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ABSTRACT 
 

 

In 1803, the opium poppy was the source of Morphine, the first alkaloid extracted. Due to its diverse use 

and therapeutic applications, it is considered the most notable alkaloid and accounts for 42 out of all 

alkaloid substances. This study aimed to use bioinformatics techniques to investigate the biosynthesis 

pathway of morphine. It included the compilation of nine genes associated with this pathway, based on a 

thorough literature review. The genes were later confirmed with the NCBI BLAST tool. For examining 

gene interactions, the research used STRING, and Cytoscape was utilized to visualize the molecular 

interaction network. Additionally, CytoHubba was applied to pinpoint hub proteins in this network. The 

hub genes were examined for enrichment with the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

using STRING, while Gene Ontology (GO) analysis was conducted through gprofiler. Furthermore, the 

promoter regions of important genes were analyzed using MEME. The metabolic processes involved in 

morphine production highlight that the gene network associated with the morphine pathway has wider 

functions beyond merely generating primary metabolites. An examination of the KEGG pathway 

highlighted the importance of metabolic pathways and the production of secondary metabolites. 

Additionally, a review of the promoter suggested that signal transduction might be involved in morphine 

synthesis. The main genes involved in the production of morphine are linked to several key plant 

pathways, given that morphine is categorized as a secondary metabolite. This study employs various 

bioinformatics tools to pinpoint and evaluate gene interactions and metabolic pathways, providing a better 

understanding of how morphine alkaloids are synthesized. This approach could help develop new methods 

for producing and extracting morphine, as well as improve agricultural practices related to medicinal 

plants.  
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1. Introduction 

The poppy (Papaver somniferum L.), belonging to 

the Papaveraceae family, is globally acknowledged as 

an important medicinal plant. It is especially known for 

its secondary benzylisoquinoline alkaloids (BIAs), 

such as morphine, codeine, thebaine, and oripavine. 

These substances offer a range of therapeutic benefits, 

including pain management, addiction recovery, and 

cancer treatment (Aghaali and Naghavi, 2024). In 

reality, BIAs can help alleviate pain, address addiction 

issues, and support cancer treatment; however, 

improper use can result in addiction (van Dorp et al., 

2007). Various types of poppies possess distinct 

profiles of biologically active compounds, with certain 
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varieties containing greater levels of morphine and 

codeine, while others are more abundant in thebaine 

and oripavine (Desgagné-Penix et al., 2012). Morphine 

is a powerful pain reliever and anesthetic, but it has 

considerable side effects and a potential for addiction. 

Its structure includes a long pentacyclic core with five 

linked chiral centers, one of which is a quaternary 

benzylic carbon, creating the morphinan framework. 

Because of its distinctive characteristics, morphine is 

seen as an intriguing substance for assessing 

contemporary synthetic methods (Tolchin et al., 2023). 

The production of secondary metabolites in plants is a 

complicated process that is controlled by various genes 

and affected by many different factors (Tahmasebi et 
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al., 2019). Secondary metabolites help plants react to 

various environmental changes (Fazili et al., 2022). 

Manufacturers aim to investigate the molecular 

processes involved in the production of secondary 

metabolites and utilize this understanding to develop 

pharmaceuticals (Malik et al., 2023). The development 

of BIAs is a complex process influenced by genetic 

factors and various other elements, emphasizing the 

need to understand the underlying molecular 

mechanisms to improve production (Garg et al., 2015). 

As the number of plant genome sequences and post-

genomic research increases, a significant challenge is 

to utilize this genomic data to improve our 

understanding of the molecular mechanisms that 

contribute to the development of complex traits. A gene 

network depicts the relationships between genes, with 

nodes representing the genes and edges indicating their 

interactions, underscoring the importance of network 

analysis in plant biology. Genes that interact, either 

directly or indirectly, are likely to play similar 

biological roles. These networks uncover potential 

links among genes and enable a systematic 

investigation of the molecular mechanisms that 

underlie biological processes. By identifying and 

assessing the significance of nodes within the network, 

we can pinpoint and emphasize the key components of 

biological networks (Liu et al., 2020). 

