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from Glycyrrhiza glabra L.: expression analysis and heterologous
expression of GgSQE1 suggest important role
in terpenoid biosynthesis
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Abstract
Squalene epoxidase (SQE) is a crucial regulatory enzyme for the biosynthesis of several important classes of compounds
including sterols and triterpenoids. The present paper identified and characterised five SQE genes (GgSQE1 to GgSQE5) from
Glycyrrhiza glabra through transcriptome data mining and homology-based cloning, for the first time. The phylogenetic analysis
implied their functional divergence. The ORF corresponding to one of the five SQEs, namely, GgSQE1, was cloned and studied
for its function in a heterologous system, following transient and stable expressions. The transient expression followed by
GgSQE1 encoding protein purification suggested approximately 58.0-kDa protein following the predicted molecular mass of
the deduced protein. The gene expression profiling based on qRT-PCR indicated its highest expression (6.4-folds) in the 10-
month-old roots. Furthermore, ABA (12.4-folds) and GA3 (2.47) treatments upregulated the expression ofGgSQE1 in the shoots
after 10 and 12 hours, respectively, which was also reflected in glycyrrhizin accumulation. The inductive effects of ABA and
GA3 over GgSQE1 expression were also confirmed through functional analysis of GgSQE1 promoters using GUS fusion
construct. Stable constitutive expression of GgSQE1 in Nicotiana tabacum modulated the sterol contents. The study could pave
the way for understanding the metabolic flux regulation concerning biosynthesis of related sterols and triterpenoids.
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Introduction

Glycyrrhizin, an oleanane-type triterpenoid saponin, is obtained
from the dried roots (stolons) of Glycyrrhiza species
(G. uralensis, G. glabra and G. inflate) which is widely
recognised as a natural sweetener, flavouring agent and crude
drug in Japanese, Chinese and Indian systems of medicine
(Shibata et al. 2003). It is the major bioactive ingredient of
several herbals, possessing immunomodulatory, antiulcer, anti-
allergic and antiviral activities including HIV and severe acute
respiratory syndrome (SARS)-associated coronavirus (Asl and
Hosseinzadeh 2008; Cinatl et al. 2003; Deng 2001; Fiore et al.
2008; Khan et al. 2013; Menegazzi et al. 2008; Shibata 2000).

According to the centre for the promotion of imports from
developing countries (https://www.cbi.eu/market-information/
natural-food-additives/liquorice), the market demand for the
root is high, with predicted annual global market growth of
4% between 2017 and 2025, which is predominantly met by
wild resources. In the USA, the demand for liquorice root is
estimated to reach ~US$ 2.9 Bn by 2029, up from ~US$1.9
Bn in 2019 (https://www.transparencymarketresearch.com/
licorice-extracts-market.html). For obvious reasons, there have
been studies focusing on unravelling the metabolic steps, genes
and enzymes involved in the biosynthesis of glycyrrhizin. The
core biosynthetic pathway (Supplementary Fig. 1), comprising
of early and late stages, has been established for the glycyrrhizin
biosynthesis (Ramilowski et al. 2013; Seki et al. 2009; Seki et al.
2008; Seki et al. 2011; Seki et al. 2015). The early steps com-
mence with squalene, derived from the isoprene pool, primarily
from the cytosolic mevalonate pathway (MVA) of the cell.
Squalene is catalysed by squalene epoxidase (SQE) to form a
key intermediate molecule, 2,3-oxidosqualene, which is the pre-
cursor of diverse triterpenoid and sterol class of compounds. In
G. glabra, 2,3-oxidosqualene is subsequently cyclised to β-
amyrin by β-amyrin synthase (bAS), the first committed step
for glycyrrhizin biosynthesis (Dubey et al. 2003). Recent stud-
ies, involving transcriptome (Ramilowski et al. 2013), draft ge-
nome (Mochida et al. 2017) sequencing and in vitro enzyme
assays (Xu et al. 2016), have created a substantial knowledge
base of genes involved in glycyrrhizin biosynthesis. Overall,
squalene synthase, β-amyrin synthase, two cytochrome-P450s
(CYP88D6 and CYP72A154) and one UDP-dependent glyco-
syltransferase (UGT) have been shown to be involved in
glycyrrhizin biosynthesis (He et al. 2018; Seki et al. 2009;
Seki et al. 2011). However, understanding of the regulation of
the pathway is still largely unknown. Also, the critical upstream
regulatory branch-point SQE gene has not been cloned and
characterised from Glycyrrhiza species, so far.

Squalene epoxidase, a non-cytochrome P450-type
monooxygenase, catalyses the first oxygenation and rate-
limiting step, converting squalene into oxidosqualene. The
product, 2,3-oxidosqualene, is subsequently cyclised by several
triterpene synthases to generate an array of triterpenoid

skeletons (Phillips et al. 2006). These skeletons, in turn, act
as precursors for all the known angiospermic cyclic triterpenoid
and phytosterol class of compounds including membrane ste-
rols, brassinosteroid phytohormones and non-steroidal
triterpenoids (Brueckner and Tissier 2013). Squalene
epoxidase is a pivotal enzyme for studying in context of sub-
strate flux distribution towards biosynthesis of functionally and
structurally diverse triterpenoids and sterols. Literature di-
vulged several plants with multiple squalene epoxidases
(Laranjeira et al. 2007). Multiple predicted squalene epoxidase
(SQE) enzymes had been biochemically characterised from
Medicago truncatula (Suzuki et al. 2002), Brassica napus
(Schafer et al. 1999), Populus trichocarpa, Oryza sativa
(Rasbery et al. 2007), Arabidopsis (Rasbery 2007) and several
other plant species. In Arabidopsis, for example, six SQE (1 to
6) proteins have been identified and functionally characterised.
Out of the six, only three Arabidopsis SQEs (SQE 1 to 3)
displayed epoxidase activity in the functional assay, and the
rest (SQE4 to 6) had no illustrative activity, suggesting the
functional divergence of SQE homologs. The null sqe1mutants
in Arabidopsis displayed pleiotropic growth defects and accu-
mulation of squalene. The NCBI database reports 426 squalene
epoxidases (https://www.ncbi.nlm.nih.gov) from plants with
49 submissions from Fabaceae family covering only nine
genera. Among the Fabaceae family, maximum submissions
are reported from Glycine max (10) followed by Vigna
angularis (9), while no gene is reported from the genus
Glycyrrhiza.

More than 200 triterpenoids have been reported from liquo-
rice species (Gupta et al. 2013; Wang et al. 2013). Despite its
pivotal role as a branch-point enzyme in the structural and
functional diversification of triterpenoid, the SQE genes have
not been studied for their function in G. glabra. In the current
study, therefore, we carried out transcriptome-wide identifica-
tion of SQE genes and characterisation of GgSQE1 in
G. glabra, a commercially important plant species. In the
present study, the GgSQE1 has been studied in details includ-
ing its phylogeny, regulation and functional attributes. Our
study, herein, develops a solid foundation for carrying out
further investigations pertaining to the regulatory role of all
the SQEs in triterpenoid biosynthesis, in general, and
glycyrrhizin biosynthesis, in particular.

