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Introduction

Alkaloids are a diverse group of low
compounds found in about 20% of plant species. The 
benzylisoqu
of several important medicinal compounds including 
morphine, codeine, pap
tubocurarine and sanguinarine. The limited availability 
of cloned biosynthetic genes and the inability to genet
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generally restricted the metabolic engineering of plant 
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in Opium poppy
completely elucidated by MH Zenk 
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litate the metabolic engineering of Opium poppy to pro-
duce plants with specific patterns of alkaloids and could 
ultimately lead to an understanding of the inability of 
plant cell culture to accumulate morphine. It is common-
ly known that morphinan alkaloids assemble in latex 
vesicles within poppy laticifers. Laticifer ultra structure 
and differentiation has been analyzed and related to 
opium alkaloid accumulation (Kutchan et al 1985, 1986, 
Nessler and Mahlberg 1977, 1978, Roberts et al 1983, 
Rush et al 1985).  
Codeinone reductase is the last step in the two alterna-
tive routes between morphine biosynthesis and thebaine. 
Codeinone reductase catalyzes the NADPH-dependent 
reduction of codeinone to codeine along the morphine 
biosynthetic pathway in Opium poppy. For first time, 
Unterlinner et al (1999) isolated and characterized four 
cDNAs encoding codeinone reductase isoforms and had 
functionally expressed them in Escherichia coli. By se-
quence comparison, codeinone reductase belongs to the 
aldo/keto reductase family, a group of structurally and 
functionally related NADPH-dependent oxidoreductases. 
Larkin et al (2007) demonstrated that Over-expression of 
COR resulted in an increase in morphinan alkaloid pro-
duction on a dry-weight basis. 
However, transgenic plants have some disadvantages 
such as the extent of time required to establish a produce 
line, transformation of recalcitrant cultivars and public 
concerns about transgene escape in the environment 
(Miele 1997). In response to such concerns, alternative 
systems have been suggested. These include, production 
of transplastomic plants in which the chloroplast genome 
rather than the nuclear genome is transformed (Daniell et 
al 2001) and transient gene expression (Fischer et al 
1999). Transient expression can be used to verify the 
expression of constructs and produce small amounts of 
product for functional analysis before proceeding to the 
development of transgenic plants. Various approaches, 
including biolistic delivery of naked DNA, infiltration 
with recombinant Agrobacteria (agroinfiltration) and 
infection with modified viral vectors are now being used 
(Fisher et al 1999). In agroinfiltration, evacuated plant 
leaves take up large amounts of recombinant DNA and 
target many cells in a leaf and the T-DNA harboring the 
gene of interest is actively transferred into the nucleus by 
the bacterial proteins (Kapilla et al 1997, Fischer et al 
1999). Considering other transient expression systems 
for plants and biosafety regulations that must be consi-
dered in virus infected plant techniques as well as regu-
latory compliance for transgenic plants, agroinfiltration 
can be used as a suitable technique for the production of 
biopharmaceuticals important for therapeutic uses espe-
cially in low dose.  

In the present study, morphinan and nonmorphinan alka-
loid productivity was investigated in leaves of P. somni-
ferum L. We confirm that vacuum infiltration of intact P. 

somniferum leaves is an efficient system for the transient 
expression of genes encoding morphinan alkaloids bio-
synthetic enzymes.  

 

Materials and methods 

Plant material 

Papaver somniferum seeds were grown in green houses 
(photoperiod: natural daylight, Temperature regime: 
25/18C day-night). Excised leaves from 6-week seedl-
ings were used for RNA extraction and intact young 
leaves were used for agroinfiltration.  