Cluster analysis is a technique employed in networks 

to identify functional modules and predict protein 

complexes and biomarkers within the network (Li et 

al., 2017). The synthesis of these alkaloids depends on 

a complex network of genes and enzymes distributed 

among different cell types in the plant. Key genes 

associated with BIA biosynthesis have been identified 

through various genomic and transcriptomic 

techniques. Furthermore, several enzymes that play a 

role in the sanguinarine biosynthesis pathway were 

found to be among the most abundant transcripts in cell 

cultures exposed to elicitors (Aykanat and Türktaş, 

2024). A research study utilized next-generation 

sequencing to identify genes associated with the 

biosynthetic pathway of secondary metabolites in the 

Abu Jahl variety of watermelon. RNA was extracted 

from the fruit tissues of this watermelon variety, and 

sequencing was performed on the Illumina Hiseq 2500 

platform. The bioinformatics analysis incorporated a 

unique integration with the Evidential-gen software 

and functional analysis through the KAAS database. 

Out of 21,952,885 high-quality sequences, 55,311 

individual genes were identified and submitted to 

various databases. The KAAS database indicated that 

17,359 of these genes were annotated across 134 

different plant pathways. Notably, within the pathways 

related to significant secondary metabolites in the fruit 

tissue, 39 monogenes and 8 ortholog genes were 

associated with the triterpene and sesquiterpene 

pathways. The goal of this transcriptome analysis of the 

medicinal plant is to pinpoint the genes involved in the 

biosynthetic pathways of secondary metabolites. This 

research opens up opportunities for various 

applications, including the potential engineering of 

biosynthetic pathways for herbal medicinal compounds 

(Dorafshan et al., 2019). 

In a particular research study, researchers produced 

700 Mb of transcriptome sequences using the Pac Bio 

platform, known for its effective use of the natural 

DNA replication process. After filtering out low-

quality data and removing technology-related adapters, 

they successfully assembled 302 Mb of high-quality 

long-read sequences into 120,926 contigs, with an 

average length of 3,117 bases (Manni et al., 2021). 

Most of the sequences were found to be between 3000 

and 3500 base pairs long. To investigate the genes 

associated with secondary metabolite biosynthesis in 

the medicinal poppy, heat maps were generated by 

analyzing orthologous genes. A phylogenetic tree was 

also created to examine the evolutionary connections 

among these genes, and the alkaloid levels were 

assessed. Furthermore, 137 transcripts related to 

secondary metabolite biosynthesis, which showed 

different expression levels at various growth stages of 

the plant, were analyzed as well (Filiault et al., 2018). 

The advent of plant genome sequencing has rendered 

network analysis an effective approach for 

understanding gene interactions and their roles in basic 

traits. Specifically, for opium poppy, network analysis 

has yielded significant information regarding the 

pathways that contribute to morphine production. This 

research seeks to identify novel genes and networks 

associated with the morphine biosynthetic pathway by 

leveraging different databases and software tools. The 

findings from this study will improve our 

understanding of the relationships between 

biosynthetic genes and their functional pathways, 

potentially benefiting genetic engineering in both 

research and industrial contexts. 
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2. Materials and methods 

This experiment was conducted in 2023 at the 

Faculty of Agriculture, Azerbaijan Shahid Madani 

University. 

 

2.1. Morphine pathway genes and protein data 

Information on the quantity and names of genes 

related to the morphine biosynthetic pathway in P. 

somniferum was collected. A total of nine genes linked 

to morphine production were identified, and their 

protein sequences were retrieved from NCBI. These 

protein sequences were then examined for protein-

protein interactions (PPI) using the STRING database. 

Details about the nine genes involved in the morphine 

biosynthetic pathway, including their gene IDs and 

descriptions, are available in Table 1. 

 

2.2. Protein-protein interaction (PPI) network analysis 

Nine protein groups related to morphine 

biosynthesis were entered into the STRING program 

(version 10) (https://stringdb.org) to forecast their 

functional interactions with other proteins in P. 

somniferum. The STRING database contains both 

established and anticipated protein-protein interactions 

(PPIs) for more than 2000 species. The Cytoscape 

program (version 3.9.1) was subsequently utilized to 

visualize the PPI network. The CytoHubba plugin 

(version 0.1) within Cytoscape was used to assess the 

central proteins among all nodes. Four hub ranking 

methods from CytoHubba—local-based degree (Deg), 

maximum clique centrality (MCC), maximum 

neighbor component (MNC), and maximum neighbor 

component density (DMNC)—were analyzed to 

evaluate the scores of the nodes in the network, 

considering the connections between nodes and their 

immediate environments. Important features within the 

PPI network were identified using the CytoHubba 

plugin to highlight significant hubs with high relevance 

in the network's structure  (Ghorbani et al., 2023). The 

identified hub genes were then input into STRING 

software to forecast a subnet, which was subsequently 

visualized using Cytoscape software. 