Material and methods

Plant material

Three months old in vitro-grown G. glabra plants were used
for the gene cloning and elicitor-based experiments.
Glycyrrhiza glabra plant was subcultured and multiplied in
the tissue culture lab, hardening unit and the experimental
farms of the CSIR-IIIM Lab following the published protocol
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(Gupta et al. 2013). Temporal and spatial analyses were per-
formed using in vitro-regenerated plantlets, plants grown un-
der glass house conditions and field-grown plants. For
elicitation studies, in vitro plants, cultured in liquid MS
medium (3% sucrose supplemented with 0.05 μM of
NAA), as described earlier from our lab (Gupta et al.
2013; Khan et al. 2016), were used. Each set of treatment
and control was employed in triplicates and harvested on
defined time. The sample was divided into root and shoot
and immediately frozen into liquid nitrogen for expres-
sion studies and chemical analysis. For transient expres-
sion, Nicotiana benthamiana seeds were germinated in
autoclaved soil mix and grown in a growth chamber at
23 °C under 16 h: 8-h day-night photoperiod for 6
weeks. The in vitro-grown N. tabacum var. petit havana
plants were used for stable transformation experiment.

Full-length cloning of GgSQE1 gene

RNA isolation and cDNA synthesis

Total RNA from the root and shoot samples (control, trans-
formed and treated plants) were extracted using PureLink
RNA mini kit (Ambion, USA) following the manufac-
turer’s instructions. First-strand cDNA was synthesised by
reverse transcribing total RNA (2 μg) in a final reaction
volume of 20 μl using Superscript III first-strand cDNA
synthesis kit (Invitrogen, USA) according to the manufac-
turer’s instructions. cDNA for the real-time expression
analysis, elicitation experiments and functional analysis
was synthesised from RNA extracted from G. glabra,
N. tabacum and N. benthamiana plants following the in-
structions of the kit.

Cloning of full-length GgSQE1gene

Degenerate primers (Supplementary Table 1) designed from
the conserved sequences of SQE genes of related plant species
(Supplementary Table 2) were used for the amplification of
the core cDNA fragment of GgSQE1gene under following
conditions: 35 cycles of 95 °C for 1 min, 45 °C for the 30s
and 72 °C for 1 min followed by a final extension of 72 °C for
7 min. A 537-bp DNA fragment was amplified and cloned
into a cloning vector (pJET1.2, Fermentas, USA) and subject-
ed to nucleotide sequencing. This fragment was subsequently
used for designing gene-specific primers (GSP) for RACE-
PCR and amplification of full-length gene using SMARTer
RACE cDNA amplification kit (Clonetech, USA) as per the
manufacturer’s instructions. The initial 5’and 3’RACE-PCR
reactions were performed using respective outer gene-specific
primers (GgSQEP1 and GgSQEP3) with UPM primer
(Universal Primer A Mix). Primary PCR product was used
as a template for nested 5’ and 3’RACE-PCR reactions with

respective nested primers (GgSQEP2 and GgSQEP4) and
NUP primer (Nested Universal Primer A Mix). Both initial
and nested PCR reactions were performed under the following
conditions: 4 min at 94 °C, 35 cycles (30s at 94 °C, 30s at 60
°C, 2 min at 72 °C) and 10 min at 72 °C. The amplified
fragments of 5’ and 3’RACE were cloned into a cloning vec-
tor (pJET1.2) and transformed into DH5α cells (Invitrogen,
USA). Based on the antibiotic screening and PCR analysis,
positive clones were selected and sequenced using ABI
3130xl genetic analyser (Applied Biosystems, USA). The am-
plified sequence of full-length GgSQE1gene (1590 bp) was
cloned, sequenced and submitted to NCBI (MG763680).
Primers used for full-length gene cloning and real-time and
semi-quantitative expression analyses of GgSQE1gene are
listed in Supplementary Table 1.

Isolation and cloning of GgSQE1 promoter

For the isolation of the upstream region of the GgSQE1,
Genome Walker Universal Kit (Clonetech, USA) was used as
per the instructions in the kit. Briefly, the genomic DNA was
isolated using CTAB method and digested with four sets of
restriction enzymes (DraI, EcoRI, PvuII and StuI), indepen-
dently to get four genomic libraries (D1, D2, D3, D4).
Primary PCR was performed using appropriately diluted geno-
mic libraries as a template with adaptor primer (AP1) and outer
gene-specific primer (GSP1) as forward and reverse primers,
respectively. The secondary PCR was done using the nested
primer (AP2 and GSP2) pairs. The amplified product obtained
from the D2 library was purified from agarose gel using the
QIAquick spin kit (Qiagen) and further cloned into pTZ57R/T
cloning vector (Fermentas) and transformed into DH5α cells.
The plasmid was isolated from confirmed DH5α transformants
and sequenced.

In silico sequence analysis and homology
searches and statistical analysis

The sequence data were trimmed using VecScreen software
(https://www.ncbi.nlm.nih.gov/tools/vecscreen/) and aligned
by BLAST and ClustalW program. The presence of putative
cis-regulatory elements was detected by PLACE (http://www.
dna.affrc.go.jp/PLACE/signalscan.html) and PlantCARE
(plantcare/html) scan tools. The nucleotide sequence was
assembled and subjected to BLAST (https://blast.ncbi.nlm.
nih.gov) analysis to confirm the gene identity and translated
using EXPASY translate tool (http://www.expasy.ch/tools/
dna.html) and the properties of deduced amino acid
sequences were estimated using ProtParam (http://www.
expasy.ch/tools/protparam.html). Structurally and
functionally essential regions were identified in the deduced
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protein sequence by SMART tool. Secondary structure was
determined by SOPMA (http://npsa-pbil.ibcp.fr) program.
Hydrophobicity analysis was done using Kyte-Doolittle
(http://gcat.davidson.edu/DGPB/kd/kyte-doolittle.htlm) and
TMHMM (http://www.cbs.dtu.dk/services/) web tools. 3D
protein structure elucidation was done by Pyre2. Conserved
residue analysis of SQE1 protein was performed using
ConSurf and ConSeq web servers (http://consurf. tau.ac.il/
overview.htm) (Berezin et al. 2004). The phylogenetic tree
was constructed using MEGA6.0 software (Koichiro
Tamura et al. 2013). For the identification of other homologs
of GgSQE1, the homology searches were carried out against
an in-house transcriptome resource of G. glabra (BioProject
ID: PRJNA664636) as well as against the transcriptome data-
base of G. uralensis (Mochida et al. 2017) (http://ngs-data-
archive.psc.riken.jp/Gur-genome/download.pl). The qRT-
PCR data was compared and analysed using one-way
ANOVA and two-way ANOVA (for treatments) in
GraphPad Prism 8 software. Values were expressed as means
± SD representing three independent biological samples, each
with three technical replicates. Differences were scored as
statistical significance with P value ranging between < 0.
0001 to < 0.05 levels. For chemical analysis, one-way
ANOVA was used.

