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Impacts of Drought Stress on Morphine Biosynthesis in Papaver somniferum
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Abstract

Papaver somniferum L. represents an esteemed medicinal flora that encompasses
benzylisoquinoline alkaloids (BIAs), such as codeine, morphine, berberine, sanguinarine, and
papaverine. The expression levels of three pivotal genes (T60ODM, COR, and CODM) implicated
in the morphine biosynthetic pathway were scrutinized in capsule cells subjected to varying
degrees of drought stress. Poppy seeds were cultivated in pots within a greenhouse environment,
and drought treatments were instituted during the flowering phase. Capsules were collected at
distinct drought stress gradients, encompassing field capacity (FC) of 100% (control), FC 80%,
FC 60%, FC 40%, and FC 20% (stress treatment). This investigation was executed employing a
completely randomized design with three replications. The experimental treatments encompassed
differing intensities of drought stress, and the parameters evaluated included gene expression and
alterations in morphine concentration within poppy capsule cells. RNA was isolated from the
specimens, and complementary DNA (cDNA) was synthesized. The expression of the 7T60DM
gene exhibited a significant elevation after stress at 40% FC compared with control specimens (p<
0.01). In contrast, the expression levels of the COR and CODM genes declined across all drought
stress conditions when juxtaposed with control specimens (p< 0.01). The variation in morphine
concentration in capsule cells under disparate drought stress conditions paralleled the expression
of the T60ODM gene, demonstrating an uptick in morphine following stress at 40% FC (p< 0.01).
Furthermore, Pearson correlation analysis disclosed a substantial correlation between morphine
content and the expression of the 760DM gene (p< 0.01) in the capsule cells.

Keywords: CODM gene, COR gene, Poppy plant, T60ODM gene, Water stress.

Introduction
Plant alkaloids are crucial natural organic substances that play vital roles in plant growth,

development, and defense strategies (Pereira et al., 2023). Their unique biological properties have
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garnered significant interest in pharmaceutical development and agricultural practices (Azizyan et
al., 2024; Li et al., 2023).

Opium, found in the latex-dried poppy capsule, contains over 80 isoquinoline alkaloids. The most
common alkaloid derived from opium is morphine (4-21%), followed by codeine, thebaine,
papaverine, noscapine, and narcine (Dewick, 2002). Alkaloids are a group of nitrogenous
compounds with a low molecular weight that are found in 20% of plant species. Some alkaloids
have been used as drugs, stimulants, and toxins due to their strong biological activity (Facchini,
2001). Benzyl isoquinoline alkaloids are another large group of natural products with about 2,500
compounds found primarily in the Papaveraceae, Ranunculaceae, Berberidaceae, and
Menispermaceae families of plants (Jacobs, 2004). Alkaloids are formed and accumulated in
specific cells and organs of the plant. Morphine, noscapine, and papaverine are common alkaloids
found in aerial organs, whereas sanguinarine is typically found in roots (Facchini and DeLuca,
1995). Alkaloids accumulate first in the roots, then in the seedling stage, and finally in all aerial
organs.

The reference genome of opium poppy, with a size of 2.72 Gb carrying 51,213 protein-coding
genes and 9,494 non-coding RNAs, was reported (Guo et al., 2018). The investigation of protein—
protein interactions and pivotal hub genes reveals a multitude of components engaged in metabolic
and redox regulatory functions, with functional analyses of critical hub genes—such as those from
the thioredoxin family, Fe2OG dioxygenase domain proteins, iron/ascorbate-dependent
oxidoreductase family SCP domain proteins, and salutaridinol 7-O-acetyltransferase—
emphasizing their diverse roles in redox regulation and various biological activities, thus
highlighting their essential contributions to morphine biosynthesis dynamics (Bagheri et al., 2025).
After the petals have fallen, measurements of alkaloids in capsules collected from the poppy plant
indicate that morphine alkaloids are present (Shukla and Singh, 2000). Morphine and codeine are
more concentrated in aerial organs, particularly in the poppy capsule (Facchini et al., 2007). The
conversion of thebaineé to neopinone occurs via the enzymatic action of 6-O-demethylase
(T6ODM) within the morphine biosynthetic pathway. Following this transformation, neopinone
undergoes a spontaneous reorganization, culminating in the formation of codeine (Hagel and
Facchini, 2010). The enzyme codeinone reductase (COR) facilitates the reduction of codeinone to