 

2.3. Gene ontology analysis and pathway enrichment 

in the subnetwork 

To pinpoint important biochemical pathways 

associated with the hub genes and their subnetworks, 

the accession numbers of the genes related to these 

subnetworks were entered into the gprofiler database 

(https://biit.cs.ut.ee/gprofiler/gost). The following 

functional analysis and enrichment section, which 

came after the network visualization, played a vital role 

in this study. The results were related to molecular 

functions (MF) and cellular components  (Desgagné-

Penix et al., 2012), Biological processes (BP) were 

gathered for the classification of gene ontology (GO)  

(Karimizadeh et al., 2019). Furthermore, KEGG 

pathway data was acquired through STRING for 

enrichment analysis, with a statistical significance 

threshold established at p<0.05. 

 

2.4. Hub gene promoter motif analysis 

The 1 kb regions located upstream of the hub gene 

were obtained from the Ensembl plant web service 

(https://plants.ensembl.org). Conserved motifs within 

these sequences were detected using MEME Suite 

version 5.4.1 (meme.nbcr.net/meme/intro.html) with 

the default settings, although the P and E thresholds 

were adjusted to be below 0.01. Furthermore, known 

cis-regulatory elements (CRE) were identified using 

the JASPAR CORE2022 database, also with default 

settings but with P and E thresholds set to under 0.0001 

(Vorontsov et al., 2024). The locations of important 

motifs were subsequently analyzed. 

 

2.5. Investigation of the most important genes and key 

enzymes in the morphine biosynthesis pathway 

To reach this objective, KEGG mapper color 

(https://www.genome.jp/kegg/mapper/color.html) was 

employed. A diagram depicting the biosynthetic 

process was generated, and the important genes and 

enzymes related to this pathway were analyzed. Two 

morphine synthesis pathways (the main pathway and 

the secondary pathway) have been recognized. 

 

3. Results and discussion 

3.1. PPI network analysis 

The purpose of this research was to discover new 

genes and networks linked to the morphine 

biosynthetic pathway in P. somniferum, as well as to 

improve the understanding of the relationship between 

biosynthetic genes and functional pathways. The 

STRING database generated 121 nodes and 672 edges 

(Fig. 1) based on the overall interactions. These nodes 

and edges were then imported into Cytoscape to create 

a protein-protein interaction (PPI) network. The 
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CytoHubba analysis identified 9 hub genes with the 

most interactions (Table 1). A subnetwork was formed 

from these hub genes, and all genes within this 

subnetwork are provided along with their annotations 

and IDs (Fig. 2). According to the annotations, 

LOC113321914 is an uncharacterized protein. Two of 

the key genes, LOC113322169 and LOC113336808, 

belong to the Bet_v_1 domain-containing protein 

family. This family belongs to the PR-10 protein group, 

which is associated with pathogenicity and exhibits 

structural resemblances to various protein 

superfamilies  (Radauer et al., 2008). Bet v 1 has a 

prominent hydrophobic cavity that extends through the 

middle of the protein, playing a vital role in its capacity 

to bind to ligands. Importantly, Bet v 1 shows 

ribonuclease activity, evidenced by its capability to 

break down plant RNA  (Grutsch et al., 2017). 

Additionally, various isoforms of Bet v 1 display 

different degrees of structural flexibility and 

vulnerability to proteolytic degradation, potentially 

affecting their allergenic characteristics. Research 

indicates that this protein binds to several key 

physiological ligands, such as fatty acids, flavonoids, 

and cytokinins, with a binding affinity in the low 

micromolar range (Mogensen et al., 2002). As a result, 

the Bet v 1 domain-containing protein serves as a 

versatile structure for binding large ligands and may 

function as a transporter for plant steroids. Two key 

genes (LOC113347789 and LOC113311621) are 

associated with the Fe2OG dioxygenase domain-

containing protein and are part of the iron/ascorbate-

dependent oxidoreductase family  (Aglas et al., 2020). 