Real-time expression analysis of GgSQE1 gene

The expression analysis of all the five identified GgSQE gene
homologs was carried out in different tissues of the regener-
ated plant, and GgSQE1 was also investigated after ABA and
GA3 treatments in the in vitro plants at different time points
(0, 4, 8, 10, 12 and 16 hours) through qRT-PCR (Step One
Plus Real-Time PCR System, Applied Biosystems, USA)
using gene-specific primers (Supplementary Table 1). Also,
the relative expression analysis ofGgSQE1 in the infiltrated
and mock-treated control leaves of N. benthamiana plants
was conducted on Step One Plus Real-Time PCR System
(Applied Biosystems, USA). Real-time PCR reactions were
performed using cDNA (1 μl), Premix Ex Taq (Takara,
Otsu, Japan) (5 μl) and 2 pmol of forward and reverse
primers each, in a final volume of 10 μl. Cycling conditions
optimised were 95 °C for 30 s, 95 °C for 3 s followed by 40
cycles of 58 °C for 1 min and dissociation stage at 95 °C for
15 s, 60 °C for 30 s and 95 °C for 15 s. The specificity of
each primer pair was verified by analysing the melting
curve of PCR products. β-actin was kept as an internal
control. Relative quantification analysis was done by the
ΔΔCT method (Schmittgen and Livak 2008). Three bio-
logical replicates for each sample were used for real-time
PCR analysis, and three technical replicates were analysed
for each biological replicate.

Heterologous expression of GgSQE1
in Nicotiana species

Gene and promoter construct and Agrobacterium
infiltration for heterologous expression

TheGgSQE1 gene was subcloned into two expression vectors
pBI121 and pEAQ-HT (Sainsbury et al. 2009) for stable and
transient expressions, respectively. For stable expression, SacI
and XbaI sites were introduced in the gene and subcloned into
the plasmid pBI121 to get pBI121-GgSQE1 gene construct
(Supplementary Figure 2a), while for transient expression, it
was subcloned into the pEAQ-HT vector (Supplementary
Figure 2b) using AgeI and SmaI restriction sites in frame with
a C-terminus histidine (6xHIS) affinity tag (Supplementary
Table 1). For promoter cloning, the identified upstream frag-
ment (750 bp) was subcloned into pBI121 vector at Hind III
and BamHI sites replacing the CaMV35S promoter with
GgSQE1 promoter (Supplementary Figure 2c). The pBI121
vector, two gene constructs (pBI121-GgSQE1 and pEAQ-HT-
GgSQE1) and promoter construct (pBI121-GgSQE1P:GUS)
were individually transformed into A. tumefaciens strain
GV3101 by the freeze-thaw method (Weigel and
Glazebrook 2006).

Heterologous expression

A single colony of transformed Agrobacterium (GV3101) cell
was inoculated in LB medium (5 ml) with appropriate antibi-
otics and grown for 24 hours at 28 °C under shaking condi-
tions at 180 rpm. The inoculum (1%) from primary culture
was used for the secondary culture, which was incubated for
12 hours under similar conditions. The culture was pelleted
and washed thrice using infiltration buffer containing 1-M
MgCl2, 1-M MES pH 5.6 and 200-mM acetosyringone and
finally re-suspended into the infiltration buffer. The mix was
kept at room temperature for 3 hours. Subsequently, the sus-
pension (OD~0.6) was infiltrated into the leaves of
N. benthamiana plants (4–5 weeks old) by pressing needleless
syringe against the abaxial side of the leaf. The labelled trans-
formed plants were kept in growth chamber until further anal-
ysis. Infiltrated leaf tissue was collected after every 2 days
post-infiltration for checking the transcript levels of the trans-
formed gene using RT-PCR. The leaves were harvested 5
days post-infiltration (dpi) for recombinant protein extraction
and analysis.

For the stable and constitutive expression of the GgSQE1,
N. tabacum was transformed with pBI121-GgSQE1 vector
through Agrobacterium-mediated transformation following
the leaf disk method (Horsch et al. 1989). The N. tabacum
plants were also transformed with empty vector pBI121, fol-
lowing the same method. The regenerated shoots under the
antibiotic selection pressure (kanamycin) were rooted and
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confirmed for their transgenic nature through PCR with gene-
specific primer set. The transgenic lines in T1 generation
along with wild-type N. tabacum plants were grown in the
growth chamber and chemically analysed for sterols.

Protein purification and western blotting

The recombinant protein with C-terminal 6x-HIS tag was ex-
tracted from the infiltrated leaves 5 days post-infiltration (dpi)
by flash-freezing them in liquid nitrogen. Leaves were
crushed to obtain fine powder using a pre-cooled motor pestle.
The recombinant protein was purified, as described earlier (de
Souza 2015). Briefly, pre-grind leaf tissue was homogenised
in three volumes of extraction buffer containing 25-mMTRIS,
150-mM NaCl, β-mercaptoethanol, 1% Triton X-100, 2%
PVP, 10% glycerol, 0.1% TWEEN-20 and 1x protease inhib-
itor cocktail from CST (Cell Signaling Technologies) to the
final volume, and centrifuged at 20,000×g for 5 min at 4 °C.
This was followed by purification using Nickel NTA beads.
The pre-washed Nickel NTA beads (100 μl) were added to
crude protein extract, and the mixture was incubated for 2 h at
4 °C for efficient binding of tagged proteins to the beads.
Imidazole (10 μM) was added to the washing buffer to min-
imise non-specific binding of the histidine-rich protein.
Finally, the bound protein was eluted using elution buffer
(extraction buffer containing imidazole concentration ranging
between 25 and 200 mM), at 4 °C, and was loaded on SDS
Gel (10%) as per the standard protocol, which was further
confirmed by western blotting using anti-HIS antibody
(Supplementary Figure 3).

Assay of the promoter activity

The leaves of N. benthamiana plants were Agro-infiltrated
with the constructs (empty pBI121 vector and pBI121-
GgSQE1-Prom-GUS), followed by ABA and GA3 (100 μM
each) treatments. Abscisic acid was prepared in aqueous so-
lution while GA3 was prepared in aqua-ethanolic solution
with 0.05% Tween 20 and sprayed over the plant. Mock treat-
ment was given with autoclaved distilled water and aqua-
ethanolic solution to the respective plant. Promoter infiltrated
and elicited leaves were harvested after 16 hours along with
the mock-treated controls. All the samples were analysed
qualitatively using GUS assay and quantitatively using
MUG assays. GUS assays were performed on transiently
transformed leaves of N. benthamiana with pBI121-
GgSQE1-Prom-GUS and pBI121 empty vector. The sub-
strate, X-gluc (5-bromo-4-chloro-3-indolyl-β-glucuronide),
was prepared in 20-mM sodium phosphate buffer (pH 7.2)
containing 0.1% Triton X-100, 10-mM EDTA, 50-mM potas-
sium ferricyanide and 50-mM potassium ferrocyanide.

Infiltrated leaves were cut into small discs and incubated with
the substrate overnight at 37 °C following the published pro-
tocol (Janssen and Gardner 1990). Subsequently, the tissues
were cleared with serial transfers in 70% alcohol to remove
excess blue colour, for photography. The relative expression
intensity was quantified using MUG assay. For MUG assay,
the Agro-infiltrated leaves were homogenised in 1-ml extrac-
tion buffer containing 10-mM EDTA, 50-mM NaH2PO4

(PH7), 0.1% sodium laurylsarcosine, 10-mM β-
mercaptoethanol and 0.1% Triton X-100. The homogenate
was centrifuged at 12,000 rpm for 15 min at 4 °C before the
supernatant was collected. The protein concentrations were
measured by the Bradford method using bovine serum albu-
min (BSA) as a standard. Fluorometric enzymatic assay was
carried out by adding 50 μl of pre-warmed (37 °C) protein
extract to 200-μl pre-warmed (37 °C) MUG assay buffer.
After incubation at 37 °C for 120 minutes, 10 μl from the
reaction mix was added to 190 μl of stop buffer (200-mM
sodium carbonate) in a microtitre plate to stop the reaction.
Fluorescence was measured using a microplate spectro-
fluorometer (1420 Multilabel Counter, PerkinElmer,
Finland) at the excitation wavelength of 365 nm and the emis-
sion wavelength of 455 nm. All the experiments were per-
formed in triplicates. Untransformed plant and plant having
only pBI121construct were used as controls.