codeine (Unterlinner and Kutchan, 1999). Subsequently, codeine is transformed into morphine
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through the action of codeine-O-demethylase (CODM). Alternatively, CODM also mediates the
conversion of thebaine to oripavin, which constitutes the initial step in the associated sub-pathway.
The compound oripavin is then converted to morphinane by T6ODM and is ultimately reduced to
morphine by COR (Figure S1). In instances where the poppy plant experiences mechanical
damage, morphine is rapidly metabolized into bis=meorphine. Its binding to the cell wall enhances
resistance to pectinase hydrolysis, suggesting that morphine may serve a defensive function against
biotic stresses (Morimoto et al., 2001). Davoudnia et al. (2016) investigated alterations in gene
expression, notably those of the Berberine bridge enzyme (BBE1), Scoulerine-O-demethylase
(DIOX2), and Dihydrobenzophenanthridine oxidase (DBOX), that are implicated in the
sanguinarine biosynthetic pathway within the Papaver genus under conditions of drought and
salinity stress. Their findings indicated that the upregulation of BBE1, DIOX2, and DBOX genes
in the poppy plant was significantly more pronounced under drought conditions compared with
salinity (Davoudnia et al., 2016).

In response to drought conditions, plants engage in intricate physiological and molecular adaptive
processes (Sun and Fernie, 2024). Such adaptations encompass mechanisms for water
conservation, osmotic regulation, and the activation of antioxidant systems, in addition to the
biosynthesis of secondary metabolites (Cao et al., 2024; Palesh et al., 2020). Alkaloids serve as
vital defensive compounds for plants, contributing to both survival and reproductive success by
deterring herbivory and facilitating pollinator attraction (Zhang et al., 2024). These compounds
represent significant bioactive constituents within various esteemed medicinal plants, exhibiting
extraordinary pharmacological attributes, which include notable examples such as leonurin,
dendrobine, ephedrine, triptolide, and scopolamine. The pharmacological effects of these alkaloids
encompass neuroprotective, antitumor, anti-inflammatory, antibacterial, and antiviral activities
(Bhardwaj et al., 2024; Duda-Madej et al., 2024; Li et al., 2024a). Nonetheless, drought stress
negatively impacts the growth and quality of medicinal plants, potentially leading to reductions in
alkaloid concentrations and hindering advancements within the industry (Feng et al., 2024). A
comprehensive understanding of the regulatory mechanisms underlying plant alkaloid
biosynthesis in response to stressors will enhance insights into plant adaptive responses to drought
and significantly influence the development of pharmaceuticals utilizing alkaloidal resources

(Guedes et al., 2024).
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There exists a limited body of research addressing the effects of drought stress on the molecular
metabolism of Papaver somniferum (Ozcan et al., 2025), indicating a pressing need for further
investigation aimed at augmenting the secondary metabolites of plants within the Papaver genus,
which harbor compounds of medicinal significance and are integral to the treatment of numerous
diseases.

The objective of the present study was to evaluate morphine accumulation and to ascertain the
expression levels of three pivotal genes (T60DM, CODM, and COR) that are involved in the
morphine biosynthetic pathway within capsule cells subjected to drought stress, as well as to assess

the correlation between morphine concentration and the expression of these related genes.

Materials and Methods

Plant material, culture conditions, and statistical analysis

The National Center for Genetic and Biological Resources of Iran provided Papaver somniferum
species with identification number P1006760 to begin poppy seed research. The seeds were stored
in a damp cloth in the refrigerator for 24 hours before planting to break the seed dormancy. This
experiment was conducted in a Completely Randomized Design with three replications. Under
natural light and at a temperature of 20-25 ° C, seeds were planted in pots with equal volumes of
leaf soil, garden soil, and aerated sand in the greenhouse of Gorgan University of Agricultural

Sciences and Natural Resources (Figure S2).

Drought stress treatments

Drought stress was applied to plants during the flowering stage, three days after the petals fell. The
capsule was sampled when the moisture in the pots was at different levels of drought stress,
including field capacity (FC) at 100% (as a control), 80%, 60%, 40%, and 20% (as stress
treatments). The sampling at four FC levels (20-80%) was compared to the control plant (FC
100%). Finally, the samples were wrapped in aluminum foil and frozen in liquid nitrogen before

being stored at - 80 °C.

Primer design
Primers were designed by Allele ID 7.5 (Table 1). When possible, they were designed to include
the 3’ untranslated region or the last exon. Primer specificity was checked by looking for

homologies in the P. somniferum genome using the BLASTn tool.
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Table 1. Information and sequence of primers related to 760DM, CODM, and COR genes.