 

Table 1. Ranking of hub genes identified in morphine biosynthesis using CytoHubba computational algorithm, including MNC, 

MNCC, Degree and MCC 

NO String name Gene ID Query ID Selected by Annotation 

1 A0A4Y7LGY7 LOC113322169 C5167_047537 MCC, MNC, Degree Bet_v_1 domain-containing protein 

2 A0A4Y7ILV1 LOC113347789 C5167_018133 DMNC 
Fe2OG dioxygenase domain-containing protein; Belongs 

to the iron/ascorbate-dependent oxidoreductase family 

3 A0A4Y7IDB6 LOC113311621 C5167_039857 MNC, MCC, Degree 
Fe2OG dioxygenase domain-containing protein; Belongs 

to the iron/ascorbate-dependent oxidoreductase family 

4 B6E2Y6, SAT LOC113321357 c5167_047541 DMNC Salutaridinol 7-O-acetyltransferase 

5 A0A4Y7LKW4 LOC113322262 C5167_047536 MCC, MNC, Degree Salutaridine reductase 

6 A0A4Y7IEY3 LOC113336808 C5167_040371 MCC Bet_v_1 domain-containing protein 

7 A0A4Y7LKP9 LOC113321914 C5167_047533 DMNC Uncharacterized protein 

8 A0A4Y7K772 LOC113293958 C5167_031316 MCC, DMNC Aldo_ket_red domain-containing protein 

9 A0A4Y7LIF6 LOC113322712 C5167_047531 MNC, Degree Aldo_ket_red domain-containing protein 

 

 
Figure 1. PPI Network of the morphine biosynthesis genes in opium poppy using Cytoscape software and STRING database (Genes related to morphine 

biosynthesis were first placed in the String database and then transferred to Cytoscape software to examine the relationships of these genes). 
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Figure 2. Protein-protein interaction [PPI] network of hub genes with the four methods (MCC, DMNC, MNC, and Degree) 

 

Fe (II)/2-oxoglutarate-dependent dioxygenases 

(Fe2OG) are a varied group of enzymes that facilitate 

different oxidation reactions by utilizing iron as a 

cofactor and 2-oxoglutarate as a substrate. These 

enzymes are crucial for numerous biological processes, 

such as collagen synthesis, fatty acid metabolism, 

sensing low oxygen conditions, and the dimethylation 

of DNA and histones  (Kuiper and Vissers, 2014). 

Proteins that contain the Fe2OG dioxygenase domain 

are part of the iron/ascorbate-dependent 

oxidoreductase family, which necessitates Fe (II) and 

frequently ascorbate as cofactors for their enzymatic 

functions. While many Fe2OG dioxygenases share a 

similar catalytic mechanism, they differ in their 

substrate specificities and roles. For instance, the Ofd2 

protein from Schizosaccharomyces pombe, which 

belongs to the AlkB subfamily, exhibits decarboxylase 

activity that is enhanced by histones, especially H2A 

(Osorio-Concepción et al., 2021).  

Certain Fe2OG dioxygenases, especially those that 

regulate hypoxia-inducible factor (HIF), are crucial in 

tumor biology and could serve as promising targets for 

cancer treatment. In conclusion, proteins containing the 

Fe2OG dioxygenase domain are multifunctional 

enzymes that participate in a wide range of biological 

activities. Their varied functions and substrate 

preferences render them significant targets for research 

in fields like epigenetics, DNA repair, and cancer 

biology. The dependence of these enzymes on iron and 

ascorbate underscores the necessity of sustaining 

adequate iron levels and ascorbate availability for 

cellular metabolism and signaling  (Kuiper and Vissers, 

2014). Two more hub genes, LOC113293958 and 

LOC113322712, belong to the Aldo_ket_red domain-

containing protein family. Proteins that contain the aldo 

keto reductase (AKR) domain are members of a vast 

superfamily of NAD(P)(H)-dependent oxidoreductases 

present in a range of organisms  (Huacachino et al., 

2024). These enzymes facilitate redox reactions that 

play a crucial role in biosynthesis, intermediary 

metabolism, and detoxification. They exhibit a wide 

range of substrate specificity, including glucose, 

steroids, glycosylation products, lipid peroxidation 

products, and different environmental pollutants  

(Shanbhag and Bhowmik, 2024).  

Proteins that have the AKR domain are crucial for 

many biological functions, including detoxifying 

harmful substances and participating in biosynthesis 

and metabolism. Their significance is highlighted by 

their occurrence in a variety of organisms, from 

bacteria to plants and animals, and their role in different 

cellular processes. The evolutionary variety and 

functional capabilities of the AKR superfamily make it 

an important focus for research aimed at understanding 
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cellular regulation, protective mechanisms, and 

possible uses in industrial catalysis  (Krishnamurthy et 

al., 2022). 