Chemical analysis

Extraction

The extraction of phytosterols was done following the proto-
col published by Xiang et al. (Li, et al. 2016) including the
acid hydrolysis and alkaline saponification steps with little
modifications. Finally, the dried plant extract generated from
the equal weight (1 g) of the starting material was dissolved in
methanol before subjecting to GC-MS analysis with an injec-
tion volume of 1 μl. The procedure for glycyrrhizin extraction
from the in vitro-regenerated G. glabra plants was essentially
similar to the earlier published reports (Gupta et al. 2013;
Khan et al. 2016).

GC-MS analysis of the transformed N. tabacum plant

GC-MS analysis of the samples was performed on an Agilent
7890A gas chromatograph coupled to an Agilent 5975C inert
XL MSD mass spectrometer with triple-axis detector and a
MassHunter Workstation software (USA) using a DB-5 (30
m × 0.25 mm i.d. × 0.25 μm film thickness). Heliumwas used
as carrier gas at a flow rate of 0.5 mL/min. Temperature pro-
gramming was 50 °C hold for 1 minute, 50–250 °C at a rate of
50C/min, and held for 5 min. Mass spectra were recorded in
electron impact (EI) modewith ionisation energy of 70 eV and
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a scan rate of 0.5 s/scan. The scan range was 50–600 amu.
Inlet and transfer line temperature were set 250 °C. The split
ratio used was 50:1. Component identification was achieved
byWiley and NIST libraries. Compounds were also identified
by peak enrichment on co-injection with available authentic
standards. Peak area percentages (%) were obtained electron-
ically from the EIC response without the use of correction
factors.

LC–MS/MS analysis

The lyophilized ABA- and GA3-treated aerial tissues and the
untreated control of the in vitro-regenerated G. glabra plants
were extracted and analysed following the published protocol
(Khan et al. 2016). Briefly, analytical chromatographic sepa-
rations of the extract were carried out on a chromolith perfor-
mance RP-18e column (100 × 4.6 mm, Merck, Germany)
protected by a chromolith guard column of the same

company. The optimised parameters were column tempera-
ture at 30 °C; flow rate at 0.4 ml/min and the sample injec-
tion volume was 10 μl. The solvent system optimised was a
linear gradient of acetonitrile/water and formic acid. The
mobile phase was programmed at acetonitrile 40% for 4
min, 50% for 6 min, 60% for 15 min, 70% for 5 min, 80%
for 5 min and from 80 to 40% in 15 min. The detection,
identification and quantification of glycyrrhizin were per-
formed on an Agilent 6410 LC/MS–MS (Agilent
Technologies, USA) triple-stage quadrupole mass spec-
trometer equipped with the electrospray ionisation (ESI)
interface and liquid chromatography was performed on an
Agilent 1260 Infinity (Agilent, USA) quaternary pump
equipped with an autosampler, column heater and online
degasser. ESI positive mode with single ion monitoring
was chosen for the quantification of investigated com-
pounds. All the standards used in the present study were
procured from Sigma-Aldrich (USA).

Table 1 The identified squalene epoxidase proteins (GgSQEs) from Glycyrrhiza glabra, their in silico characterisation and putative functions

Protein Nucleotides Amino
acid

Molecular weight
(kDa)

Isoelectric
Point

Homology Homology
(%)

Function

GgSQE1 1590 529 58.2 8.35 Astragalus membranaceus
(AHY94896.1)

89% Triterpenoid
saponins

GgSQE2 1575 524 56.9 8.80 Ononis spinosa (AUD09559.1) 91% Seco-triterpenoids

GgSQE3 1599 532 58.2 8.65 Ononis spinosa
( AUD09558.1)

96% Seco-triterpenoids

GgSQE4 1326 441 48.2 8.51 Ononis spinosa
( AUD09558.1)

90% Seco-triterpenoids

GgSQE5 1575 524 56.8 8.36 Arabidopsis thaliana SQE3
(AT4G37760)

76% Embryo
development

Fig. 1 The homology modelling of GgSQE1. a Three-dimensional
models and conserved residue prediction; b 3D structures of GgSQE1
(cartoon display) as predicted by Phyre2; c predicted ligands (shown in
green) with their binding sites as predicted by 3D LigandSite web server.
The residues involved in ligandmolecule interactions are ARG 329, ASN
228, VAL189, ASP 95, VAL 103, PRO358, GLY 104, GLU105, THR
188, CYS225, GLU 93 and ILE 92 (shown in purple) in the core of the
structure. Conserved residue analysis of GgSE1 was performed using

ConSeq web servers. Residue conservation from variable to conserved
is shown on the given scale, i.e. green (1) to violet (9); d 39-bp long signal
peptide at the N-terminal and a U-shaped transmembrane topology
having both N&C terminals in the extracellular matrix. The predicted
structure had a major cytosolic region (26–460 aa), three
transmembrane regions (6–25 aa; 461–479 aa; and 487–505 aa) and an
extra cytosolic region (480–486 aa)
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Results

Identification, cloning and characterisation of
squalene epoxidase homologs

A full-length CDS, putatively encoding SQE, named as
GgSQE1, was established by employing a homology-based
cloning approach involving 5’ and 3’ RACE. A 1590-bp
CDS of GgSQE1, thus cloned, was predicted to encode a
polypeptide of 529 amino acid residues, which showed max-
imum sequence homology (89%) with the SQE from
Astragalus membranaceus (KJ010819.1) (Table 1).The pre-
dicted molecular weight was found to be 58.2 kDa having the
theoretical pI of 8.35. The estimated half-life of the protein
was calculated to be 30 hours (in vitro) and 20 and 10 hours in
in vivo systems of yeast and E. coli, predicting it to be an
unstable protein (Gao et al. 2016). Although squalene
epoxidases of various origins have been investigated with re-
spect to substrate requirements including cofactors and inhib-
itors, no structural model for the gene is available

(Ruckenstuhl et al. 2007). An earlier report by Schreuder
(Schreuder et al. 1989) cited p-hydroxybenzoate hydroxylase
(PHBH) of Pseudomonas fluorescens to be the prototype of
FAD-dependent hydroxylases and the only enzyme in this
class of flavin proteins for which the three-dimensional struc-
ture is known. However, in the present study, in silico align-
ment of the deduced protein sequences with PHBH tem-
plate (Supplementary Fig. 4) showed very low homology
(26%). Hence, this template was not considered for homol-
ogy modelling. Instead, we decided to identify protein tem-
plate based on protein folding/threading using Phyre2 soft-
ware. The software selected oxidoreductase (c2qa2A) tem-
plate for the 3D structure prediction (Fig. 1) of 376 residues
(71% query coverage) with 100% confidence level as the
single highest scoring template protein (c2qa2A). The pre-
dicted 3D structure was comprised of α-helix and β sheets
(Fig. 1a), binding sites (Fig. 1b), conserved (green) and
variable (violet) amino acid residues (Fig. 1c) and 39-bp
long signal peptide at the N-terminal. The protein showed
U-shaped transmembrane topology having both N&C

