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ABSTRACT 

 

PROTEOMIC ANALYSIS OF BENZYLISOQUINOLINE ALKALOID 

(BIA) BIOSYNTHESIS IN DIFFERENT OPIUM POPPY CULTIVARS 

AND EXAMINATION OF DIFFERENTIALLY EXPRESSED PROTEINS 

IN RELATION TO BIA CONTENT 

 

The opium poppy (Papaver somniferum) is a strategic crop due to its production 

of benzylisoquinoline alkaloids (BIAs), valuable pharmaceuticals used for pain relief, 

cough suppression, and as narcotics. Opium poppy is the sole feasible source for 

commercial BIA production. Türkiye’s opium poppy cultivars, bred for high BIA content, 

require yield improvement to maintain global competitiveness. This study employed a 

proteomic approach to compare protein profiles from various organs of different cultivars 

with varying BIA content. Three Turkish cultivars were analyzed: TMO T (thebaine), Ofis 

2 (morphine), and Ofis NM (noscapine). Protein extracts from specific tissues were 

examined using LC-MS/MS, and BIA content in dry capsules was quantified via 

TLC/HPLC analysis. This enabled investigation of connections between protein 

expression patterns in different organs and cultivars with alkaloid accumulation. Mature 

capsules exhibited the highest number of significant differentially expressed proteins 

(DEPs), with Ofis 2 diverging significantly from TMO T and Ofis NM across all tissues 

in terms of protein expression. Key enzymes in the BIA pathway showed significant up- 

and down-regulation in mature capsules and latex-containing stems. These findings 

provide insights into differential proteome profiles involved in BIA biosynthetic and 

regulatory pathways. Future research should focus on unannotated protein functions, 

multi-omics integration, tissue-specific enzyme localization, and functional gene studies 

to enhance understanding of BIA biosynthesis. This could facilitate the development of 

high-yield opium poppy cultivars, ensuring sustainable pharmaceutical production. 
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ÖZET 

 

FARKLI HAŞHAŞ ÇEŞITLERINDE BENZİLİZOKİNOLİN ALKALOİD 

(BİA) BİYOSENTEZİNİN PROTEOMİK ANALİZİ VE DİFERANSİYEL 

OLARAK İFADE EDİLEN PROTEİNLERİN BİA İÇERİĞİNE BAĞLI 

OLARAK İNCELENMESİ 

 

Haşhaş (Papaver somniferum), eczacılıkta kullanılan benzilizokinolin alkaloidleri 

(BIA) üretmesi nedeniyle Türkiye için stratejik öneme sahip bir bitkidir. Yalnızca haşhaş 

bitkisinden elde edilebilen bu alkaloidler, ağrı kesici, öksürük kesici ve narkotik amaçlı 

ilaç olarak yaygın şekilde kullanılmaktadır. Türkiye’nin haşhaş çeşitleri, yüksek BIA 

içeriği hedeflenerek geliştirilmiş olup küresel rekabet için verimlerinin artırılması 

gerekmektedir. Bu çalışmada, farklı haşhaş çeşitlerinin belirli organlarındaki protein 

seviyelerinin değişen BIA içeriği ile ilişkili olarak karşılaştırılmasını içeren proteomik bir 

yaklaşım kullanılmıştır. Çalışmada, belirli alkaloidler açısından öne çıkan üç Türk haşhaş 

çeşidi kullanılmıştır: tebain (TMO T), morfin (Ofis 2) ve noskapin (Ofis NM). Haşhaş 

bitkisinin belirli dokularından alınan protein ekstraktları, LC-MS/MS kullanılarak 

incelenmiş ve ardından kuru kapsüllerdeki BIA miktarı TLC/HPLC analizleriyle 

ölçülmüştür. Bu şekilde, farklı haşhaş çeşitlerinin ve organlarının protein ekspresyon 

modelleri ile kapsüllerdeki alkaloid birikimi arasındaki bağlantılar araştırılmış ve BIA 

metabolizmasının biyosentetik ve düzenleyici yollarına dair bilgi edinilmiştir. İncelenen 

beş doku arasında, olgun kapsüller en yüksek sayıda anlamlı farklı şekilde ifade edilen 

proteini gösterirken, Ofis 2 protein ifade profilleri açısından tüm dokularda TMO T ve 

Ofis NM'den belirgin şekilde ayrışmıştır. BIA yolağındaki kilit enzimler, üç haşhaş 

çeşidinin kapsülleri ve lateks içeren gövdeleri arasında anlamlı yukarı ve aşağı regülasyon 

göstermiştir. Gelecekteki araştırmalar, BIA biyosentezini aydınlatmak ve manipüle etmek 

için karakterize edilmemiş proteinlerin işlevlerini, çoklu omik entegrasyonunu, dokuya 

özgü enzim lokalizasyonunu ve işlevsel gen çalışmalarını araştırabilir. Bu sayede 

farmasötik amaçlar için yüksek verimli haşhaş çeşitlerinin geliştirilmesine olanak 

sağlanabilir. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1. Opium Poppy (Papaver somniferum L.) 

Papaver somniferum (common name: opium poppy) is an annual, diploid (2n = 

22), flowering plant in the Papaveraceae. It originates from southeastern Europe and 

western Asia and bears white, pink, red or purple flowers. The opium poppy has been 

grown for thousands of years for its pharmaceutical purposes, as food, and for industrial 

uses. It represents a crossroads of history, medicine, and legal regulation that shaped 

societies and economies worldwide (Norn et al., 2005). 

 

1.1.1. Industrial and Medicinal Importance of Opium Poppy  

 Due to its immense economic and medicinal benefits, the opium poppy has 

become one of the most highly valued plants to be studied scientifically, and that makes 

it an attractive topic of research. For humans, the two most important parts of P. 

somniferum are the seeds and the seed capsule. Seeds are a source of food for animals, as 

well as humans, but they also form the source of poppy oil, an aromatic oil rich in both 

oleic and linoleic fatty acids (Singh et al., 1990). In general, seeds of poppy find 

application in baking and can be found ready ground or even roasted. Poppy oil is 

valuable in beauty products and art supplies; the oilcake that remains is also a good 

fertilizer and feed for animals (Özgen et al., 2017). In 2022, Türkiye exported 23,480 t of 

poppy seeds, with a total export value of 91 million USD. (FAOSTAT, 2024; 

http://www.fao.org/faostat/). 

 The capsules of poppy seeds have medicinal and pharmaceutical value owing to 

their high alkaloid concentration. Opium is the term used for the milky latex that is 

produced by the opium poppy, which is the exclusive source of benzylisoquinoline 

alkaloids (BIAs). BIAs are a diverse group of plant-derived secondary metabolites 
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characterized by a benzylisoquinoline molecular backbone (Ozber and Facchini, 2022). 

They help defend against herbivores and pathogens in plant. The latex is produced by 

laticifers, which are elongated cells found within the plant's vascular tissue (Bird et al., 

2003). The latex alkaloids with the most economic significance include morphine, 

noscapine, thebaine, codeine, and papaverine. Medicinally important drugs often 

incorporate these BIAs as their main ingredients (Hagel and Facchini, 2013). Morphine 

is the primary pain-relieving alkaloid in opium which has been used as a painkiller for 

centuries. Codeine is a narcotic pain reliever that acts on the central nervous system to 

reduce or relieve pain (Chahl, 1996; Singh et al., 2019).  Thebaine has a stimulating 

impact on the central nervous system and is used by the pharmaceutical industry to 

produce different opioids (Lee et al., 2013). Noscapine and papaverine do not have any 

pain-relieving or addictive properties, yet they are still considered to be medically 

beneficial. According to Heinrich et al. (2021), noscapine is mainly utilized as a cough 

suppressant, while papaverine is used to improve blood flow and relax smooth muscles. 

 

1.1.2. Legal Cultivation of Opium Poppy in Türkiye 

Growing and processing opium poppies must be done under strict control and with 

government permission because of the narcotic, habit-forming qualities and worldwide 

illegal trade of its products. In addition, the growing and processing of opium poppy are 

kept separate to be able to extract alkaloids from the capsule and harvest seeds. Türkiye, 

a major traditional producer of opium poppy, allows legal cultivation of the plant in 

thirteen cities under the control of the Turkish Grain Board (TMO) (Windle, 2014). 

The United Nations has accepted India, Hungary, Australia, France and Spain as 

the other major legal producers of opium poppy. BIAs in Türkiye are obtained by grinding 

dried, un-milked capsules via a capsule straw method as opposed to extraction from raw 

opium latex (TMO, 2019). Opium poppy varieties are not exchanged between nations as 

they are a key worldwide crop for the pharmaceutical sector. Therefore, Türkiye has a 

variety of unique cultivars, several of which have specific BIA profiles.  

The BIA yield of Turkish varieties is acceptable, but it falls short compared to the 

higher yields of cultivars in some competitor countries (Ceylan, 2022; Mansfield, 2001; 

Williams, 2010; Williams, 2013). Therefore, Türkiye should aim to develop cultivars that 
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have high levels of BIA accumulation with a particular focus on cultivars with specific 

compound accumulation profiles (Bulut and Türktaş, 2020). 

 

1.1.3. BIA Biosynthesis, Localization and Opium Poppy Varieties with 

Differing Alkaloid Content 

The BIA biosynthesis pathway in opium poppy begins with the conversion of L-

tyrosine to tyramine through the action of tyrosine decarboxylase (TYDC) (Figure 1.1). 

Tyramine is then hydroxylated by tyramine 4-hydroxylase (T4H), producing dopamine 

(Facchini et al., 2007). Dopamine reacts with 4-hydroxyphenylacetaldehyde (4-HPAA) 

under the catalysis of norcoclaurine synthase (NCS), resulting in (S)-norcoclaurine. This 

molecule is methylated by norcoclaurine 6-O-methyltransferase (6OMT) to form (S)-

coclaurine, which is further methylated by coclaurine N-methyltransferase (CNMT) to 

generate (S)-N-methylcoclaurine (Hagel & Facchini, 2013). (S)-N-methylcoclaurine is 

then hydroxylated by (S)-N-methylcoclaurine 3'-hydroxylase (NMCH), producing (S)-3'-

hydroxy-N-methylcoclaurine. This intermediate is further methylated by 3'-hydroxy-N-

methylcoclaurine 4'-O-methyltransferase (4'OMT) to create (S)-reticuline (Huang & 

Kutchan, 2000). Reticuline undergoes epimerization, converting the (S)-isomer to (R)-

reticuline. The enzyme salutaridine synthase (SalSyn) then catalyzes the formation of 

salutaridine, which is subsequently reduced to salutaridinol by salutaridine reductase 

(SalR). Salutaridinol is acetylated by salutaridinol 7-O-acetyltransferase (SalAT), leading 

to the formation of thebaine (Ziegler et al., 2009).   

In later steps of the pathway, thebaine is transformed into codeinone by the actions 

of thebaine 6-O-demethylase (T6ODM) and neopinone isomerase (NIPO) and reduced to 

codeine by codeinone reductase (COR). The final step involves the demethylation of 

codeine by codeine O-demethylase (CODM) to produce morphine (Ziegler et al., 2009).  

In parallel, the enzyme berberine bridge enzyme (BBE) converts (S)-reticuline to (S)-

scoulerine. (S)-scoulerine is broken down by cytochrome P450 and O-methyltransferase 

enzymes to produce tetrahydrocolumbamine, canadine and finally noscapine, 

respectively (Winzer et al., 2012; Dang and Facchini, 2014).  
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Figure 1.1. Biosynthetic pathways of opium poppy resulting in accumulation of primary 

BIAs (Singh et al., 2019). BIAs of interest are in red squares. Enzymes are described with 

the following abbreviations: 3’-hydroxy-N-methylcoclaurine 4’-O-methyltransferase 

(4’OMT), norcoclaurine 6-O-methyltransferase (6OMT), 1,13-dihydroxy-N-

methylcanadine 13-O-acetyltransferase (AT1), berberine bridge enzyme (BBE), canadine 

synthase (CAS), cheilanthifoline synthase (CFS), coclaurine N-methyltransferase 

(CNMT), codeine O-demethylase (CODM), codeinone reductase (COR), 3-O-

acetylpapaveroxine carboxylesterase (CEX1), 1-hydroxy-13-O-acetyl-N-methylcanadine 

8-hydroxylase (CYP82X1), 1-hydroxy-N-methylcanadine 13-O-hydroxylase 

(CYP82X2), N-methylcanadine 1-hydroxylase (CYP82Y1), 

dihydrobenzophenanthridine oxidase (DBOX), N-methylstylopine 14-hydroxylase 

(MSH), norreticuline 7-O-methyltransferase (N7OMT), norcoclaurine synthase (NCS), 

neopinone isomerase (NISO), N-methylcoclaurine 3’-hydroxylase (NMCH), noscapine 

synthase (NOS), 4’-O-desmethyl-3-O-acetylpapaveroxine 4’-O-methyltransferase 

(OMT2:OMT3), protopine 6-hydroxylase (P6H), reticuline epimerase (REPI), reticuline 

N-methyltransferase (RNMT), salutaridinol 7-O-acetyltransferase (SalAT), salutaridine 

reductase (SalR), salutaridine synthase (SalSyn), sanguinarine reductase (SanR), 

scoulerine 9-Omethyltransferase (SOMT), stylopine synthase (SPS), 

tetrahydroprotoberberine oxidase (STOX), thebaine 6-O-demethylase (T6ODM), 

thebaine synthase (THS), tetrahydroprotoberberine N-methyltransferase (TNMT), 

tyrosine decarboxylase (TYDC), tyrosine aminotransferase (TyrAT). 
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Research on the biosynthetic pathways of morphinan alkaloids in opium poppy 

unraveled the contributions made by many enzymes in this process. For instance, over-

expression of SalAT enzyme induces the accumulation of morphinan alkaloids whereas 

down-regulation of SalAT leads to accumulation of high salutaridine without affecting 

the morphinan alkaloid profile in transgenic opium poppy lines (Allen et al., 2008). In a 

similar manner, over-expression of COR results in a dramatic increase in morphinan 

alkaloid content while its down-regulation causes an increase in reticuline and some of 

its methylated derivatives causing a reduction in morphinan (Allen et al., 2004; Larkin et 

al., 2007). The lack of transcripts of T6ODM in certain varieties of poppy is correlated 

with high thebaine and oripavine but low codeine and morphine accumulation. Down-

regulation of T6ODM also led to increased accumulation of thebaine and oripavine 

whereas, down-regulation of CODM resulted in increased codeine at the expense of 

morphine (Hagel and Facchini, 2010). Overall, the above findings emphasize the sensitive 

balance among the activities of biosynthetic enzymes responsible for BIA profiles in 

opium poppy. 