RNA extraction and cDNA synthesis 

Total RNA for cDNA synthesis was isolated using the 
method of RNA XPLUS Kite (Sinagen). Generation of 
cDNAs encoding codeinone reductase from P. somnife-
rum was produced by reverse transcription of mRNA 
isolated from 6-week-old plants. DNA amplification 
using either Taq or Pfu polymerase was performed under 
the following conditions: 5 min at 94° C, 30 cycles of 
94° C, 60 s; 56° C, 60 s; 72° C, 60 s. At the end of 30 
cycles, the reaction mixtures were incubated for an addi-
tional 10 min at 72° C. Prior to cooling to 4° C, cor cod-
ing regions were amplified by using primers designed to 
add BamHІ and SacІ restriction sites to the 5′ and 3′ 
ends, of each primers, respectively. The specific se-
quences of the oligodeoxynucleotide primers were de-
signed on the complete sequence of cor genes based on 
the sequences in GenBank (accession number 
AF108435). Cor gene was amplified from cDNA using 
primers corresponding to the beginning and end of gene 
(5′ TTG, GAT, CCG, CCA, CCA, TGG, CAA, CAA, 
TGT, ATA 3′ and 3′ GAG, AGC, TCT, CAA, ATC, 
AAT, TCA, AGG, ATT, TCA 5′). Agarose gel electro-
phoresis was applied for resolving amplified DNA. The 
bands of approximately correct size around (960 bp) 
were isolated and subcloned into pTZ57RIT (Cloning 
Kit # k1214, Fermentase) prior to nucleotide sequence 
determination. 

Construction of binary vector 

The recombinant plasmid was transformed into the 
Escherichia coli strain DH5α by using a freeze-thaw 
method. Transformed E. coli DH5α was grown on LB 
agar plates containing ampicillin (100 μg/ml) and posi-
tive clones were selected and sequenced. Subsequently, 
after plasmid extraction, the pTZ57RIT/cor was digested 
with BamHІ and SacІ to recover the cor fragment. Ap-
proximately 200-250 ng of each plasmid DNA were di-
gested with 1μl of BamHІ (10U/μl) and SacІ (20U/μl) in 
an appropriate buffer at 37ºC for one overnight. The di-
gested products were fractionated on 1% agarose gel. 
The gel was visualized over UV transilluminator and the 
desired band was excised with a sterile scalpel then 
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eluted with Genomic DNA Purification Kit (Fermen-
tase). Eluted DNA was used for subcloning into pBI121 
between BamHI and SacI sites to allow the expression of 
cor gene driven by the cauliflower mosaic virus 35S 
promoter. The recombinant plasmid was transformed 
into the E. coli strain DH5α using a freeze-thaw method. 
After the selection of positive colones on selection me-
dium, plasmid was extracted by miniprep method and 
recombinant plasmids were selected based on PCR and 
digestion. The construct was then mobilized in Agrobac-
terium tumefaciens C58/pGV3850 (KmR RifR). A. tume-
faciens cultures were grown at 28°C at 180 rpm on a 
gyratory shaker in liquid Luria-Bertani medium (1% 
[w/v] tryptone, 0.5% [w/v] yeast extract, and 1% [w/v] 
NaCl, pH 7.0), containing 50 mg/l kanamycin, to mid-
log phase (A600= 0.8). 

Transient expression assay in vacuum infiltrated leaves 

Preparation of Agrobacterium for the infiltration of plant 
leaves were performed as previously described by Kapil-
la et al (1997) with some modifications. Preculture (2 
ml) of Agrobacterium was inoculated into 100 ml LB 
medium supplemented with 50 mg/l of kanamycin and 
grown overnight to logarithmic phase (OD600 = 0.6) at 
28°C. Bacteria were centrifuged and resuspended in half 
volume of infection medium (Murashige and Skoog 
(1962): basal medium (pH 5.5) containing 5.0% sucrose, 
10 mM MES and 200 mM acetosyringone) and grew at 
28°C for 2-3 h to a final OD600 = 0.6. A continuous 
vacuum in the range of 0.5-1 mbar was applied for 0.5 g 
intact leaves. For analysis of the effect of infiltration 
time, papaver leaves were infiltrated for 15, 30 and 45 
minutes. The best result was used for the infiltration of 
papaver leaves. After infiltration, vacuum was broken 
rapidly; leaves were rinsed in sterile water, kept on a 
Whatman paper # 40 with adaxial side facing up and put 
in sealed trays (16/8 h photoperiod, 25°C) for 72h. 
Leaves were used directly for further TLC and HPLC 
analysis. 