Fig. 2 Multiple sequence alignment of the deduced five amino acid
sequences identified from the Glycyrrhiza glabra (MG763680 SQE1);
Glycyrrhiza glabra (MN593324 SQE2);Glycyrrhiza glabra (MN593325
SQE3); Glycyrrhiza glabra (MN593326 SQE4); and Glycyrrhiza glabra
(MN593328 SQE5) with proteins from other plant species present in

NCBI: Ononis spinosa (AUD09558.1); Medicago truncatula
(KEH39980.1); Astragalus membranaceus (AHY94896.1); Glycine
soja (KHN46220.1); and Cajanus cajan (KYP54510.1) identical
residues are marked (*) and characteristic residues (FAD and NAD
binding) are underlined with black
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terminals in the extracellular matrix (Fig. 1d). The predict-
ed model showed that the residues present at the centre core
of the structure, namely, residues ARG 329, ASN 228,
VAL189, ASP 95, VAL 103, PRO358, GLY 104,
GLU105, THR 188, CYS225, GLU 93 and ILE 92, were
involved in ligand molecule interactions (shown in blue).
The predicted structure had a major cytosolic region (26–
460 aa), three transmembrane regions (6–25 aa; 461–479
aa; and 487–505 aa) and extra cytosolic region (480–486
aa). Further, the study on docking the protein with various
related substrates will help in understanding the enzyme-
substrate flexibility for metabolic reprogramming the
pathways.

The GgSQE1 protein sequence was used to identify SQE
homologs in the transcriptome of Glycyrrhiza species.
Transcriptome-wide examination of Glycyrrhiza species re-
vealed five putative squalene epoxidase gene homologs
(Table 1). The identified GgSQE1–GgSQE5 sequences ranged
between 1326 and 1599 bp corresponding to amino acid resi-
due ranging between 441 and 532. Considering the size of the
deduced protein sequence, it is possible that GgSQE4 repre-
sents a partial CDS. Three putative G. glabra epoxidase en-
zymes (GgSQE2, GgSQE3 and GgSQE4) were 90–96% ho-
mologous to the characterised Ononis spinosa SQE enzyme
(AUD09558.1), which is involved in seco-triterpenoid biosyn-
thesis (Almeida et al. 2018) (Table 1). While GgSQE1 was
found homologs (89%) to Astragalus membranaceus
(AHY94896.1 and AKO83630.1) with a role in triterpenoid
biosynthesis, GgSQE5 was 76% homologous to Arabidopsis
thaliana squalene epoxidase 3 enzyme (AT4G37760) impor-
tant for embryo development (Laranjeira et al. 2015). The
GgSQE1 sequence was BLAST searched to identify SQE pro-
teins from other plant species for multiple sequence alignment
and phylogenetic analysis (http://www.ebi.ac.uk/Tools/msa/
muscle/). The multiple sequence alignment of all the five
GgSQE proteins (Fig. 2) along with the amino acid residues
of the known proteins from other plant species (Supplementary
Figure 5) showed several conserved domains. The characteris-
tic flavin adenine dinucleotide (FAD) domain and nicotinamide
adenine dinucleotide (NAD) binding site occupied most of the
protein. The FAD domain is reported to be involved in the
biosynthesis processes of the enzymes (Li et al. 2018; Li
et al. 2009). As can be seen from Fig. 2, the N-terminal amino
acid residues of the SQE proteins belonging to Fabaceae family
were more diverse (less homology) than the middle and C-
terminals of the protein. The phylogenetic analysis of the pro-
tein sequences illustrated the position of the gene with the other
known species (Fig. 3). The tree clustered 40 protein sequences
broadly into three major groups with members of the same
family grouping together. Group I with 12 members was com-
prised of two subgroups having six members in each group,
belonging to Araliaceous and Fabaceae families. Group II had
11 members, all belonging to the Fabaceae family. This group

was, however, subdivided into Fabaceae I with four members
and Fabaceae II with seven members. Group III had six mem-
bers all from the Brassicaceae family assembled into two
subgroups.

Spatial and temporal expression analysis of squalene
epoxidase genes

The tissue-specific expression profiling of all the five identi-
fied GgSQE gene homologs (GgSQE1–GgSQE5) was per-
formed using qRT-PCR in the leaf, stem and root tissues of
the field-grown plant and the in vitro-regenerated plants
(Fig. 4a–e). GgSQE1 expression (Fig. 4a) was the highest
in roots of both the in vitro (22.0-folds) and the field plants
(16.2-folds) as compared to the control (field stem). Further,
the expressions of other GgSQE homologs (GgSQE2–
GgSQE5) were highly reduced in all the tissues of the plants
under investigation (Fig. 4b–e). The expression profile of
GgSQE2was highly downregulated in all the tissues studied
from in vitro and field plants (0.1–0.3), while GgSQE3 had
similar expression (1.0–0.8) in all the tissues of the field
plant and in vitro root tissue (1.1), while it was highly down-
regulated in the in vitro leaf (0.1) and stem (0.2) tissues. The
expression ofGgSQE4 corresponded toGgSQE3 expression
pattern, while GgSQE5 was seen to be slightly upregulated
(1.1), only in the in vitro root tissue (Fig. 4e). The time-based

�Fig. 3 Phylogenetic tree constructed using the deduced amino acid
sequences from Glycyrrhiza glabra (GgSQE1–GgSQE5) along with 42
other SQE proteins. The protein sequence IDs used in the analysis were
BAF79915.1 (Euphorbia tirucalli); MG763680 (glabra SQE1);
MN593324 (Glycyrrhiza glabra SQE2); MN593325 (Glycyrrhiza
glabra SQE3); MN593326 (Glycyrrhiza glabra SQE4); MN593328
(Glycyrrhiza glabra SQE5); ABC94943.1 (Medicago sativa);
APD76301.1 (Medicago sativa); EOY15642.1 (Theobroma cacao);
KYP54510.1 (Cajanus cajan); KHG06672.1 (Gossypium arboreum);
KEH39981.1 (Medicago truncatula); KEH39980.1 (Medicago
truncatula); ACQ90301.1 (Gynostemma pentaphyllum); AFZ93645.1
(Euphorbia lathyris); KYP34787.1 (Cajanus cajan); KEH39980.1
(Medicago truncatula); ALD84329.1 (Morus alba); AFI33134.2
(Eriobotrya japonica); ARA73618.1 (Lepidium apetalum);
AT1G58440.1 (Arabidopsis thaliana ATSQE1); AT2G22830
(Arabidopsis thaliana ATSQE2); AT4G37760.1 (Arabidopsis thaliana
ATSQE3); AT5G24140.1 (Arabidopsis thaliana ATSQE4);
AT5G24150.1 (Arabidopsis thaliana ATSQE5); AT5G24160.1
(Arabidopsis thaliana ATSQE6); AB923908.1 (Botryococcus braunii
SQE-I); AB986538.1 (Botryococcus braunii SQE-2); ADC32655.1
(Aralia elata); GU574803.1 (Withania somnifera); AGK62446.1
(Panax quinquefolius); AJV26446.1 (Panax ginseng); ACJ24907.2
(Panax ginseng); AFZ93645.1 (Euphorbia lathyris); ABE60738.1
(Panax notoginseng); BAD15330.1 (Panax ginseng); AHY94896.1
(Astragalus membranaceus); AUD09558.1 (Ononis spinosa);
KHN17192.1 (Glycine soja); ACJ05633.1 (Nigella sativa);
EOX97273.1 (Theobroma cacao); OAY63657.1 (Ananas comosus).
The evolutionary history was inferred using the maximum likelihood
method based on the JTT matrix-based model. Evolutionary analyses
were conducted in MEGA6 (Koichiro Tamura et al. 2013)
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expression dynamics ofGgSQE1 in the in vitro-regenerated
tissues of G. glabra (Supplementary Figure 6) revealed up-
regulation of GgSQE1 in the root tissues of 10 (6.3-folds)
and 12 months (5.1-fold) old plantlet, while it was found to
be largely unchanged in the in vitro shoot tissues (0.8- to 1.2-
folds) under investigation.