Initiator name Sequence Tm (°C) l;re(r)l(;t]ﬁt Accestslizngglli:;ber of
COR For 5" AAAACTCCCAGTGCCTCTCA 3’ 63.5 115bp FJ624147

COR Rev 5" ACCCTTAATCTCGGCTGCTT 3’ 63.5

CODM For 5' TTGTGCTTAAATTTCGTGGATGAC 3’ 60.1 129bp GQ500141
CODM Rev 5' TGATTACATCACTTGACCCAAACAG 3’ 62.5

T60DM For 5' TTGATTGGGAACTAACGGCAGAAG 3’ 58.4 124bp GQ500139
T60ODM Rev 5 TGAAAGGTCCAGTCGGTGATAACA 3 58.4

P-ACTINFor 5" TCTCAACCCAAAGGCTAATCG 3’ 59.4 143bp RZC79158
P-ACTINRev  5' CCCCAGAATCCAAGACAATAC 3’ 59.4

RNA extraction, RT-PCR, and qPCR reaction

A 200 mg tissue sample was used for total RNA extraction by p-BIOZOL buffer (BioFlux- Japan).
The extracted RNA was run on a TBE agarose gel (1% W/V) by electrophoresis to determine the
quality of the RNA. Five microliters of extracted RNA (500 ng) were treated with DNase I, and
the first cDNA strand was synthesized with the reverse transcription system using an Oligo-dT
primer according to Thermo Scientific company instructions. The qPCR reaction was performed
in a volume of 10 pL containing cDNA (5 ng), 0.6 uM of each primer, and 5 uL of SYBR Green
master mix (2X) (Applied Biosystems). Real-time reactions were carried out on an 1Q5 (Bio-Rad,
USA) machine. The program of qPCR was 94 °C for 3 min, followed by 40 cycles of 94°C for
10s, 62°C for 30s, and 72°C for 30s. Reactions were finished with a dissociation step of 95 °C for
15, Ta (°C) for 15 s, and 95 °C for 15 s. Real-time PCR experiments were done in three biological
repeats, each with three technical replications. The beta-actin host gene was used as an internal
control gene. The Lin Reg v.4 software was used to select primers with efficiency values that
exhibit R?>0.98. Relative gene expression levels were calculated by the comparative method (the
2°44Ct method) (Schmittgen et al., 2000) using GenEX software, and the graph showing the
expression of each gene in the capsule tissue was generated in Excel. The specificity of the RT-
qPCR product was evaluated by the dissociation curve of the reaction as well as electrophoresis of

the product on TBE agarose gel (1% W/V).

Alkaloid extraction

Alkaloid extraction was performed using the Facchini and DelLuca methods with minor
modifications (Facchini and DeLuca, 1995; Frick et al., 2004). One gram of powdered poppy
capsule was transferred to a 250 mE glass bottle. The extraction solvent containing 5 mL of 25%

ammonia, 25 mL methanol, and mE chloroform was added and put into the magnetic stirrer
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apparatus (Dragon, Korea) for 10 minutes, and then the bottle was transferred to an ambient place
for 30 minutes. The solvent was filtered through filter paper (10 microns). To evaporate the
solvents, the filtered solution was connected to a rotary device in a 200 mL balloon. The precipitate
was dissolved in 25 mL of chloroform and 10 mL of sulfuric acid 1N using an ultrasonic device.
The above solution was transferred to a decanter, and after separating the two phases, the lower
phase (chloroform) was removed, and the upper phase (blue color) was kept. The pH of the solution

was adjusted between 10 and 11 using a few drops of ammonia solution.

Measurement of morphine concentration in capsules using HPLC

The concentration of morphine was measured by HPLC (Shimadzu, Japan) using a mobile phase
of 100 mM ammonium acetate (pH 5.6), dioxane, and acetonitrile at a 1:1 ratio, with a flow rate
of 2 mL/min. A 20 pL volume of the extracted solvent was injected into a 250 x 4.9 mm column
with 5 um particles. Detection was performed by measuring absorbance at 250 nm. The standard
morphine alkaloid provided by Sigma was used to quantify morphine at concentrations of 2, 5, 10,
20, and 40 ng/mL (Figure S3). The linear regression model was evaluated using analysis of

variance, and the correlation coefficient was calculated (Table S1).

Statistical analysis

The statistical analysis used in this study was a Completely Randomized Design (CRD) with three
replications. The treatment was at different levels of drought stress, and the traits were the
measurement of gene expression and related morphine content changes in the poppy capsule cells.
Data were analyzed with one-way ANOV A and Duncan’s test for multiple comparisons using SAS
¥.9.1 software. Data are presented as mean = SEM. A p-value less than 0.05 compared with the

control was considered significant.