In parallel with the above work, proteomic analyses carried out using a shotgun 

methodology elucidated the cell-type-specific localization of morphine biosynthesis in 

opium poppy (Onoyovwe et al., 2013). In agreement with pre-existing 

immunolocalization studies, Bird et al. (2003) and Samanani et al. (2006) concluded that 

enzymes of the morphinan branch upstream of SalR were detected exclusively in sieve 

elements of phloem. On the contrary, enzymes involved in the pathway from salutaridine 

to thebaine (namely, SalR and SalAT) were detected in both latex and stem, whereas 

morphine biosynthetic enzymes (i.e., T6ODM, COR, and CODM) accumulated 

predominantly in latex, which showed that the conversion of thebaine to morphine occurs 

in laticifers.  

The process by which substances move between sieve elements and latex in 

morphine biosynthesis is still not fully understood (Onoyovwe et al., 2013). Chen & 

Facchini (2013) demonstrated that the final step of noscapine biosynthesis also takes 

place in laticifers in opium poppy. Finally, MS-based proteomics revealed that most of 

the known enzymes potentially leading to papaverine biosynthesis were not associated 

with laticifers but sieve elements (Ozber and Facchini, 2022). Another study by Ozber et 

al. (2022) demonstrated that major latex proteins (MLPs) can alter protein conformation 

in the presence of specific ligands. Thebaine synthase and neopione isomerase, which are 



6 

 

latex MLP/PR10 proteins, have been found to facilitate key enzymatic reactions in the 

final stages of morphine biosynthesis, which were previously believed to occur 

spontaneously. Moreover, introducing these proteins into yeast strains engineered with 

genes involved in morphine production resulted in a marked improvement in the 

conversion of salutaridine into morphinan alkaloids. 

The amounts of various alkaloids present in opium poppy can vary considerably 

among different strains due to natural differences (e.g. region, climate, collected organ) 

as well as breeding efforts (Li et al., 2020b). Poppy varieties used for food usually have 

low alkaloid levels and also produce very high amounts of seeds, while those grown for 

medicinal or research purposes have very high alkaloid levels (Skalicky et al., 2014). 

Yazici and Yilmaz (2021) analyzed the alkaloid levels in capsules of different Turkish 

opium poppy varieties and found that the morphine content ranged from 0.42 % to 1.66 

%, codeine from 0.03 to 0.17 %, thebaine from 0.01 to 0.53 %, noscapine from 0.01 to 

0.31 %, and papaverine from 0.00 to 0.10 % in both the parents and hybrids.  Molecular 

studies revealing the association between the phenotypic differences in these Turkish 

cultivars and their genetic variation are limited (Celik et al., 2016; Guclu et al., 2014; 

Gurkok et al., 2015; Bulut et al., 2020). 

 

1.2. Multi-omics Analysis of Medicinal Plants 

Proteomics is the large-scale functional and structural study of proteins. In 

general, proteomics studies protein expression, modifications, interactions, and 

localization in a biological system. It determines the dynamic protein states associated 

with biological processes and seeks to understand how they change in response to various 

conditions or stimuli. Methods like MS and bioinformatics are applied to proteomics for 

protein identification and quantification (Aebersold and Mann, 2003; Aslam et al., 2016). 

Proteomics studies have contributed to identifying some target proteins for further 

investigation of the mechanisms of action of plant-derived medicinal compounds. (Wang 

et al., 2015). Proteomics can also be valuable in the identification of particular proteins 

and modifications involved in biosynthesis and regulation of specialized compounds 

produced by medicinal plants (Martinez-Esteso et al., 2015).  
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For example, proteomic analysis has been utilized in Catharanthus roseus to study 

the role which MYC transcription factors (TFs) such as CrMYC1 and CrMYC2 play in 

controlling the synthesis of terpenoid indole alkaloids. These TFs respond to methyl 

jasmonate signals and regulate the expression of the ORCA genes critical for TIA 

biosynthesis (Liu et al., 2016). Research has also unraveled the bHLH transcription 

factors of Panax ginseng that regulate the biosynthesis of ginsenosides, bioactive 

molecules which are presumed to be responsible for the therapeutic effects of these 

compounds. These proteins impact the expression of genes involved in the ginsenoside 

biosynthetic pathway, hence influencing the accumulation patterns of these important 

secondary metabolites (Yang et al., 2022). 

The process of analyzing metabolites in cells, tissues, and organisms with an 

emphasis on their mass and chemical properties is termed metabolomics. This approach 

helps to map out the biochemical interactions and pathways present in a biological 

system, offering insights into the underlying metabolic processes (Idle and Gonzalez, 

2007).  

In plant studies, metabolomics can be used to explore how plants produce various 

metabolites, how these compounds interact, and how metabolic pathways change in 

response to environmental conditions, such as light, temperature, or nutrient availability 

(Hong et al., 2016). By analyzing metabolic profiles, a better understanding of 

physiological processes and adaptations in plants can be gained, helping to identify key 

metabolites associated with growth, development, and responses to stress factors. 

Improved chromatography and mass spectrometry techniques, combined with the 

development of bioinformatics resources and strategies have made metabolomics very 

important in research on medicinal plants (Okada et al., 2010; Waris et al., 2022).  

This method is now being used in an effective way to screen for the specific bio-

active metabolites present in various medicinal plants, and to study the synthesis, 

regulation, and transport of these metabolites (Quanbeck et al., 2012; Heyman & Dubery, 

2016). For instance, the analysis of Stevia rebaudiana and Coptidis rhizome using the 

metabolomics platform of GC-MS and HPLC-UV revealed the internal regulation of 

these plants’ metabolic pathways. The resulting evidence confirmed that both glycolysis 

and the oxidative pentose phosphate pathway OPPEP are crucial factors for plant 

respiration in both systems. For C. rhizome, instead of the main biosynthetic route 
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involving asparagine depending on tocopheryl and β-carotene, an alternative pathway 

incorporating proline, phenylalanine, catechollactate, and 2-mono-isobutyrin was found 

to provide biosynthesis of the major bioactive alkaloids. The other important outcome of 

this study was the hypothesis that different fatty acids are responsible for enhancing 

secondary metabolite production in these medicinal herbs (Gu et al., 2018). 

Integration of different omics techniques can  shed light on various aspects of plant 

secondary metabolism, which may also provide a cost-effective strategy for developing 

plant-based pharmaceuticals to benefit humanity. One of these combined omics studies 

involved the identification of stress-responsive proteins in Catharanthus roseus by 

proteomic analysis, while metabolomic analysis quantified the levels of indole alkaloids 

under combined stress (Zhu et al., 2015). The major findings showed that binary stress, 

such as drought and salinity, significantly enhanced the biosynthesis of valuable indole 

alkaloids, with several proteins and metabolic pathways being up-regulated in response 

to the stress. Similarly, a study that integrated genetics with transcriptomics (Winzer et 

al., 2012) described the complex gene cluster in the opium poppy genome which is 

responsible for noscapine production. 

 

1.2.1. Mass Spectrometry  

 Liquid chromatography-tandem mass spectrometry, commonly known as LC-

MS/MS, is the most frequently used analytical instrument in proteomics studies. The 

general procedure usually starts with cleavage of proteins using the enzyme trypsin. This 

results in peptides that can be separated via LC before entering MS (Snyder et al., 2011; 

Seger and Salzmann, 2020). In the LC process, a complex sample is passed through a 

column containing a stationary phase. The proteins bind differently to the stationary phase 

according to their physicochemical properties, and are separated according to their size, 

charge and hydrophobicity (Snyder et al., 2011). The eluted proteins then can be analyzed 

by MS/MS. The first step of MS analysis is MS1, in which the peptides are ionized, and 

their mass-to-charge (m/z) ratio is determined. It is this critical information that allows 

peptide quantification. MS2, on the other hand, focuses on the scanning of selected 

precursor ions for their fragmentation into smaller pieces by methods such as collision-

induced dissociation (CID) or higher energy C-trap dissociation (HCD) (Cottrell, 2011). 

In MS2, the fragments from the cleaved peptides create a daughter ion mass spectrum 
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that assists in the elucidation of the amino acid composition for each peptide. Thus, the 

amino acid composition identified by MS2 spectra along with their quantitative 

measurements via MS1 reveal the protein content present in the sample and the relative 

abundance of individual proteins (Aebersold and Mann, 2003). 

 LC-MS/MS is able to identify proteins which have varying expression levels across 

different samples. This approach requires the processing of raw LC-MS/MS data from 

multiple samples to assess and quantify peptides based on their differential expression 

patterns between two or more sample conditions (Aebersold and Mann, 2003). This 

method includes sequence alignment of MS/MS spectra and the assessment of their 

abundance for relative quantification. This can be done with several comparative 

quantification methods, such as label-free or metabolic and isotope labeling techniques 

using methods such as Tandem Mass Tag (TMT) (Zecha et al., 2019). Subsequently, 

statistical analyses are carried out to reveal which proteins are differentially expressed 

based on their up- or down-regulation under certain experimental conditions. Deciding 

on the proper techniques for protein sample preparation and peptide labeling prior to MS 

is crucial for the success of MS analysis, as they ensure efficient protein digestion, peptide 

purification, and quantitative accuracy, thereby improving the reliability of the analytical 

results (Altelaar et al., 2013; Hughes et al., 2019) 

 

1.2.1.1. Single-pot, Solid-phase-enhanced Sample Preparation (SP3) 

SP3 (Single-pot, Solid-phase-enhanced Sample Preparation) is a novel, highly 

efficient method of protein sample preparation in MS. The presence of paramagnetic 

beads coated with hydrophilic surfaces that allow for the binding of proteins and clearance 

of MS-incompatible substances in one step drastically improves the preparation process. 

This method removes the detergents and salts that may interfere in MS, from protein 

samples while capturing the proteins. SP3 technology also involves simultaneous 

digestion of the protein by trypsin. Hence, this allows for the complete and uniform 

cleavage of proteins into peptides, resulting in maximized detection and quantification by 

MS (Hughes et al., 2019).  

Plant proteins naturally occur at low concentrations with high content of 

secondary metabolites which can sometimes interfere with proteomic analysis. SP3 
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technology allows successful isolation of proteins from plant tissues with significant 

repression of the contaminants (Brajkovic et al., 2023). This is an ideal way of increasing 

the recovery of the proteins with less sample loss for a more efficient and reproducible 

protein extraction than can be achieved with traditional methods. This approach provides 

a reliable solution for high-quality proteomic analysis especially when working with 

relatively low protein abundances (Mikulášek et al., 2021). 

 

1.2.1.2.  TMT Labeling 

Tandem Mass Tag (TMT) labeling is a quantitative proteomic technique that has 

found a broad base of application in MS for the purposes of accomplishing simultaneous 

identification and relative quantification of proteins between many samples. This is 

enabled through isobaric chemical tags, which label peptides that originate from protein 

digests, making multiplexed analysis possible in one MS experiment (Zecha et al., 2019).  

Each TMT reagent is made up of a reporter group, a balance group (i.e., mass 

normalizer), and an amino-reactive group, which targets certain peptide residues.  The 

reporter groups have unique reporter masses that differ by a distinct mass-to-charge (m/z) 

ratio. Thus, various tags in the TMT system include a mass range from 126 to 135 

corresponding to heavy carbon atoms in the reporter group (TMT-126, TMT-127 etc.). 

These different mass-to-charge ratios, upon fragmentation during MS analysis, enable 

comparative analysis of protein expression levels of different sample conditions with high 

precision and sensitivity (Altelaar et al., 2013; Li et al., 2020a). 

 

1.2.2. Omics Studies Focused on Opium Poppy 

While the power of omics has been successfully demonstrated in many species, 

in-depth omics studies have recently begun to tackle the complex mechanisms of plant 

protein expression, including that of metabolic pathways leading to the production of 

medicinally significant alkaloids like BIAs. Decker et al. (2000) utilized two-dimensional 

gel electrophoresis and microsequencing to analyze the proteins in the latex of P. 

somniferum. They analyzed a total of 75 protein spots and identified the functions of 69 

proteins by comparing them to known proteins. These experiments resulted in the first 

inventory of soluble latex proteins for opium poppy. A comprehensive database of gene 
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expression and protein levels in elicitor-treated (i.e., stimulated to create and store 

components of alkaloid metabolism) opium poppy cell cultures using pyrosequencing 

followed by MS analysis was described in another study (Desgagne-Penix et al. 2010). 

The researchers found 1004 proteins mediating linkages between transcripts, enzymes 

and pathway components in the alkaloid metabolic network. Previously undescribed 

enzymes that might be involved in sanguinarine biosynthesis were also discovered. While 

work using cell cultures is valuable, studying the connections between BIA profile and 

the proteome in whole plant tissues is crucial, as these relationships are more intricate in 

comparison to cell cultures. Moreover,  extraction from the plant remains the most 

successful means of generating significant amounts of BIAs for commercial purposes 

(Ozber and Facchini, 2022). The same research team performed another LC-MS/MS 

study on the overall metabolome and transcriptome of eight different varieties of opium 

poppy (Desgagne-Penix et al. 2012). The eight cultivars were selected to represent a wide 

genetic diversity and contain a range of alkaloid content and composition. The results 

revealed significant differences among the cultivars in terms of their transcript and 

metabolite profiles, highlighting distinct pathways and regulatory mechanisms that 

influence alkaloid biosynthesis in European cultivars.  

In other work, Onoyovwe et al. (2013) used whole stem and latex from cv. Roxanne 

for shotgun proteomics to examine total protein extracts but did not compare the results 

with lines having different BIA profiles. Pathak et al. (2013) investigated papaverine 

production in opium poppy by transcriptomic analysis of a high papaverine opium poppy 

line in comparison with a wild-type counterpart and revealed some unknown steps in the 

biosynthesis pathway. In addition, analysis of the transcriptome datasets of 10 opium 

poppy varieties was performed to search for transcription factors involved in the 

biosynthetic pathway of BIAs (Agarwal et al., 2015). Many of the identified transcription 

factors were found to be from the WRKY, MYB, and bHLH families and were important 

for the regulation of BIA production in P. somniferum. Several of those transcription 

factors were also observed to have differential expression only  in certain tissues, 

implying an important tissue-specific regulation of alkaloid production. 

In 2019, Zhao et al. performed the first comprehensive analysis of the complete 

transcriptome (55,114 high-quality transcripts) of P. somniferum by examining Illumina 

transcriptomes from 33 poppy samples representing various tissues, growth stages, and 

varieties. These data establish a foundation for transcriptomic analysis of the opium 



12 

 

poppy, potentially aiding in the identification of splice variants and non-coding RNAs 

that play roles in regulating the biosynthesis of BIAs.  

Another study examined the grouping of genes in the BIA pathway of opium 

poppy in order to explore the relationships between gene expression, copy number 

variation, and alkaloid production. The researchers discovered that the absence of a 

T6ODM gene group resulted in higher levels of thebaine and lower levels of morphine 

production. Additionally, the deletion of 11 genes in the noscapine pathway caused a 

deficiency in noscapine production (Li et al., 2020b).  

An investigation of how opium poppy responds to drought stress at its initial stage 

of germination was conducted by transcriptome and proteome analysis. This study 

provided information on critical genes and proteins that significantly change their 

expression according to environmental stimuli and how they are associated with drought 

stress (Kundrátová et al., 2021). 