Transcriptional regulation of GgSQE1 gene

In order to understand the transcriptional regulation of
GgSQE1 gene, its 750-bp upstream region was cloned and
sequenced. The cloned region was predicted to display the
presence of various cis-regulatory elements including ABA-
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and GA-responsive elements (ABRE and P-Box), the binding
site for MYB proteins, WRKY71, transcriptional activators
like ARR1 and ARR2, etc. (Table 2). The presence of these
regulatory sequences points towards their regulatory role on
GgSQE1 expression. The promoter activity was investigated
by subcloning GgSQE1 promoter into pBI121 plasmid, re-
placing CaMV35S promoter of the wild-type plasmid and
evaluated for GUS expression.

Histochemical analysis

The untreated untransformed (Fig. 5a), untreated empty
vector transformed (pBI121-35S-GUS) (Fig. 5b) and un-
treated SQE1 promoter–transformed (GgSQE1-Prom-
GUS) (Fig. 5c) N. benthamiana plants were subjected to
ABA and GA3 treatments to understand the transcriptional
regulation. The enhanced GUS activity (darkly stained) was
seen in the treated leaves (Fig. 5d, e) as compared to the
three control leaves (Fig. 5a, b and c) indicating augmented
GUS activity in the leaves driven by enhanced promoter
activity under the influence of both the hormones. The pro-
moter activity was further quantified using MUG assay
(Fig. 5f). The relative MU value showed 3.6-fold and 1.6-
folds enhanced GgSQE1 promoter activity under ABA and
GA3 treatments, respectively, as compared to the control
plants (Fig. 5f). These results prompted us to study the
expression of GgSQE1 gene following ABA and GA3

(Fig. 6a) treatments in G. glabra. The RT-PCR–based ex-
pression analysis of GgSQE1 under the ABA influence
showed maximum expression (12.4-folds) in shoot at 10
hours, while minimum was observed in 4 hours (1.7-fold)
as compared to the untreated control shoot. The GA3

treatment, however, was maximum (2.5-folds) at 12
hours, while minimum (1.1-folds) was seen after 10 hours
(Fig. 6a).

Functional characterisation of GgSQE1 gene

In order to study the in planta function of the identified
GgSQE1, we carried out its heterologous expression in
N. benthamiana and N. tabacum. The effectiveness of syringe
infiltration of Agrobacterium into plant tissue was optimised
using green fluorescent proteins (GFP) inN. benthamiana. The
N. benthamiana leaves were infiltrated with Agrobacteria con-
taining pEAQ-HT-GFP construct and expression was ob-
served over the entire leaf area under UV light (395 nm)
starting from 2 days post-infection (dpi) to 5 dpi where it was
found maximum. No green fluorescence was observed from
leaves infiltrated with dH2O, indicating that the fluores-
cence was specific to the GFP gene and was not the result
of background fluorescence from the leaves (Fig. 7a, b).
Firstly, to confirm whether the GgSQE1 expression leads
to the biosynthesis of the protein of the expected size, tran-
sient expression of the open reading frame corresponding to
the GgSQE1 along with a C-terminal His tag was carried
ou t in N. ben thamiana . The expres s ion vec to r
(Supplementary Figure 2b) used in the present study has
been demonstrated to be highly efficient (Fig. 7c) in large--
scale production of recombinant protein in N. benthamiana
(Sainsbury et al. 2009). Following Agro-infiltration, the
transcript level of GgSQE1 was examined at 0, 3, 5, 8, 10
and 12 days post-infiltration (Fig. 7d). The results showed
maximum accumulation of transcripts between 3 and 5 days
post-infection.

To further investigate the functional aspect of GgSQE1,
stable tobacco transgenic lines overexpressing GgSQE1 gene
were developed following Agrobacterium-mediated transfor-
mation (Fig. 8). The putative transformants were screened on
kanamycin (100 μg/ml) containingMSmedia along with con-
trol. The antibiotic-resistant transformants were reconfirmed
by PCR using gene-specific primers and real-time primers
(Supplementary Figure 7).

Fig. 4 Real-time expression analysis of five squalene epoxidase
homologs (GgSQE1–GgSQE5) in different tissues (leaf, stem and root)
of the field and in vitro-regenerated Glycyrrhiza glabra plants. a
GgSQE1; b GgSQE2; c GgSQE3; d GgSQE4; e GgSQE5. The data
was compared and analysed using one-way ANOVA in GraphPad
Prism 8 software. Values are expressed as means ± SD representing

three independent biological samples, each with three technical
replicates. Differences were scored as statistical significance at ***P <
0.0001, **P < 0.001 and *P < 0.05. Asterisks indicate the comparison of
expression levels of SQE homologs in the field stemwith the other tissues
of in vitro and field plant
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The impact of overexpression of the GgSQE1 gene on the
downstream sterol pathway in N. tabacum was analysed
through GC-MS. The plants raised from the seeds of the T1
generation were screened for the sterol contents. The seed-
raised plants showed wide variation in the analysed constitu-
ents. However, a significant modulation in the content of the
downstream sterols was observed in the transformed plants.
The relative percentage of the selected six lines is represented
in Fig. 9. The positive effect of GgSQE1 overexpression was
evident by the presence of α-tocopherol (vitamin E) while it
was absent in the control and empty vector transformed plants.
The higher levels of few sterols in the control plant may be
expected as they are the segregating population of the seed-
derived plants. The EIC spectra of the sample and control
along with individual identified peaks of the compounds are
given in Supplementary Figure 8.

