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ARTICLE INFO ABSTRACT

Keywords: Persian poppy (Papaver bracteatum Lindl.) is a perennial medicinal plant belonging to the Papaveraceae family
Papaver bracteatum Lindl. that is endemic to the mountainous areas in Northern Iran. It is known for high amounts of the valuable ben-
Papaveraceae

zylisoquinoline alkaloid thebaine. The effects of induced polyploidy as well as the effect of methyl Jasmonate
Induced tetraploidy (MeJA) elicitation on the root production of thebaine and on the expression of five alkaloid biosynthesis related
Gene expression genes were studied. The in vitro tetraploidy induction caused a significant increased expression of norcoclaurine
HPLC synthase (NCS) and salutaridinol (SAT), and a significant decreased expression of berberine bridge enzyme (BBE)
in the leaves. In the root tissues, the BBE, NCS, and SAT showed an increased expression in tetraploid plants,
while codeinone reductase (COR) showed a decreased expression. A similar alteration pattern was found in
mixoploid plants when compared to their diploid counterparts. MeJA at concentrations of 0.1 and 0.5 mM caused
a remarkable increase in the thebaine content in the roots of treated plants, where the highest thebaine content
was identified in plants elicited with 0.5 mM MeJA. Elicitation treatment caused a substantial increase in the
expression of NCS and SAT in the leaves, while it had no major effect on BBE, codeine 3-O-demethylase (CODM)
and COR. Expression analysis in the roots showed that MeJA caused a significant increase in the expression of
only BBE and NCS, while expression of other studied genes remained unchanged. Our results may be exploited

Benzylisoquinoline alkaloid pathway

for improved thebaine production and the processing of Persian poppy.

1. Introduction

Persian poppy (Papaver bracteatum Lindl.) is a wild perennial me-
dicinal plant belonging to the section Oxytona of Papaveraceae family
that grows in the Alborz Mountains in the North of Iran at altitudes
higher than 1800 m on the slopes facing the Caspian Sea (Sharghi and
Lalezari, 1967). It is mainly known for the high amounts of the valuable
benzylisoquinoline alkaloid (BIA) thebaine as the main secondary
metabolite in roots and capsules (Nyman and Bruhn, 1979), while some
20 other alkaloids are reported to be present at trace amounts only (Wu
and Dobberstein, 1977). Thebaine is a secondary metabolite produced
through benzylisoquinoline biosynthesis pathway in plant genus Papa-
ver. Other pharmaceutically important alkaloids produced through this
pathway, are morphine, codeine, narcotine, oripavine, papaverine,
sanguinarine noscapine, etc. (Koukal et al., 2017). In contrast to opium

poppy (Papaver somniferum) where morphine is accumulated as the main
alkaloid in the capsules, in P. bracteatum thebaine as the dominant
alkaloid is synthetized or accumulated in different amounts in all plant
organs, but with the highest concentration in roots and capsules (Shar-
ghi and Lalezari, 1967; Nyman and Bruhn, 1979). Thebaine serves as a
starting material for industrial production of many pharmaceutical
drugs, particularly morphine, codeine, semi-synthetic analgesics (oxy-
codone, oxymorphone, nalbuphine or etorphine) and opioid overdose
medications (Koukal et al., 2017). Because of its non-narcotic and
non-addictive nature as well as ease of synthetically conversion to other
highly-demanded drugs, an increasing international demand exists for
thebaine and high-thebaine plant varieties (Shukla et al., 2015).
Biosynthesis of benzylisoquinoline alkaloids (BIAs) in Persian poppy
occurs through a well-identified pathway common to several Papaver-
aceae species including opium poppy (Hodges et al., 1977; Hagel and
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Facchini, 2010) (Fig. 1). It starts with decarboxylation of the amino acid
tyrosine by tyrosine decarboxylase (TYDC) followed by the condensa-
tion of dopamine and 4-hydroxyphenylacetaldehyde by norcoclaurine
synthase (NCS), leading to the production of (S)-norcoclaurine (Sama-
nani and Facchini, 2002). (S)-norcoclaurine is then converted to
(S)-Reticuline after four enzymatic reactions catalyzed sequentially by
the norcoclaurine 6-O-methyltransferase (60MT), coclaurine N-meth-
yltransferase (CNMT), (S)-N-methylcoclaurine-3'-hydroxylase (NMCH
or CYP80B3) and 3'-hydroxy-N-methylcoclaurine 4’-O-methyltransfer-
ase (4OMT) (Fig. 1). Subsequently, (S)-Reticuline acts as the central
precursor for multiple biosynthetic branches, leading to the formation of
the main pharmaceutical alkaloids comprising morphine and sangui-
narine (Facchini and Park, 2003).