A significant gene (LOC113321357) belongs to the 

salutaridinol 7-O-acetyltransferase family. 

Salutaridinol 7-O-acetyltransferase (SalAT) is crucial 

for the production of morphine in P. somniferum. It 

facilitates the transformation of salutaridinol into 

salutaridinol-7-O-acetate, which is the direct precursor 

to morphine (Yucebilgili Kurtoglu and Unver, 2021). 

SalAT is associated with salutaridine reductase (SalR), 

suggesting the creation of an enzyme complex within 

the morphine biosynthesis process. This relationship 

could clarify why salutaridine levels rise when SalAT 

is suppressed via RNA interference. Altering the SalAT 

gene, either by boosting or suppressing its activity, 

impacts the alkaloid concentrations in opium poppy; 

boosting the gene leads to elevated levels of morphine, 

codeine, and thebaine, whereas suppression results in 

increased salutaridine  (Allen et al., 2008). As a result, 

SalAT is essential for the synthesis of morphinan 

alkaloids and has been the subject of extensive research 

aimed at boosting alkaloid yields in Papaver species. 

Its significance is underscored by its application in 

metabolic engineering initiatives aimed at enhancing 

alkaloid production in P. somniferum and P. 

bracteatum. The activity of this enzyme is influenced 

by feedback inhibition from thebaine, which could 

serve as a potential target for increasing opioid alkaloid 

production in genetically altered yeast strains  (Ozber et 

al., 2023).  

Gene LOC113322262 belongs to the salutaridine 

reductase family. Salutaridine reductase (SalR) plays a 

vital role in the production of morphine and codeine in 

the opium poppy. It facilitates the reduction of the C-7 

keto group in salutaridine, leading to the creation of 

salutaridinol, which is a key intermediate in the 

synthesis of morphine  (Higashi et al., 2011). A study 

of the genes and pathways related to morphine 

production in P. somniferum has revealed a group of 

essential genes with diverse functions. These findings 

underscore the significant molecular roles and 

pathways that could significantly influence the 

morphine biosynthesis process in the opium poppy. 

Recognizing these important genes that regulate 

various biological processes highlights their potential 

significance in navigating the intricate interactions 

within the morphine biosynthesis pathway. 

3.2. Gene ontology exploration and pathway 

enrichment for subnetwork genes in P. somniferum 

associated with morphine production 

Gene Ontology (GO) analysis is a well-established 

method used to identify genes and their associated 

products, as well as to highlight biological 

characteristics obtained from large-scale genomic or 

transcriptomic data. This includes aspects of molecular 

function (MF) and cellular component  (Desgagné-

Penix et al., 2012), and biological process (BP)  (Jha et 

al., 2024). The results from the GO analysis and 

pathway enrichment are summarized here. The main 

GO terms associated with biological processes, which 

represented 50% of the identified genes, showed 

significant enrichment in areas like metabolic 

processes, cellular processes, organic matter 

metabolism, and cellular metabolism. Our results 

indicate that metabolic processes play a vital role in 

morphine production. The biological functions, which 

involve specific interactions with ligands or the 

structures of gene products, should be considered the 

molecular functions of a gene product. The 

biochemical function of a gene product is defined as a 

molecular function that encompasses specific 

interactions with ligands and their structures. 

Furthermore, this definition also includes the potential 

capabilities of an individual gene product or a 

combination of gene products  (Aleksander et al., 

2023). A detailed analysis shows that the gene network 

responsible for the morphine pathway affects processes 

that go beyond its known metabolic functions related to 

secondary metabolite production. Although the main 

role of the morphine pathway is established, the sub-

hub gene network appears to serve as a multifunctional 

element engaged in various biological activities. This 

indicates that the sub-network plays a role not only in 

the primary metabolic pathway but also in other 

processes, emphasizing its extensive functional 

capabilities. These results reveal the intricate and 

adaptable nature of the gene network involved in 

morphine biosynthesis and offer important insights into 

potential regulatory mechanisms and broader 

biological consequences. 

In the classification of cellular components, 

important Gene Ontology (GO) terms, which represent 

over 55% (≥55%) of the identified genes, highlight a 

strong link to anatomical structures. This indicates a 

specific relationship between the genes in the 
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subnetwork and the cellular components essential for 

morphine production and its regulation. The notable 

presence of anatomical units implies that these genes 

actively shape the cellular environment and are likely 

involved in creating specialized compartments 

necessary for morphine synthesis. From a molecular 

function perspective, the primary Gene Ontology (GO) 

terms, which make up more than 50% (≥50%) of the 

identified genes, show significant enrichment in 

activities related to catalysis, ion binding, 

oxidoreductase functions, and transferase functions. 