Discussion

Squalene epoxidase (SQE) catalyses the stereo-specific con-
version of squalene to 2,3-oxidosqualene, which, in turn,
serves as a precursor of several structurally and functionally
different sterols and triterpenoids, including glycyrrhizin. In
recent years, the SQE-encoding genes from many organisms
have been isolated and characterised, including those of path-
ogenic fungi, plants, mice, rats and humans (Ruckenstuhl
et al. 2005). In plants, the presence of multiple SQE genes
and their phylogenetic diversity suggest their diverse and
new evolutionary roles. Experiments conducted in
A. thaliana revealed multiple copies of non-redundant SQE
genes (Rasbery 2007). Studies have demonstrated varied and
differential expression of squalene epoxidase gene paralogs
from several plant species, indicating their regulatory/diverse

Table 2 Cis-regulatory elements, their signal sequences and reported putative functions identified in the promoter region of the cloned squalene
epoxidase gene (GgSQE1) from Glycyrrhiza glabra

S
No.

Cis-regulatory elements Signal sequence Putative function

1 CAAT Box1 5'CAAT3' Conserved sequence for the tissue-specific promoter activity

2 MYBCORE 5'CNGTTR3' Binding site for MYB proteins responsive to water stress

3 SEF4MOTIFGM7S 5'RTTTTTR3' Enhancer present in beta-conglycinin gene promoter of soya bean

4 WRKY71OS 5'TGAC3' W box; transcription repressor of gibberellin signalling pathway

5 ABRERATCAL 5'MACGYGB3' Ca2+-responsive upregulated genes

6 CGACGOSAMY3 5'CGACG3' Function as a coupling element for the G box element

7 CACTFTPPCA1 5'YACT3' Cis-regulatory element in phosphoenolpyruvate carboxylase (ppcA1) of the C4 dicot

8 TATABOX5 5'TTATTT3' 5'upstream region of pea glutamine synthetase

9 GATABOX 5'GATA3' Response to light signal

10 GT1CONSENSUS 5'GRWAAW3' Response to light signal

11 MYBST1 5'GGATA3' Core motif of MybSt1 -a potato MYB homolog

12 DOFCOREZM 5'AAAG3' Dof1 and Dof2 transcription factors associated with multiple genes expression of carbon
metabolism in maize

13 CCA1ATLHCB1 5'AAMAATCT3' Myb-related transcription factor involved in phytochrome regulation of Lhcb gene

4 ROOTMOTIFTAPOX1 5'ATATT3' Motif found in promoters of rolD (Agrobacterium rhizogenes)

15 SEF1MOTIF 5'ATATTTAWW3' SEF1 (soybean embryo factor 1) binding motif

16 ARR1AT 5'NGATT3' ARR1 and ARR2 response regulators—transcriptional activators

17 PYRIMIDINEBOXHVEPB1 5'TTTTTTCC3' Cis- and trans-acting elements involved in coordinated gene expression regulated by
gibberellins and abscisic acid

18 CURECORECR 5'GTAC3' Copper and oxygen signals

19 MYBPZM 5'CCWACC3' Specifies red pigmentation of kernel pericarp, cob, and other floral organs

20 POLASIG1 5'AATAAA3' Found in legA gene of pea, rice alpha-amylase

21 TATABOX2 5'TATAAAT3' Critical for accurate initiation of transcription

22 ACGTATERD1 5'ACGT3' Etiolation-induced expression of erd1 (early responsive to dehydration) in Arabidopsis

23 PEHVPSBD 5'TATTCT3' Light-responsive promoter elements in tobacco

24 GAREAT 5'TAACAAR3' GA-responsive element

25 POLLEN1LELAT52 5'AGAAA3' Pollen-specific expression

26 NODCON2GM 5'CTCTT3' One of two putative nodulin consensus sequences; family of nodule-specific genes from
soybean
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function (Laranjeira et al. 2007). The study demonstrated con-
stitutive expression of two SQEs (SQE1 and SQE3) in
A. thaliana, while SQE2 and SQE4 could be induced under
certain conditions. The squalene epoxidase 1 (AtSQE1) pre-
dominantly catalysed enzymatic step of the sterol biosynthetic

pathway, which could be functionally complemented by
AtSQE3 homolog. However, AtSQE3 predominantly func-
tions in embryo development (Laranjeira et al. 2007; Suzuki
et al. 2002). Despite the crucial role of SQE, the genes
encoding SQE have not been characterised in Glycyrrhiza

Fig. 5 Histochemical analysis of GUS activity. For qualitative analysis,
Nicotiana benthamiana leaves were infiltrated with two controls a
distilled water; b empty vector (pBI121-35S-GUS) and c GgSQE1
promoter construct (GgSQE1-Prom-GUS). The GgSQE1-Prom–
transformed N. benthamiana leaves were subjected to two hormonal
treatments, d ABA and e GA3 (100 μM each). f MUG-based
quantitative analysis was performed in Nicotiana benthamiana leaves
infiltrated with distilled water (NC) empty vector (pBI121); untreated
GgSQE1 promoter construct (SQE1-UT) and GgSQE1 promoter

construct treated with ABA (SQE1-ABA) and GA3 (SQE1-GA3).
Values are means ± SE of three independent biological replicates each
with three technical replicates. SE is represented by bars. Obtained values
were compared and analysed with one-way ANOVA using GraphPad
Prism 8 software. Differences were scored as statistical significance at
***P < 0.0001, **P < 0.001 and *P < 0.05. Asterisks indicate the
comparison of GgSQE1 promotor activity level in treated and untreated
Nicotiana benthamiana leaves

Fig. 6 Influence of hormones on the gene expression and glycyrrhizin
accumulation. a Quantitative real-time expression analysis of squalene
epoxidase 1 under the influence of ABA and GA3 hormones in the
shoot tissues at 0, 4, 8, 10, 12 and 16 hours post-treatments; b LC-MS–
based analysis of glycyrrhizin in the hormone-treated shoot tissues of
G. glabra. The data were compared and analysed using two-way

ANOVA in GraphPad Prism 8 software. Values are expressed as means
± SD representing three independent biological samples, each with three
technical replicates. Differences were scored as statistical significance at
*** P < 0.0001, **P < 0.001 and *P < 0.05. Asterisks indicate difference
in expression levels of SQE1 in control and treated plants
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Fig. 7 Transient heterologous
expression of GgSQE1 gene in
Nicotiana benthamiana. a Un-
infiltrated control leaves; b leaves
infiltrated with pEAQ-HT-GFP
vector. qRT-PCR analysis of c
transient expression analysis of
GgSQE1 gene in untransformed
Nicotiana benthamiana plant
(UT) and transformed plant
(GgSQE1); and d transient
expression of GgSQE1 gene on
different days (0, 3, 5, 8, 10 and
12) post-infiltration in the
confirmed Nicotiana
benthamiana transformant

