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1. Introduction 

1.1. Anthranoids and their derivatives 

Anthranoids are a fascinating group of natural secondary metabolites occurring in plants, 

lichens, fungi, bacteria and even animals and chemically synthesized derivatives with a large 

scope of interesting applications. This group of organic compounds have attracted the attention 

of research groups for centuries because of their highly interesting clinical and industrial uses. 

Anthranoids include tetrahydroanthracenes, anthrones, anthraquinones and anthranols. The 

nomenclature term "anthraquinone" was first proposed by Graebe and Liebermann in 1868 

(Graebe and Liebermann, 1868). In 1978, the term "anthranoids" was launched for natural 

products having a backbone structure derived from the anthracene skeleton independent of their 

substitutions and degree of unsaturation (Marini-Bettòlo, 1978). To date, more than 700 

anthraquinone derivatives were identified among which ~200 were isolated from plants (Duval 

et al., 2016). In industry, anthraquinone is a chemical of high production volume. According 

to the "Hazardous Substances Data Bank" (HSDB), 5000-25,000 tonnes of anthraquinones per 

year were produced in or imported to the United States of America in 1998 and 2002 while the 

production reached 37,500 tonnes in 2008 in the People’s Republic of China due to 

continuously increasing demand (HSDB, 2010; CRI, 2011). 

1.1.1. Nature and chemical structure of anthranoids 

Chemically, anthraquinones are a subgroup of the quinone family. Quinones are a large class 

of organic compounds characterized by possessing a cyclic diketone structure such as 

benzoquinones, naphthoquinones and anthraquinones (Seigler, 1998). The structural backbone 

of the anthraquinones, also named 9,10-dioxoanthracenes or 9,10-anthracenediones, is formed 

of a tricyclic aromatic structure (anthracene) with two ketone groups at the C9 and C10 

positions of the central ring. The three anthracene rings are named ring A, B and C where ring 

C is numbered from 1-4 and ring A is numbered from 5-8 (Figure 1.1).  

 

Figure 1.1. Basic skeletons of quinone derivatives. 
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1.1.2. Occurrence of anthranoids in plants 

The occurrence of anthranoids in the plant kingdom is characteristic to some families including 

Fabaceae, Hypericaceae, Polygonaceae, Asphodelaceae and Rubiaceae in addition to 

Rhamnaceae and Xanthorrhoeaceae (Chien et al., 2015). The major genera include Cassia, 

Hypericum, Polygonum, Rheum, Rumex and Aloe (Mueller et al., 1999; Shukla et al., 2017; 

Ghirga et al., 2021). The compounds are not restricted to a specific plant part but could be 

found in aerial (leaves, flowers, and fruits) and subterranean parts (roots and rhizomes). Some 

edible plants like beans, cabbage lettuce and peas are rich in anthraquinones such as emodin, 

chrysophanol and physicon, which predominates in all vegetables (Mueller et al., 1999). 

1.1.3. Biosynthesis of anthranoids in plants 

Based on the biosynthetic route, there are two main classes of naturally occurring anthranoids 

in plants: shikimate-derived alizarin type and polyketide-derived emodin type (Ghirga et al., 

2021) (Figure 1.2).  

 

Figure 1.2. General biosynthesis of (a) alizarin-type and (b) emodin-type anthranoids. 

The alizarin-type anthranoids, also known as Rubia-type anthranoids, are characteristic to 

members of the family Rubiaceae such as Rubia, Morinda, and Galium species (Singh et al., 

2004). They are biosynthesized via the shikimate-o-succinylbenzoate and terpenoid pathways. 

Ring A and B are biosynthetically derived from α-ketoglutaric acid and chorismic acid via o-

succinoylbenzoic acid (OSB), while ring C is biosynthetically derived from isopentenyl 

diphosphate (IPP). Coupling of the 1,4-dihydroxy-2-naphthoyl derivative with dimethylallyl 

diphosphate (DMAPP) generates the anthraquinone backbone (Figure 1.2a). The structure of 

the alizarin-type anthraquinones is characterized by the presence of at least one hydroxyl group 

at C1 or two hydroxyl groups at C1 and C2 on one aromatic ring of the 9,10- anthraquinone 

basic skeleton while the other ring remains unsubstituted. An example is the anthraquinone 

alizarin, a crimson red dye obtained from Rubia tinctorum roots (Derksen et al., 2003). Other 

examples of Rubiaceae pigments belonging to the hydroxyanthraquinones are purpurin (dark 

red), ruberythric acid (golden-yellow) and rubiadin (yellow) (Caro et al., 2013). 

The emodin-type anthraquinones are biosynthesized via the polyketide pathway. In the acetate 

malonate pathway, an octaketide synthase, a plant type III PKS, catalyzes the condensation of 

eight acetate units forming a linear unstable octa-β-ketoacyl CoA intermediate which 

undergoes a series of aldol condensations and dehydrations leading to final cyclization into the 
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anthranoid scaffold (Figure 1.2b). The structure of the emodin-type anthraquinones is 

characterized by the presence of two hydroxyl groups at C1 and C8 on both rings A and C of 

the 9,10- anthraquinone basic skeleton. An example is the anthraquinone emodin which was 

identified in 17 plant families and is famous for its broad spectrum of biological activities 

(Izhaki, 2002; Srinivas et al., 2007). 