These molecular functions are linked to important steps 

in the morphine production pathway. The presence of 

catalytic activity suggests that an enzyme is crucial for 

the major biochemical changes necessary for morphine 

synthesis. The activities associated with ion binding 

and oxidoreductase indicate that the genes in this 

subnetwork probably contribute to redox reactions or 

ion interactions that are essential for morphine 

biosynthesis. Additionally, transferase activity is 

involved in moving functional groups between 

different molecules. These components fall under the 

category of molecular functions. Biological processes, 

including methylation and the metabolic pathways 

related to alkaloid synthesis, are classified as biological 

processes (Table 2). In addition to Gene Ontology 

(GO) analysis, KEGG pathway enrichment analysis 

provides further insight into the relationships between 

this subnetwork and morphine biosynthesis in P. 

somniferum (Fig. 3). This evaluation highlights specific 

pathways that are significantly affected by the genes 

within the identified subnetwork, providing important 

insights into the functional structure related to 

morphine production. The KEGG pathway enrichment 

analysis indicates that the main pathways, which 

encompass more than 45% of the identified genes, 

focus on metabolic pathways and the synthesis of 

secondary metabolites. This finding supports the 

important and well-established function of the 

morphine biosynthetic pathway. Metabolic pathways, 

which are a key enriched category, emphasize the 

significant involvement of subnetwork genes in various 

biochemical processes essential for morphine 

synthesis. The production of secondary metabolites is 

particularly associated with morphine generation, as it 

represents a vital segment of the metabolic network 

responsible for producing specialized compounds 

(Bharadwaj et al., 2021). The enhanced pathways 

effectively demonstrate the important roles of the 

subnetwork genes in supporting the morphine 

biosynthesis pathway. The focus on metabolic 

pathways and the production of secondary metabolites 

underscores the vital contributions of the identified 

genes in managing the complex series of reactions that 

lead to morphine synthesis. This integrated 

examination of GO terms and KEGG pathways 

provides an overview of the functional aspects of the 

subnetwork and confirms its critical involvement in the 

intricate mechanisms that control morphine 

biosynthesis in opium poppy. 

 

Table 2. Gene ontology exploration and pathway enrichment 

for subnetwork genes associated with morphine production 

ID Source Term ID Term name 

1 GO:MF GO:0003824 Catalytic activity 

2 GO:MF GO:0008483 Transaminase activity 

3 GO:MF GO:0008168 Methyltransferase activity 

4 GO:MF GO:0070279 Vitamin B6 binding 

5 GO:MF GO:0004185 Serine-type carboxypeptidase activity 

6 GO:MF GO:0005506 Iron ion binding 

7 GO:BP GO:0009820 Alkaloid metabolic process 

8 GO:BP GO:0032259 Methylation  

9 GO:MF GO:0008757 
S-adenosylmethionine-dependent 

methyltransferase activity 

10 GO:MF GO:0016769 
Transferase activity, transferring 

nitrogenous groups 

11 GO:MF GO:0016741 
Transferase activity, transferring one-

carbon groups 

12 GO:MF GO:0016491 Oxidoreductase activity 

13 GO:MF GO:0016705 

Oxidoreductase activity, acting on 

paired donors, with incorportion or 

reduction of molecular oxygen 

14 GO:MF GO:0008171 O-methyltransferase activity 

15 GO:MF GO:0004497 Monooxygenase activity 

16 GO:MF GO:0016706 
2-oxoglutarate-dependent dioxygenase 

activity 

17 GO:MF GO:0016717 

Oxidoreductase activity, acting on 

paired donors, with oxidation of a pair 

of donors resulting in the reduction of 

molecular oxygen to two molecules of 

water 

18 GO:MF GO:0019842 Vitamin binding 

19 GO:MF GO:0030170 Pyridoxal phosphate binding 

20 GO:MF GO:0030782 
(S)-tetrahydroprotoberberine N-

methyltransferase activity 

21 GO:MF GO:0070008 Serine-type exopeptidase activity 

22 GO:MF GO:0102802 Thebaine 6-O-demethylase activity 

23 GO:BP GO:0019748 Secondary metabolic process 

24 GO:BP GO:0009821 Alkaloid biosynthetic process 

25 GO:BP GO:0033075 
Isoquinoline alkaloid biosynthetic 

process 

26 GO:BP GO:1901376 
Organic heteropentacyclic compound 

metabolic process 

27 GO:BP GO:1901378 
Organic heteropentacyclic compound 

biosynthetic process 

28 GO:BP GO:0097295 Morphine biosynthetic process 

29 GO:BP GO:0071272 Morphine metabolic process 

30 GO:BP GO:1901564 
Organonitrogen compound metabolic 

process 
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Figure 3. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis on the hub genes in morphine biosynthesis using STRING version10. )  

