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Abstract

The Iranian poppy by the scientific name of Papaver bracteatum Lindl. has been long propounded as a source for
thebaine. Thebaine is among secondary metabolites that due to its wide spread and unique medicina properties play a
valuable role in production of herbal medicines and pharmaceutical industries on the whole.The objective of the present
study is to investigate the enhanced production of thebaine by over expression of salutaridinol 7-o-acetyltransferase
(SalAT) gene, a key gene in thebaine biosynthesis pathway, in Agorobacterium-mediated transformed cell suspension
culture of P. bracteatum. In this study, the cDNA of SalAT with P. bracteatum origin was cloned in pBl121 expression
vector under CaMV 35s promoter. In order to transfer the cloned gene Agrobacterium tumefaciens of LBA4404 strain and
hypocotyl—cotyledon explants were used. For recognition of transformed calli obtained, PCR and Southern blot analysis
were employed and high performance liquid chromatography analysis (HPLC) was applied for determination of thebaine
content. The comparison of callus induction and thebaine content between transformed and non-transformed cell culture
was studied on completely randomized design with three replications. According to HPLC analysis which revealed a
significant 1.7 fold (0.58 mg/g) enhancement in thebaine content in transformed suspension cell culture comparing to non-
transformed cell culture (0.34 mg/g), it can be concluded that the over expression of key genes such as SalAT gene in the
cellular suspension culture of P. bracteatum could be a promising potential for mass production of this valuable alkaloid.
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Introduction

Papaver bracteatum Lindl. is a medicina plant that
naturally is scattered and distributes in 1500 up to 2500

production of highly valuable secondary metabolites
from medicinal plants. Instead of growing the plants in

m of the skirts of Alborz Mountains, Iranian Kurdistan
and northern dope of the Caucasus [1]. Thebaine
developed and enhanced in P. bracteatum is could be
considered as a mgjor alkaloid [2-3] and Because of the
low activity of enzymes involved in demethylation to
codeine and morphine, could be employed as a non-
addictive substitute for morphine as a medical painkiller
[4].

In terms of yield, the perennia nature of P. bracteatum
makes it somehow uneconomical as it cannot be
harvested until the second growingseason [5]. This delay
in harvest has stimulated research objectives into the
potential of in vitro cell culture technologies for
Benzylisoquinoline alkaloid production [6]. In vitro
culture of plant cells is a promising source for the

their natural habitats where they are subjected to
environmental barriers and obstacles such as climate and
temperature change, plant cell cultures produce valuable
secondary metabolites under controlled and defined
conditions [7]. Considering the fact that the most
practical synthetic routes to prepare important
pharmaceuticals including oxycodone, naloxone,
naltrexone, nalbuphine and buprenorphine have utilized
the akaloid, thebaine, as a darting materia, its
production on the scale of commercial is important [8].
Therefore, cell suspension culture systems couldbe used
an appropriate approach for large-scale, defined,
continuous and reliable source of bioactive natural
products [9]. The aim of the current study was to
evaluate the possibility of increasing thebaine content in
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cell suspension culture of P. bracteatum by over
expression of salutaridinol 7-o-acetyltransferase (SalAT,
EC 2.3.1.150) gene. SalAT is a key gene to produce
thebaine in P. bracteatum by converting the salutaridinol
to salutaridinol-7-0-acetate.

Material and Methods

Plant Material, Strains and Plasmid

Papaver bracteatum seeds were provided by Medicinal
Plant Research Center, Institute of Medicina Plants,
ACECR, Kargj, Iran). Escherichia coli DH5a used in all
molecular experiments and A. tumefaciens strain
LBA4404 used for transformation procedure. The binary
vector pBl121 was used for cloning the target sequence
to generate the binary vector containing the salutaridinol
7-o-acetyltransferase gene (SalAT) isolated from P.
bracteatum.