The biosynthesis of different anthranoid intermediates was nicely summarized by Ghirga et al. 

(2021) as described below. The linear octaketide represents a common precursor for the 

formation of various cyclic intermediates according to different sequences of aldol 

condensation and enolization steps (Ghirga et al., 2021). Generally, anthrones are precursors 

for anthraquinone formation.  

On one hand, the non-aromatic cyclization of ring C of the bicyclic intermediate forms 

atrochrysone carboxylic acid. Direct dehydration of atrochrysone carboxylic acid produces 

endocrocin anthrone which can be oxidized to endocrocin, while decarboxylation of 

atrochrysone carboxylic acid forms atrochrysone. Atrochrysone is a vital precursor for other 

anthranoids; its methylation yields torosachrysone while its dehydration gives emodin anthrone 

which is further oxidized to emodin. Physcion results from direct emodin methylation or 

oxidation of physcion anthrone, a dehydration product of torosachrysone. Emodin and its 

anthrone are proposed to be the precursors of hypericin, a naphthodianthrone with 

antidepressant activity isolated from Hypericum perforatum (Figure 1.3).  

On the other hand, the non-aromatic cyclization of ring B yields chrysophanol anthrone which 

can be oxidized to either aloe emodin anthrone or chrysophanol. Glycosylation of aloe emodin 

anthrone yields aloin A and B, while chrysophanol is a precursor of aloe emodin and rhein 

(Figure 1.3).  

Naturally occurring anthraquinone derivatives are characterized by an amazing structural 

diversity due to different substitution patterns (nature and position) including various 

functional groups such as -OH, -CH3, -OCH3, -CH2OH, -COOH, -CHO or more complex 

groups replacing the H atoms on the basic skeleton (Fouillaud et al., 2016). 

Tetrahydroanthracenes and anthrones are the major derivatives. Moreover, anthraquinones and 

their derivatives occur either in a free form (aglycone) or as a combined form (glycoside). 

Glycosides are formed when one or more sugar moieties such as glucose or rhamnose are 

attached to the aglycone (anthraquinone basic skeleton) via the formation of O-glycoside 

linkage between the aglycone hydroxyl group and the sugar molecule. In plant extracts, most 

of the anthraquinone glycosides are pharmacologically inactive but believed to be activated in 

vivo by the human intestinal flora via glycosidic bond cleavage (Hattori et al., 1993). Phenol 

oxidative coupling of two anthrone or anthraquinone moieties forms dianthrones or 

dianthraquinones, respectively. These dimers are present in plants in either free (aglycone) or 

glycosidic form.  

Extraction of anthraquinone derivatives from plants is a challenging process. It is important to 

select a suitable extraction method that provides a good yield with low cost and less time 

consumption. Extraction and analytical methods should also be compatible with environmental 

and safety concerns (Duval et al., 2016). 
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Figure 1.3. Polyketide-mediated biosynthesis of various anthranoid scaffolds; adapted from 

Ghirga et al. (2021). 
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1.1.4. Occurrence of anthranoids in nature 

As aforementioned, anthranoid derivatives are not only restricted to the plant kingdom but also 

known to be produced in numerous bacteria, fungi, and lichens as well as few animal species, 

here restricted to insects and marine invertebrates. The widely distributed anthraquinone 

chrysophanol has been found in fungi (Drechslera genus), bacteria (Streptomyces and 

Nocardia strains) (Fotso et al., 2003; Bringmann et al., 2006), lichens (Mishchenko et al., 1980; 

Krivoshchekova et al., 1983) and insects (Howard et al., 1982; Hilker and Schulz, 1991; Hilker 

et al., 1992; Kunze et al., 1996). Interestingly, Bringmann and his co-workers illustrated that 

the chrysophanol fused-ring structure is built up by two different polyketide folding modes 

based on the organism: folding mode F (referring to fungi) in fungi and plants and folding 

mode S (from Streptomyces) in bacteria (Bringmann et al., 2006; Bringmann et al., 2007) 

(Figure 1.4). Early reports had figured out that plants can cyclize polyketides via the mode F 

strategy (Bringmann et al., 1998; Bringmann et al., 2000).  

 

Figure 1.4. Chrysophanol biosynthesis via F and S folding modes. Numbered atoms indicate 

the carbon originating from acetyl unit, bold lines indicate the carbons originating from 

malonyl-CoA and bent arrows illustrate aldol condensation reactions; adapted from Prateeksha 

et al. (2019). 

Aklanonic acid (Figure 1.5a) is a yellow orange anthracycline-related pigment isolated from 

Streptomyces (Eckardt et al., 1985). It is a key precursor for the biosynthesis of the 

antineoplastics daunorubicin, doxorubicin and aclacinomycin A and the antibiotics 

nogalamycin and baumycin A1 (Lee et al., 2005). Dermocybin-1-β-D-glucopyranoside (Figure 

1.5b) is an anthraquinone glycoside naturally accruing in Dermocybe sanguinea 

basidiomycetes and responsible for the red color of the fruit body and spores (Keller and 

Ammirati, 1983; Diaz-Muñoz et al., 2018). In addition, marine-derived filamentous fungi 



Introduction 

 

6 

 

produce a broad variety of anthraquinones and related derivatives, some of which have 

significant therapeutic effects such as the anticancer scopularides A and B isolated from the 

marine-derived Scopulariopsis brevicaulis (Yu et al., 2008; Fouillaud et al., 2016). 

