
esis results in transfer, insertion, and expression of T-DNA
from Ri plasmid in the plant genome, which leads to the
expression of rolA, rolB, rolC, and rolD genes, as well as
producing hairy roots in plants [35]. Another method for
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Fig.2 Induction of transgenic root of licorice using A. rhizogenes
harboring pBI11216YS°:CYP88D6 construct; a Hairy root induced on
leaves explants; b composite plant culture with transgenic roots and

producing transgenic roots with A. rhizogenesis is the com-
posite plant. The most important feature of this system is the
reduced production time of transgenic root in plants. In addi-
tion to having hairy root culture properties, composite plant
has other benefits such as the ability to grow in an ex vitro
environment, which reduces the cost and time of production
and simplifies the procedure [27]. Initially, the main reason
for applying the composite plant method was to reduce the
time of hairy roots production. On the other hand, the fre-
quency of transgenic root production was 70% in composite
plant method, whereas it was 20% in leaf explants. Plant
transformation frequency differs significantly according to
the source of the explant. The high frequency of hairy root
production is related to tissue susceptibility and sensitivity
to inoculation with A. rhizogenesis [36, 37].

Confirmation of Co-transformed Hairy Roots

PCR product using VirD1-specific primers showed a 441-
bp band in bacterial plasmid, but no band was observed in
hairy root samples (Fig. 3), indicating the absence of bac-
terial contamination in hairy roots. VirD1 gene is located
outside the T-DNA region of the Ri plasmid, and hence, it is

non-transgenic aerial part; ¢ rapid growth rate and branched roots in
hormone-free MS solid medium; d hairy root culture in MS liquid
medium with activated charcoal
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Fig.3 PCR analyses of virD1 gene. M: 100-bp plus marker; 1: ampli-
fication of a 441-bp band in plasmid of A. rhizogenesis (positive con-
trol); 2-3: hairy root lines
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not theoretically transferred to the genome of the plant. The
PCR product of ro/B gene was detected in positive control
plasmid and hairy root lines (Fig. 4).

In addition to verifying the hairy roots based on their
morphology, a molecular method such as PCR was per-
formed using rol gene-specific primers. The production of
hairy roots in G. glabra, Gmelina arborea, S. marianum,
and Plumbago rosea plants has been confirmed using ro/B
gene-specific primers [20, 23, 38, 39]. The integration of
CYP88D6 gene into the hairy root was determined by PCR
using CYP88D6-specific primers, showing a 1482-bp band
in putative transgenic hairy roots, but not in control sam-
ples (Fig. 5). The results indicated that T-DNA from trans-
formed A. rhizogenesis was successfully transferred into the
three putative hairy root lines. These three lines had ro/B
and CYPS88D6 transgenes which were named as D1, D2,
and D3, while control hairy roots had only rolB transgene
which were named HR1 and HR2. If in addition to the Ri
plasmid, A. rhizogenesis has a binary vector, the process of
co-transformation will occur with two T-DNAs [40]. Co-
transformation in transgenic hairy roots has been reported
in different of plants [37].

The Expression of CYP88D6 and CYP93EG6 in Hairy
Roots

Expression levels of CYP88D6 and CYP93E6 were inves-
tigated in three transgenic and two control hairy root lines
using qRT-PCR. CYP88D6 expression level showed a 6-12
fold induction in D1 transgenic hairy root line, and sup-
pression in two other transgenic lines compared to control

Fig.4 PCR product of ro/B gene. M: 100-bp marker; 1-2: amplifica-
tion of a 780-bp band in hairy root lines; 3: plasmid of A. rhizogen-
esis (positive control)
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Fig.5 PCR product of ro/B gene. M: 100-bp plus marker; 1: plasmid
of A. rhizogenesis harboring pBI1216YS:CYP8SD6 binary vector
(positive control); 2, 4, 5: amplification of a 1482-bp band in trans-
genic hairy roots (harboring CYP88D6 transgene); 3: non-transgenic
hairy roots (without CYP88D6 transgene, negative control)