General Procedures

Bacteria were grown in Luria-Bertani (LB) medium
(Bacto-tryptone 10g/l, Bacto-yeast extract 5 g/l, NaCl 10
g/l) a 37 °C and A. tumefaciens strain was grown in
Y EP medium (LB supplemented with rifampicine (25.5
mg/L) at 28 °C with shaking (150 rpm).

Plasmid DNA preparation was performed by routine
procedures. E. coli DH5a was transformed by using the
CaCl> method and the recombinant plasmid was then
mobilized into Agrobacterium by freez-thaw method
[10].Enzymatic treatments of DNA molecules were

70

carried out as recommended by the manufacturer
(Fermentas, Canada).

Plasmid Construction

One hundred nanogram of RNA was used as template
for reverse transcription using cDNA synthesis kit
(Invitrogen, USA). A poly-T oligonuclectide (oligodT)
primer was used which hybridizes onto the poly-A tail of
the mature mRNA template. For reverse transcription,
the reaction mixture was incubated for 1 h at 42 °C.
Following cDNA synthesis, RT-PCR reactions were
performed using cDNA as the template. The forward and
reverse primers used were SaAlATF/SalATR primers
(Table. 1) containing BamHI and Sacl sites at their 5
ends. The PCR product was subjected to electrophoresis
on 1% agarose gel and then, it was cloned into pBI121 at
the homologous sites (BamHIl and Sacl sites). The
recombinant plasmid contains, within the T-DNA
region, neomycin phosphotransferase Il (NPTII) gene as
a selectable marker that is kanamycin-resistant gene

(Fig. 1).

Preparation of the Explants and Bacterial Strain for
Transformation

The seeds were washed thoroughly with tap water and
surface-sterilized with 70% (v/v) ethanol for 1min and
sodium hypochlorite solution 1.5% (w/v) for 8 min, and
then rinsed 3 times (5 min each) with sterile distilled
water to remove any traces of the surfactants.

Table 1 Oligonuclectides (primers) used in PCRand Southern blot analysis

Name Oligonucleotides sequence
SaAATF 5’- TTGGATCCGCCATGGCAACAATGTATA-3’
SAATR 5’- GAGAGCTCTCAAAATTCAAGGATTTCA-3’
35S 5’-GCGAACAGTTCATACAGAGTCT-3’
NOSR 5’-GTGAAGCTTCCCGATCTAGTAACAT-3’
virGf 5-ATGATTGTACATCCTTCACG-3’
VvirGr 5-TGCTGTTTTTATCAGTTGAG-3’
CaMV35SF 5’-GGACTAACTGCATCAAGAACACAG-3’
CaMV35SR 5'-GAAGGATAGTGGGATTGTGCGTC-3’
HindlIi BamHI Sac]
SalATH
355 3
.— NOS-P nptl! NOS-T' CamV35sS-P SaldT NOS-T' —.
RB c LB
SaldTR

Fig. 1 Schematic representation of the T-DNA region of recombinant plasmid. The position of primers and recognition sites of
restriction enzymes are indicated. RB, right border; LB, left border; CamV35S-P, cauliflower mosaic virus 35S promoter; NOS-P and
NOS-T, nopaline synthase promoter and terminator; nptll, neomycin phosphotransferase
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The seeds were then germinated on MS medium [11]
solidified with 6/5 g/L plant agar, and maintained in a
growth chamber at 25 + 2 °C with a 16/8 h (light/dark)
photoperiod under a photon flux of 6000 Lux, provided
by fluorescent lamps. After germination, hypocotyl—
cotyledon explantswere cut and placed on the MS solid
medium with 2 mg/L 2, 4-Dichlorophenoxyacetic (2.4-
D) along with 0.2 mg/L kinetin and 15 mg/L ascorbic
acidfor pre-culture. After 2 days, the explants were used
for transformation. Single colonies of the A. tumefaciens
harboring SalAT gene were grown in the LB medium
supplemented with 20mg/l kanamycin, and allowed to
grow overnight at 28 °C with constant shaking (180
rpm) to mid-log phase. The bacterial culture was then
transferred to a fresh medium cultivated till OD600 =
0.4 with liguid medium. The bacterial cells were
collected by centrifugation (6000 rpm for 5 min) and re-
suspended in ¥%MS medium for the subsequent
inocul ation step.