 Most recently, a study by Aykanat and Türktaş (2024) examined the proteomic 

profiles of three registered opium poppy cultivars in stem and capsule, resulting in 1202 

differentially expressed proteins. Enrichment analysis for the DEP indicated that the 

morphine-rich cultivar showed photosynthesis pathway activity among the top significant 

enrichment pathways, while noscapine-rich cultivar activity was related to the translation 

pathway. These findings suggest that while photosynthesis plays a critical role in BIA 

biosynthesis, different processes are involved in morphine and noscapine biosynthesis, 

indicating organ and cultivar-dependent variation in protein expression in mature poppy.  

 

1.3. Aim of the Study 

The key alkaloids found in opium, such as morphine, codeine, thebaine, noscapine, 

and papaverine, are exclusive to the opium poppy plant, making it a plant of significant 

therapeutic and economic importance among the many medicinal plants known today 

(Carlin et al., 2020). Because of its unique metabolic profile, P. somniferum is the only 

model system for unraveling BIA metabolism (Lee et al., 2013). Examination of the 

biological and molecular processes involved in the BIA biosynthetic pathway is crucial 

for scientific advancement. Progress in transcriptomics, proteomics, as well as 

metabolomics studies has made it possible to identify metabolic pathways and elucidate 

their connection to gene expression profiles in a number of plant species. Although an 
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organism's protein content vastly exceeds its genome or transcriptome content, proteomic 

studies in this field are considerably less common compared to the numerous 

transcriptome studies that have been done. The literature offers limited information on 

the protein profiles of opium poppy cultivars, and studies focusing on the connection 

between MS-based proteomics and BIA profiles of tissue samples from various opium 

poppy varieties are not adequate. Consequently, in spite of the extensive research on 

identifying the players in the BIA pathway in opium poppy, there is still a lack of 

understanding regarding the biochemical and genetic control of BIA metabolism, 

accumulation, and transport. 

This work aimed to evaluate the proteome profiles of the BIA pathway in the tissues 

(capsule, stem, and roots) of opium poppy utilizing mass spectrometry technologies, 

focusing on three Turkish P. somniferum cultivars with varying alkaloid content profiles. 

These lines are the morphine-accumulator Ofis 2, the noscapine-accumulator Ofis NM, 

and the thebaine-accumulator TMO T (Figure 1.2).  

 

 

An overall end-to-end workflow of the study is presented in Figure 1.3. The method 

involved protein extraction from opium poppy tissue samples, followed by peptide 

digestion, TMT labeling, and MS analysis together with BIA quantification of dry poppy 

capsules via TLC/HPLC. This was complemented by protein identification and 

quantification which was used for differential expression analysis. By comparison of the 

protein and BIA profiles of these lines and tissues, the links between alkaloid content and 

protein expression were investigated for differentially expressed biosynthetic and 

    

Young Capsule

OFİS NM TMO TOFİS 2
Mature Capsule

 

Figure 1.2. Turkish opium poppy lines with differential alkaloid content profiles 

collected from opuim poppy fields of TMO (Bolvadin, Afyon). (a) morphine-

accumulator Ofis 2, (b) noscapine-accumulator Ofis NM, (c) thebaine-accumulator 

TMO T. Two developmental stages of the opium poppy capsule: (d) young capsule and 

(e) mature capsule. 
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regulatory pathway components in opium poppy. This research can provide knowledge 

for more targeted breeding of opium poppy and manipulation of BIA production. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. End-to-end workflow of the study. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

 

2.1. Biological Materials 

The opium poppy cultivars used in this research were the morphine-rich Ofis 2, 

the noscapine-rich Ofis NM, and the thebaine-rich TMO T. All materials were supplied 

by the Turkish Grain Board (TMO). The plants were cultivated for 120 days in standard 

soil at TMO under normal agronomic conditions until the capsules reached maturity. The 

plants were grown in a field making use of a block layout, with a distance of 10 cm 

between each plant and 45 cm between rows. Each cultivar had approximately 25 plants 

in each block. To prevent any potential influences from the edges, three replicates from 

each cultivar were chosen for collection within each block. 

 

2.2. Collection of Plant Tissues 

The mature organs of opium poppy plants were collected from three replicates of 

plants 30 days after flowering. Fully developed roots were gathered from the plants and 

cleaned. Two stem samples were processed in two different ways. Primary stems were 

gathered in 5 cm lengths from young capsules and served as the initial sample type. 

Furthermore, the main stems were cut into one mm segments and soaked in water for 1 h 

to remove the latex, as described by Li et al. (2020). Thus, the second sample category 

consisted of these soaked stems that did not contain latex. The collection of immature 

capsules occurred while the plant was in bloom. The fully developed capsules were 

collected 30 days after flowering. All organs were used for the proteome analysis. In 

addition, mature dried capsules were collected towards the end of the growing period 

(approximately 60 d after flowering) to determine the BIA metabolome profiles of each 

cultivar. The samples were freeze-dried before further analysis. 
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2.3. Protein Extraction from Plant Tissue 

Opium poppy tissues were ground to a powder using a tissue lyser (TissueLyser 

II, QIAGEN). The powdered tissue was then stored at -20°C. Protein extraction was 

performed via TCA/acetone protein precipitation followed by phenol extraction as 

described by Brajkovic et al. (2023). For protein precipitation, pre-chilled (-20°C) 

precipitation solution (10% TCA, 90% acetone) was added to the powdered tissue at a 

ratio of at least 3x volume precipitation solution (approximately 1.5 mL). Proteins were 

then precipitated overnight at -20°C. The samples were centrifuged at 15,000 g for five 

min at 4°C to separate the protein pellet from the supernatant following precipitation. The 

supernatant was discarded after centrifugation to separate the protein pellet. The pellet 

was rinsed with 1 mL pre-chilled acetone. Excess TCA was eliminated through 

centrifugation at 15,000 g for five min at 4°C. The washing steps were repeated at least 

twice to remove the remaining TCA. After the last wash, the remaining acetone was taken 

out and the protein pellet was allowed to dry at room temperature (RT) under the fume 

hood. The dried pellet was stored at -80°. 

Total proteins were resolubilized using SDS in the following manner. The dry 

powdered tissue was first resuspended in 750 L of SDS extraction buffer which included 

4% SDS, 0.15 M Tris-HCl (pH 8.8), 1 mM EDTA, and 2 mM PMSF. The samples were 

then incubated at 60°C for 1 h at 450 rpm and vortexed periodically until the pellet was 

completely resolubilized. Immediately after the incubation, the samples were centrifuged 

at 15,000 g for 10 min at RT. The resulting supernatant containing the extracted proteins 

was transferred to a new 2 mL Eppendorf tube. Any residual pellet left over from the 

previous centrifugation step was extracted again. This was achieved by adding 0.25 mL 

SDS extraction buffer to the pellet and vortexing the mixture well. The tubes were 

centrifuged once again at 15,000 g for 10 min at RT. The supernatant from this additional 

extraction step was transferred to the same Eppendorf tube to consolidate the protein 

extract before the phenol extraction step. 

Protein extraction was performed via the phenol method. The protein extracts 

were mixed with an equivalent volume of TE-buffered phenol (approximately 750 µL). 

The two ingredients were mixed by vortexing for 1-2 min to form a milky white emulsion. 

The mixture was centrifuged for 5 min at 15,000 g at RT. The samples were handled 

carefully to avoid disruption of the separated phases. The yellow (lower) phenol layer in 

the mixture was separated and was transferred into new Eppendorf tubes. Each tube 
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received 900 µL of 0.1 M ammonium acetate in methanol, which was vortexed for 30 

seconds. Following this, the samples were left at 20°C overnight to precipitate the 

proteins extracted with phenol. 

For further precipitation of phenol-extracted proteins, the samples were 

centrifuged at 15,000 g for 10 min at 4°C. The protein pellets were subsequently rinsed 

with 1 mL of 0.1 M ammonium acetate in methanol, accompanied by 10 s of vortexing. 

The samples underwent centrifugation at 15,000 g for 5 min at 4°C, after which the 

supernatant was discarded. The pellets were subsequently rinsed with 1 mL of 80% 

acetone and vortexed for 10 s. They were centrifuged a second time at 15,000 g for 5 min 

at 4°C, discarding the supernatant. This washing process was repeated twice to remove 

any remaining contaminants. The supernatant was discarded after the final centrifugation, 

and protein pellets were air-dried at RT for 1 h to complete the purification. 

 

2.4. Protein Resolubilization and BCA Assay 

The dry protein pellet was resuspended in 250 µL of lysis buffer (40 mM Tris-HCl 

pH 7.6, 4% SDS). The samples were subjected to sonication using a Diagenode Bioruptor 

with a cycle of 30 s on/off for a total of 25 cycles (300 s duration) to shear any remaining 

DNA and heated for 10 min at 95°C. Following this, 100% TFA (trifluoroacetic acid) was 

added to achieve a final concentration of 1%, and the mixture was incubated for 1 min. 

By lowering the pH, TFA strong acid helps in breaking down protein aggregates and 

promoting the solubilization of proteins in the solution. NMM (N-methylmorpholine) was 

then added to reach a final concentration of 2%.  NMM is a weak base that helps to bring 

the pH back to a near-neutral range, ensuring that the proteins remain in a solubilized and 

stabilized state without being denatured by excessive acidity. The samples were 

subsequently centrifuged at 21,100 g for 1 h at 4°C to exclude any insoluble component. 

The supernatant was moved to a fresh Eppendorf tube, and the protein concentration was 

quantified utilizing the Bicinchoninic Acid Assay (BCA) method (Walker, 2009). The 

lysate was stored at -20°C. 

In BCA method, bovine serum albumin (BSA) standards were prepared to achieve 

final concentrations ranging from 25 µg/mL to 2000 µg/mL. The samples were prepared 

by diluting protein lysates with ddH2O at a ratio of 1:10. Reagent A and Reagent B (Pierce 

BCA Protein Assay Kit) were combined in a 50:1 ratio for BCA working reagent. The 
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BSA standards and diluted samples (10 µL each) were introduced to a 96-well plate, and 

200 µL of the BCA working reagent was added to each well. The plate was incubated at 

37°C for 30 min, and the absorbance was measured at 562 nm using a spectrophotometer 

following the incubation. The protein concentrations of the lysates were determined 

through comparison of their absorbance values to the standard curve constructed from the 

BSA standards mentioned above. 

 

2.5. Tryptic Digestion via SP3 and Desalting 

A total of 200 µg of protein lysate from each opium poppy sample was processed 

utilizing a Bravo Agilent pipetting system including Sera-Mag Carboxylate-Modified 

Magnetic Beads as a protein aggregation system according to Mikulášek et al. (2021). 

Firstly, SP3 magnetic beads were mixed in 1:1 ratio (120 µL of Sera-Mag A + 120 µL 

Sera-Mag B with 50 mg/mL concentration) by vortex. Then 4x (960 µL) distilled water 

was added to the beads and mixed. The tube with the beads was placed on the magnet and 

the beads were allowed to settle for 2 min. The supernatant was discarded, and the beads 

were rinsed with 5x (1200 µL) distilled water. The beads were stored in 0.5x (120 µL) 

distilled water at 4°C.  

 The volume of lysate required for 200 µg protein was calculated according to the 

protein concentrations from the BSA assay. The lysates were combined with 10 µL pre-

washed magnetic beads in a 1:5 ratio of protein to beads. Protein precipitation was 

induced using ethanol at a final concentration of 70%. The beads, containing the 

aggregated proteins, were separated from the supernatant containing non-protein 

compounds by magnetic capture. The beads were washed three times with 80% ethanol 

(1 mL per well), followed by a final wash with 100% acetonitrile (500 µL per vial) to 

eliminate any remaining ethanol. For reduction and alkylation of the proteins, 100 µL of 

reduction and alkylation buffer including 200 mM HEPPS (pH 8.5), 55 mM CAA, 10 

mM TCEP, and 2 mM CaCl2 was mixed with the samples at 37°C for 1 h at 1200 rpm. 

An overnight enzymatic digestion was performed using 5 µg of trypsin at 37°C at 800 

rpm and, the resulting tryptic digest was acidified with 2% formic acid (150 µL per well).  

The acidified digest was subjected to desalting utilizing HLB desalting plates, 

containing 10 mg of N-vinylpyrrolidone-divinylbenzene porous particles (30 µm). 

Peptide elution was performed with 200 µL of a solvent comprised of 70% acetonitrile 
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and 0.1% formic acid via spinning at 200 rpm for 1 min and centrifugation at 1000 rpm 

for 1 min. Then, 4 µL aliquots were taken from each sample, and peptide concentration 

was determined with BSA assay as described above (Walker, 2009). The eluates were 

completely dried using a speed-vac for about 3 h and stored at -80°C until TMT labeling.  

 

2.6. 11-Channel TMT Multiplexing 

TMT labeling of the peptide samples was done according to the manufacturer's 

protocol with modification. The batch placement of opium poppy samples in 11-channel 

TMT multiplexing (Table 2.1) was organized to minimize possible bias, variability, and 

batch effects. Stock TMT solution was prepared by addition of 16 µL of dry ACN to 0.5 

mg of TMT reagent. Vortexing was applied for 30-60 s followed by centrifugation at 1000 

rpm for 1 min. Labeling of the protein digests was performed by diluting 200 µg of protein 

digest in 200 µl of solvent A (200 mM HEPPS buffer). Then, 5 µl of each TMT stock 

solution (TMT11 Label Reagents, Thermo Scientific) was added to each peptide sample 

and mixed well with a pipette. The reaction mixture was incubated at 20°C with shaking 

at 400 rpm for 1 h in a Thermomixer to complete the labeling reaction. In order to stop 

the reaction, 2 µL of solvent B (5% hydroxylamine) was added to each sample with 

further incubation at 20°C and 400 rpm for 15 min. The resulting samples were then 

centrifuged to spin down the peptides.  

All of the differential TMT-labeled samples (i.e., three cultivars of the same tissue 

type with three biological replicates + two reference samples) were combined into one 

reaction vessel (i.e., five batch/vessel for five tissues in total), and acidification was done 

through the addition of 20 µL of solvent D (10% formic acid). Then, 20 µL of solvent C 

(10% ACN and 10% formic acid) was added to the reaction wells, and the samples were 

incubated at 20°C for 5 min with shaking on the Thermomixer at 400 rpm. Labeled 

samples were pooled together and dried in a Speedvac. The dried sample was then stored 

at -80°C for further analysis. 
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Table 2.1. Distribution of opium poppy samples across five batches utilizing TMT 

labeling prior to MS. R1-R3 represents the biological replicates, whereas two reference 

samples (REF) consist of a pooled mixture of equal amount of peptide from all the 

individual samples. 