Thebaine is an intermediate product and also the first morphinane
alkaloid produced in the benzylisoquinoline alkaloid biosynthesis
pathway. In P. bracteatum, it is the most abundant alkaloid accumulating
in different plant tissues, whereas in P. somniferum it is further processed
and converted to morphine via two different pathways catalyzed by
codeine 3-O-demethylase (CODM) or thebaine 6-O-demethylase
(T60DM) enzymes (Hagel and Facchini, 2010). Among the genes
analyzed in the current study, three (NCS, BBE, and SAT) were respon-
sible for the enzymes that are involved in the upstream of the thebaine
position in the pathway, while two (CODM and COR) are involved in the
downstream of the thebaine responsible for further metabolization of

‘ | (S)-Norcoclaurine |
4-Hydroxyphenylacetaldehyde ‘
(S)-N-Methylcoclaurine ‘ - ‘ (S)-Coclaurine

L-Tyrosine # Dopamine
-+
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this compound (Fig. 1).

The value of P. bracteatum could be further increased if the produc-
tion of thebaine could be enhanced. Increased production of secondary
metabolites through polyploidization (Milo et al., 1987; Dhawan and
Lavania, 1996; Majdi et al., 2010; Xu et al., 2014; Tavan et al., 2015) and
Methyl Jasmonate applications (Lee-Parsons et al., 2004; Aijaz et al.,
2011; Afkar et al., 2013; Gurkok et al., 2015), has been frequently
reported.

Successful polyploidization has been reported in various medicinal,
crop and ornamental plants aimed to produce plants with improved
agronomical, phytochemical or economically important characteristics.
Production of larger vegetative and reproductive organs including
leaves and flowers (Majdi et al., 2010; Miller et al., 2012), increased
capability in producing secondary metabolites and medicinally impor-
tant compounds (Dhawan and Lavania, 1996; Xu et al., 2014) as well as
altered and often increased level of expression of important genes and
enzymes (Xu et al., 2014; Adams et al., 2003; Mishra et al., 2010) are
among the more frequently reported advantages of artificially induced
polyploids in various plant species. In vitro polyploidy induction in
Papaveraceae species has been previously studied mainly with the aim
of obtaining an increased content of pharmaceutical alkaloids. Some
authors (Milo et al., 1987) suggested tetraploidization as the most
promising approach for development of thebaine-rich poppy lines in
P. bracteatum. Likewise, in Papaver somniferum L., tetraploidy was

Fig. 1. A brief scheme of the benzylisoquinoline
alkaloids pathway. The yellow box indicates the
position of thebaine. The blue and green arrows
indicate enzymatic and spontaneous reactions
respectively. The red arrows show the enzymes of
which the genes were selected for expression
analysis in this study. Abbreviations include TYDC:
tyrosine/DOPA decarboxylase, NCS: norcoclaurine
synthase, 60MT: norcoclaurine 6-O-methyltrans-
ferase, CNMT: coclaurine N-methyltransferase,
NMCH: N-methylcoclaurine  3’-hydroxylase,
40OMT:  3'-hydroxy-N-methylcoclaurine  4'-O-
methyltransferase, BBE: berberine bridge enzyme,

(S)-3’-Hydroxy-N-Methylcoclaurine ‘ - | (S)-Reticuline - (S)-Scoulerine REP I 1,2-dehydroreticuline synthase/reductase,

Salutaridinol -‘ Salutaridinol acetate ‘

Codeinone - l Thebaine
Codeine Oripavin

“Morphine - Morphinon
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SalSyn: salutaridine synthase, SalR: salutaridine
reductase, SAT: salutaridinol 7-O-acetyltransfer-
ase, T6ODM: thebaine 6-O-demethylase, CODM:
codeine 3-O-demethylase, COR: codeinone reduc-
tase. (For interpretation of the references to colour
in this figure legend, the reader is referred to the
Web version of this article.)
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successfully induced and a significant enhancement in the morphine
content and expression level of some important thebaine biosynthesis
genes including TYDC, NCS, CNMT, 4OMT, 60MT, 70MT, BBE, SAT and
COR, was reported (Mishra et al., 2010).