Papaver bracteatum Transformation and Selection
Procedure

The explants were immersed in the bacterial suspension
for 5 min with constant shaking, and then placed on the
sterile filter paper to remove the excessive moisture.
Then, they were placed on the MS solid medium
3mg/L 2,4-D and 0.5 mg/L PAP inthe Petri dishes for
co-cultivation at 25 °C for 3 days in the dark. After co-
cultivation, the explants were washed with the sterile
water containing 400 mg/l cephatoxime to inhibit the
growth of A. tumefaciens attached to the explants.

Callusinduction and Cell Suspension Culture

The non-transformed explants (5 £ 1 mm segments)
from 2-weeks-old in vitro grown plants were cultured on
solid MS medium fortified with 2 mg/L 2, 4-D, 0.2 mg/L
BAP and 15 mg/L ascorbic acid. The transformed
explants were also cultured on selective medium (the
same medium supplementing with 20 mg/l kanamycin
and 400 mg/l cephatoxime). Both transformed and non-
transformed cultures were maintained in the dark at 25 +
2 °C and were incubated for 21 days. Prior to
autoclaving (121°C, 20 min), all media were adjusted to
pH 5.6-5.8.

Cell suspension culture was initiated by transferring
friable root callus (80-100 mg) to a 50-mL Erlenmeyer
flask containing 15 mL of liquid 3/4 MS medium
supplemented with 3 mg/L 2, 4-D and 0.5 mg/L BAP.
The suspension cultures were incubated on a rotary
shaker at 120 rpm and 25 + 2 °C under 16-h
photoperiods with alight intensity of 4000 lux. Every 10
days, the established suspension cells (5.0 g fresh
weight) were sub-cultured to 250-mL Erlenmeyer flasks
containing 50mL of the same previous medium.
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Molecular Analysis

Aliquots obtained from transformed and non-
transformed control callus were collected and
centrifuged at 12500 g for 10 min. Then, 200 mg cells
from the pellet were used for extracting genomic DNA
by the CetylTrimethyl Ammonium Bromide (CTAB)
method [12]. PCR amplification was used for initia
evidence of the transgene presence in the transformed
cali. DNA fragment was amplified by PCR using the
genomic DNA and 35S/NOSR primers for amplifying
SAlAT (Table 1). In the PCR experiments one assay
contained 50-100 ng genomic DNA, 10 pmol of each
primer, 16.0 mM (NH4),SO4, 50.0 mM TrissHCI pH
8.8, 0.01%(v/v) Tween 20, 2.0 mM magnesium chloride,
0.2 mM of each dNTP (Roth, Karlsruhe, Germany) and
1 unit Tag polymerase (InViTek, Berlin, Germany) in a
total reaction volume of 50 mL.PCR was carried out as
follows: an initia denaturation at 94 °C for 15 min
followed by 40 cycles of denaturation at 94 °C for 1 min,
annealing at 58 °C for 1 min, extention at 72 °C for 1
min and a fina extension at 72 °C for 10 min. The
resultingg PCR  products were separated by
electrophoresis on 1% (w/v) agarose gel.For more
confirmation of transgene integration, southern blot
analysis was applied. Genomic DNA (20 pg) was
digested with Hindlll. The digested genomic DNAs
were fractioned on 0.8% (w/v) agarose gels, transferred
onto a nylon membrane (AmershamHybond NTM+;
Amersham International Plc, Amersham, UK) and
hybridized to the Dig-dUTPlabelled CaMV35S
promotor probe. A partia interna fragment (631 bp in
size) was obtained from PCR amplification by using
CaMV35SF CaMV35SR primers (Table 1) and plasmid
pBIl containing the CaMV 35S promoter as template and
subjected to DIG DNA labelling (Roche Applied
Science GmbH, Mannheim, Germany) and used as a
probe in hybridization experiments.