 

2.7. Basic Reverse Phase Peptide Fractionation 

TMT-labeled peptides (100 µg in total) were divided into six fractions utilizing 

basic reversed-phase liquid chromatography (bRP-LC). Peptides were dissolved in 100 

µL of solvent A (25 mM ammonium formate in ddH2O, pH 10). The samples were 

vortexed and centrifuged for total resolubilization before applying on the columns.  

bRP fractionation was done on an AssayMap pipetting system. The platform was 

primed using sequential solvent injections: isopropanol, acetonitrile (ACN), solvent B 

containing 25 mM ammonium formate in 50% ACN at a flow rate of 50 µL/min. Before 

sample loading, the columns (XBridge BEH130 C18, 130 Å, 3.5 µm, 4.6 mm x 250 mm) 

were washed with bRP solvent A for equilibration. Samples were loaded at a flow rate of 

5 µL/min and the flow-through was collected. After the loading step, the columns were 

washed with 50 µL of bRP solvent A at a flow rate of 5 µL/min, and the resulting wash 

fraction was combined with the flow through.  

A gradient elution was performed with increasing percentage of ACN in solvent 

B. The following concentrations were used for six fractions: 5%, 7.5%, 10%, 12.5%, 15% 

and 17.5% ACN. The flow rate for elution was set at 5 µL/min for each fraction. For 

elution wash, 80% isopropanol was used to remove any traces of bound particles from 

the columns at a flow rate of 50 µL/min. The obtained fractions were then immediately 

subjected to formic acid to a final concentration of 0.1%. A pooling strategy was adopted 

to reduce the number of fractions. For the full proteome, 3 µg of each fraction (~70 µl) 

was mixed into 48 fractions in a new MS plate. 

Channel 11Channel 10Channel  Channel  Channel 7Channel 6Channel 5Channel 4Channel 3Channel 2Channel 1Tissue

REFOfisNM R3OfisNM R2OfisNM R1TMOT R3TMOT R2TMOT R1Ofis2 R3Ofis2 R2Ofis2 R1REFRootTMT Batch 1 

OfisNM R3OfisNM R2OfisNM R1REFTMOT R3TMOT R2TMOT R1Ofis2 R3Ofis2 R2Ofis2 R1REFStem w o LatexTMT Batch 2

OfisNM R3OfisNM R2OfisNM R1TMOT R3TMOT R2TMOT R1REFOfis2 R3Ofis2 R2Ofis2 R1REFStem w LatexTMT Batch 3 

OfisNM R3OfisNM R2OfisNM R1TMOT R3TMOT R2TMOT R1Ofis2 R3Ofis2 R2Ofis2 R1REFREFMature CapsuleTMT Batch 4 

OfisNM R3OfisNM R2OfisNM R1TMOT R3TMOT R2REFTMOT R1Ofis2 R3Ofis2 R2Ofis2 R1REFYoung CapsuleTMT Batch 5
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2. . Liquid Chromatography - Mass Spectrometry (LC-MS MS) 

This study utilized a Thermo Scientific Orbitrap Eclipse Tribrid mass 

spectrometer, coupled with a Vanquish Neo liquid chromatography system, to analyze 

peptides labeled with TMT for full proteome analysis based on an optimized protocol 

(Brajkovic et al., 2023). The peptides were injected onto an Acclaim PepMap 100 C18 

column (2 µm particle size, 1 mm internal diameter, 150 mm length), which facilitated 

their separation. 

Peptide separation occurred over a 25-min gradient at a flow rate of 50 µL/min, 

beginning with 4% solvent B and increasing to 32% B. To ensure thorough rinsing and 

re-equilibration of the column, the system was washed with 90% solvent B and then 

equilibrated at 1% solvent B. The mobile phases used included solvent A, consisting of 

0.1% formic acid (FA) and 3% dimethyl sulfoxide (DMSO) in water, and solvent B, 

comprising 0.1% FA and 3% DMSO in acetonitrile. 

The MS system was operated in a fast, data-dependent MS3 mode. Ionization was 

achieved using a spray voltage of 3.5 kV and vaporizer temperature of 125°C, with aid 

from sheath gas (32 units) and auxiliary gas (5 units). Full-scan MS1 data were collected 

every 1.2 s over a mass-to-charge range of 360 to 1600 m/z, with a resolution of 60,000 

in profile mode on the Orbitrap. The automatic gain control (AGC) target was set to 4e5 

with a maxIT of 50 ms for MS1. Precursor ions to undergo MS/MS scans were selected 

based on carrying a charge state between 2 and 6, a peptide-like isotope pattern as 

determined by MIPS, and an intensity > 1e4. A quadrupole isolation window of 0.6 Th 

was used for MS2 scans. The TMT-labeled peptides were fragmented by higher-energy 

collision dissociation (HCD) with a normalized collision energy (NCE) of 32%. MS2 

spectra were acquired in rapid scan mode in the ion trap, using an AGC target of 1.2e4 

and a maxIT of 40 ms. Once fragmented, precursor ions were excluded from further scans 

for 50 s across all charge states. 

Sequential MS3 scan was performed to detect TMT reporter ions after the 

preceding MS/MS scan. An MS3 quadrupole isolation window of 1.2 was used to isolate 

a new set of precursor ions. A procedure similar to the MS2 scan was applied on the 

isolated precursors for their HCD fragmentation. In parallel within the ion trap, 

synchronous precursor selection was used to select the eight most intense fragment ions 

from the MS2 scans for isolation. Fragment ions within a mass range of 400 to 2000 Th 
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and outside the precursor exclusion window (-50 Th to +5 Th) were selected. Further 

HCD of the selected top 10 fragment ions was performed using an NCE of 55%. At a 

resolution of 50,000, an MS3 spectrum was acquired at a mass range of 100 to 1000 Th 

in centroid mode in the Orbitrap. The MS3 AGC target was set to 1e5 charges, with a 

maxIT of 86 ms. 

 

2. . Thin Layer Chromatography (TLC) and High-Pressure Liquid 

Chromatography (HPLC) 

The BIA analysis of opium poppy dry capsules was conducted following TMO's 

standard proprietary protocol, which is briefly outlined below and was optimized for 

tissue samples. All collected tissues were dried at 60 °C for 48 h and subsequently ground 

into a powder. Four biological replicates were used for each tissue-cultivar combination. 

Preliminary analysis of the samples was performed using thin layer chromatography 

(TLC). An aliquot of the powdered sample was ground in 70% ethanol, centrifuged, and 

the supernatant was transferred to a flask. The flask was rinsed with ethanol, then heated 

and stirred at 50-60 °C in a water bath for 30 min. After cooling, the sample was filtered 

and diluted in ethanol.  

Aliquots of each sample were applied to a TLC silica gel plate (5-40 µm) as a 10 

mm band. The mobile phase consisted of concentrated ammonia, 96% ethanol, acetone, 

and toluene (2:6:40:40 V/V/V/V), and samples were run for 15 cm. The plates were dried 

at 100-105 °C for 15 min, and spots were detected using potassium iodobismuthate 

solution followed by sulfuric acid (4 g/L). A reference solution containing standard 

amounts of pure BIAs (morphine hydrochloride, papaverine hydrochloride, codeine 

phosphate, noscapine hydrochloride in 70% ethanol) was run alongside the test samples. 

Based on TLC results, the tissue samples were subjected to HPLC analysis for the relevant 

compounds. 

High performance liquid chromatography (HPLC) was performed according to 

TMO's proprietary protocol, which is briefly described and was optimized for tissue 

samples. At least four biological replicates were used for each tissue-cultivar 

combination. Each sample was ground in 50% ethanol and sonicated for 1 h. The aliquot 

of the supernatant was mixed with ammonium chloride buffer solution (pH 9.5) and 
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diluted with distilled water. This solution was applied to a chromatography column 

containing kieselguhr and eluted with iso-propanol and methylene chloride. The eluent 

was evaporated in a vacuum evaporator at 40 °C and then resuspended in mobile phase 

(sodium heptanesulfonate monohydrate in water, phosphoric acid, and acetonitrile). The 

sample and reference solutions were then injected into an HPLC analyzer (Shimadzu  

LC20-AT) fitted with a precolumn and column (0.25 m length, 4.0 mm diameter) 

containing octylsilyl silica gel (5 µm) stationary phase. The mobile phase had a flow rate 

of 1.5 mL/min with spectrophotometric detection at 280 nm. The run time was determined 

according to the known retention times of the expected BIAs. Reference solutions 

consisted of appropriate amounts of each BIA dissolved in the mobile phase. The 

percentage of each BIA in each sample was calculated according to TMO's established 

methodology. 

 

2.10. Data Analysis 

MaxQuant (v2.6.5.0) and its integrated search engine, Andromeda, were utilized 

for identifying and quantifying peptides and proteins. MS/MS spectra were matched 

against the UniProt P. somniferum sequence database. Quantification relied on the 

intensity of reporter ions generated during fragmentation, corresponding to each label in 

the TMT11 set, allowing for direct comparison of protein levels across the samples.  

Unless otherwise specified, MaxQuant's default settings were applied. For 

MaxQuant parameters, proteolytic enzyme was determined as trypsin/P permitting 

maximum two failed cleavages. N-terminal acetylation and methionine oxidation were 

regarded as variable modifications, whereas carbamidomethylation of cysteine was 

implemented as a fixed modification. The target-decoy method with reversed sequences 

was employed to ascertain the false discovery rate (FDR) for peptide spectrum matches 

(PSMs) and proteins. MaxQuant research was conducted with an FDR threshold of 1% at 

the PSM level.  

Further processing and analysis of the MaxQuant output were carried out in 

Perseus (v1.6.14). Reverse hits, contaminants and proteins only identified by site were 

filtered out. The protein intensities were logarithmically transformed (log2) to normalize 

the data. Missing value imputation was performed by replacing the missing values from 
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normal distribution to simulate low-abundance proteins. Proteins were then filtered based 

on valid values by setting the minimum value to 2 in at least one group (i.e., a protein was 

only retained if it had non-missing values in two replicates of one cultivar for a single 

tissue).  

DEP analysis was done using Amica Proteomics (v3.0.1) tool 

(https://bioapps.maxperutzlabs.ac.at/app/amica) in order to compare protein abundance 

between the opium poppy samples, taking into consideration significant differences at 

FDR ≤ 0.05 and FC ≥ 1.5. Principal component analysis (PCA), volcano plots, and 

heatmaps were constructed to show significant changes in expression for proteins with 

the most drastic fold changes that were statistically significant. Replicates that 

consistently deviated from the other replicates of the same tissue due to sample 

preparation errors (e.g., low protein/peptide amount and quality) were excluded from the 

data. 

DEPs identified from the pairwise comparisons between opium poppy cultivars 

(Ofis NM, Ofis 2, and TMO T) were subjected to Gene Ontology (GO) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. GO 

enrichment analysis was performed to categorize DEPs based on their associated 

biological processes, molecular functions, and cellular components, while KEGG 

analysis identified metabolic and signaling pathways associated with the DEPs. For GO 

enrichment, g-Profiler tool (https://biit.cs.ut.ee/gprofiler) was utilized, using a 

significance threshold of adjusted p-value ≤ 0.05. The p-value was adjusted with the 

Benjamini-Hochberg procedure for multiple comparison correction. KEGG pathway 

enrichment was conducted using the DAVID (Database for Annotation, Visualization & 

Integrated Discovery) functional annotation tool (https://davidbioinformatics.nih.gov), 

with FDR ≤ 0.05.  
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CHAPTER 3 

 

RESULTS and DISCUSSION 

 

3.1.    Protein Quantification by BCA Assay Across Different Opium 

Poppy Cultivars and Tissues 

Results of the BCA assay which yielded the concentration (µg/µl) and total 

amount (µg) of protein extracted from each opium sample are presented in Table 3.1 with 

a gradient color bar indicating the protein amounts from lowest (red) to highest (green). 

The concentration values were calculated from the BSA standard curve in Figure 3.1 with 

the equation y = 0.4853x + 0.0963. 

 

 Table 3.1. Protein quantification results from the BCA assay for five different tissues 

across three opium poppy cultivars. 

 

 



26 

 

 

Figure 3.1. BSA standard curve for protein concentration calculations. 

 

In root samples, Ofis NM showed significantly higher protein amounts (~2650 

µg) compared to Ofis 2 (~506 µg) and TMO T (~447 µg). This might suggest that the 

roots of Ofis NM have a higher natural protein content or easier extractability, possibly 

due to differences in root tissue composition or protein expression. Ofis 2 and TMO T, 

however, showed significantly lower yields, which could suggest that the extraction 

process was less effective for these cultivars. This could arise from tougher tissue 

structure in the roots that resists homogenization and/or the presence of secondary 

metabolites or other interfering substances that inhibit protein extraction. Roots tend to 

have lower protein extraction yields compared to other tissues (Rodrigues et al., 2012; 

Viana et al., 2020). 

For stem samples, protein amounts were significantly higher in stems with latex 

(Ofis 2: ~307 µg Ofis NM: ~3902 µg TMO T: ~378 µg) compared to stems without latex 

(Ofis 2: ~46 µg Ofis NM: ~3188 µg TMO T: ~241 µg) across all three cultivars. Latex is 

a complex fluid that contains a variety of proteins, including enzymes, defense-related 

proteins, and storage proteins. These additional proteins present in latex are likely to 

contribute to the total protein content in the stems with latex (Nessler et al., 1985). In 

addition, the presence of latex may facilitate the homogenization process, making it easier 

to break down the tissue and release proteins. Its fluid structure may help distribute the 
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extraction buffer more evenly, potentially improving the efficiency of protein 

solubilization. Again, protein amounts of Ofis NM cultivar in both stems with and without 

latex were much higher than Ofis 2 and TMO T. The fact that the stems of Ofis NM were 

less woody and were thinner compared to Ofis 2 and TMO T lines could be related to the 

more efficient extraction of proteins. Less fibrous tissues might be easier to homogenize 

and break down during the extraction process, allowing for more complete disruption of 

cells and better release of proteins into the extraction buffer, resulting in higher measured 

protein amounts compared to cultivars with more fibrous tissues (Singh et al., 2015). 

Another explanation for the higher protein content of Ofis NM in stems and roots might 

be that the Ofis NM line was at a slightly different developmental stage compared to Ofis 

2 and TMO T during the sample collection. Developmental stage can impact protein 

expression levels. Plant organs in a more active growth phase may exhibit higher protein 

synthesis (Mergner et al., 2020a; Mergner et al., 2020b). 

Consistent with this, total protein amounts of young capsules were consistently 

higher (Ofis 2: ~3374 µg Ofis NM: ~3025 µg TMO T: ~3110 µg) than those of mature 

capsules (Ofis 2: ~1765 µg Ofis NM: ~740 µg TMO T: ~417 µg)  in all cultivars. Young 

capsules also resulted in higher protein yields overall compared to other tissues. In opium 

poppy, young capsules are expected to exhibit high protein content due to their vital role 

in alkaloid biosynthesis, active growth, latex production, and defense against 

environmental threats . The specific demands of these processes lead to increased 

synthesis of enzymes, structural proteins, and defense-related proteins, which might cause 

young capsules to be protein-rich compared to other tissues. Protein accumulation might 

reflect the multifunctional role of young capsules in supporting both the plant’s growth, 

BIA metabolism and its defense strategies. Mature capsules might have less need for new 

protein production, as their role shifts towards maintaining existing structures and 

supporting seed maturation and dispersal (Aykanat and Türktaş, 2024, Li et al., 2018). 