Various biotic and abiotic elicitors have been known as effective
means for enhancing the production of different secondary metabolites
via in vitro systems, among which methyl jasmonate (MeJA) has been
demonstrated as one of the most effective elicitors capable of inducing
increased production of various alkaloids (Cho et al., 2007; Holkova
etal., 2010; Mishra et al., 2013). MeJA has been known to be involved in
the signal transduction pathway that induces particular enzymes
responsible for catalyzing biochemical reactions which lead to forma-
tion of low-molecular weight defense compounds such as polyphenols,
alkaloids, quinones, terpenoids, and polypeptides in plants (Zhao et al.,
2005). MeJA was also reported as an effective inducer of benzylisoqui-
noline alkaloid accumulation in plants and cell cultures of P. somniferum
(Gurkok et al., 2015; Mishra et al., 2013).

Polyploidy induction has been previously reported to cause
increased production of thebaine in P. bracteatum (Milo et al., 1987).In a
previous study, we successfully induced polyploidy in P. bracteatum,
developed a high-throughput protocol for in vitro tetraploidy induction
and analyzed the effects of tetraploidy on various morphological and
anatomical traits of the species (Tarkesh Esfahani et al., 2020). In the
present study, we aimed to investigate the effects of MeJA elicitation on
the production of thebaine in the roots of P. bracteatum seedlings.
Additionally, in order to understand better the limiting steps in the
biosynthetic pathway in induced polyploid as well as MeJA elicited
plants, we aimed to measure the gene expression of five important genes
in the thebaine biosynthetic pathway. Effects of polyploidy were
assessed by comparing tetraploid and mixoploid plants generated in our
previous study (Tarkesh Esfahani et al., 2020) against their diploid
progenitors. The effect of MeJA was evaluated on newly grown diploid
plants of P. bracteatum. Specifically, we investigated how the gene
expression of the five most important genes involved in the alkaloid
biosynthesis pathway changes upon polyploidization and MeJa treat-
ment in P. bracteatum, and how the root thebaine production in diploid
P. bracteatum changes in response to MeJA application.

2. Materials and methods
2.1. Plant material

Induced autotetraploid and mixoploid plants of P. bracteatum as well
as their diploid progenitors were provided from plant material devel-
oped in our previous work (Tarkesh Esfahani et al., 2020). For gene
expression analysis, 15 autotetraploid, 15 mixoploid and their 30
diploid progenitors were selected after their ploidy state was
re-confirmed by flow cytometry method. The leaf samples were har-
vested from the plants in each ploidy class and immediately stored in
liquid nitrogen for RNA extraction.

For MeJa elicitation experiment, seeds of mature Persian endemic
P. bracteatum were collected from Polour region (Latitude 35° 52’ 16.99”
N, Longitude 52° 04’ 38.62” E, Altitude 2489 + 50 m) on the hillsides of
Alborz Mountains in Northern Iran in late July and early August. The
seeds of each individual plant were bagged separately. Seeds were
planted in plastic seedling trays filled with a combination of 50% sand,
45% potting soil and 5% vermiculite and incubated in growth chamber
at 23:18 °C (D:N) and photoperiod of 16:8 h (L:D). Plants were watered
when needed. After six weeks, 144 plantlets were transferred to 250 ml
plastic pots and maintained under the same condition until the MeJA
treatment.