Alkaloid Extraction and HPLC Analysis

Papaver bracteatum extracts were prepared by mixing
freeze-dried cell cultures (0.05 g) with ImL methanol
solution containing 0.5% (v/v) HCI, treated with 60 min
sonication. The extracts were then centrifuged at
12,000rpm at 4°C for 20min. The supernatant was then
collected and filtered prior to HPLC anaysis. In
addition, 1 mLmedium was freeze-dried and analyzed
for extracellular benzophenanthridine alkaloid content
HPLC analysis[13].

Benzophenanthridine alkaloids were quantified by their
optical density peaks at 283 nm, using thebaine (Temad
Chemical Co. Tehran, Iran) as standard compound for
calibration. For standard sample preparation, 20 mg of
standard thebaine powder was dissolved with 100 mL
absolute methanol. 50, 75 and 100 ppm of this solution
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were applied as standard. HPLC analysis was performed
on Knauer HPLC system (1200 series, UV detector K-
2501) equipped quaternary gradient pump and
spectrophotometric photodiode array detector (DAD)
and connected to al8 reverse-phases Phenomenex
column (Gemini NX-C18, 5mm, 4.6 x 250 mm). A
volume of 50 pL of samples and aso standard thebaine
were injected in C18 column. The mobile phase for
akaloid elution was 90% methanol and 5% deionized
water and the retention time was 34 min. The extraction
samples of each treatment were prepared and analyzed
three times.

Statistical Analysis

The experiments were setup on an independent sample
T-Test with three replicates and ten explants per
replication. Differences were considered significant at a
probability level of p<0.05. The values are expressed as
the mean + standard error of mean (SEM).

Results and Discussion
Molecular Analysis of the Transgenic Plant

The kanaomycin-resistant callus was initially screened
by PCR for the presence of T-DNA region of
recombinant plasmid. Transformed callus showed the
amplification of 1733bp fragment using 35S/NOSR
primers (Tablel). No amplification was detected in wild
type plants (Figure 2A). A set of virG primers (Tablel)
used for detection of Agrobacterium contamination if
any that might have escaped the selection. The PCR of
transgenic plants DNA with virG primers showed no
band (data was not shown). Integration and the copy
number of transgene in PCR positive callus were defined
through Southern blot hybridization. Genomic DNA of
both transformed and non-transformed calli was digested
with Hindlll. The results of Southern blot hybridization
with CaMV35S promoter probe indicated that
transformed callus had one copy and no hybridization
signal occurred in the non-transformed control callus
(Fig. 2B). Comparison of callus cultures in transformed
and non-transformed explants

Both transformed and non-transformed explants induced
callus cultures with differences in morphology. Most of
transformed calli were light brown and hard while non-
transformed calli were cream and friable (Fig. 3).

On the basis of T-Test analysis, transformation also
significantly influenced the frequency of callus
induction, fresh and dry weights (Table2). According to
mean comparison, the frequency of callus induction,
fresh and dry weights related to non-transformed
explants were higher than transformed explants (Fig. 4).

72

Several factors influence the morphology and growth
indexes of calli such as genotype differences, callus
induction media, growth condition [14-15]. Here,
Agrobacterium inoculation was the only factor which
was led to observed differences in some characteristics
of transgenic calli (calus induction, fresh and dry
weights) compared to non-transgenics. Such differences
have been also seen in callus cultures of Rubia cordifolia
transgenic for the 35S-rolB and35S-rolC genes in
comparison with a non-transformed callus culture.
Similarly, the control R. cordifolia cultures were more
watery and less colored than the transgenic ones and
differently, percentage of dry biomass of the transgenic
callus cultures were higher than non-transgenic cultures
[16].

Fig. 2 Molecular analysis of transformed and non-transformed
calli of Papaver bracteatum Lindl. A) PCR analysis; 1,
transformed callus; 2, positive control (recombinant plasmid);
3, non-transformed callus; 4 negative control (PCR master Mix
without DNA) M, molecular marker. B) Southern blot
analysis; 1, positive control (recombinant plasmid); 2,
transformed callus; 3, non-transformed callus; M, molecular
marker.