Based on the protein quantification analysis comparisons, it is clear that different 

cultivars and tissues of opium poppy have unique properties that can affect protein yield, 

such as cellular structure, presence of interfering substances, developmental stage, or 

tissue-specific protein composition (e.g., presence of latex). Optimizing the extraction 

protocol for diverse types of tissue and cultivars (e.g., adjusting buffer composition and 

using more effective homogenization methods) could help improve consistency and 

accuracy of the MS analysis. 
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3.2.   Quality Assessment of Protein Digestion and TMT Labeling 

 The quality and efficiency of tandem mass tag (TMT) labeling across the selected 

tissues of the opium poppy cultivars were investigated to assess the reliability and 

comprehensiveness of the proteomic analysis. Figure 3.2(a) represents the TMT labeling 

efficiency vs. TMT label site graphs, which illustrate the percentage of peptides 

successfully labeled at different modification sites across the tissue types analyzed, 

including mature capsules, young capsules, stems with and without latex, and roots. The 

TMT labeling sites were lysine residues, peptide N-termini, carbamidomethyl cysteines 

(Carba-Cys), and oxidized methionines (Ox-Met). In all five tissues of interest, the 

majority of peptides showed high labeling efficiency at primary binding sites (i.e., lysine 

residues, N-termini) and Carba-Cys (~98-99%), indicating that the TMT labeling was 

successful for nearly every peptide in the sample. High percentages of labeled 

carbamidomethyl cysteines also indicate a near-complete reduction and alkylation during 

protein digestion. On the other site, TMT labeling efficiency of oxidized methionines was 

the lowest across all tissue types (~ 45-70%) as expected. Methionine oxidation is a 

variable modification across proteins, and not all peptides contain methionine residues. 

This could explain the variable and lower labeling efficiency of the samples at this peptide 

modification site (Bettinger et al., 2019). 

Miscleavage refers to the failure of trypsin enzyme to fully cleave a peptide at its 

expected cleavage sites, lysine and arginine, resulting in peptides that contain one or more 

missed cleavage sites. For example, a two-miscleavage peptide means that there are two 

sites of that peptide where cleavage did not occur, generating a longer peptide fragment 

than anticipated. This could occur due to factors like enzyme inefficiency, suboptimal 

digestion conditions, or structural hindrances in the protein (Burkhart et al., 2012; Lin et 

al., 2020).  

In Figure 3.2(b), the total number of peptides with a particular number of 

miscleavages (e.g., 0, 1, 2 on the x-axis) as determined by LC-MS/MS analysis for each 

opium poppy tissue is illustrated. The large number of peptides with 0 missed cleavage 

sites (>80,000) indicates that the digestion was very effective for the majority of the 

peptides. A relatively small number of peptides exhibited one missed cleavage, and very 

few show two missed cleavages. This further confirms efficient digestion by trypsin, as 

only a minor fraction of peptides was incompletely cleaved. This result suggest that the 
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enzymatic digestion process was optimized and worked well for each tissue/cultivar 

combination. Efficient digestion enhances peptide identification and quantification by 

producing peptides that are readily detected and quantified by LC-MS/MS, which is 

critical for the accuracy and precision of the analysis (Burkhart et al., 2012).  

The box plots in Figure 3.2(c) provide a visual representation of the relative 

abundance of peptides across different opium poppy cultivars in the 11-channel TMT 

multiplexing (see Table 2.1) for each tissue. The intensity of the reporter ions for each 

channel is proportional to the relative abundance of the peptides or proteins in the 

corresponding opium poppy sample. Variation of median intensities and spread is 

expected between the channels of different opium poppy cultivars, since they are likely 

to have distinct protein expression profiles, which naturally causes variation in intensity 

levels across channels. However, the channels also displayed a minor degree of variability 

within the biological replicates of the same cultivar. For instance, channels 6 to 8 of stems 

with latex samples belong to the TMO T cultivar but the first replicate (channel 6) shows 

a noticeably lower median intensity compared to other replicates. This might have been 

caused by technical errors such as uneven sample loading and labeling efficiency issues 

during the TMT labeling or sample loss due to problems in the previous extraction/protein 

degradation steps. 

 

a b c 

Mature capsules: 

(Cont. on the next page) 

Figure 3.2. Assessment of TMT labeling efficiency and data quality for opium poppy 

tissues: (a) Bar plot showing the TMT labeling efficiency across four modification types 

- lysine, Nterm, Carba Cys, and Ox Met. Red line represents a minimum acceptable 

threshold for labeling efficiency, whereas yellow line indicates an optimal efficiency 

level (b) Histogram representing the frequency of peptide miscleavages by trypsin. (c) 

Box plot displaying the intensity distribution across 11-TMT channels (Table 2.1). Each 

channel shows a median intensity, with variation in range of the data indicated by 

outliers. 
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a b c 

Young capsules: 

a b c 

Stems with latex: 

a b c 

Roots: 

a b c 

Stems without latex: 

Figure 3.2. (cont.) 
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3.3.  Protein and Peptide Identification of Opium Poppy Cultivars 

  

The LC-MS/MS analysis identified the peptides and proteins from five tissues of 

P. somniferum across three cultivars: Ofis 2, Ofis NM, and TMO T, utilizing TMT11plex 

labeling. Biological replicates and reference pool samples were included in each tissue 

type to ensure reliability and reproducibility across the five TMT11 batches. The data 

were examined in terms of identified protein and peptide counts along with the average 

counts for each tissue across the three cultivars as presented in Table 3.2. The LC-MS/MS 

analysis identified a total of 8166 proteins. 

 

 

Tissue Average Protein # Average Peptide # 

Mature Capsule 7346 51122 

Young Capsule 7966 57236 

Stem without Latex 7010 47186 

Stem with Latex 7060 46265 

Root 7213 50119 

 

Channel 11Channel 10Channel  Channel  Channel 7Channel 6Channel 5Channel 4Channel 3Channel 2Channel 1Tissue

OfisNM R3OfisNM R2OfisNM R1TMOT R3TMOT R2REFTMOT R1Ofis 2 R3Ofis2 R2Ofis2 R1REFYoung Capsule

79947990797179917948777480067994800179807979Protein IDs

5765157587574015761357137543795781757561576095742757422Peptide IDs

Channel 11Channel 10Channel  Channel  Channel 7Channel 6Channel 5Channel 4Channel 3Channel 2Channel 1Tissue

OfisNM R3OfisNM R2OfisNM R1REFTMOT R3TMOT R2TMOT R1Ofis2 R3Ofis2 R2Ofis2 R1REFStem w o Latex

70047032697470536983704770126998698169747059Protein IDs

4717547322468334757546882475024722447134468834691547607Peptide IDs

Channel 11Channel 10Channel  Channel  Channel 7Channel 6Channel 5Channel 4Channel 3Channel 2Channel 1Tissue

REFOfisNM R3OfisNM R2OfisNM R1TMOT R3TMOT R2TMOT R1Ofis 2 R3Ofis2 R2Ofis2 R1REFRoot

72327148723372037248724772437169718271967250Protein IDs

5032449717503304998250458504705034149647496824986350500Peptide IDs

Channel 11Channel 10Channel  Channel  Channel 7Channel 6Channel 5Channel 4Channel 3Channel 2Channel 1Tissue

OfisNM R3OfisNM R2OfisNM R1TMOT R3TMOT R2TMOT R1Ofis2 R3Ofis2 R2Ofis2 R1REFREFMature Capsule

73417363736273497318730273547355736673517352Protein IDs

5112951296512985116450698506655124151201513445115151161Peptide IDs

Channel 11Channel 10Channel  Channel  Channel 7Channel 6Channel 5Channel 4Channel 3Channel 2Channel 1Tissue

OfisNM R3OfisNM R2OfisNM R1TMOT R3TMOT R2TMOT R1REFOfis2 R3Ofis2 R2Ofis2 R1REFStem w  Latex

69587135713770527092682771547007705570957153Protein IDs

4539146945469144635746511439154724045725461154656947242Peptide IDs

Table 3.2.  Protein and peptide identifications of opium poppy cultivars Ofis 2, Ofis NM 

and TMO T for five different tissues: mature capsules, young capsules, stems with latex, 

stems without latex, and roots, respectively. 
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Young capsules displayed the highest protein and peptide counts, with averages 

of 7966 proteins and 57,236 peptides. These elevated counts indicate a highly active 

proteome, reflecting the intensive metabolic demands of young capsules. In contrast, 

mature capsules had lower but still substantial protein composition, with an average of 

7346 proteins and 51,122 peptides across the three cultivars. The difference in protein 

counts between young and mature capsules was statistically significant (p-value = 1.92 × 

10⁻¹², paired t-test).  This indicates a stable proteome profile for the mature capsules, 

which might suggest that as the capsule develops, its metabolic activity shifts from 

growth-focused biosynthesis to maintenance and storage functions.  Young capsules are 

a primary site for alkaloid biosynthesis and other secondary metabolites, which are 

critical for the plant’s defense and development (Li et al., 2018). Therefore, the high 

proteomic complexity in this tissue aligns with its role in supporting robust biosynthetic 

pathways during the developmental stage. While mature capsules are less metabolically 

demanding than young capsules, the relatively high counts still reflect ongoing 

physiological activities, potentially related to maturation processes and sustained 

secondary metabolite storage (Aykanat and Türktaş, 2024, Li et al., 2018). 

Among the analyzed tissues, opium poppy stem, both with and without latex, 

exhibited the lowest average protein and peptide counts, with latex-free stems averaging 

7010 proteins and 47,186 peptides, and latex-including stems averaging 7060 proteins 

and 46,625 peptides across the three cultivars. Several factors might have contributed to 

the comparatively lower protein and peptide identifications in stems, including the 

structural characteristics of opium poppy stems and technical challenges related to protein 

extraction and identification. Opium poppy stems contain a significant amount of lignin, 

cellulose, and other rigid cell wall components, which can hinder efficient protein 

extraction. These structural molecules might create a dense matrix that can sequester or 

shield proteins, making them less accessible during the extraction process (Kocabaş et 

al., 2020; Marriott et al., 2016). The difficulty in breaking down these complex cell walls 

without damaging proteins often results in suboptimal protein yields from stem samples. 

Additionally, proteins bound within the cell wall matrix may be more resistant to 

solubilization, leading to incomplete protein recovery and lower representation of 

structural or wall-associated proteins in the final proteomic data. This technical limitation 

can potentially underrepresent the actual number of proteins present in stem tissues. 

Furthermore, certain latex-associated compounds in latex-containing stems, such as 
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alkaloids, may interfere with downstream processing steps in MS, impacting protein 

identification and quantification. The presence of latex can complicate sample 

preparation, as latex components can precipitate or clog filters, thereby reducing the 

quality of the extracted protein sample (Weid et al., 2004). This adds a layer of technical 

complexity, especially in stems with latex, where these issues can further reduce protein 

yields and influence the identification process. Roots showed moderate levels of protein 

and peptide identifications, averaging 7250 proteins and 50,119 peptides across the three 

opium poppy cultivars. Positioned between the higher values observed in capsules and 

the lower values in stems, the moderate counts in root tissues might suggest a functional 

role in maintaining core physiological processes that sustain the plant. 

Protein and peptide counts within each tissue type (mature capsules, young 

capsules, stems with latex, stems without latex, and roots) showed minimal variation 

across the three cultivars with consistency between the biological replicates. Consistent 

protein and peptide identifications across cultivars and replicates provide confidence in 

the precision of the observed proteomic patterns, suggesting that these patterns are not 

merely artifacts of experimental variation. Also, this consistency in protein identification 

numbers suggests that the core proteomic composition of each tissue is relatively stable 

across cultivars, indicating conserved tissue-specific functions. However, while the 

number of identified proteins remains consistent across cultivars, it is likely that the 

expression levels of specific proteins vary between them. These variations in protein 

abundance can reflect cultivar-specific adaptations and are likely associated with 

phenotypic differences, such as variations in alkaloid content or resistance to 

environmental stressors. Overall, these data highlight the diversity of protein expression 

profiles across different opium poppy tissues and reflect the functional specialization of 

each tissue, which is discussed in detail in the following analysis. 

 

3.4. Alkaloid Profiles of Opium Poppy Dried Capsules 

The BIA profiles of dried capsules were obtained via HPLC analysis (Table 3.3). 

Consistent with literature information (Yazici and Yılmaz, 2021), morphine was the 

dominant alkaloid in all three cultivars, though its proportion varies depending on the 

cultivar's specialization. Ofis 2 has the highest morphine content (1.72%), consistent with 

its classification as a morphine-rich cultivar. TMO T was highest in thebaine production 

(0.52%) and contains a considerable amount of morphine (1.07%). Ofis NM, identified 
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as a noscapine-rich cultivar, has the highest noscapine proportion (0.1%) but still retains 

significant morphine levels (0.88%). Thebaine levels are minimal in Ofis 2 and Ofis NM, 

while papaverine remains a minor component across all cultivars but highest in Ofis NM. 

These data underscore that morphine biosynthesis is central to all cultivars, while 

specialization into noscapine or thebaine production reflects cultivar-specific metabolic 

divergence. 

 

 

 

 

 

 

 

 

3.5.   Principal Component Analysis (PCA) of Opium Poppy Cultivars 

Principal component analysis (PCA) was performed on the opium poppy tissue 

samples comprising the biological replicates of three cultivars (Ofis NM, Ofis 2, and 

TMO T) and two reference samples (i.e., mixture of samples) based on the protein 

expression data of around 7,000 proteins. The PCA plots in Figure 3.3 display the 

distribution of tissue-specific proteomic profiles between the three cultivars, each 

enriched in different alkaloids: Ofis 2 (morphine), Ofis NM (noscapine), and TMO T 

(thebaine). The first two principal components (PC1 and PC2) captured the most variance 

among the data. Component 1 accounted for the majority of the variance in all of the 

tissues, ranging from 36.86% to 68.47%, while Component 2 added additional 

differentiation, capturing between 13.99% and 30.04%. Except for young capsules and 

latex-free stems, a clear separation between the cultivars is visible along the primary 

component axes, while the biological replicates of the same cultivar tend to be clustered 

together. These results indicate distinct proteomic profiles that might be associated with 

the dominant alkaloid in each cultivar or with other cultivar-specific differences in the 

samples. The clustering of replicates from different cultivars in young capsules but a more 

distinct separation in mature capsules might reflect a biological transition from shared 

early-stage growth activities to specialized secondary metabolism and alkaloid 

production. 

Table 3.3. Alkaloid composition (%) in the dry capsules of three opium poppy cultivars: 

Ofis 2 (morphine-rich), TMO T (thebaine-rich), and Ofis NM (noscapine-rich). 