2.2. MeJA treatment

Plants at the time of treatment were 14 weeks old and had seven to
ten developed leaves. The MeJA solution was prepared in four different
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concentrations (0, 0.1, 0.5 and 2.5 mM). The solution with the highest
concentration (2.5 mM) was prepared by solving 163.33 pl of 95% (w/v)
(d=1.03g ml™h Methyl Jasmonate (Sigma Aldrich, Japan) in 300 ml of
0.1% Triton X-100 (Sigma Aldrich, USA). The 0.5 and 0.1 mM solutions
were prepared by diluting the first solution at 1:4 and 1:24 ratios
respectively. Then, 200 ml of each solution was sprayed once uniformly
on the aerial parts of 36 plants in each concentration treatment group.
The control group was sprayed with 200 ml of 0.1% Triton solution only.
After the desired incubation time (24, 48 and 96 h), two symmetrical
halves of each leaf and each root sample were taken and weighed; the
first half was immediately frozen in liquid nitrogen and kept at —80 °C
for gene expression analysis, and the second half was freeze dried and
kept at 4 °C until root thebaine measurement analyses.

2.3. Experimental design and statistical analysis

The MeJA elicitation experiment was conducted as a factorial
experiment based on a completely randomized design. MeJA concen-
tration (C) at four levels (0, 0.1, 0.5 and 2.5 mM) and incubation time
after treatment (T) at three levels (24, 48 and 96 h) were considered as
the main factors, resulting in 12 treatments in total. Each treatment
consisted of four individual plants and was replicated three times. Thus
the entire experiment consisted of 144 plants. The effects of MeJA
concentration and incubation time after MeJA treatment, on the
expression of selected genes as well as the root thebaine content were
assessed in this study. Data were analyzed using an analysis of variance,
and the mean comparison test based on the least significant difference
(LSD, a = 0.05), using SPSS 18 statistical software.

2.4. HPLC analyses

Thebaine concentration in the roots of MeJA elicited plants was
measured through HPLC analysis. To extract the alkaloids, 1.5 ml of
0.01 M HCl was added to 100 mg of freeze dried powdered tissue
samples and sonicated, using a sonicator bath at room temperature for
30 min followed by centrifuge at 2500 g for 10 min. Then, 1000 pl of the
supernatant was mixed with 400 pl of HPLC-grade methanol and loaded
on the system after filtration through 0.2 pm sterile filter. The thebaine
standard with high purity (>96%) was supplied by the Agricultural
Biotechnology Research Group, University of Tehran. HPLC was carried
out using an Agilent 1100 system (Agilent, USA) consisting a C-18 col-
umn (250 mm x 4.6 mm, 5 pm) as the stationary phase. The mobile
phase consisted of water:formic acid (1000:1 v/v) as eluent A and
acetonitrile:formic acid (1000:1, v/v) as eluent B with a flow rate of 0.8
ml min ~! and the injection volume of 50 pl. The gradient condition
initiated at 5% eluent B and increased linearly to 35% B in 45 min. The
chromatograms were acquired at the wavelength of 254 nm and the
thebaine content of the root samples were determined by comparing
their retention time and peak area with those of the pure standard.

2.5. RNA extraction and qRT-PCR analysis

Based on the phytochemical analysis, the samples belonging to the
treatments of O (control) and 0.5 mM MeJA, as the two most statistically
different treatments, were selected for gene expression analysis aimed at
assessing the effect of MeJA elicitation on the expression of genes
involved in BIA biosynthesis pathway in P. bracteatum. Total RNA was
extracted from frozen powdered leaf and root samples, using the method
proposed by Sambrook and colleagues (Sambrook et al., 1989) with
some modifications. Briefly, 0.5-1 g of grinded material was vortexed
for 1 min in 0.5 ml of extraction buffer (0.35 M glycine, 0.048 M NaOH,
0.34 M NaCl, 0.04 M EDTA, and 4% SDS) added to 0.5 ml of
Tris-equilibrated phenol:chloroform (1:1) solution and centrifuged
(12000 g, 5 min), followed by additional vortexing (1 min) and centri-
fuging (12000 g, 5min) the supernatant in Tris-equilibrated phenol (0.5
ml) and chloroform (0.5 ml) sequentially. Then, RNA was precipitated
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using one third volume of LiCl (8 M) overnight at 4 °C followed by
centrifuging (12000g, 10 min), washing in 0.5 ml of 70% EtOH (12000g,
5 min), air-drying and re-suspending the pellet in 20 pl water. The iso-
lated RNA was stored at —80 before use.