Figure 1.5. Anthraquinones naturally occurring in (a) bacteria, (b) fungi and (c) insects; 

adapted from Diaz-Muñoz et al. (2018). 

1.1.5. Biological activities of anthranoids 

Anthranoids exhibit a wide range of biological activities. This is attributed to their simple 

planar tricyclic ring system that can be fused to various pharmacophores giving novel 

pharmaceutical agents with potent clinical uses. Over the past decades, a large number of 

patents were registered for anthraquinone analogs used in the treatment of cancer, 

inflammation, hepatitis C, infectious diseases (viral, bacterial and fungal) and diabetic 

conditions (Hussain et al., 2015). Conversely, some anthraquinones showed toxic effects on 

animal models, which should be considered during therapeutic use (Shukla et al., 2017). 

1.1.5.1. Laxatives 

Since the 19th century, anthranoids have been used as herbal laxative agents of natural origin 

in the treatment of constipation. Laxative anthranoids are mainly present in Senna leaflets and 

pods (Cassia acutifolia and Cassia angustifolia), Frangula cortex (Rhamnus frangula), Cascara 

(Rhamnus purshiana), Rhubarb (Rheum rhabarbarum and Rheum palmatum) and Aloe (Aloe 

vera). Examples of laxative anthranoids include the aglycones physcion, chrysophanol, aloe-

emodin, and rhein, the monoglycosides aloe-emodin-8-O-glycoside, chrysophanol-8-O-

glycoside and aloins (barbaloin and isobarbaloin) as well as the sennoside and cascaroside 

diglycosides (Figure 1.6). Laxative anthranoids are present in plants as glycosylated 

hydroxyanthraquinones characterized by the presence of hydroxyl groups at C1 and C8 

positions. Upon oral ingestion, the β-glycosidic linkage between the anthranoid ring and the 

sugar moiety protects the drug from acid hydrolysis in the stomach as well as the α-glucosidases 

in the small intestine. Finally, the glycoside is cleaved by the bacterial β-glucosidases and 

reductases in the large intestine, releasing the pharmacologically active aglycone which alters 

the absorption and excretion properties, causing diarrhea (Gorkom et al., 1999; Waltenberger 

et al., 2008). Regarding the safety of the long-term use, it was noticed that the abuse of this 

group of stimulant laxatives was associated with some side effects such as electrolyte 

imbalance, hypotension, dehydration, metabolic alkalosis, and weight loss (Wald, 2003). 

Table 1.1. Commercial anthraquinone laxatives; adapted from Malik and Müller (2016). 

Active constituent  Trade name Route of administration  

Aloe (aloin) Aloe vera Oral 

Cascara sagrada Natures Remedy Oral 

Senna (sennosides) Senokot Oral & Rectal 
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Figure 1.6. Anthraquinone laxatives; adapted from Malik and Müller (2016). 

1.1.5.2. Anticancer  

To date, a large number of anthranoids and related analogs have shown marked anticancer 

activity in humans. A group of these antineoplastic agents was approved by the Food and Drug 

Administration (FDA) as anticancer drugs available in the market, such as the anthracycline 

antibiotics daunorubicin, doxorubicin, epirubicin, idarubicin, and valrubicin and the 

anthracenedione antibiotics mitoxantrone and pixantrone (Figure 1.7). In the anthracycline 

antibiotics, the anthraquinone-based three fused ring system is fused to a fourth ring (ring D) 
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linked to an amino sugar while it is attached to amino-substituted alkyl residues in the 

anthracenedione antibiotics. Daunorubicin and doxorubicin are natural metabolites isolated 

from Streptomyces species (Arcamone et al., 1969; Walczak et al., 1999). Epirubicin 

(Arcamone et al., 1975), idarubicin (Arcamone et al., 1976) and valrubicin (Israel et al., 1975; 

Cotterill and Rich, 2005) are semisynthetic analogs of daunorubicin and doxorubicin, while 

mitoxantrone and pixantrone are simple synthetic analogs. These drugs act by inhibiting 

topoisomerase II activity and DNA synthesis, inducing tumor cell apoptosis (Nitiss, 2009). It 

is worth to mention that the anthraquinone core skeleton provides a very promising scaffold 

for the evolution of new anti-cancer drugs. Some anti-cancer anthraquinones are available in 

nano-formulation dosage forms for optimum drug delivery (Siddamurthi et al., 2020). 

Figure 1.7. Anthraquinone antineoplastic drugs. Name, chemical structure, example of 

commercial drug, route of administration and indication are stated; adapted from Malik and 

Müller (2016). 
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1.1.5.3. Miscellaneous biological activities of anthranoids 

Table 1.2. Overview of selected bioactive natural and (semi)synthetic anthranoids. 