Percentages represent the relative abundance of four major alkaloids. 
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c) Stems without Latex: 

a) Mature Capsules: 

b) Young Capsules: 

(Cont. on the next page) 

Figure 3.3. PCA of protein profiles across 3 opium poppy cultivars in (a) mature 

capsules, (b) young capsules, (c) stems without latex, (d) stems with latex, and (e) roots. 
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3.6.  Differential Protein Expression of Opium Poppy Cultivars  

 Among the 8166 proteins identified by LC-MS/MS analysis, differential protein 

expression across the three opium poppy cultivars was examined for each of the five target 

tissues to compare their cultivar-specific proteome profiles. Proteins satisfying the criteria 

of FDR ≤ 0.05 and a fold change (FC) ≥ 1.5 were classified as differentially expressed 

proteins (DEPs) and illustrated with the volcano plots in Figure 3(4-8). 

d) Stems with Latex: 

e) Roots: 

Figure 3.3. (cont.) 
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Mature capsules of opium poppy exhibited the highest differential expression 

levels among all the tissues, with distinct clusters of up- and down-regulated proteins in 

each pairwise cultivar comparison. Morphine-rich Ofis 2 cultivar showed a robust 

proteomic profile with a larger number of significantly differentially expressed proteins 

in both comparisons with noscapine-rich Ofis NM and thebaine-rich TMO T.  The total 

number of DEPs in comparison of Ofis NM with TMO T mature capsules were lower 

than the other pairwise comparisons. 

Mature Capsules: 

a b 

c 

Figure 3.4.  Volcano plots comparing differentially expressed proteins across the mature 

capsules of three opium poppy cultivars: comparison between (a)Ofis NM and Ofis 2, 

(b) Ofis NM and TMO T, (c) TMO T and Ofis 2 with the x-axis representing the 

difference (log2FC) in protein abundance and the y-axis representing the statistical 

significance (-log p-value). Proteins differentially expressed in each comparison are 

shown in cyan, whereas proteins with non-significant differences are shown in purple 

(FDR:0.05). 
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Young capsules showed less differential expression between the cultivars compared 

to mature capsules. Most proteins are within the non-significant range, with only a few 

showing significant fold changes. In contrast to the mature capsules where Ofis 2 

exhibited strong differential regulation, a substantial number of DEPs were observed in 

Ofis NM young capsules compared to Ofis 2 and TMO T. Comparisons of TMO T and 

Ofis 2 young capsules resulted in no DEPs indicating a balanced expression profile 

between these two cultivars at this developmental stage. 

Young Capsules: 

a 
b 

c 

Figure 3.5.  Volcano plots comparing differentially expressed proteins across the  young 

capsules of three opium poppy cultivars: comparison between (a)Ofis NM and Ofis 2, 

(b) Ofis NM and TMO T, (c) TMO T and Ofis 2 with the x-axis representing the 

difference (log2FC) in protein abundance and the y-axis representing the statistical 

significance (-log p-value). Proteins differentially expressed in each comparison are 

shown in cyan, whereas proteins with non-significant differences are shown in purple 

(FDR:0.05). 
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 Latex-including stems provided higher numbers of DEPs, both up-regulated and 

down-regulated, compared to latex-free stems. The presence of latex in stems might be 

correlated with increased metabolic complexity, likely driven by the need to produce, 

transport, and store alkaloids and other secondary metabolites. Similar to the mature 

capsules, latex-including stems of Ofis 2 showed a larger number of significant DEPs 

compared to Ofis NM and TMO T. In contrast, the number of DEPs in the comparison of 

TMO T and Ofis NM stems with latex was lower and more balanced in terms of up- and 

down-regulated proteins.  

Latex-included Stems: 

a b 

c 

Figure 3.6.  Volcano plots comparing differentially expressed proteins across the latex-

included stems of three opium poppy cultivars: comparison between (a)Ofis NM and Ofis 

2, (b) Ofis NM and TMO T, (c) TMO T and Ofis 2 with the x-axis representing the 

difference (log2FC) in protein abundance and the y-axis representing the statistical 

significance (-log p-value). Proteins differentially expressed in each comparison are shown 

in cyan, whereas proteins with non-significant differences are shown in purple (FDR:0.05). 
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 Similar to other tissues, the number of DEPs in pairwise comparison of Ofis 2 

with both Ofis NM and TMO T was highest. However, the largest protein expression 

difference between Ofis NM and TMO T was also obtained in roots compared to other 

four tissues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Latex-free Stems: 

a b 

c 

Figure 3.7.  Volcano plots comparing differentially expressed proteins across the latex-

free stems of three opium poppy cultivars: comparison between (a)Ofis NM and Ofis 

2, (b) Ofis NM and TMO T, (c) TMO T and Ofis 2 with the x-axis representing the 

difference (log2FC) in protein abundance and the y-axis representing the statistical 

significance (-log p-value). Proteins differentially expressed in each comparison are 

shown in cyan, whereas proteins with non-significant differences are shown in purple 

(FDR:0.05). 
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  The hierarchical clustering heatmap of protein expression in mature capsules 

(Figure 3.9) highlighted overall differences among Ofis 2, Ofis NM, and TMO T cultivars. 

Ofis 2 formed a distinct cluster, indicating a unique protein expression profile that 

diverges significantly from both TMO T and Ofis NM. Conversely, TMO T and Ofis NM 

clustered together, suggesting a higher similarity in their protein expression patterns.  

 

Roots: 

a b 

c 

Figure 3.8. Volcano plots comparing differentially expressed proteins across the roots of 

three opium poppy cultivars: comparison between (a)Ofis NM and Ofis 2, (b) Ofis NM 

and TMO T, (c) TMO T and Ofis 2 with the x-axis representing the difference (log2FC) 

in protein abundance and the y-axis representing the statistical significance (-log p-

value). Proteins differentially expressed in each comparison are shown in cyan, whereas 

proteins with non-significant differences are shown in purple (FDR:0.05). 
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Upset plots and Euler diagrams in Figure 3.10 summarize the number of DEPs 

identified across the pairwise comparisons of the opium poppy cultivars for the five target 

tissues. The intersection of two comparison sets that does not overlap with the third set 

represents proteins  uniquely differentially expressed in one cultivar for a specific tissue. 

For example, in the mature capsules, the intersection of the "Ofis 2 v. TMO T" set with 

the "TMO T v. Ofis NM" set contains 60 proteins that are uniquely differentially 

expressed in TMO T mature capsules. These areas highlight cultivar-specific proteomic 

differences, providing insight into unique biological features or adaptations of the 

cultivars in specific tissues.  

Figure 3.9 Heatmap representation of the protein abundances across mature capsules of 

three opium poppy cultivars: Ofis 2, Ofis NM, and TMO T. The rows represent 

individual proteins, while the columns represent biological replicates of each cultivar. 

Colors indicate an increase of protein expression level from purple to green. 
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The central intersection in each diagram, on the other side, represents proteins that 

are consistently differentially expressed across all three pairwise comparisons, 

highlighting shared proteomic changes. Mature capsules have the largest number of 

cultivar-specific DEPs (2066 proteins in total) compared to other tissues, suggesting a 

more distinct proteomic profile in this tissue for each cultivar, followed by roots and latex-

including stems. Young capsules and latex-free stems have lower numbers of DEPs, 

indicating less differentiation between cultivars for these organs. Overall, these 

comparisons reflected the complexity and variability in proteomic expression among 

tissues and cultivars of opium poppy, influenced by both tissue function and cultivar-

specific traits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mature Capsules: 

Young Capsules: 

Figure 3.10. Differentially expressed proteins across three Papaver somniferum cultivars 

(Ofis NM, Ofis 2, and TMO T). The data was visualized using Upset plots (left) and 

Euler diagrams (right) for five tissues: mature capsules, young capsules, latex-included 

stem, latex-free stems, and roots, respectively (FDR: 0.05). 

(Cont. on the next page) 
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Figure 3.10. (cont.) 

 

 

Latex-free Stems: 

Roots: 

Latex-included Stems: 
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3.7. Functional Annotation of Differentially Expressed Proteins by Gene 

Ontology (GO) and Pathway Enrichment Analyses 

Following the identification of DEPs in each pairwise comparison among the three 

opium poppy cultivars (Ofis NM, Ofis 2, and TMO T) for five tissues of interest, Gene 

Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

enrichment analyses were performed. These analyses provided insights into the molecular 

functions, biological processes and cellular components associated with the DEPs to 

identify key metabolic or signaling pathways that might be cultivar-specific in opium 

poppy. 

 

3.7.1. GO Enrichment Analysis of DEPs across Cultivars 

 GO enrichment analyses of differentially expressed proteins in the three opium 

poppy cultivars (Ofis NM, Ofis 2, and TMO T) for the target tissues are represented in 

Figure 3.11-13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Mature Capsules – Ofis NM v. Ofis 2: 

 

Figure 3.11. GO enrichment analysis of DEPs in mature capsules of (a) Ofis NM v. Ofis 

2, (b) Ofis 2 v. TMO T, and (c) TMO T v. Ofis NM. The plot displays enriched Gene 

Ontology (GO) terms across three GO domains: molecular function (MF, red), biological 

process (BP, orange), and cellular component (CC, green). Each circle represents a GO 

term, with the x-axis categorizing the terms and the y-axis indicating their statistical 

significance (-log10 adjusted p-value). The size of the circles corresponds to the number 

of proteins associated with each GO term, and the terms with the highest significance 

are labeled with IDs for reference. The accompanying table lists the top significantly 

enriched GO terms, along with their adjusted p-values. 

(Cont. on the next page) 
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b) Mature Capsules – Ofis 2 v. TMO T: 

c) Mature Capsules – TMO T v. Ofis NM: 

(Cont. on the next page) 

Figure 3.11. (cont.) 
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Molecular function (MF) analysis of DEPs from comparison of morphine-rich 

Ofis 2 mature capsules with noscapine-rich Ofis NM (Figure 3.11a) revealed significant 

enrichment in catalytic activity, ribosomal structural functions, and several binding 

activities, such as rRNA, GTP, and NAD binding. These functions suggest differences in 

protein synthesis, enzymatic activity, and energy-related metabolic pathways between the 

two cultivars. For biological processes (BP), photosynthesis and amide metabolic 

processes emerged as significantly enriched terms, which may contribute to differential 

growth or capsule development traits. The enrichment of chlorophyll biosynthetic 

processes also suggests cultivar-specific regulation of photosynthetic machinery.  

The cytoplasm was the most significant cellular component (CC) term for the Ofis 

NM v. Ofis 2 mature capsule comparison. A majority of the DEPs identified in the 

comparison are localized in or associated with cytoplasmic processes. The cytoplasm 

serves as the primary site for numerous key cellular activities, including protein synthesis, 

energy metabolism, and enzymatic reactions, which aligns with the highly enriched 

molecular function (MF) and biological process (BP) terms. Notably, the enrichment of 

the "photosystem II oxygen evolving complex" further supports the differentiation of 

photosynthetic activity.  

 

 

Figure 3.11. (cont.) 
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Comparison of Ofis 2 and TMO T mature capsules (Figure 3.11b) identified 

enrichment of similar GO terms except photosynthesis. Molecular functions such as 

structural constituent of ribosomes and heterocyclic compound binding were significantly 

enriched, suggesting variations in protein synthesis, enzymatic activity and secondary 

metabolite interactions. 

The observed differences of Ofis 2 mature capsules with Ofis NM and TMO T 

may be attributed to their distinct metabolic and regulatory pathways tuned to distinct 

strategies for alkaloid biosynthesis in a broad aspect. Catalytic activity, being the most 

significantly enriched molecular function (MF), highlights the significant participation of 

enzymes in biochemical reactions within the capsules, including alkaloid biosynthesis. 

The significant alteration of catalytic activity in Ofis 2 is likely linked to the metabolic 

demand for enzymes involved in the production of high amounts of morphine.  

In the comparison of Ofis NM and TMO T (Figure 3.11c), the GO analysis 

emphasized the enrichment of molecular functions such as glucosyltransferase activity 

and RNA binding, whereas biological process enrichment pointed to metabolic pathways 

related to mRNA processing, glucan metabolism, and ATP-dependent activities. These 

findings point to differences in carbohydrate metabolism and transcriptional regulation 

between these two cultivars. Interestingly, alkaloid metabolic processes also appeared 

significantly enriched, reflecting the role of specialized metabolism in differentiating 

these cultivars.  

When there is significant overall variation between the cultivars, the pathway-

specific differences may become less detectable because the biological variance between 

the samples overshadows the specific metabolic shifts related to BIA production. This can 

result in the appearance of more generalized processes, such as translation or enzyme 

activity, while specific pathways like alkaloid metabolism might not be as clearly 

highlighted. The number of DEPs in the pairwise comparison of Ofis NM and TMO T 

was lower than that in the comparison of Ofis 2 with Ofis NM and TMO T. As a result of 

this greater divergence between Ofis 2 and the other cultivars, the direct differences in 

alkaloid metabolic pathways might have been masked by the broader, more pronounced 

variations in other metabolic activities which are not directly associated with alkaloid 

pathways. Conversely, the lower number of DEPs in the Ofis NM v. TMO T comparison 

might have prioritized the differentiation of the proteome directly involved in the 

biosynthesis of noscapine and thebaine. 
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The GO enrichment terms obtained from young capsules did not show strong 

enrichment patterns and were excluded from the results, consistent with the initially low 

number of DEPs identified in this group. Young capsules might exhibit less pronounced 

proteomic changes in this developmental stage, resulting in weaker GO term associations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Stems with Latex – Ofis NM v. Ofis 2: 

(Cont. on the next page) 

Figure 3.12. GO enrichment analysis of DEPs in latex-included stems of (a) Ofis NM v. 

Ofis 2, (b) Ofis 2 v. TMO T, and (c) TMO T v. Ofis NM. The plot displays enriched Gene 

Ontology (GO) terms across three GO domains: molecular function (MF, red), biological 

process (BP, orange), and cellular component (CC, green). Each circle represents a GO 

term, with the x-axis categorizing the terms and the y-axis indicating their statistical 

significance (-log10 adjusted p-value). The size of the circles corresponds to the number 

of proteins associated with each GO term, and the terms with the highest significance are 

labeled with IDs for reference. The accompanying table lists the top significantly enriched 

GO terms, along with their adjusted p-values. 
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b) Stems with Latex – Ofis 2 v. TMO T: 

c) Stems with Latex – TMO T v. Ofis NM: 

Figure 3.12. (cont.) 
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In the GO enrichment of DEPs from comparison of latex-including stems (Figure 

3.12), biological processes (BP) of amide metabolic process, organonitrogen compound 

biosynthetic process, cellular macromolecule localization and ribonucleoprotein complex 

biogenesis were highlighted along with the molecular function (MF) terms such as 

heterocyclic compound binding, ligase activity, translation regulator activity, structural 

constituent of ribosome and RNA binding. The most enriched cellular components were 

cytoplasm and intracellular anatomical structure. Latex biosynthesis and storage rely 

heavily on intracellular organelles like plastids (for precursor synthesis), the endoplasmic 

reticulum (for protein processing and lipid metabolism), and vacuoles (for storage of 

secondary metabolites like alkaloids) (Gracz-Bernaciak et al., 2021). The enrichment of 

this term might suggest that these organelles are actively engaged in processes that are 

critical for latex production and storage, such as alkaloid biosynthesis and transport. 