RNA was quantified, using a NanoDrop spectrophotometer and its
quality was evaluated by running on 1.5% agarose gel, followed by
ethidium bromide staining. ¢cDNA was synthesized using iScript™
Reverse Transcription Supermix kit purchased from Biorad, and stored
at —20 °C.

From the isoquinoline alkaloid pathway, four genes including NCS,
SAT, CODM, and COR were selected based on their position in the
pathway scheme and their role in production or metabolization of the-
baine (Fig. 1). Furthermore, BBE was selected as the first enzyme
contributing in the sanguinarine biosynthesis branch.

Gene-specific primers for qPCR analysis were designed using the
OligoArchitect online software (Table 2). For CODM no sequence in-
formation was available in GenBank and therefore primers for regular
PCR were designed based on the sequence already identified in the
relative species of P. somniferum. Considering the long length of the
CODM sequence known in P. somniferum (1452 bp), two primer pairs
were designed with overlapping segments in order to cover the full
length (Table 1).

The PCR products were sequenced and then used for designing qPCR
primers (Table 2). The qRT-PCR reactions were carried out using
SsoAdvancedTM Universal SYBR® Green Supermix, purchased form
Bio-Rad, on a Bio-Rad CFX96 Touch™ Real-Time PCR detection system.
The 18S rRNA served as a reference gene. The mean values of three
independent technical and two biological replicates per treatment, were
used for normalization of expression data and the fold changes were
calculated, using the comparative Ct (AACt) method (Schmittgen and
Livak, 2008). The mean comparison analyses for detection of statisti-
cally significant differences in gene expression, were conducted on
normally distributed ACt values from each treatment. The confidence
intervals (at 95% level) of the fold change values were computed as a
measure of precision, using Excel (2016) software.

3. Results and discussion

3.1. Gene expression in tetraploid P. bracteatum genes involved in
alkaloid biosynthesis

Compared to diploids, gene expression levels of NCS and SAT
increased 6.60 fold and 13.49 fold in tetraploids respectively, while gene
expression of BBE was 2 fold decreased in the leaves of P. bracteatum.
The gene expression levels of CODM and COR in tetraploids were not
remarkably changed compared to diploids (Fig. 2a). These results show
that the artificial tetraploids alter the expression level of the genes which
act the upstream of thebaine in alkaloid biosynthesis pathway (NCS and
SAT) while gene expression towards sanguinarine branch (BBE) was
unchanged.

Gene expression analysis in the roots of tetraploid P. bracteatum
plants showed again that the expression level of genes upstream in the
alkaloid pathway (NCS, and SAT) increased in tetraploid plants. In
contrast to gene expression of BBE in the shoot, the pathway leading to
sanguinarine, is upregulated in the roots. In the roots both genes COR
and CODM, downstream of thebaine in the alkaloid pathway, are
downregulated in tetraploids (Fig. 2b). Collectively these data suggest
that gene expression of genes upstream of thebaine are upregulated
while the genes downstream of thebaine are partly downregulated in

Table 1
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tetraploids.