In this analysis, Isoquinoline, Tropen, piperidine and pyridine alkaloid biosynthesis, Biosynthesis of secondary metabolites, Ubiquinone and another 

terpenoid-quinone biosynthesis, phenylalanine metabolism, Phenylalanine, tyrosine and tryptophan biosynthesis, Tyrosine metabolism, Cysteine and 

methionine metabolism, Metabolic pathways play a role). 

 

3.3. Hub gene promoter motif analysis 

The conserved motifs and shared cis-regulatory 

elements (CREs) of important genes were examined 

using UFRs identified in Ensemble Plants. MEME 

revealed eight primary functions within the promoter 

gene. Details about their E-value, width, sites, and 

logos are presented in Table 3. The E-value of a motif 

is determined based on its log-likelihood ratio, width, 

number of sites, background letter frequencies, and the 

size of the training dataset. This E-value estimates the 

expected number of motifs with the given log-

likelihood ratio (or higher), width, and site count that 

could be found in a similarly sized set of random 

sequences. The term "sites" refers to the total number 

of positions that contributed to the formation of the 

motif, while the width of the motif indicates the size of 

a pattern with a fixed width, as MEME motifs do not 

allow for any gaps. Subsequently, the placement of the 

motif is illustrated in (Fig. 4). This illustration shows 

the positions of motif sites, with each block 

representing the site's location and strength. The height 

of each block indicates the site's significance, with 

taller blocks denoting greater importance. This height 

is calculated using the negative logarithm of the site's 

p-value, capped at a maximum height that corresponds 

to a p-value of 1e-10. For complementary alphabets 

such as DNA, sites on the positive strand are 

represented above the line, while those on the negative 

strand are shown below. The position p-value is 

defined as the likelihood that a random sequence, of the 

same length and following the background distribution, 

would yield a motif score equal to or greater than the 

highest score observed in the analyzed sequence. 

Notably, the highest p-value is linked to gene c5167-

018133, which is associated with the Fe2OG 

dioxygenase domain-containing protein from the 

iron/ascorbate-dependent oxidoreductase family; in 

contrast, the lowest p-value is related to gene 

c5167_047536, which belongs to the salutaridine 

reductase family. 

 
Table 3. Hub gene promoter motif analysis (details about their E-value, width, Sites, and logos) 

Namber Logo E-value Sites Width 

1 
 

1.3e-005 5 50 

2 
 

1.0e-004 4 50 

3 
 

2.6e-003 4 50 

4 
 

7.3e-003 6 49 

5 
 

1.5e-001 4 40 

6 
 

1.3e+001 6 20 
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Figure 4. Hub gene location motifs (This diagram represents the locations of motif sites, with each block indicating the site’s position and strength) (the 

highest p-value is linked to gene c5167-018133, which is associated with the Fe2OG dioxygenase domain-containing protein from the iron/ascorbate-

dependent oxidoreductase family; in contrast, the lowest p-value is related to gene c5167_047536, which belongs to the salutaridine reductase family). 

 