Enrichment of organonitrogen compound biosynthetic process likely reflects the 

biosynthesis of nitrogen-containing secondary metabolites, such as alkaloids, which are 

produced and transported in the stems. Also, alkaloids are derived from amino acid 

precursors and involve complex enzymatic pathways that integrate nitrogen into their 

structure (Gracz-Bernaciak et al., 2021). The enrichment of this process in latex-including 

stems emphasizes metabolic specialization, particularly in relation to secondary 

metabolism and nitrogen usage.  The BP of “phenylpropanoid metabolic process” and 

“reductive pentose-phosphate cycle” and the CC of “plastid” were also enriched in the 

comparison of TMO T and Ofis NM, suggesting active secondary metabolism and 

photosynthesis similar to mature capsules. The phenylpropanoid metabolic process 

involves the conversion of phenylalanine into a wide array of secondary metabolites, such 

as flavonoids, lignins, and other aromatic compounds. Plastids house the shikimate 

pathway, which provides precursors for both phenylpropanoids (via phenylalanine and 

cinnamic acid) and benzylisoquinoline alkaloids (via tyrosine and dopamine) (Dixon et 

al., 2002; Facchini et al., 2007). Thus, metabolic flux through phenylpropanoid 

biosynthesis can influence the availability of precursors like tyrosine and phenylalanine, 

which are critical for BIA biosynthesis. In addition, environmental factors that activate 

the phenylpropanoid pathway (e.g., cinnamic acid production) may also upregulate 

alkaloid biosynthesis as part of a coordinated defense response (Dixon et al., 2002). 

GO enrichment analysis of DEPs both in capsules and latex-including stems of 

opium poppy cultivars showed a possible relationship between the term “photosynthesis” 
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and alkaloid biosynthesis. Light is a key environmental factor that influences the 

biosynthesis and accumulation of certain secondary metabolites in plants, including 

alkaloids (Thoma et al., 2020). Research has demonstrated that enhancing photosynthetic 

efficiency can lead to increased production of alkaloids such as morphine and thebaine in 

opium poppy (Kara, 2021). For instance, the application of the plant growth regulator 

triacontanol has been reported to elevate morphine content while enhancing 

photosynthetic activity (Srivastava and Sharma, 1990). Similarly, treatment with a 

consortium of endophytes has been shown to simultaneously improve morphine and 

thebaine levels and photosynthetic performance in poppy plants (Ray et al., 2019). In 

other research, the term photosynthesis was shown to be the most abundant term in the 

GO analysis of opium poppy stems (Aykanat & Türktaş, 2024). As supported by the 

literature, the findings in this study suggest a link between high photosynthetic 

assimilation rates and alkaloid biosynthesis, with the energy generated through 

photosynthesis likely supporting the metabolic demands of alkaloid production. The GO 

enrichment terms determined in the latex-free stems (Figure 3.13), on the other hand, 

showed weaker enrichment patterns with lower significance values, in agreement with 

the low number of DEPs identified in this group. All of the three pairwise comparisons 

revealed enrichment of similar GO terms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Stems without Latex – Ofis NM v. Ofis 2: 

Figure 3.13. GO enrichment analysis of DEPs in latex-free stems of (a) Ofis NM v. Ofis 

2, (b) Ofis 2 v. TMO T, and (c) TMO T v. Ofis NM.The plot displays enriched Gene 

Ontology (GO) terms across three GO domains: molecular function (MF, red), biological 

process (BP, orange), and cellular component (CC, green). Each circle represents a GO 

term, with the x-axis categorizing the terms and the y-axis indicating their statistical 

significance (-log10 adjusted p-value). The size of the circles corresponds to the number 

of proteins associated with each GO term, and the terms with the highest significance are 

labeled with IDs for reference. The accompanying table lists the top significantly enriched 

GO terms, along with their adjusted p-values. 

(Cont. on the next page) 
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b) Stems without Latex – Ofis 2 v. TMO T: 

c) Stems without Latex – TMO T v. Ofis NM: 

Figure 3.13. (cont.) 
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In contrast to latex-including stems, DEPs across latex-free stems of different 

opium poppy cultivars were enriched in molecular function (MF) terms such as 

"oxidoreductase activity, acting on diphenols", "S-2-hydroxy-acid oxidase activity", 

"hydrolase activity, hydrolyzing O-glycosyl compounds", and "pectate lyase activity", 

alongside biological process (BP) terms like "carbohydrate metabolic process", 

“oxidative photosynthetic carbon pathway”, "cell wall organization", and "pigment 

biosynthetic process".  

The removal of latex may have shifted the enrichment of cultivar-specific 

differentiation in the cellular activities of the remaining stem tissues, leading to an 

increased emphasis on the mentioned GO terms. For instance, carbohydrate metabolism 

is essential for synthesizing cell wall components like cellulose and hemicellulose, which 

provide mechanical strength and flexibility to the stems. Hydrolase (on O-glycosyl 

compounds) and pectate lyase (pectin degradation) activities also suggest dynamic cell 

wall remodeling of opium poppy stems in a cultivar-specific way, consistent with the 

cellular component (CC) terms "extracellular region" and "cell wall” (Gilbert, 2010). 

Furthermore, plants use oxidoreductase enzymes to respond to environmental stress, 

including wounding, infection, and oxidative damage (Sharma et al., 2012). 

Oxidoreductases, such as polyphenol oxidases, play a key role in generating 

reactive oxygen species (ROS) and other signaling molecules, which can trigger the 

activation of stress-related metabolic pathways, including biosynthesis of alkaloids 

serving as chemical defenses against herbivores and pathogens (Waszczak et al., 2018). 

Enhanced oxidoreductase activity could facilitate the diversion of precursors like tyrosine 

into specific branches of the BIA biosynthetic pathway, leading to higher production of 

different alkaloids depending on the cultivar's genetic and environmental context (Winzer 

et al, 2015). 

 

3.7.2. KEGG Pathway Enrichment Analysis of DEPs across Cultivars 

KEGG pathway enrichment analyses of DEPs between the three opium poppy 

cultivars (Ofis NM, Ofis 2, and TMO T) for the target tissues are represented in Figure 

3.14-16. 
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Ofis 2 v. TMO T Mature Capsules 

KEGG Pathways 
Ofis NM v. Ofis 2 Mature Capsules 

KEGG Pathways 

TMO T v. Ofis NM Mature Capsules 

KEGG Pathways 

Ofis NM v. Ofis 2 Young Capsules 

KEGG Pathways 

Ofis 2 v. TMO T Young Capsules 

KEGG Pathways 

Figure 3.14. KEGG pathway enrichment analysis of DEPs in mature capsules of opium 

poppy across pairwise comparisons of three cultivars (Ofis NM, Ofis 2, and TMO T). The 

x-axis shows the -log(p-value) indicating the significance of pathway enrichment, while 

the bubble size represents the number of DEPs contributing to each pathway. 
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In the comparison of morphine-rich Ofis 2 with noscapine-rich Ofis NM and 

thebaine-rich TMO T cultivars, distinct patterns emerge between young and mature 

capsules regarding KEGG pathway enrichment. In young capsules, despite the low 

number of DEPs, the BIA biosynthesis pathway showed significant enrichment. This 

might suggest that even at an early stage of capsule development, the biosynthetic 

pathways for alkaloid production become cultivar-specialized.  

Particularly in the comparison of Ofis 2 and TMO T young capsules, three DEPs 

are exclusively enriched in the BIA biosynthesis pathway. It could be hypothesized that 

alkaloid biosynthesis is one of the earliest diverging pathways between these two cultivars 

at that early stage in capsule development. In mature capsules, the pathway enrichment 

became broader and more significant, including more general metabolic pathways such 

as carbon metabolism, amino acid biosynthesis, and biosynthesis of secondary 

metabolites. This represents a higher degree of cultivar-specific cellular activity in mature 

capsules, possibly reflecting metabolic divergence and further specialization during 

development. 

In contrast, KEGG pathway enrichment comparison between Ofis NM and TMO 

T young capsules did not show any significant results. The lack of significant KEGG 

pathway enrichment in young capsules when comparing Ofis NM (noscapine-

accumulator) and TMO T (thebaine-accumulator) might suggest that, at the early 

developmental stage, differentiation between these two cultivars at the protein expression 

level is minimal. In mature capsules, on the other hand, BIA biosynthesis was highly 

enriched in contrast to pairwise comparisons of Ofis 2 (morphine accumulator). This 

aligns with the fact that morphine and thebaine are structurally and biosynthetically very 

closely related alkaloids within the morphinan branch of BIA biosynthesis. Both 

morphine and thebaine share many upstream biosynthetic steps, and their divergence 

occurs only at the final steps of alkaloid production as opposed to divergence of the 

noscapine branch earlier in the pathway. Enrichment of tyrosine metabolism, which is a 

key precursor in BIA biosynthesis, in mature capsules of TMO T v. Ofis NM also shows 

the cultivar-specific differentiation of capsules in terms of producing precursors required 

for downstream alkaloid biosynthesis during maturation. 
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In agreement with the results of GO enrichment analysis, KEGG pathway 

enrichment of DEPs across the three cultivars of latex-including stems highlighted 

metabolic pathways of carbon metabolism, ribosome, biosynthesis of secondary 

metabolites and amino acids, as well as BIA biosynthesis. The prominence of pathways 

like biosynthesis of secondary metabolites and specifically BIAs was consistent with the 

biological role of latex in plant defense. The enrichment of ribosome pathways suggested 

differential protein synthesis in stems, likely to meet the biosynthetic demands of 

alkaloid-producing enzymes. 

Ofis 2 v. TMO T Stems with Latex 

KEGG Pathways 

Ofis NM v. Ofis 2 Stems with Latex 

KEGG Pathways 

TMO T v. Ofis NM Stems with Latex 

KEGG Pathways 

Figure 3.15. KEGG pathway enrichment analysis of DEPs in latex-included stems of 

opium poppy across pairwise comparisons of three cultivars (Ofis NM, Ofis 2, and TMO 

T). The x-axis shows the -log(p-value) indicating the significance of pathway 

enrichment, while the bubble size represents the number of DEPs contributing to each 

pathway. 
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DEPs between latex-free stems of cultivars, however, were enriched in pathways 

such as “protein processing in ER”, “glyoxylate and dicarboxylate metabolism”, “starch 

and sucrose metabolism” and “pentose and glucuronate interconversions”. The 

enrichment of these pathways in latex-free stems underscores their role in maintaining 

energy balance, carbon storage, and structural support in plants. Glyoxylate and 

dicarboxylate metabolism facilitates the conversion of stored lipids into carbohydrates, 

providing a crucial energy source for non-photosynthetic tissues like stems (Maurino & 

TMO T v. Ofis NM Stems without Latex 

KEGG Pathways 

Ofis NM v. Ofis 2 Stems without Latex 

KEGG Pathways 
Ofis 2 v. TMO T Stems without Latex 

KEGG Pathways 

Figure 3.16. KEGG pathway enrichment analysis of DEPs in latex-included stems of 

opium poppy across pairwise comparisons of three cultivars (Ofis NM, Ofis 2, and TMO 

T). The x-axis shows the -log(p-value) indicating the significance of pathway 

enrichment, while the bubble size represents the number of DEPs contributing to each 

pathway. 
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Engqvist, 2015). Starch and sucrose metabolism reflects the stem's function as a 

carbohydrate reservoir, enabling sugar storage and translocation to energy-demanding 

tissues of opium poppy. Meanwhile, the pentose and glucuronate interconversions 

pathway contributes to cell wall biosynthesis and remodeling, essential for the stem's 

structural integrity and support. These metabolic activities align with the fundamental 

roles of stems in resource allocation, energy management, and mechanical support within 

the plant (Pilatzke-Wunderlich and Nessler, 2001). 

 

3.7.3. Differential Expression of Proteins Involved in BIA Pathway  

The DEPs with the greatest fold changes that are known to be involved in the BIA 

metabolism of opium poppy were further investigated in the mature capsules and latex-

included stems across three opium poppy cultivars as represented in Figure 3.17 and 

Figure 3.18, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ofis NM v. TMO T Mature Capsules Ofis NM v. Ofis 2 Mature Capsules 

Figure 3.17. Bar plots representing top differentially expressed proteins involved in the 

BIA metabolism of opium poppy mature capsules across pairwise comparisons of three 

cultivars (Ofis NM, Ofis 2, and TMO T). The x-axis shows the names of DEPs, and the y-

axis shows the difference (log2FC) in protein abundance (FDR: 0.05). Proteins up-

regulated in the first cultivar of each comparison are shown as pink in the upper graphs, 

while those down-regulated are shown as cyan in the lower graph. 

(Cont. on the next page) 
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In the comparison between mature capsules of Ofis NM with Ofis 2 and TMO T, 

DEPs associated with the noscapine branch of BIA biosynthesis, such as SOMT1 

(scoulerine 9-O-methyltransferase 1), SOMT2 (3-O-acetyl-4'-O-demethylpapaveroxine 

4'-O-methyltransferase OMT2), and SOMT3 (3-O-acetyl-4'-O-demethylpapaveroxine 4'-

O-methyltransferase OMT3), were significantly up-regulated in Ofis NM. SOMT1 

enzyme is involved in the methylation of (S)-scoulerine into (S)-tetrahydrocolumbamine, 

which is essential in the early step of noscapine biosynthesis. OMT2 and OMT2 form a 

heterodimer and catalyze the conversion of 3-O-acetyl-4'-O-demethylpapaveroxine to 3-

O-acetylpapaveroxine (Dang & Facchini, 2012; Li et al., 2018; Park et al., 2018). 

Therefore, the higher expression of these enzymes strongly aligns with the accumulation 

of noscapine alkaloid in Ofis NM (Figure 3.19).   

CYP82X1 (1-hydroxy-13-O-acetyl-N-methylcanadine 8-hydroxylase), CXE1 (3-

O-acetylpapaveroxine carboxylesterase) and NOS (noscapine synthase) were also up-

regulated in Ofis NM compared to TMO T and Ofis 2, underscoring the enhanced 

metabolic flux toward the noscapine biosynthesis pathway in Ofis NM. CYP82X1 

facilitates hydroxylation reactions essential for transforming intermediates like 1-

hydroxy-13-O-acetyl-N-methylcanadine into key noscapine precursors, while CXE1 is 

involved in deacetylating intermediates such as 3-O-acetylpapaveroxine, further driving 

TMO T v. Ofis 2 Mature Capsules 

Figure 3.17. (cont.) 



61 

 

the pathway forward to noscapine (Dang and Facchini, 2012; Dang and Facchini, 2014). 