It was reported in the previous studies (Milo et al., 1987) that
polyploidy induction may cause a significant increase in thebaine pro-
duction in P. bracteatum and that thebaine content in seed capsules of
artificial tetraploid plants (4.9%) was doubled compared to that in
diploid plants (2.4%). Nevertheless, overall a slight decrease (12.42%)
in thebaine yield in capsules of tetraploid plants was identified as a
result of the lower number of capsules in tetraploids as compared to
diploid progenitors. Here we show that an increased thebaine content in
artificial tetraploid plants might be associated with the increased
expression of SAT and NCS. These two important genes are therefore
potential candidates for further studies in metabolite engineering and
breeding for increased thebaine production in P. bracteatum. Cline and
Coscia (1988) reported that fungal elicitors produced from Dendryphion
penicillatum and Verticillium dahlia pathogens, caused an increased san-
guinarine production in diploid P. bracteatum cell culture media, how-
ever no significant effect was detected on thebaine content. In
P. somniferum, fungal elicitors including Botrytis cinerea (Holkova et al.,
2010; Alcantara et al., 2005), Chaetomium globosum, Aspergillus niveo-
glaucus, Paecilomyces lilacinus, and Trichoderma harzianum (Verma et al.,
2014) as well as abiotic elicitors such as methyl jasmonate (Holkova
et al., 2010), salicylic acid, hydrogen peroxidase and carbon dioxide
(Verma et al., 2014), increased sanguinarine content, while causing
either a decrease or no significant change in morphine content. San-
guinarine is the final product of the Berberine branch in alkaloid
biosynthesis pathway (Fig. 1). The reaction catalyzed by berberine
bridge enzyme (BBE) is the first step in this branch, ultimately resulting
to sanguinarine. Therefore, it appears that fungal and abiotic elicitors
applied on the alkaloid producing plants mainly induce the Berberine
branch rather than the branch leading to benzylisoquinoline alkaloids
with thebaine and morphine. This suggests that the increase in expres-
sion of BBE might be related to the increased sanguinarine production in
plants subjected to elicitation.

3.2. Effect of mixoploidy on the expression level of genes involved in
alkaloid biosynthesis

Gene expression analysis in mixoploid plants can serve as a valuable
information for identifying genes which play a more important role in
responding to stimuli and elicitation factors.

As in artificial tetraploid P. bracteatum, gene expression in mixoploid
plants showed that both SAT and NCS are upregulated compared to
diploid plants, whereas no change was observed in expression level of
BBE, CODM, and COR in leaves (Fig. 2a, c¢). A similar pattern was
exhibited in the root of the mixoploids, except that the gene expression
of CODM and COR are not down regulated compared to diploids (Fig. 2
bd). Generally, the results are in line with those obtained in tetraploid
plants.

This indicates that the expression of BBE in root tissues in both
artificial tetraploids and mixoploids was increased, while no difference
in BBE expression level in aerial parts of the polyploid plants was
observed compared to diploids. These results are in agreement with
those of previous authors who reported a higher expression of BBE in
root than in shoot tissue of diploid P. bracteatum (Rezaei et al., 2016) and
P. somniferum (Facchini, 2006). Considering the fact that sanguinarine is
the final product of the berberine branch in alkaloid biosynthesis
pathway, P. bracteatum can serve as a potential source of sanguinarine
production particularly through in vitro strategies, where the employ-
ment of polyploidy induction techniques seems promising for increasing

Primer pairs designed based on the known sequence of CODM in Papaver somniferum to amplify CODM in Papaver bracteatum.

Gene Segment Forward primer (5'>3') Reverse primer (5'>3')
CODM 1 ACTTATCAAGCTAGGCAATGGTTT GAAAGGCAGAGGGAGTTCTGG
2 TTGAATCGGAGGACCAAAGAC TCACATCCTCATGTAGTCGAGAAA
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Table 2

Plant Physiology and Biochemistry 158 (2021) 334-341

qPCR primers for genes involved in alkaloid biosynthesis pathway and for the housekeeping gene (18SrRNA) in Papaver bracteatum.

Gene Forward primer (5'>3') Reverse primer (5'>3") Product length (bp)
BBE CGATCCATGAGTCAACTGATTCA GAGACCACCACCGCTAAG 89
COR CTTGGCTTCACTAGGGCAATCGGT ACTGGAGGGCTGTTGGCTGTC 86
NCS AGGCTTCTCAGGGATGTTCTACTT GTACCGACGCCGCCATTC 77
SAT TCCTTGTTTCGACTCGGCATCT GTATTGGTGGCACTGGCATCC 80
CODM ACCAAGTGTTCAGGAATTGGCTAA GCACCGATATTAGTCAATGGGCTC 93
18SrRNA GTCGTCTCGTCCCTTCTAC TTCTTCAAAGTAACAGCACCG 81
A B
BBE CODM COR  NCS  SAT BBE CORM COR NG  SA
14 14
o 10 @ 10
(=) [=2)
c € 6
< <
= £
S 2 S 2
b} k=4
o - (o]
£ 2 w2
-6 6 F
-10 10 -
C BBE CODM COR  NCS  SAT D BBE CODM COR  NGCS  SAT
14 14 -~
10 10
[ (]
=)
g 6 c 6
< «
= K=
c 2 © 2
T 3
2 2 £ 2
6 6 |
~16 -10