TLC and HPLC analysis 

P. somniferum leaves were extracted with methanol in 
boiling water and refluxed for three hrs. Extracts were 
reduced to dryness under vacuum, dissolved in 1.0 ml 
sodium carbonate/bicarbonate (3:2, w/w), pH 10.0, and 
extracted three times with ethyl acetate. Pooled ethyl 
acetate fractions were decreased to dryness and the resi-
due was taken up in 5 ml of methanol. TLC was per-
formed on precoated silica gel HPTLC aluminum plates 
60F254 (20 cm × 20 cm, 0.2 mm thickness, 5–6 μm par-
ticle size, E-Merck, Germany). Twenty microliters of the 
standard solutions and samples were spotted as bands of 
6 mm width by using the auto sampler fitted with a 
100 μl Hamilton syringe. The plates were developed 
with a mobile phase using toluene-acetone-ethanol-
ammonia (40:40:6:2). The developed plates were air 

dried and scanned. A spectrodensitometer (Scanner 3, 
CAMAG)  possessing ‘win CATS’ planar chromatogra-
phy manager (version 1.3.0) software was utilized for the 
densitometry measurements, spectra recording and data 
processing. 

Samples, for HPLC analysis, were filtered (Whatman no. 
6 filter paper) directly into an autosampler vial for HPLC 
injection. alkaloid samples (15 μl) Extracted, were run 
on an Alltech platinum C18 53 × 7 mm rocket column 
heated to 40 °C at a flow rate of 1.5 ml/min using an 
acetonitrile gradient. The gradient began at 100% eluant 
A and moved to 35% A and 65% B at 18 min (where 
eluant A was 2% acetonitrile, 0.8% triethylamine, 0.05 
M sodium dihydrogen phosphate, adjusted to pH = 3.5 
with phosphoric acid; and eluant B was 50% acetonitrile, 
0.8% triethylamine, 0.05 M sodium dihydrogen phos-
phate, adjusted to pH = 3.5 with phosphoric acid). Sepa-
rated products were analyzed using a Waters 2487 Dual 
wavelength detector and a Millennium 32 version 
3.05.01 data system with UV detection of peaks at 254 
nm. Pharmaceutical grade opium alkaloids were used as 
standards and included morphine sulfate, codeine sulfate, 
thebaine, papaverine and noscapine (Sigma Chemical 
Corp.). 

 

Results 

RNA extraction, cDNA synthesis and construction of 
binary vector 

Based on the sequences of cor in Gene bank (accession 
number AF108435), two sets (forward and reverse) of 
degenerate primers were made and used to amplify the 
corresponding gene product by PCR using reverse-
transcribed mRNA as a template. The PCR mixture was 
resolved on a 1% agarose gel. Only forward and reverse 
primers amplified specifically around 960 bp DNA band 
(Fig. 1).   

 

 
Fig. 1. The PCR product of cor gene. Lane 1, 2 and 3: PCR 
product (960 bp), Lane 4: marker 1 kb fermentase. 
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The PCR product was then recovered and subsequently 
cloned into pTZ57RIT. All of the positive clones had the 
same size inserts around 960 bp. After plasmid extrac-
tion, and digestion of pTZ57RIT/cor with BamHІ and 
SacІ, the cor fragment was recovered and ligated into the 
pBI121 between BamHI and SacI sites just under the 
CaMV35S promoter sequence to yield overexpressing 
plasmid. The ligated vector was named pBI121/cor. The 
recombinant plasmid was transformed into the Escheri-
chia coli strain DH5α.Recombinant plasmids were se-
lected based on PCR and digestion after the selection of 
positive colones on selection medium and plasmid ex-
traction, (Figure 2, 3). The construct was then mobilized 
in Agrobacterium tumefaciens C58/pGV3850 (KmR 
RifR). 
 