Reported biological activity/ Anthranoid 

derivative 

Nature Reference 

Anticancer   

Rheum palmatum emodin, aloe-emodin and rhein 

 

Herbal  (Huang et al., 2007) 

Emodin  

 

Herbal  (Srinivas et al., 2007) 

1,4-Bis[(aminoalkyl)amino]-9,10 

anthracenediones 

 

Synthetic  (Murdock et al., 1979) 

4,9-dioxo-4,9-dihydro-1H-naphtho[2,3-

d][1,2,3]triazol-3-ium salts (cationic 

anthraquinone analogs) 

Synthetic (Shrestha et al., 2014; 

Shrestha et al., 2015) 

   

Anti-inflammatory and antiacne   

Rubia cordifolia roots anthraquinone rich fraction  Herbal 

 

(Khan et al., 2012) 

   

Antichemotactic   

Catenarin, cascarin, emodin, physicon and rhein Herbal (Shen et al., 2011; 

Shen et al., 2012) 

   

Antidiabetic   

Catenarin and emodin  Herbal (Shen et al., 2011; 

Shen et al., 2012) 

   

Antiarthritic   

Aloe anthraquinones 

 

Diacetylrhein (Diacerein) 

Herbal 

 

Semisynthetic 

(Davis et al., 1986) 

 

(Martel-Pelletier and 

Pelletier, 2010) 

   

Antifungal   

Senna alata anthraquinone-rich leaf extracts  Herbal (Wuthi-udomlert et al., 

2010) 

   

Antibacterial   

4,9-dioxo-4,9-dihydro-1H-naphtho[2,3-

d][1,2,3]triazol-3-ium chloride salts (cationic 

anthraquinone analogs) 

Synthetic (Fosso et al., 2012) 
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Antiviral   

Sulfonated anthraquinones Acid blues 40 and 

129, alizarin violet R and reactive blue 2 

 (Barnard et al., 1995) 

Antiplatelet   

3-alkylpropoxy-9,10-anthraquinone   derivatives Synthetic  (Gan et al., 2008) 

   

Antithrombotic   

1-Amino-2-sulfo-4-anilinoanthraquinone 

derivatives 

 (Baqi et al., 2009) 

   

Antiplatelet and anticoagulant   

chrysophanol-8-O-glucoside Herbal  (Seo et al., 2012) 

   

Neuroprotective   

Anthraquinone-2-sulfonic acid Synthetic  (Jackson et al., 2013) 

   

Antimalarial   

Rufigallol (1,2,3,5,6,7-hexahydroxy-9,10-

anthraquinone) 

Synthetic (Winter et al., 1996) 

   

Multiple sclerosis treatment   

Mitoxantrone Synthetic (Kingwell et al., 2010) 

1.1.6. Industrial and chemical uses of anthranoids 

Dyes 

Since the mid-1950s, a group of anthraquinone derivatives was used as natural dyes in the 

textile industry (Malik and Müller, 2016). Anthraquinone dyes are considered the second most 

important class of coloring agents after the azo dyes. They show good brightness but weak 

tinctorial capacity (Kim and Choi, 2013). Some anthraquinone dyes are characterized by the 

presence of electron-donating groups and they exhibit a wide range of colors based on the 

nature, number, and position of these groups (Saxena and Raja, 2014). 

Agrochemical repellents 

Since the 1940s, anthraquinones have been identified as bird repellent used in agriculture crop 

protection. In 1943 & 1944, a compound became commercially available (trade name; Morkit). 

Additionally, it was used as a biopesticide and insecticide with high efficacy (Deliberto and 

Werner, 2016). 

Analytical agents 

Anthraquinone derivatives were also reported to be used as chelating agents or chromophores 

in various analytical practices. They have many applications in photometry and fluorometry as 

well as studying different reactions such as redox reactions, phytochemical reactions, and acid-

base complexations (Diaz, 1991). 

 



Introduction 

 

11 
 

1.2. Polyketide synthases 

Polyketide synthases (PKSs) are a fascinating group of multifunctional enzymes which 

catalyze the biosynthesis of polyketides using acyl precursors in bacteria, fungi, and plants. 

Polyketides are a group of structurally and functionally diverse secondary metabolites 

including polyphenols, polyenes, polyethers, enediynes and macrolides as well as the 

metabolites of interest "anthranoids". Many of these natural products are important therapeutics 

for medical use, while others represent a vital platform for the discovery of novel therapeutics 

(Hertweck, 2009). Historically, the term "polyketide" was launched by Collie in 1907 (Collie, 

1907). Early in 1953, Birch and Donovan hypothesized a potential pathway for biosynthesis of 

polyketides similar to that of fatty acids (Birch and Donovan, 1953). 

 Polyketide biosynthesis resembles, to a great extent, that of fatty acids in both the pool of 

simple substrates employed as well as the chemical mechanisms involved in chain extension 

(Smith and Tsai, 2007). PKSs assemble the core structure of polyketides via the repetitive 

Claisen-like thioester condensations of an activated acyl starter unit with malonyl-CoA-derived 

extender units in a head-to-tail fashion. Generally, malonyl-CoA is the most common extender 

unit. In some cases, other extender units such as methylmalonyl-CoA, ethylmalonyl-CoA, and 

chloroethylmalonyl-CoA could be involved (Chan et al., 2009). Based on their architectural 

organization and mechanism of action, PKSs are classified into three groups: type I, II and III. 