Fig. 2. Real time expression analysis of five BIAs pathway genes in leaves (A) and roots (B) of induced tetraploid and in leaves (C) and roots (D) of mixoploid Papaver
bracteatum plants. Gene expression in polyploids is represented relative to their diploid progenitors as fold change. Bars indicate the confidence interval (P < 0.05)

around the mean values.

the yield of this pharmaceutically important alkaloid. Sanguinarine has
attracted a great deal of interest for application in medical purposes
mainly for its antimicrobial, antifungal, anti-inflammatory and
anti-cancer properties (Bertuzzi et al., 2010). Our current results support
the potential of BBE gene for further genetic and metabolite engineering
studies aimed at achieving a higher amount of Sanguinarine. Further-
more, investigation of the pattern of expression changes in the roots and
the leaves of both tetraploid and mixoploid P. bracteatum plants in-
dicates the importance of NCS and SAT in thebaine biosynthesis. Addi-
tionally, it shows their potential as targets for ploidy breeding and
metabolite engineering programs aimed at increasing thebaine yield.
Our results are in line with previous authors who reported that the
induced increase of the NCS expression through transgenic hairy roots of
P. bracteatum leads to an increased production of thebaine (Sharafi et al.,
2013). Recent studies have showed that although the application of
mixoploid plants for large-scale production of secondary metabolites is
hard, due to their unstable genetic nature, these plants may perform
even better than their tetraploid counterparts in the production of
pharmaceutical metabolites under in vitro condition (Tavan et al., 2015).
Furthermore, mixoploid plants could be employed as valuable genetic
material in ploidy breeding programs particularly for generation of new
tetraploid lines through further selection of their pure 4x cells for
regeneration and establishment of 4x whole plants (Roy et al., 2001;
Chen and Gao, 2007).
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3.3. Effect of MeJA elicitation on the root thebaine content

In the current study, the effects of two factors including MeJA con-
centration and incubation time after elicitor treatment on the thebaine
content in the roots of diploid P. bracteatum plants were examined.
Treatment timing and MeJA concentration are two reportedly important
factors that have major roles in increasing metabolite accumulation
(Lee-Parsons et al., 2004). The concentration of MeJA revealed a sig-
nificant (P < 0.05) increase on the thebaine content in elicited plants of
P. bracteatum, while the treatment timing did not cause significant al-
terations in the thebaine content (Table 3, Fig. 3).

These results support the high importance of MeJA concentration in
the induction of thebaine production in plants of P. bracteatum. Our
results show that MeJA at concentrations of 0.1 and 0.5 mM caused a

Table 3

Results of the analysis of variance for the effect of four MeJA concentrations and
three incubation times (24,46, 98 h) after MeJA treatment, as fixed factors, on
the root thebaine content in Papaver bracteatum plants.

Factors df MS F
MeJA concentration 3 26.25 4.03*
Incubation time after treatment 2 2.65 0.41™
Concentration x incubation time 6 3.80 0.58™%

Note: * and ™* indicate significant in 95% confidence level and insignificance
respectively.
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Fig. 3. The effect of methyl jasmonate (MeJA) concentration (mM) on the
thebaine content in the roots of Papaver bracteatum plants. Bars indicate the
standard error. The columns with the same letter are not significantly different
based on the least significant difference (LSD) test at 5% probability level.

significant increase in the thebaine content in the roots of treated plants
(Fig. 3).

Interestingly the highest concentration of MeJa applied (2.5 mM) did
not cause an increased thebaine concentration in the roots, suggesting
an optimum curve. The highest thebaine content (9.33 pg g~! DW) was
observed in the plants treated by 0.5 mM MeJA. It can also be indicated
that the thebaine content showed a gradually increasing trend during
the first 48 h after elicitor application, and then begun to reduce with
further progress in time after treatment (Fig. 4).