 
Fig. 2. Identification of the insertion of cor gene in pBI121. 
Lanes 1–2: the recombination plasmid with correctly gene inser-
tion; Line 3–4: the Non-recombinant plasmid, lane 5: marker 1 
kb fermentase. 

 

 
Fig. 3. PCR analyses for the presence of cor genes in recombi-
nant plasmid; lane 1: negative control, lanes 2-9, recombinant 
plasmid, line 10: positive control, 11: marker 1 kb fermentase. 

 
Transient expression assay 

The agroinfiltration method developed by Kapila et al 
(1997) was used in order to achieve transient overex-
pression of cor gene in intact P. somniferum leaves. 

Gene expression was confirmed by means of TLC and 
HPLC analysis of crude leaf extracts. The role of inocu-
lation time during the agroinfiltration process on papaver 
leaves showed that this factor plays an important role in 
the expression level of final products in leaves. We have 
designed an experiment to study different inoculation 
times (15, 30 and 45 min) in agroinfiltration on papaver 
leaves. Analysis of TLC showed that the best expression 
level could be detected on 30 min. On low times, detec-
tion of alkaloids was impossible after three days and all 
parts of leaves were destroyed in 45 min and were very 
slimy so that extraction was difficult after three days. 
After completing this experiment for three times, results 
showed that in 11 sets from 15 sets of leaves experiment 
tested, main alkaloids (codeine, morphine, papaverin, 
noscapine and thebaine) were detectable (Fig. 4, 5). 
Whereas no signal was detected in non-infiltrated control 
leaves or in leaves infiltrated with non-recombinant bac-
teria for morphine and codeine (Fig. 5), others such as 
thebaine and papaverine were detectable. 

 

 

 
Fig. 4. Determination of tetrahydrobenzylisoquinoline, alkaloids 
in leaves. (a) Present the average alkaloid content of opium 
poppy plants transient expression leaves. HPLC analysis of 
latex from Papaver somniferum wild type (WT) and transgenic 
plants transformed with S4S4:anti-bbe. 
 