1.2.1. Type I polyketide synthases  

Type I PKSs are mega multi-domain enzyme systems. They are composed of main catalytic 

domains (KS, AT and ACP) as well as β-keto processing domains (KR, DH and ER). The 

presence of these β-keto processing domains is optional. The functional domains are covalently 

linked to each other in a linear arrangement. Type I PKSs are further categorized as modular 

and iterative according to the mechanism of polyketide chain assembly. In modular type I 

PKSs, the catalytic domains are grouped into modules and each module performs one round of 

decarboxylative condensation during the polyketide chain elongation. The number of modules 

is proportional to the number of elongation cycles performed by the PKS. Conversely, the 

domains in the iterative type I PKSs are clustered in a single module and repeatedly used during 

the polyketide chain formation. Fungal iterative type I PKSs are further classified as 

nonreducing (NR), partially reducing (PR) and highly reducing (HR) according to the presence 

or absence of the β-keto processing domains (Smith and Tsai, 2007). In the modular type I 

PKS, the starter unit and later the growing polyketide chain are bound to the cysteine thiol 

group of the KS domain. The ACP domain transfers the extender unit from the AT domain to 

the KS domain which catalyzes the condensation of the starter/chain with the extender unit. 

After condensation, the ACP domain binds to the extended chain as a β-ketothioester and 

transfers it to the KS domain of the next module. Finally, the chain extension is terminated by 

the TE domain and the polyketide is released as a free acid or acyl ester (Staunton and 

Weissman, 2001). Modular type I PKSs are present in bacteria, while iterative type I PKSs are 

mainly found in fungi and to less extent in some bacteria. Examples of pharmaceutically used 

polyketides biosynthesized by modular type I PKSs are the macrolide antibiotic erythromycin 

A (Figure 1.8a) (Weissman, 2009), the antifungal amphotericin B and the macrolide 

immunosuppressants tacrolimus and sirolimus (Dewick, 2009). On the other side, lovastatin 
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which is used to treat hypercholesterolemia is biosynthesized by an iterative type I PKS in 

Aspergillus terreus (Figure 1.8b) (Staunton and Weissman, 2001). 

Figure 1.8. (a) Type I erythromycin 6-deoxyerythronolide synthase (DEBS) involved in 

erythromycin biosynthesis; adapted from Staunton and Weissman (2001) and Hertweck 

(2009). (b) Type I PKS involved in lovastatin biosynthesis; adapted from Hertweck (2009). 

1.2.2. Type II polyketide synthases  

Type II PKSs are dissociable multi-enzyme complex. A single bacterial type II PKS is a cluster 

of functionally diverse proteins, each expressed from a specific gene and carrying its own 

catalytic domain which is used iteratively during the polyketide chain formation. The 

freestanding catalytic components process the polyketide chain in a teamwork manner. Type 

II PKSs are formed of the "minimal PKS" and additional subunits. The "minimal PKS" is 

composed of 2 KS subunits (KSα and KSβ) or a CLF and an ACP, while the additional subunits 

could be KR, CYC and ARO. The minimal type II PKS catalyzes the iterative decarboxylative 

Claisen condensation of the extender malonyl-CoA with the acyl starter unit or the growing 

chain. Type II PKSs are exclusively present in bacteria. Examples of pharmaceutically used 

polyketides biosynthesized by type II PKSs are various antibiotics such as actinorhodin, the 
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anthracyclines daunorubicin and doxorubicin (Figure 1.9) and the tetracyclines doxycycline 

and tetracycline (Hertweck et al., 2007). 

 
Figure 1.9. Type II PKS involved in doxorubicin biosynthesis; adapted from Hertweck (2009). 

1.2.3. Type III polyketide synthases  

1.2.3.1. Distribution  

Type III PKSs are a group of enzymes mainly found in plants and bacteria. However, few were 

identified in fungi and other eukaryotes such as amoebozoa and stramenopiles protists 

(Shimizu et al., 2017). Plant type III PKSs catalyze the biosynthesis of a large group of 

structurally diverse polyketides such as chalcones, stilbenes, benzophenones, biphenyls, 

bibenzyls, phloroglucinols, resorcinols, chromones, pyrones, acridones, and curcuminoids 

(Abe and Morita, 2010). These polyketides are secondary metabolites not necessary for the 

growth and development of the plant. Generally, secondary metabolites accumulate in plants 

for adapting to the constantly changing external environmental conditions (Hartmann, 2007). 

The expression of genes encoding type III PKSs in plants is either constitutive or induced by 

external environmental stimulants such as UV light, wounding, or pathogen infections (Pandith 

et al., 2020). 

1.2.3.2. Nature and history 

Plant type III PKSs assemble the polyketide backbone via iterative condensation of a starter 

and extender substrates. As aforementioned, PKSs and FASs catalyze the formation of 

polyketides and fatty acids, respectively, in a closely related biosynthetic manner. Type III 

PKSs probably evolved from the structurally similar homodimeric β-ketoacyl acyl carrier 

protein synthase III (KAS III) involved in type II FAS biosynthesis (Austin and Noel, 2003). 

Although type I, II and III PKSs evolved from the FASs, type III PKSs are quite different from 

type I and II. Type III PKSs are structurally simple compared to type I and II mega enzyme 

systems. They use acyl-CoA thioesters as substrates rather than the ACP domain (Figure 1.10). 

They could smartly select the starter and extender units, assemble the chain, and promote the 

folding and final cyclization in the single active site of the enzyme (Austin and Noel, 2003; 

Hertweck, 2009).  
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Figure 1.10. Structure of coenzyme A. Acyl-CoA is a molecule of coenzyme A carrying an 

acyl group resulting from the formation of a thioester bond between the coenzyme A thiol 

group and a carboxylic acid; adapted from Austin and Noel (2003). In 1953, Fritz Lipmann was 

awarded the Nobel Prize for his discovery of coenzyme A (Kresge et al., 2005).  