NOS (noscapine synthase) catalyzes the final step in noscapine biosynthesis, forming the 

noscapine alkaloid (Dang and Facchini, 2015; Li et al., 2018). This coordinated up-

regulation reflects the cultivar's specialization in noscapine production, distinguishing it 

from Ofis 2 and TMO T which prioritize morphine and thebaine biosynthesis, 

respectively. 

 

 

Ofis NM v. TMO T Stems with Latex Ofis NM v. Ofis 2 Stems with Latex 

TMO T v. Ofis 2 Stems with Latex 

Figure 3.18. Bar plots representing top differentially expressed proteins involved in the 

BIA metabolism of opium poppy latex-included stems across pairwise comparisons of 

three cultivars (Ofis NM, Ofis 2, and TMO T). The x-axis shows the names of the DEPs 

and the y-axis shows the difference (log2FC) in protein abundance (FDR: 0.05). Proteins 

up-regulated in the first cultivar of each comparison are shown as pink at the upper part, 

while those down-regulated are shown as cyan at the bottom. 
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4’OMT2 (3'-hydroxy-N-methyl-(S)-coclaurine 4'-O-methyltransferase 2) enzyme 

catalyzes the methylation of (S)-3'-hydroxy-N-methylcoclaurine, forming (S)-reticuline, 

a crucial intermediate in the biosynthesis of morphine, noscapine, and other BIAs in 

opium poppy (Morishige et al., 2020). It is also involved in the papaverine branch of the 

BIA pathway by converting (S)-coclaurine into (S)-norreticuline (Desgagné‐Penix & 

Facchini, 2012; Pathak et al., 2013; Ziegler et al., 2005). N7OMT (norreticuline 7-O-

methyltransferase) also serves in the papaverine branch, catalyzing the methylation of 

(S)-norreticuline into (S)-tetrahydropapaverine (Pathak et al., 2013, Pienkny et al, 2009). 

Up-regulation of 4’OMT2 and N7OMT in Ofis NM compared to Ofis 2 was determined 

as expected, underscoring the cultivar's optimized enzymatic machinery to increase 

noscapine accumulation, as well as relatively higher papaverine production (Figure 3.20).  

7OMT (reticuline 7-O-methyltransferase) is another enzyme of the BIA pathway, 

but it acts in the opposite direction in both the noscapine and morphine branches, by 

converting (S)-reticuline to (S)-laudanosine and thereby reducing the availability of 

precursors for morphine, thebaine and noscapine alkaloids. The enzyme showed up-

Figure 3.19. Differential expression of enzymes in the noscapine branch of the BIA 

pathway. Green arrows represents the enzymes upregulated in mature capsules of Ofis 

NM compared to either Ofis 2 or TMO T. 
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regulation in Ofis NM compared to both Ofis 2 and TMO T mature capsules, and also up-

regulation in Ofis 2 compared to TMO T. Previous research showed a regulatory effect of 

4OMT and 7OMT enzymes as a pair that directs the flux of BIA pathway in different 

directions (Gurkok et al., 2016; Ounaroon et al., 2003; Weid et al., 2004). Silencing and 

overexpression of 4′OMT and 7OMT gene expression resulted in varied levels of BIA 

production in both capsule and stem tissues.  

It was previously revealed that silencing of 4’OMT resulted in an increase of 

morphine, thebaine and noscapine accumulation in capsules, whereas overexpression of 

7OMT decreased the amount of noscapine (Gurkok et al., 2016). The up-regulation of 

7OMT in Ofis NM compared to Ofis 2 and TMO T can be evaluated as a potential 

regulatory mechanism that influences the balance of BIA production in mature capsules. 

This counterintuitive result compared to previous studies could suggest a tissue-specific 

regulation or feedback mechanism in Ofis NM that compensates for 7OMT activity, 

ensuring sufficient flux into the noscapine pathway despite competing methylation. 

Additionally, the higher papaverine levels in Ofis NM might also be a result of the altered 

flux caused by 7OMT up-regulation, as laudanosine can indirectly divert intermediates to 

the papaverine branch (Pienkny et al., 2009). 

Interestingly, COR (NADPH-dependent codeinone reductase) which is 

responsible for conversion of codeinone to codeine and morphinone to morphine was one 

of the significantly up-regulated proteins in Ofis NM mature capsules compared to TMO 

Figure 3.20. Differential expression of enzymes in the papaverine branch of the BIA 

pathway. Green arrows represents the enzymes upregulated in mature capsules of Ofis 

NM compared to either Ofis 2 or TMO T. 
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T (Wijekoon and Facchini, 2012) (Figure 3.21). In TMO T, thebaine is the dominant 

alkaloid, suggesting that the metabolic flux prioritizes the accumulation of thebaine itself 

rather than its downstream conversion to morphine (Huang and Kutchan, 2000). This 

restriction step could explain the relatively lower expression of COR15 in TMO T, as 

thebaine serves as the endpoint of its alkaloid biosynthesis. In contrast, Ofis NM 

maintains higher COR15 expression despite its noscapine-rich profile, potentially 

reflecting a more balanced utilization of intermediates like thebaine, allowing for 

morphine production to coexist with active noscapine synthesis.  

The absence of significant differentiation in the downstream morphine branch 

enzymes except COR (such as SalSyn, SaIR, SalAT, CODM, etc.)  among the mature 

capsules of the three cultivars can be attributed to the consistently higher levels of 

morphine relative to other alkaloids, such as thebaine and noscapine, across all three 

cultivars. Morphine is a primary end product in the BIA pathway, and its dominance 

suggests a strong metabolic preference for its synthesis, likely regulated by a robust 

enzymatic machinery ensuring its accumulation (Singh et al., 2019). This common 

prioritization of morphine biosynthesis might minimize the variability in this branch, 

emphasizing its central role in alkaloid production within these cultivars.                              

 

 

 

 

 

 

 

 

 

 

Figure 3.21. Differential expression of enzymes in the morphine branch of the BIA 

pathway. Green arrows represents the enzymes upregulated in mature capsules of Ofis 

NM compared to either Ofis 2 or TMO T. 
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Most of the significantly up-regulated proteins that serve in the noscapine and 

papaverine branch of the BIA pathway in the mature capsules were also significant in the 

comparison of latex-including stems of the cultivars. Thus, SOMT1, SOMT2, SOMT3, 

4’OMT2, 7OMT and CXE1 enzymes were up-regulated in Ofis NM stems compared to 

Ofis 2 and/or TMO T.  In contrast to mature capsules, BBE (berberine-bridge enzyme) 

and C80BX ((S)-N-methylcoclaurine 3'-hydroxylase-like protein) were also up-regulated 

in Ofis NM stems compared to Ofis 2 and TMO T. C80BX hydroxylates (S)-N-

methylcoclaurine to (S)-3'-hydroxy-N-methylcoclaurine, a step essential for the synthesis 

of the key central intermediate (S)-reticuline, while BBE further catalyzes the formation 

of the berberine bridge in (S)-reticuline to produce (S)-scoulerine which is the starting 

point of the noscapine branch (Desgagné‐Penix et al., 2010; Desgagné‐Penix and 

Facchini, 2012; Yang et al., 2021). 

Similar to CYP82X1E, an enzyme which was discussed for the mature capsules, 

CYP8271, CYP82X2, CYP82Y1, and CYP719A21 are also members of the cytochrome 

P450 superfamily. All of these proteins were up-regulated in Ofis NM stems compared to 

Ofis 2 and TMO T and catalyze different oxidation reactions involved in the noscapine 

branch of the BIA pathway. CYP719A21 catalyzes the formation of a methylenedioxy 

bridge between the C-4 and C-5 hydroxyl groups of (S)-tetrahydrocolumbamine, 

converting it into (S)-canadine (Dang and Facchini, 2012; Dang and Facchini, 2014). 

CYP82Y1 hydroxylates (S)-N-methylcanadine to (S)-1-hydroxy-N-methylcanadine 

which is further converted to (13S,14R)-1,13-dihydroxy-N-methylcanadine by 

CYP82X2. Subsequently, CYP82X1 catalyzes the conversion of (13S,14R)-13-O-acetyl-

1-hydroxy-N-methylcanadine into (13S,14R)-13-O-acetyl-1,8-dihydroxy-N-

methylcanadine by introducing a hydroxyl group at the C-8 position. The consistent up-

regulation of noscapine branch enzymes in both the mature capsules and latex-including 

stems of Ofis NM, compared to Ofis 2 and TMO T, highlights the cultivar's specialized 

metabolic commitment to noscapine biosynthesis across different tissue types (Dang and 

Facchini, 2012; Dang and Facchini, 2014). 

In contrast to mature capsules, differential expression of proteins downstream of 

the morphine branch was determined for latex-including stems of the opium poppy 

cultivars, such as REPI (reticuline epimerase), SalSyn (salutaridine synthase), SalAT 

(salutaridinol 7-O-acetyltransferase) and THS (thebaine synthase). These enzymes drive 

the conversion of key intermediates into morphinan alkaloids, including thebaine, codeine 
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and morphine (Singh et al., 2019). As expected, the expression of SalAT was up-regulated 

in the morphine-rich Ofis 2 compared to the noscapine-rich Ofis NM. Similarly, THS was 

up-regulated in thebaine-rich TMO T compared to Ofis 2.  

However, since SalSyn (salutaridine synthase) and REPI (reticuline epimerase) 

are involved in the morphine biosynthesis pathway, their downregulation in Ofis 2 

(morphine-rich) and TMO T (thebaine-rich) compared to Ofis NM (noscapine-rich) might 

seem unexpected. SalSyn and REPI are involved in the early steps of the morphine 

biosynthesis pathway, converting the common intermediate (S)-reticuline into 

salutaridine, a precursor for morphinan alkaloids. This up-regulation might act as a 

mechanism to maintain a balance between the competing pathways of morphine and 

noscapine production in Ofis NM, allowing production of both without significantly 

compromising one for the other (Dang and Facchini, 2015; Li et al., 2018). 

In addition to the well-characterized enzymes directly involved in the BIA 

pathway, several proteins (uncharacterized or homology-based evidence) such as 

cytochrome P450s, allene oxide synthases, and Bet v I/Major latex protein domain-

containing proteins, were identified to be differentially expressed among the capsules and 

stems of the cultivars as represented in the bar plots in Figure 3.17-18.  

Cytochrome P450s are highly versatile enzymes capable of catalyzing various 

oxidation reactions, including hydroxylation, demethylation, and the formation of 

methylenedioxy bridges. Their significant power to increase the variety of alkaloid 

structures (by ring formations, expansions, etc.) is critical in the diversity of alkaloid 

functions. Thus, these unknown P450 proteins could contribute to novel oxidation 

reactions or pathway branching in the BIA metabolism, specific to alkaloid profiles in 

each cultivar (Nguyen and Dang, 2021; Williams and De Luca, 2023). 

Allene oxide synthases (AOS) have been known to contribute to BIA metabolism 

by their involvement in the synthesis of jasmonate precursors, which are key signaling 

molecules and intermediates in plant defense and stress responses (Pauwels  et al., 2009). 

Specifically, AOS catalyzes the conversion of fatty acid hydroperoxides, such as 13-

hydroperoxy-octadecatrienoic acid (13-HPOT), into allene oxide, which then undergoes 

further enzymatic reactions to form jasmonic acid (JA) and its derivatives (Wei, 2010). 

These jasmonate compounds can act as signaling molecules that regulate the expression 

of genes involved in the biosynthesis of BIAs by activating several transcription factors 
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(Huang et al., 2021). A study identified two groups of III WRKY transcription factors, 

NnWRKY70a and NnWRKY70b, as key activators of BIA biosynthesis in lotus 

(Nelumbo nucifera). Their expression was significantly induced by JA and showed a 

strong correlation with both the accumulation of BIAs and the activation of genes in the 

BIA biosynthetic pathway (Li et al., 2022). 

Lastly, the bet v I/major latex protein (MLP) domain-containing proteins possess 

the ability to bind hydrophobic alkaloids in opium poppy, which likely enabled their 

evolution into enzymes involved in alkaloid biosynthesis (Ban et al., 2018; Dastmalchi, 

2021). Among the enzymes contributing to morphine production, norcoclaurine synthase 

(NCS), thebaine synthase (THS), and neopinone isomerase (NISO) are classified in the 

MLP/PR10 protein family due to structural similarity (Ozber et al, 2022). Furthermore, 

rather than directly participating in the enzymatic reactions of BIA biosynthesis, non-

catalytic MLP proteins might bind and stabilize hydrophobic alkaloid intermediates, 

preventing their degradation or facilitating their availability for enzymatic reactions 

(Dastmalchi, 2021). In addition, these proteins could act as molecular chaperones, helping 

to transport alkaloid intermediates between different cellular compartments or enzymes 

in the BIA pathway (Casanal et al., 2013; Ozber et al., 2022). 

The uncharacterized proteins may play critical, yet currently underexplored, roles 

in the cultivar-specific regulation of the BIA pathway in opium poppy. Further functional 

characterization of these proteins could provide valuable insights into their contributions 

to metabolic flux and the specialized alkaloid profiles observed in different Turkish opium 

poppy cultivars. 
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CHAPTER 4 

 

CONCLUSION 

 

This study provided a comprehensive proteomic analysis of three Turkish opium 

poppy cultivars, Ofis NM, Ofis 2, and TMO T, each characterized by distinct 

benzylisoquinoline alkaloid (BIA) profiles: noscapine, morphine, and thebaine, 

respectively. Through MS-based protein identification and quantification, alongside BIA 

metabolome analysis, differentiation in the protein composition of Turkish opium poppy 

cultivars was determined, highlighting tissue- and cultivar-specific regulation of BIA 

biosynthesis. Among the five tissues of interest, mature capsules exhibited the highest 

number of significant DEPs (2066 in total). Ofis 2 showed a distinct proteomic profile, 

diverging significantly from TMO T and Ofis NM, which share a closer relationship in 

their protein expression patterns. In both mature capsules and latex-including stems, 

noscapine-accumulator Ofis NM showed significant up-regulation of key enzymes in the 

noscapine branch compared to TMO T and Ofis 2. GO and KEGG pathway enrichment 

analyses revealed cultivar-specific variation in biological processes such as biosynthesis 

of secondary metabolites, ribosome biogenesis, and carbon metabolism, pointing to an 

integrated metabolic regulation.  

This research lays a foundation for exploring BIA biosynthesis and its regulation 

in opium poppy. Future studies could focus on characterizing unannotated proteins and 

their roles in pathway branching or metabolite transport. Integrating multi-omics 

approaches, such as transcriptomics and metabolomics, could uncover gene-protein-

metabolite networks underlying BIA accumulation. Techniques like 

immunohistochemistry or single-cell proteomics could reveal the spatial regulation of 

alkaloid biosynthesis. Functional studies, including CRISPR-Cas9 or RNA interference, 

may validate regulatory roles of candidate genes like 7OMT, 4'OMT2, and cytochrome 

P450s, enabling the manipulation of alkaloid profiles for pharmaceuticals. Additionally, 

breeding programs could leverage these insights to develop high-yielding cultivars 

optimized for producing target BIAs, addressing both medicinal and commercial needs. 
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