hairy roots (Fig. 6). Depending on the integration posi-
tion of T-DNA into the host genome, different hairy root
lines are generated [41]. The differences between various
transgenes and control hairy root lines occur as a result of
the position effects of transgenes, which lead to differences
in gene expression and secondary metabolite production.
Following rolB and CYP88D6 integration, there are numer-
ous effects on expression of the transgenes. The main rea-
son for over-expression of CYP88D6 in D1 transgenic line
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Fig.6 Expression level of CYP88D6 gene. Three transgenic hairy
root lines harboring pBI121°Y8°:CYP88D6 (D1, D2, and D3) and
two control hairy roots without CYP88D6 transgene (HR1, HR2)
using real-time PCR. Error bars represent standard error of the mean
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is the existence of constitutive and strong CaMV 35S pro-
moter which results in high levels of transgene expression in
hairy roots [42, 43]. The suppression of CYP88D6 expres-
sion in D2 and D3 transgenic lines compared to the control
can be attributed to many factors such as position effect,
gene copy number, gene rearrangement, physiological and
epistasis effects, as well as methylation levels [44]. Prob-
ably, one of the main reasons for suppression of the gene in
two transgenic lines is the existence of a similar copy of the
CYPS88D6 gene in genome of the hairy roots that resulted in
co-suppression of internal and transgene copy of CYP88D6
gene. The CYP93E6 gene was expressed in HR1 line, but
was not observed in other control and transgenic lines, which
are related to the few amounts of transcript copies in these
lines. CYP93EG6 expression level showed a fourfold induc-
tion in HR1. This gene plays a role in the use of the common
beta-amyrin precursor in competition with CYP88D6 gene.
Different genes in the T-DNA region of Ri or binary vector
are randomly integrated into genome of the hairy roots and
alter the genetic content of the hosts, which can further exert
a different regulatory effect on the genes involved in produc-
tion pathway of secondary metabolites [41]. CYPIIE6 was
expressed in HR1, and the expression of CYP88D6 in this
line was twofold more than that of HR2, which might be due
to different genetic contents as a result of random integration
of rol transgenes into the genome as well as host genetic
alterations in HR1 and HR2.

Glycyrrhizin Production in Transgenic Hairy Roots

Content of glycyrrhizin varied among transgenic and con-
trol hairy roots (Fig. 7). D2 and D3 transgenic lines, hav-
ing a reduced expression pattern of CYP88D6 compared
to the controls, also displayed lower glycyrrhizin produc-
tion. D1 which had a significant increase in expression of
CYP88D6, demonstrated higher glycyrrhizin content in com-
parison with HR2, but lower than HR1. Failure to increase
the amount of glycyrrhizin following over-expression of
CYP88D6 in D1 transgenic line compared to HR1 could be
due to the lack of downstream gene expression, and hence
protein down-regulation. It has been shown that when SQS1
isolated from Glycyrrhiza uralensis was transferred using
Ri under CaMV 35S promoter to licorice, it produced three
transgenic lines, two of which showed more glycyrrhizin
content, and a lower production was observed in one of
transgenic lines in comparison with control hairy root [11].
The putrescine N-methyltransferase (pmf) over-expression in
hairy root of two Hyoscyamus species led to a higher level of
hyoscyamine and total alkaloid content, but no linear rela-
tionship was showed between these metabolites. This could
be attributed to the role of other genes contributing to the
biosynthetic pathway of tropane alkaloids and consequently
its complex regulation [45].
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Fig.7 Glycyrrhizin content in three transgenic hairy root lines har-
boring pBI1219Y8%:CYP88D6 (D1, D2, and D3) and two control
hairy roots without CYP88D6 transgene (HR1, HR2). Error bars rep-
resent standard error of the mean

Generally, increasing the rate-limiting enzymes in biosyn-
thetic pathways results in a rise in the amount of the desired
metabolite; however, in some biosynthetic pathways there is
more than one rate-limiting enzyme and consequently, over-
expression of an enzyme cannot increase the production of the
target metabolite. In such cases, there is a multi-genes transfer
mechanism or a transcription factor affecting multiple genes
[46]. It has also been observed that over-expression of pmt
alone in Atropa belladonna did not affect tropane alkaloid pro-
duction in transgenic hairy roots [47].

Conclusions

Metabolic engineering approach via over-expression of single
gene may lead to an increase in gene expression involved in
metabolic pathway, and hence accumulation of the final prod-
uct. The present study is the first report regarding transfer of
beta-amyrin 11-oxidase gene to G. glabra using hairy root
system that is an alternative way to improve glycyrrhizin pro-
duction. It seems that the pathway of glycyrrhizin production
is very complicated and needs to examine the entire pathway
in terms of the genes expression, enzymes activity, and the
amount of intermediate metabolites production. Although the
amount of glycyrrhizin increased in one of transgenic lines,
in order to increase glycyrrhizin content in most of the lines,
transfer of multi-genes of the biosynthetic pathway along with
up-stream genes might be necessary so as to increase the pri-
mary precursor.
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