Considering the results obtained in phytochemical analysis, we
selected the samples belonging to the concentration treatments of
0 (control) and 0.5 mM MeJA, as the two most statistically different
treatments, for further gene expression analysis, with the aim of
assessing the effect of MeJA elicitation on the expression of genes
involved in BIA biosynthesis pathway in P. bracteatum.

3.4. Effect of MeJA elicitation on the expression of BIAs pathway genes

Gene expression analysis on five important genes involved in BIAs
biosynthesis pathway showed that MeJA elicitation caused a significant
increase in expression of NCS (P < 5%) and SAT (P < 5%) in the leaves of
elicited P. bracteatum plants, while it had no significant effect on the
expression level of BBE, CODM, and COR (Fig. 5). On the other hand, the
expression analysis in the roots of elicited plants showed that elicitation

- = 0
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10
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caused an alteration of only BBE and NCS, while the expression of SAT,
CODM, and COR remained unchanged. The three to four-fold upregu-
lation of NCS and SAT were apparently sufficient to double the thebaine
content in the roots of the plants treated with 0.5 mM MeJA (Fig. 3)
despite the fact that BBE was also upregulated 5 folds.

Previous authors have reported that various genes involved in the
alkaloid biosynthesis pathway exhibit both developmental and induc-
ible regulation, where some of the genes tend to participate in devel-
opmentally controlled pathway, while others are more actively involved
in inducible defense mechanisms (Facchini, 2001). It is known that
morphine and sanguinarine biosynthesis in the P. somniferum species
occur by two different pathways and that fungal elicitors applied
through cell cultures could induce sanguinarine pathway rather than the
pathway leading to morphine (Facchini and Park, 1996). Furthermore, it
is reported for P. bracteatum species that these types of elicitors cause an
increased accumulation of sanguinarine in cell cultures, but no signifi-
cant change was reported in the content of thebaine as the dominant
alkaloid of the species (Cline and Coscia, 1988).

4. Conclusions

In this study, the gene expression of NCS and SAT in induced poly-
ploids as well as in MeJA-elicited plants of P. bracteatum were upregu-
lated, leading to higher thebaine concentrations. NCS and SAT were
recognized as two important genes with a significant contribution in
regulating the thebaine content of P. bracteatum, while polyploidy in-
duction and MeJA elicitation seem not to cause a significant alteration in
the expression of genes involved downstream of thebaine. Also, BBE was
found to be involved in the sanguinarine production in the root tissues
rather than the shoots tissues. These results showed that polyploidiza-
tion and MeJA application have an impact on berberine branch (san-
guinarine) in the plant root tissues. The increased expression of BBE
caused by the MeJA suggests that both thebaine and sanguinarine
branches in P. bracteatum plants are affected. It confirms that the actual
mechanism of induction of metabolic pathways and the exact branches
which would be affected as well as the severity of their response to the
elicitation factor, might be influenced by the elicitor type (biologic,
fungal, hormonal, etc.) and the treatment condition (in vitro, in vivo, cell
suspension culture, etc.) under which the elicitor is applied. The the-
baine content in the roots of Persian poppy plants tended to increase
with MeJA elicitation, where the increase in thebaine content was
influenced mainly by the concentration of the elicitor. Our results pro-
vide new insights into the knowledge about the ploidy dependent
changes in gene expression in plants and may be exploited for improved

©25

12 48

60 72 84 96 108
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Fig. 4. The effect of time after application of different methyl jasmonate (MeJA) concentrations (mM) on the thebaine content in the roots of Papaver bracteatum. Bars

indicate standard errors (ANOVA F3 54 = 4.03, P < 0.05).
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Fig. 5. Gene expression analysis of five genes related to benzylisoquinoline alkaloids (BIAs) pathway in leaves (A) and roots (B) of Papaver bracteatum elicited with
0.5 mM MeJA on the leaves. Gene expression in elicited plants is represented relative to their corresponding control plants as fold change. Bars indicate the con-

fidence interval (P < 0.05) around the mean values.

production and processing of Persian poppy medicinal plant, and for
application in plant breeding and metabolite engineering programs
aimed at improving production of thebaine.
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