These results show that transient expression can induce 
the production of these pharmaceutically important anal-
gesic and narcotic drugs precursors.  The alkaloids in 
leaves and stem sections were calculated as in alkalo-
id/100 mg fresh weight. 
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rianne”. They noticed a time- and tissue-specific accu-
mulation of morphine, codeine, noscapine, and narcoto-
line in aerial and root tissues. In another experiment, 
Frick et al (2005) showed that detection of some impor-
tant alkaloids possible in leaves and stems of two P. 
somniferum cultivars (C048-6- 14-64 and Marianne) two 
days after petals dropped. They showed the alkaloids in 
the leaves display the same pattern as in latex and stems; 
75-80% of the alkaloids in leaves were morphine, code-
ine, and thebaine. In another experiment, researchers 
showed that gene expression in O. poppy is restricted to 
some tissues and developmental stages. In situ hybridiza-
tion analysis presented that TYDC genes expression is 
developmentally regulated. TYDC transcripts are asso-
ciated with vascular tissue in mature roots and stems, but 
they are also expressed in cortical tissues at earlier stages 
of development. TYDC genes Expression is restricted to 
metaphloem and to protoxylem in the vascular bundles 
of mature aerial organs. Localization of TYDC tran-
scripts in the phloem is compatible with the expected 
developmental stem of laticifers, which are specialized 
internal secretory cells accompanying vascular tissues in 
all organs of selected species and that contain the alkalo-
id-rich latex in aerial organs. A coordinated regulation of 
specific alkaloid biosynthetic genes is proposed by the 
differential expression of TYDC genes and the organ-
dependent accumulation of different alkaloids that are 
eventually controlled by specific developmental pro-
grams (Facchini and De Luca 1995).  
Another objective of this study was to evaluate the ca-
pacity of P. somniferum leaves for the overexpression of 
codeinone reductase by agroinfiltration. As the efficien-
cy of agroinfiltration is highly dependent on the ability 
of bacterial penetration inside the leaf tissue (Fischer et 
al 2004), it seems that by increasing infiltration time, 
there is more chance for passing the epidermis barrier 
and infecting the neighboring cells and transferring T-
DNA containing the desired gene into the nucleus. While 
standardizing for maximum expression level at different 
inoculation time was 15, 30 and 45 min, we found that 
after 30 min infiltration time, highest expression was 
achieved. Therefore, 30 minutes for infiltration experi-
ments was used for further study. In previous studies, in 
other plant leaves (tobacco, potato and lettuce), results 
showed that in 35 minutes, the highest expression of 
human growth hormone was achieved (Hashemi et al 
2005). As prolonged exposure to vacuum could be rapid-
ly decreased, the temperature of bacterial suspension 
may have additionally reduced the expression (Wrob-
lewski et al 2005). Therefore, we did not use longer in-
oculation time. Low increase in amount of final product 
in leaves may be caused by the synthesis of low yield, 
but it could be managed by increasing the amount of 
leaves. For example, researchers at Medicago Inc. have 
described how the agroinfiltration of alfalfa leaves can 

be scaled up to 7500 leaves per week producing micro-
grams of recombinant protein (Fischer et al 2004). 
It seems that, with the optimization of this protocol, the 
likely production of most important pharmaceutical sub-
stances would be possible. The agroinfiltration system 
allows scaling up and is comparable to transgenic plants 
in terms of quantity and quality. Therefore, considering 
some limitations for production in a commercial scale, it 
could be possible to have an optimized condition; 
agroinfiltration could be equal from economical point of 
view or even inexpensive and a suitable replacement for 
releasing of transgenic plants. Furthermore, transient 
expression is a very fast technique to analyze interested 
genes. Transient expression takes only a few days, whe-
reas stable transformed plants are generated after several 
months. Sparkes et al (2006) showed that transient trans-
formation of tobacco leaf epidermal cells is a relatively 
fast technique to assess the expression of genes of inter-
est. While stable lines are generated after approximately 
2 to 4 months, Transient expression takes from 2 to 4 
days. In other crops, such as Catharanthus roseus, the 
transient expression technique was used to overexpress 
tryptophan decarboxylase (tdc) and strictosidine syn-
thase (str1) genes, which encode two key enzymes of the 
terpenoid indole alkaloid (TIA) biosynthesis pathway. 
Immunoblot analysis of crude leaf extracts showed that 
recombinant TDC and STR1 were accumulated to de-
tectable levels when targeted to their native subcellular 
compartments (i.e., the cytosol and vacuole, respective-
ly) or to the chloroplast (Stefano et al 2004). 
In spite of other reports that the production of morphine 
and codeine is only possible in laticfiers, now it seems 
that with transient expression of COR enzyme in leaves, 
there is a possibility to produce these pharmaceutically 
important analgesics in leaves. Transient expression can 
be used to verify the expression of constructs and pro-
duce small amounts of products for functional analysis 
before proceeding to the development of transgenic 
plants.   
 
Conclusion 

We showed that agroinfiltration could be an efficient 
tool for the transient expression of genes encoding en-
zymes of the Benzylisoquinoline alkaloids (BIA) path-
way in intact P. somniferum leaves. The transient ex-
pression assay described here is reliable and inexpensive 
and can be a suitable test-system for our further under-
standing of the biosynthetic BIA pathway to develop 
metabolic engineering strategies for the production of 
valuable pharmaceutical precursors. 
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