Fig. 8 Heterologous stable transformation of GgSQE1 gene from
Glycyrrhiza glabra into Nicotiana tabacum mediated by Agrobacterium
tumefaciens (GV3101) harbouring pBI121 plasmid (pBI121-GgSQE1).
The first row (Fig. 8a–d) represents the pictures of different stages of
transformed plant and second row has empty vector–transformed plant
(Fig. 8e–h). a Callus induction from Agrobacterium tumefaciens
(GV3101) containing pBI121-GgSQE1–transformed leaf disc; b
putative transgenic shoots cultured on MS medium containing

kanamycin (100 μg/ml ) and cefotaxime (250 μg/ml ); c acclimatised
transformed tobacco plantlet; d flowering stage of regenerated
transformed plant; e empty vector–transformed plants; f empty vector
control plants cultured on MS medium containing kanamycin (100
μg/ml ) and cefotaxime (250 μg/ml ); g acclimatised empty vector–
transformed tobacco plantlet; and h empty vector–transformed control
plants
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species in detail so for. In the present study, therefore, we have
carried out identification, cloning and functional characterisa-
tion of SQE genes from G. glabra. The study demonstrated
differential expression of squalene epoxidase gene and its ho-
mologs in different tissues (Fig. 4a–e) and under the influence
of ABA and GA3 hormones (Fig. 6a). The data showed con-
stitutive expression of GgSQE1 gene under normal conditions
in both the roots and shoot tissues of the plant, while the four
homologs (GgSQE2–GgSQE5) were highly repressed in all
the tissues. The roughly conserved expression pattern of
GgSQE25 genes can be attributed to their conserved evolu-
tionary relatedness as all these genes were found to be clus-
tered together within the phylogenetic tree. GgSQE1, on the
other hand, was subgrouped into Fabaceae A, clustering with
Astragalus membranaceus which has a role in astragaloside
biosynthesis (Kim et al. 2014). Further study of the homologs
will help in understanding their role in different physiological
processes occurring in G. glabra plant.

Furthermore, the dynamics of GgSQE1 transcripts in the
month-wise in vitro-regenerated tissues of G. glabra demon-
strated its differential expression (Supplementary Figure 6).
The root tissues of 10- and 12-month-old in vitro-grown plant
upregulated higher expression, while in shoot tissues, its ex-
pression was found to be largely unchanged. The higher

expression of GgSQE1 in roots, with advancing age, can be
related to higher secondary metabolites accumulation, in-
cluding sterols, flavonoids and terpenoids in mature plant
(Hayashi 2007; Hayashi et al. 2003). Additionally, to un-
derstand the transcriptional regulation of GgSQE1 gene, its
upstream region was cloned, sequenced and functionally
characterised using GUS staining and quantified by MUG
assay. Transcriptionally fusedGgSQE1 promoter withGUS
reporter gene was transiently expressed in N. benthamiana
leaves and subjected to ABA and GA3 treatments, based on
the presence of various cis-regulatory elements present in
the upstream region of the gene. Hormone-treated leaves
showed higher GUS activity compared to the untreated
N. benthamiana leaves which motivated us to study the
expression of GgSQE1 gene following ABA and GA3 treat-
ments in G. glabra plant. Quantitative expression analysis
of GgSQE1 gene in the aerial tissues of the treated plants
showed enhanced expression under both the treatments;
however, the effect was found to be more pronounced under
ABA (12.4-folds in 10 hours) than the GA3 (2.5-folds in 12
hours) treatments. The results were completely in line with
glycyrrhizin accumulation pattern in the shoot tissues sub-
jected to hormone treatments (Fig. 6b), indicating a positive
correlation between GgSQE1 expression and glycyrrhizin
accumulation. Earlier studies on G. uralensis had also dem-
onstrated detection of enhanced glycyrrhizic acid,
triterpene saponins and flavonoid compounds (Qiao et al.
2017) under the influence of GA3 and ABA (Li et al. 2016).

For the functional characterisation, in planta heterologous
expression of GgSQE1 gene was carried out transiently in
N. benthamiana and stably in N. tabacum plants. The
GgSQE1 expression and recombinant protein were confirmed
by RT-PCR (Fig. 7) and western blot (Supplementary
Figure 3b) analyses in N. benthamiana, while stable
GgSQE1 overexpressing tobacco transgenic lines were
analysed to see its impact on downstream sterol pathway in
N. tabacum. GC-MS analysis of the T1 generation of the
selected lines showed accumulation of α-tocopherol in the
selected transformed lines (Fig. 9). The enhanced accumula-
tion of phytosterols, especially the presence of α-tocopherol
in N. tabacum, suggested the involvement of GgSQE1 in ste-
rol biosynthesis.

Several earlier studies on SQE enzyme have demonstrated
its role in oxidosqualene production in the roots and reproduc-
tive tissues of Arabidopsis (Rasbery 2007), saponin biosyn-
thesis (Li et al. 2009) and combinatorial biosynthesis. Also the
studies pertaining to the effect of inhibiting SQE gene have
highlighted their influence on plant secondary metabolites
(Cattel et al. 1992; Wentzinger et al. 2002). In the present
study, the involvement of GgSQE1 was demonstrated in the
downstream sterol biosynthesis in Nicotiana species and ter-
penoid biosynthesis in G. glabra plant. Our conclusion was
based on (1) enhanced upregulated expression of only

Fig. 9 Histogram representing the quantitative data of the phytol,
cholesterol, campesterol, stigmasterol, D-α-tocopherol, stigmast-5-en-3-
ol, cycloartenol, ergosterol and sitosterols. In wild-type plant, empty
vector–transformed plant and GgSQE1-transformed plants. The
contents of phytosterols in transformed plants were compared to those
in the empty vector–transformed plants. The data was compared and
analysed using one-way ANOVA in GraphPad Prism 8 software.
Histogram represents values which are means ± SE of three
independent biological replicates, each with three technical replicates.
SE is represented by bars. Differences were scored as statistical
significance at **P < 0.01 and *P < 0.05 levels. Asterisks show the
difference between transformed and empty vector–transformed plants
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GgSQE1 in the roots (site of glycyrrhizin biosynthesis) in both
the field and in vitro plants studied; while all the other homo-
logs (GgSQE25) were highly repressed in the tissues investi-
gated (Fig. 4); (2) ABA-induced enhanced promoter activity
(Fig. 5) corresponding to upregulated GgSQE1 gene expres-
sion (Fig. 6a) corroborating with the enhanced accumulation
of glycyrrhizin in the ABA-treated G. glabra samples (Fig.
6b); and (3) enhanced accumulation of phytosterols in the
stable transformants of N. tabacum plants as compared to
the empty vector transformed plant (Fig. 9). The present work
on the identification of full-length five SQE genes from
Glycyrrhiza species and cloning and characterisation of
GgSQE1 gene and promoter will form the basis for the future
studies on regulation and metabolic engineering of the down-
stream pathways, as squalene epoxidase is the key enzyme
involved in several pathways. The identification of the
GgSQE homologs will open up avenues in understanding their
role in plant growth and development.

Conclusion

Cloning characterisation and heterologous expression of squa-
lene epoxidase genes from Glycyrrhiza species are significant
as 2,3-oxidosqualene is the upstream precursor metabolite for
several industrial and pharmaceutically important molecules.
These products have immense chemical diversity ranging from
triterpenoids (glycyrrhizin), phytosterols (brassinosteroids),
lupane (betulinic acid) to vitamins. Identification of five SQE
genes fromGlycyrrhiza species will throw light on their role in
the regulation of various pathways in the life cycle of the plant.
The enhanced activity under abscisic acid and GA3 of the
cloned upstream region of GgSQE1 will be useful in future
studies on pathway manipulations. Further, GgSQE1 was seen
to be expressed more in root with the age of the plant, suggest-
ing higher secondary metabolite production in root with the
advancing age of G. glabra plant. The study will help in un-
derstanding the regulatory role of SQE gene in the secondary
metabolite pathways, including glycyrrhizin biosynthesis and
channelisation of the precursor for enhanced target compound.

Supplementary Information The online version contains supplementary
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