A

Fig. 3 Calus morphology from Agrobacterium-mediated
transformed and non-transformed explants of Papaver
bracteatum Lindl. A) Brown and hard callus obtained from
transformed explants B) Cream and friable callus obtained
from non-transformed explants
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Table 2 T-Test analysis of Agrobacterium-mediated transformation on callus formation of Papaver bracteatum Lindl.
Mean and SEM . ) .
Transformed explants Control explants Mean Difference  t of Sig. (>tailed)

CallusInduction o 51+ 5 000 70.00 + 5.000 -20.000 4899 4 0.008

FresnWeight - e 4+ 0.0100 0700+ 00500  -0.1500 5005 4 0.007

Dry weight 0.50 + 0.0020 0.60 + 0.000 -0.0100 8660 4 0.001
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Fig. 4 Effect of Agrobacterium-mediated transformation on
callus formation of Papaver bracteatum Lindl. A) frequency of
calus induction B) fresh weight C) dry weight. Values
followed by different letters in each trait are significantly
different at P < 0.05. The values are expressed as standard
error of mean (SEM).

Comparison of the Baine production in Transformed and
Non-transformed Suspension Cultures The results
obtained from T-Text analysis related to the extracted
thebaine detecting by HPLC method showed a
significant difference for thebaine concentration (mg/g
of dried weight) between calli obtained from
transformed explants and calli obtained from non-
transformed explants (Table 3).

The accumulated amount of thebaine in transformed
suspension culture was about 1.7 times higher than non-
transformed cells which were 0.58mg/g and0.34 mg/g of
dried weight cells, respectively (Fig. 5). The presence of
thebaine in reco mbinant cells was validated by the
confirmatory spiking HPLC andysis with the
commercia standards (Fig. 6).

Severa strategies for increasing the production of
secondary metabolites such as morphinan akaloids in
plants and plant cell cultures have been employed
including media and environmenta optimization,
differentiated cell cultures, elicitation, RNA mediated
suppression of pathway enzymes, and overexpression of
rate limiting pathway enzymes [17-20]. Here, we applied
the last strategy to enhance the baine content in cell
suspension culture of P. barctetatum.

0.7
06
0.5
0.4 b
03
0.2
0.1

mg/g of Dried weight cells

0

Transformed Non-transformed
Fig. 5 Effect of Arobacterium-mediated transformation on
thebaine concentration of P Papaver bracteatum Lindl. cell
suspension culture. Values followed by different letters in each
trait are significantly different at P < 0.05. The values are

expressed as the mean * standard error of mean (SEM).

The synthesis of the desired compound can be increased
by designing the genetic constructs and introducing them
to the cali ¢ ultures. Transgenic cultures have been
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found to be safe, efficient and cost-effectivesources of
valuable secondary metabolites for medicine and
industry [21]. At the current study, significant 1.7-fold
enhancement in thebaine content was obtained in the
recombinant cell suspension cultures.

This demonstrates that increase of secondary metabolite
s levels can be achieved by increased expression of a
single pathway enzyme. Similar investigations which
have been down previously confirm it.

For example, overexpression of P. somniferum BBE in
hairy root cultures resulted in afive-fold increase in total
dkaloid content [22]. The overexpression of
codeinonereductase in opium poppy plants did in fact
result in an increase in morphine, codeine and thebaine
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compared to the control plant [23]. Inducing the
overexpression of three stilbene synthase (STS) genes of
Picea jezoensis (Siebold & Zucc.) Carriere in calli
cultures of Vitis amurensis Rupr, resulting in an increase
in the content of stilbene [24].

Another example is the overexpression of1-deoxy-d-
xylulose-5-phosphate  synthase 1 (SrDXS1) and
kaurenoic acid hydroxylase (SrKAH) in Sevia spp.,
which increases the production of steviol glycosides
[25]. Cell suspension cultures of Slybum marianum (L.)
Gaertn. with the Vitis vinifera L. stilbene synthase gene,
allowing increased accumulation of t-resveratrol [26].