3.4. Investigation of the most important key enzymes in 

the morphine biosynthesis pathway 

After entering the hub gene names into the KEGG 

mapper color tool, we generated Fig. 5. There are two 

pathways for morphine synthesis: the primary pathway 

and the secondary pathway. The primary pathway leads 

directly to the production of the alkaloid morphine, 

while the secondary pathway first produces codeine 

before morphine is formed. Eight genes are involved in 

the primary morphine production pathway, while nine 

genes are linked to the secondary pathway. The 

morphine biosynthesis process in the opium poppy 

includes several key genes and enzymes that are crucial 

for the production pathway (Hao, 2023) . Key enzymes 

that play a role in the biosynthesis of morphine are 

codeine O-demethylase (PsCODM) and thebaine O-

demethylase (PsT6ODM), which facilitate 

regioselective O-demethylation in the production of 

morphinans  (Runguphan et al., 2012). These enzymes 

are part of a group of six that are involved in converting 

(R)-reticuline into morphine, and they have been found 

in the sieve elements of the phloem (Runguphan et al., 

2012). Additionally, the final three enzymes that 

convert thebaine into morphine are among the most 

common active proteins present in latex. It is important 

to note that there are discrepancies concerning where 

morphine biosynthesis occurs. Although salutaridine 

synthesis appears to happen exclusively in sieve 

elements, most of the transformation from thebaine to 

morphine takes place in adjacent laticifers, which are 

abundant in latex-containing morphine  (Runguphan et 

al., 2012). The way biosynthetic processes are 

distributed in space may influence morphine 

production. In conclusion, improving morphine 

production likely requires optimizing the expression 

and activity of essential enzymes, including PsCODM 

and PsT6ODM, as well as those involved in the final 

steps of morphine synthesis. Genetic engineering 

methods, like CRISPR, could be used to alter these 

genes and possibly increase morphine output  (Hao, 

2023).  

 

 
Figure 5. The alkaloid production pathways of the poppy plant include 

two main and secondary pathways  (In the main pathway, morphine is 

directly metabolized to thebaine, orpavine, morphinone, and then 

morphine, and in the secondary pathway, thebaine is first converted to 

codeine and then to morphine). 
 

3.5. Proposed pathway and the role of key genes in 

morphine biosynthesis 

Considering the signaling role of hub genes, it is 

likely that these genes are located upstream of those 
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responsible for morphine production. The proteins they 

encode become activated in response to various 

internal and external stimuli that the plant encounters, 

including both biotic and abiotic stresses, triggering a 

series of downstream signaling cascades. Analyzing 

the sub-network genes associated with hub genes 

reveals that once the signaling pathway is activated by 

these hub genes, the resulting pathways activate genes 

that are vital for the synthesis of primary metabolites, 

especially those from the shikimate pathway. These 

pathways are crucial for generating precursors 

necessary for the biosynthesis of morphine and other 

metabolites like tyrosine. The analysis of promoter 

motifs in the hub genes revealed conserved motifs 

linked to their transcriptional regulation and interaction 

with transcription factors, as well as their involvement 

in membrane signal reception. These findings, along 

with the activities noted in the hub genes, reinforce the 

idea that these genes play a crucial role in sensing 

signals and triggering signaling responses mediated by 

transcription factors, which in turn affects the 

activation of primary and secondary response pathways 

in plants. In summary, plants respond to both biotic and 

abiotic signals by producing secondary metabolites, 

such as morphine. 

 

4. Conclusion 

This research sheds light on the intricate molecular 

environment that governs morphine production in P. 

somniferum. By analyzing protein–protein interactions 

(PPIs) and identifying key hub genes, a diverse range 

of participants involved in metabolic processes and 

redox regulation has been uncovered. The presence of 

both known and unknown proteins within the 

subnetwork underscores the complexity of the 

morphine biosynthetic pathway. The functional 

analysis of important hub genes, including those from 

the thioredoxin family, proteins with the Fe2OG 

dioxygenase domain, iron/ascorbate-dependent 

oxidoreductase family SCP domain proteins, and 

salutaridinol 7-O-acetyltransferase, highlights their 

varied functions. These genes are crucial in numerous 

processes, from redox regulation to various biological 

activities, underscoring their significance in shaping 

the dynamics of morphine biosynthesis. The gene 

ontology and pathway enrichment analyses provide a 

comprehensive understanding of the functional roles of 

the subnetwork. Important terms related to biological 

processes, cellular components, and molecular 

functions emphasize the involvement of subnetwork 

genes in the metabolic processes crucial for morphine 

production. Additionally, the KEGG pathway 

enrichment analysis strengthens this connection, 

highlighting the essential roles these genes have in 

metabolic pathways and the creation of secondary 

metabolites. This study significantly deepens our 

understanding of the molecular intricacies involved in 

morphine biosynthesis. The identified hub genes, 

enriched pathways, and regulatory elements establish a 

broad foundation for future research and genetic 

engineering initiatives aimed at enhancing the 

production of morphine and other alkaloids in opium 

poppy. The various functions of these genes open up 

possibilities for targeted approaches, offering chances 

to boost alkaloid yields and explore the broader 

biological significance of the morphine biosynthesis 

pathway. 
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