In 1983, the gene coding for chalcone synthase (CHS) enzyme responsible for the biosynthesis 

of flavonoids in Petroselinum hortense (parsley) was identified (Reimold et al., 1983). The 

CHS catalyzes the first committed step in the flavonoid pathway. After this discovery, many 

CHS-like enzymes were isolated till the great breakthrough in 1999 with the disclosure of 

Medicago sativa chalcone synthase (MsCHS) crystal structure (Noel et al., 1999). The crystal 

structure of MsCHS in both apo and complexed forms paved the way for a deep understanding 

of the enzyme architecture and mechanism of action. To date, around 20 functionally distinct 

plant type III PKSs are identified and further characterized. Moreover, the crystal structures of 

many were resolved. 

1.2.3.3. Structure and conserved domains 

For a better understanding of the structure and function of plant type III PKSs, the crystal 

structure of MsCHS was provided (Figure 1.11). In plants, CHSs catalyze the iterative 

decarboxylative condensation of one molecule of p-coumaroyl-CoA with three molecules of 

malonyl-CoA forming a linear tetraketide which undergoes C6 → C1 Claisen condensation 

yielding naringenin-chalcone. This chalcone is converted into naringenin either spontaneously 

in solution or stereospecifically in plants by the action of CHI (Figure 6.5). Further downstream 

metabolism of naringenin produces various flavonoids, such as flavanols, flavones and 

isoflavones. The crystal structure of MsCHS, as described in 1999 by Noel and co-workers 

(Noel et al., 1999), provided a model for understanding the structural features, the active site 

architecture, and the reaction mechanism of plant type III PKSs related to CHSs. Generally, 

CHS-related plant type III PKSs are simple homodimers in the native active form. The size of 

each monomer ranges from ~40-45 KDa. The two monomers have a flat surface at which they 

assemble to form the homodimer. The dimer interface is characterized by two structural 

features. The helices at the N terminal of both monomers are overlapped with each other. A 

tight loop is formed at the dimer interface at a specific single point where the Met 137 residue 

of one monomer protrudes into a hole in the neighbor monomer cyclization pocket. Each 

https://en.wikipedia.org/wiki/Fritz_Lipmann
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monomer is formed of upper and lower domains. The upper domain is characterized by a αβαβα 

pseudo-symmetric motif which is conserved in all ketosynthases while the lower domain is 

characteristic to the PKSs. Each monomer has a functionally dependent active site except for 

the Met 137 that connects both monomers. Schröder’s group utilized a heterodimer of active 

and inactivated monomers to confirm the independence of the two monomer’s active sites 

(Tropf et al., 1995). The active site is embedded in a cleft between the upper and lower domains 

at the bottom of the monomer. It is composed of a highly conserved catalytic triad together 

with three interconnected cavities: CoA-binding tunnel, substrate-binding pocket, and 

cyclization pocket. 

The catalytic triad sits between the CoA-binding tunnel and the active site cavity. It is formed 

of three residues Cys 164, His 303 and Asn 336. This catalytic triad is absolutely conserved in 

all plant CHS-related PKSs. The Cys 164 residue is a must for enzymatic activity.  

The CoA-binding tunnel exists on the protein surface. The tunnel connects the internal active 

site cavity with the external aqueous environment. The Lys 55, Arg 58, Lys 62 and Ala 308 

residues are lining the tunnel and necessary for the enzymatic activity. 

The substrate-binding pocket locates at the lower left side of the CoA-binding tunnel. Residues 

of this pocket include Ser 133, Glu 192, Thr 194, Thr 197 and Ser 338. Only Glu 192 showed 

absolute conservation while the other four residues Ser 133, Thr 194, Thr 197 and Ser 338 

showed some variations between functionally different type III PKSs (Mallika et al., 2011).  

The cyclization pocket is adjacent to the catalytic residue Cys 164 and includes the residues 

Thr 132, Met 137, Phe 215, Ile 254, Gly 256, Phe 265 and Pro 375. These residues display a 

high degree of conservation among CHS-related PKSs with few exceptions (Mallika et al., 

2011).  

a                                                                                                     b 

 

 

Figure 1.11. MsCHS homodimer structure. (a) Each monomer is colored (white or blue). Black 

arrows indicate the CoA-binding tunnel entrance. The black sphere represents the catalytic Cys 

164. Cyan sticks stand for the Met 137 residues. (b) Black sticks represent the catalytic triad 

residues Cys 164, His 303 and Asn 336. Green sticks show the CoA-SH molecules; reprinted 

from Morita et al. (2019). (CC BY 4.0).  
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1.2.3.4. Mechanism of action 

Based on the structural and site-directed mutagenesis studies of MsCHS2, Noel and his 

working group postulated the catalytic machinery of CHSs as described below (Figure 1.12). 

The CoA-binding tunnel positions the substrates into the active site centre through the 

pantetheine arm of the CoA-linked molecules. The mechanism of action includes substrate 

loading and chain extension through repetitive decarboxylation and condensation. The 

imidazolium ion on the His 303 stabilizes the thiolate anion of the Cys 164. Additionally, the 

protonated nitrogen atoms in the side chains of the His 303 and Asn 336 residues form an 

"oxyanion hole". This hole positions the carbonyl oxygen of the CoA-bound starter substrate. 