Results

RNA integrity and specificity of the RT-qPCR product

The integrity of the extracted RNA from capsule cells was proved by electrophoresis of RNA on
agarose TBE gel (Figure 1A). Also, electrophoresis of the qPCR product showed the primer
specificity and the absence of primer dimers as well as non-specific PCR produets in the process

of amplifying the three T60ODM, COR, and CODM genes (Figure 1B).
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Figure 1. Electrophoresis pattern: A) RNA integrity of capsule cells from different levels and
drought stress on TBE agarose gel (1% W/V). B) gPCR products of the 7T60DM, COR, and CODM
genes. M= GeneRuler 100bp Ladder, NC= negative control.

Effect of different levels of drought stress on gene expression

The statistical analysis showed that the drought stress treatment - a significant effect on TOODM
gene expression in capsule cells (p< 0.01) (Table S2). The transcript level of the TOODM gene
was significantly reduced at 80% FC and 60% FC compared With the control plant (FC100%) (p<
0.01). Meanwhile, expression of this gene was significantly elevated at FC 40% and FC 20%
compared - the control plant (FC100%) (p< 0.01). The highest relative expression rate of this
gene was 8.46-fold at FC40%, and the fold change of this gene expression was 4.83- at FC20%
compared to the control plant (Figure 2A). The fold change of the COR and CODM gene
expression in capsule cells was less than one in all studied FCs, indicating a significant decrease
compared - the control plants (FC100%) (p< 0.01). The maximum and minimum reductions in
COR gene expression were at 20% FC (0.006) and 40% FC (0.32), respectively, and for CODM
gene expression were at 20% FC (0.001) and 40% FC (0.47), respectively (Figure 2B and Figure
2C).
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Figure 2. Relative fold change expression of three important genes, including 760DM (A), COR
(B), and CODM (C), involved in the morphine production pathway in capsule cells of poppy under
different levels of drought stress. Values are shown as mean + SEM; n = 6. Data were analyzed
with one-way ANOVA and Duncan’s test for multiple comparisons. A p-value less than 0.05
compared to the control was considered significant. FC%= Field capacity percent.

Morphine concentration of capsule cells under drought stress

The retention time of the standard morphine peak was 6.22 minutes, according to the results of the
HPLC analysis (Figure 3). One-way ANOVA of capsule morphine content revealed that different
levels of drought stress significantly changed morphine concentration (p< 0.01) (Table S3). The
maximum and minimum morphine content were observed at FC40% (1.92 ng/g) and at FC100%
and FC80% (0.62 ng/g), respectively (Table 2, Figure 4). Pearson correlation analysis also showed
a significant correlation between capsule morphine content and the expression of the TOODM gene
in this tissue (£50.99, p<0.01) (Table 3). The highest correlation among the mRNA concentrations
of the three genes (T60ODM, CODM, and COR) was observed between CODM and COR (1=0.90),
but it was not significant (p>0.05) (Table 3).
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Figure 3. Chromatogram of morphine concentration in capsule cells under different levels of
drought stress. The red arrow indicates the peak of morphine. FC%-= Field capacity percent.

Table 2. The range of morphine concentration (ng/g) of poppy capsule cells at different FC

conditions.
FC percent  Morphine content in ~ Ratio of morphine
capsule cells ? (ng/g) concentration

100% 0.62 1

80% 0.62 1

60% 0.68 1.1

40% 1.92 3.1

20% 1.17 1.9

a. Mean of 3 replicates



222

223
224
225
226
227
228
229
230
231

232
233
234
235
236
237
238
239
240
241
242
243

Drought Stress and Morphine Biosynthesis in Poppy

Journal of Agricultural Science and Technology (JAST), 29(2)
In Press, Pre-Proof Version

1.8 A
1.6 1
1.4 A
1.2 1

0.8 A
0.6
0.4 -
0.2 4

Morphine concentration (ng/g)

FC 100% FC 80% FC 60% FC 40% FC20%
Different levels of drought stress

Figure 4. Morphine concentration in capsule cells under different levels of drought stress. Values
are shown as mean + SEM; n = 3. Data were analyzed with one-way ANOVA and Duncan’s test
for multiple comparisons. A p-value less than 0.05 compared to the control was considered
significant. FC%= Field capacity percent. FC%= Field capacity percent.