Table 3 T-Test analysis of Agrobacterium-mediated transformation on thebaine concentration of Papaver bracteatum Lindl. cell

suspension culture

Mean and SEM

Mean

| ig. (2-tail
Transformed explants Control explants Difference of Sig (2l
Thebaine . 0.580+0.1000 0.340+0.1000 0.2400 2.939 4 0.042
concentration
|,~. A q, B C‘ :

)
3

3 340 Thesme 5
]

tmeu)

Wt

spauodues

.
2
N T metane 5

Tors =

Fig. 6 HPLC chromatograms of Papaver bracteatum Lindl. cell suspension cultures. (A) Standard thebaine (50 ppm) (B) Standard
thebaine (75 ppm) (C) Standard thebaine (100 ppm) (D) non-transformed cells (E) transformed cells

In addition, overexpression of the neutral / akaline
invertase (NINV) gene in Taxus chinensis (Pilg.) Rehder
cell suspension significantly enhances the expression of
the taxadiene synthase (TAS) gene, and the biosynthesis
of seven individual taxanes[27].

In conclusion, this study is promising the ultimate
prospect of large-scale bio-production of one of the
pharmacologically important secondary metabolites;
thebain.

References

1. Gorothe T, Lenz R,Kutchan TM.Molecular Characterization
of the Sautaridinol 7-O-Acetyltransferase Involved in
Morphine Biosynthesis in Opium Poppy Papaver somniferum
.JBiol Chem. 2001,;276:30717-30723.

2. Kamimura S, Akutsu M, Nishikawa M. Formation of
thebaine in the suspension culture of Papaverbracteatum.
Agric Biol Chem.1976;40:913-919.

3.Milo J, Levy A, Paevitch D. An alternative raw-the
cultivation and breeding of Papaver bracteatum. In: Bernath J,
editor. Poppy: the Genus Papaver, Harwood Academic
Publishers, Amesterdam, 2006, pp. 279-289.



75

4. Tisserat B, Berhow M. Production of Pharmaceuticals
from Papaver Cultivarsin Vitro. Eng Life Sci. 2009;3:190-
196.

5. 1lahi |, GhauriEG.Regeneration in cultures of Papaver
bracteatumas influenced by growth hormones and
temperature. Plant Cell Tiss. Organ Cult. 1994;38:81-83.

6. Kamo K, Mahlberg PG.Morphinan Alkaloids: Biosynthesis
in Plant (Papaver spp.) Tissue Culture, Medicinad and
aromatic plants, Springer-Verlag, Berlin, 1988, pp. 251-263.

7. Smetanska |. Production of Secondary Metabolites Using
Plant Cell Cultures, Food Biotechnology, Springer- Verlag,
Berlin Heidelberg, 2008, pp. 187-228.

8. Berényi S, Csutoras C, Sipos A. Recent Developments in the
Chemistry of Thebaine and its Transformation Products as
Pharmacological Targets, Current Medicina Chemistry.
Bentham Sci Publishers. 2009;16:3215-3242.

9.Namdeo AG. Plant Cell Elicitation for Production of
Secondary Metabolites: A Review, Phcog. Rev. 2007;1:69-79.

10. Sambrook J, Russell DW. Molecular Cloning, A Laboratory
Manual. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, New Y ork. 2001.

11. Larkin PJ, Miller JA, Allen RS, Chitty JA, Gerlach WL,
Frick S, Kutchan TM, Fist AJ. Increasing morphinan alkaloid
production by over-expressing codeinone reductase in
transgenic Papaver somniferum. Plant Biotechnol J.
2007;5:26-37.

12. Murashige T, Skoog F. A revised medium for rapid growth
and bioassays with tobacco tissue cultures. Physiol Plant.
1962;15:473-497.