The Cys 164 thiolate anion attacks the carbonyl of the CoA-linked starter substrate leading to 

the release of the CoA and transfer of the acyl moiety to the Cys 164 residue. The tetrahedral 

transition state occurring during this nucleophilic attack is well stabilized by the "oxyanion 

hole". At this point, the starter substrate loading is successfully achieved. Afterwards, the 

"oxyanion hole" creates an electron sink that stabilizes the enol tautomer of the malonyl-CoA, 

promoting its decarboxylation into an acetyl-CoA carbanion. This carbanion attacks the 

carbonyl carbon of the starter substrate loaded onto the Cys 164 to give a diketide (i.e., 

condensation). Again, the "oxyanion hole" stabilizes the tetrahedral transition state formed 

during the carbanion attack. The whole process is repeated by the nucleophilic attack of the 

Cys 164 on the carbonyl of the diketide-CoA allowing the transfer of the diketide to the Cys 

164 and the release of the CoA. Repetitive rounds of loading, decarboxylation, and 

condensation result in chain elongation by C2 units/round till the desired chain length is 

achieved. Finally, the polyketide chain cyclizes into the product and is released from the active 

site (Austin and Noel, 2003). Notably, the two gatekeeper residues Phe 215 and Phe 265 are 

positioned at the bottom of the opening between the CoA-binding tunnel and the active-site 

cavity. They are thought to direct the loaded substrate into the active-site cavity and assist the 

orientation and folding of the intermediate chain during the cyclization reaction (Abe and 

Morita, 2010; Morita et al., 2019). 

 
Figure 1.12. The postulated mechanism of reactions catalyzed by type III PKSs; adapted from  

Austin and Noel (2003) and Abe and Morita (2010).  

1.2.3.5. Functional characterization and diversity 

Even though plant type III PKSs share a simple homodimer structure and a quite conserved 

active site architecture, they show high degree of diversification in their catalytic function. The 

functional diversity is attributed to three reasons as summarized in 2010 by Abe and Morita: 
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*Selection of the starter substrate: large scope of CoA-linked thioester molecules are accepted 

by plant type III PKSs such as small acetyl-CoA, bulky N-methylanthraniloyl-CoA, polar 

malonyl-CoA, nonpolar n-hexanoyl-CoA, aliphatic- and aromatic-CoAs (Abe and Morita, 

2010). However, some PKSs utilize CoA-free extender units such as CURS1 and AQS. 

*Number of condensation reactions: each plant type III PKS carries out a specific number or 

repeated thioester bond cleavage and C-C bond formation, thus forming a linear polyketide 

chain of a specific defined length. Elongation steps range from one to eight.  

*Cyclization reaction: there are three different modes for ring closure and formation of cyclized 

product from the linear polyketide intermediate. Some PKSs perform Claisen cyclization such 

as CHS, BPS, ACS and VPS, while others carry out Aldol cyclization as STS, BIS and OLS. 

On the other side, 2-PS performs a lactonization reaction while BAS and CUS release the final 

product without cyclization. It was revealed that a network of Ser 338 – H2O – Thr 132 – Glu 

192, named "aldol switch" was responsible for the STS aldol cyclization mechanism (Austin 

et al., 2004; Shomura et al., 2005). 

As previously mentioned, around 20 functionally diverse plant type III PKSs were cloned and 

characterized. The following selected examples nicely show how plant type III PKSs are 

functionally diverse. Generally, a single PKS catalyzes the iterative condensation of a starter 

and extender substrates resulting in C-C bond formation, chain elongation, cyclization, and 

product release. Examples include chalcone synthase (CHS), stilbene synthase (STS) 

(Melchior and Kindl, 1990; Fliegmann et al., 1992; Wang et al., 2008), benzophenone synthase 

(BPS) (Beerhues, 1996; Schmidt and Beerhues, 1997; Liu et al., 2003; Nualkaew et al., 2012), 

biphenyl synthase (BIS) (Liu et al., 2007; Stewart et al., 2017), benzalacetone synthase (BAS) 

(Abe et al., 2001; Zheng and Hrazdina, 2008), 2-pyrone synthase (2-PS) (Helariutta et al., 1995; 

Eckermann et al., 1998), Valerophenone synthase (VPS) (Okada and Ito, 2001), 

Isobutyrophenone synthase (BUS) (Klingauf et al., 2005), pentaketide synthase (PCS) (Abe et 

al., 2005), aloesone synthase (ALS) (Mizuuchi et al., 2009), octaketide synthase (OKS) (Abe 

et al., 2005; Karppinen et al., 2008) (Figure 1.13).  

CHS 

 
 

 
 p-Coumaroyl-CoA                    + 3 x Malonyl-CoA Naringenin chalcone 

STS 

 
 

 
 p-Coumaroyl-CoA                     + 3 x Malonyl-CoA Resveratrol 

BPS 

 
 

 
 Benzoyl-CoA                             + 3 x Malonyl-CoA 2,4,6-Trihydroxybenzophenone  
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BIS 

 
 

 
 Benzoyl-CoA                          +    3 x Malonyl-CoA 3,5-Dihydroxybiphenyl 

BAS 

 
 

 
 p-Coumaroyl-CoA                     +  1 x Malonyl-CoA p-Hydroxybenzalacetone 

2-PS 

  
 

 Acetyl-CoA                                   + 2 x Malonyl-CoA 2-Methyltriacetic acid lactone 

VPS 

  
 

 Isovaleryl-CoA                            + 3 x Malonyl-CoA Phlorisovalerophenone 

BUS 
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Figure 1.13. Reactions catalyzed by different plant type III PKSs; modified from Morita et al. 