Table 3. Pearson Correlation Coefficients analysis between morphine content and the expression
of three genes (T60ODM, COR, and CODM) under different levels of drought stress in capsule cells
of the poppy plant.

The three important genes of the morphine production pathway are discussed in this study, as well

Discussion

as their role in morphine production under stress conditions. Many efforts have been made in recent
years to identify and improve secondary metabolites such as morphine because of their medicinal
properties (Sharma et al., 2013; Mora-Pale et al., 2014). Furthermore, because benzylisoquinoline
alkaloids are toxic, their accumulation is limited to specific cells called lattice cells that are

adjacent to sieve elements (Le Flem-Bonhomme et al., 2004; Liscombe and Facchini, 2008).

10
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Because benzylisoquinoline alkaloids are produced in specific cells (Chandra and Chandra 2011),
abiotic stresses can be used as a practical method to increase the expression of genes that produce
these alkaloids. Secondary metabolites play an important role in plants' adaptation to
environmental conditions, and a variety of factors trigger their accumulation. Drought, salinity,
and cold are all environmental factors that influence plant growth and metabolite production
(Akula and Ravishankar, 2011). Drought has also been shown to increase the expression of many
plant genes (Abdollahi Mandoulakani et al., 2017; Tang et al., 2012). Drought has also been shown
to cause secondary metabolites to be produced in the poppy plants (Szabo et al., 2003). The
T60DM, COR, and CODM genes, which play a key role in morphine biosynthesis, have been
discovered in the poppy plant (Beaudoin and Facchini, 2014).

The acceleration of thebaine and codeine conversion into morphine is facilitated by elevated gene
expression of 760DM and CODM, respectively. Additionally, enhanced expression of the COR
gene may result in augmented accumulation of codeine and morphine (Allen et al., 2007; Larkin
et al., 2007). Consequently, the present investigation aims to elucidate the expression variations of
the aforementioned genes across diverse field capacities (FCs) under conditions of drought stress,
as well as to explore their association with morphine biosynthesis in the capsule cells of Papaver
somniferum.

In the current investigation, drought stress across varying FC levels exhibited a notable reduction
in the expression of the COR and CODM genes; conversely, drought stress at 20% and 40% FC
stimulated an increase in T60DM gene expression. Recently, Ozcan gt al, (2025) reported
analogous findings through the application of virus-induced gene silencing (VIGS) in opium
poppy. They illustrated that the knockdown of the CODM gene resulted in a 107% upregulation
of T60ODM gene expression. Importantly, the augmentation of COR gene expression was
associated with a suppression of 760DM gene expression (a 47% reduction in 760DM) and an
enhancement of CODM gene expression (a 49% increase in CODM). However, they did not assess
any correlation between gene expression and morphine concentration (Ozcan et al., 2025). It is
noteworthy that we monitored the expression of the 760DM gene alongside corresponding
morphine concentrations across different FC percentages, revealing that drought stress leads to an
increase in both 760DM gene expression and morphine concentration at 40% FC, followed by a

decline at 20% FC. Therefore, the synergistic effect of T60DM gene overexpression and drought

11
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stress may be leveraged to enhance morphine alkaloid levels in the breeding programs for the
poppy plant.

The concentrations of alkaloids derived from poppy appear to be influenced by warious stress
factors (Szabo et al., 2003). Drought stress in poppy plants has been shown to elevate alkaloid
content, yielding significantly increased levels of morphine, codeine, and narcotine, in accordance
with the findings of Szabo et al. (2003), which align with the observations made in this study.
Furthermore, drought stress has been correlated with enhanced production of secondary
metabolites in poppy plants (Akula and Ravishanka, 2011). As reported by Kaickar et al. (1978),
sufficient precipitation before flowering, followed by arid and elevated temperature conditions, is

conducive to increased morphine concentrations within the capsule.

Conclusions

In this investigation, the morphine content exhibited a significant increase of 3.1-fold in the
capsule cells under 40% FC conditions relative to the control specimens. Subsequently, this
content decreased to 1.9, 1.1, and 1-fold under 20%, 60%, and 80% FCs, respectively, compared
with the control plants. The findings of this study reveal a significant correlation between the
expression of the T60ODM gene and the levels of morphine alkaloids in the capsule cells subjected
to drought stress treatment; however, such a correlation was not observed for the COR and CODM
genes. Based on the results of this study, it is recommended to pursue the overexpression of the
T60DM gene in the poppy plant and to assess the morphine concentration in the capsules for the
purpose of plant breeding.
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