13. Cho HY, Lee-Parsons CWT, Y oon SYH, Rhee HS, Park JM.
Enhanced benzophenanthridine alkaloid production and
protein expression with combined elicitor in Eschscholtzia
californica suspension cultures. Biotechnol Lett.
2007;29:2001-2005.

14. Narciso JO, Hattori K. Genotypic differences in morphology
and ultra-structures of callus derived from selected rice
varieties. Philipp Sci Lett. 2010;3:59-65.

15. Verma P, Ahmad Khan S, Mathur AJ, Ghosh S, Shanker K,
Kalra A.Improved sanguinarine production via biotic and
abiotic elicitations and precursor feeding in cell suspensions
of latex-less variety of Papaver somniferumwith their gene
expression studies and upscaling in bioreactor, Protoplasma.
2014;251:1359-1371.

16. Bulgakov VP, Tchernoded GK, Mischenko NP,
Khodakovskaya MV, Glazunov VP, Radchenko SV, Zvereva
EV, Fedoreyev SA, Zhuravlev YN. Effect of salicylic acid,
methyl jasmonate, ethephon and cantharidin on anthraguinone
production by Rubia cordifolia callus cultures transformed
with the rolB and rolC genes. J Biotechnol. 2002;97:213-221.

17. Ramachandra Rao S, Ravishankar GA. Plant cell cultures:
chemical factories of secondary metabolites. Biotechnol Adv.
2002;20:101-153.

18. Gadzovska S, Maury S, Delaunay A, Spasenoski M, Joseph
C, Hagege D. Jasmonic acid elicitation of Hypericum
perforatumL. cell suspensions and effects on the production
of phenylpropanoids and naphtodianthrones. Plant Cell Tissue
Org. 2007;89:1-13.

19. McCoy ES, O’Connor E, Natural products from plant cell
cultures, Progress in Drug Research, Birkhauser Basel
publication, 2008, pp.331-370.

Qaderi etal.

20. Kumar V, Desa D, Shriram V. Enhanced
benzophenanthridine alkaloid production and protein
expression with combined elicitor in Eschscholtzia
californica suspension cultures, Nat. Prod Bioprospect.
2014;4:107-112.

21. KowalczykT, Wieczfinskal, Skatak, SliwinskiT, Sitarek P.
Transgenesis as a tool for the efficient production of selected
secondary metabolites from plant in vitro cultures. Plants.
2020; 9:132. doi:10.3390/plants9020132

22. Park SU, Yu M, Facchini PJ. Modulation of berberine
bridge enzyme levels in transgenic root cultures of California
poppy aters the accumulation of benzophenanthridine
alkaloids. Plant Molecular Biology. 2003;51:153-164.

23. Doyle JJ, Doyle JL. Isolation of plant DNA from fresh
tissue. Focus. 1990;12:13-15.

24. Suprun AR, Ogneva ZV, Dubrovina AS, Kiselev KV. Effect
of spruce PjSTSla, PjSTS2, or PjSTS3 gene overexpression on
stilbene biosynthesis in callus cultures of Vitis amurensis Rupr.
Biotechnol. Appl Biochem. 2019;1-7.

25. Zheng J, Zhuang Y, Mao HZ, Jang IC. Overexpression of
SDXS1 and SKAH enhances steviol glycosidescontent in
transgenic Stevia plants. BMC Plant Biol. 2019;19:1-16.

26. Hidalgo D, Martinez-Marquez A, Cusidé R, Bru-Martinez
R, Paazén J, Corchete P. Slybum marianum cell cultures
stably transformed with Vitis vinifera stilbene synthase
accumulate t-resveratrol in the extracellular medium after
elicitation with methyl jasmonate or methylated cyclodextrins.
Eng Life Sci. 2017;17:686-694.

27. Dong Y, Duan W, He H, Su P, Zhang M, Song G, Fu C, Yu
L. Enhancing taxane biosynthesis in cell suspension culture of
Taxus chinensis by overexpressing the neutral/alkaline
invertase gene. Process Biochem. 2015;50:651-660.