(2019). 
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Some PKSs catalyze the formation of a C-N bond during cyclization using a CoA-linked 

thioester substrate containing a nitrogen atom. This type of reaction is catalyzed by acridone 

synthase (ACS), a type III PKS isolated from Citrus microcarpa and Ruta graveolens and 

involved in the biosynthesis of acridone alkaloids (Lukačin et al., 1999; Springob et al., 2000; 

Mori et al., 2013). Another example is the quinolone synthase (QNS) from C. microcarpa and 

Aegle marmelos which is involved in the quinolone alkaloids biosynthesis (Mori et al., 2013; 

Resmi et al., 2013). 

In specific biosynthetic pathways, two functionally different type III PKSs are involved in the 

biosynthesis of one product. The two enzymes catalyze two successive reactions to produce 

the final product. This is exemplified by the collaboration between the diketide synthase (DCS) 

and curcumin synthase (CURS) (Katsuyama et al., 2009; Katsuyama et al., 2009) as well as 

the alkyldiketide-CoA synthase (ADS) and alkylquinolone synthase (AQS) (Matsui et al., 

2017). In Curcuma longa, DCS catalyzes the formation of feruloyldiketide-CoA which is 

accepted in the acid form as a substrate by CURS to form the diarylheptanoid scaffold. In 

Evodia rutaecarpa, ADS catalyzes the formation of alkyldiketide-CoA which is accepted in 

the acid form as a substrate by AQS to form the 2-alkylquinolone alkaloid scaffold.  

Conversely, a single type III PKS catalyzes the one-pot synthesis of the final product. For 

example, curcuminoid synthase (CUS) catalyzes the one-pot formation of 

bisdemethoxycurcumin in Oryza sativa (Katsuyama et al., 2007). Another example, PKS3 

from Huperzia serrata (HsPKS3) catalyzes the one-pot synthesis of the 2-alkylquinolone 

alkaloid scaffold from three distinct CoA thioesters (Wang et al., 2016). 

Recently, a novel pyrrolidine ketide synthase (AbPYKS) was cloned from Atropa belladonna. 

This enzyme catalyzes the biosynthesis of tropane alkaloid scaffolds using CoA-free substrates. 

This novel type III PKS opened the door for "second generation" PKSs that could utilize CoA-

free substrates (Bedewitz et al., 2018). Subsequently, three more PYKSs were cloned and 

functionally characterized from Anisodus acutangulus, Datura stramonium, and Atropa 

belladonna. A detailed mechanism for these PYKSs was proposed based on their structures 

and in vitro reactions (Huang et al., 2019). 

Lately, Abe and Morita pointed to the following perspective. Noteworthy, it is difficult to 

predict the catalytic function and product profile of a certain PKS from its amino acid sequence. 

Minor modification in the active site residues or even single amino acid substitution could 

dramatically change the enzyme catalytic function and its product profile. The combined site-

directed mutagenesis and crystallographic studies for functionally distinct PKSs provide 

information on the enzyme mechanistic aspects and the relation between its structure and 

function. Until 2019, the three-dimensional structures of ~16 functionally different PKSs were 

resolved. It is now possible to manipulate the selection of the starter molecule and the number 

of condensation reactions to produce target scaffolds. This engineered biosynthesis will open 

the door for assembling novel compounds in the field of drug discovery (Morita et al., 2019). 

Recently, Gonzalez and his working group demonstrated that certain thiolases, referred to as 

polyketoacyl-CoA thiolases (PKTs), catalyze the formation of the polyketide backbone via 

iterative non-decarboxylative Claisen condensations. These new PKTs provide a novel 

synthetic approach and an efficient alternative to PKSs (Tan et al., 2020).
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2. Aim of work  

The biosynthesis of the anthranoid scaffold in plants is poorly understood and not fully 

identified. In course of elucidating this biosynthetic pathway, the following points were 

planned in the current work. 

*Re-establishment of Cassia bicapsularis callus and cell suspension cultures. 

*Investigation of the metabolic profile of the yeast-treated C. bicapsularis cell suspension 

cultures with respect to the previous work done in our laboratory. 

*Comparative transcriptomic analysis of elicitor-treated and non-treated batches of C. 

bicapsularis cell suspension cultures including a differential expression analysis to define 

up- and down-regulated genes in both batches.  

*Bioinformatic analysis of the C. bicapsularis transcriptome to identify candidate genes that 

could be involved in the anthranoids scaffold biosynthesis. 

*Identifying the gene coding for the octaketide synthase (CbOKS) in C. bicapsularis cell 

suspension cultures. 

*Amplification of the CbOKS full-length cDNA and subsequent heterologous expression 

of the coding sequence in E. coli to produce His-tagged pure recombinant CbOKS protein. 

*Functional characterization of CbOKS to confirm its octaketide-forming activity. 

*Subcellular localization of CbOKS by Agrobacterium-mediated transient expression of its 

YFP fusions in N. benthamiana leaves. 

*Heterologous expression of the coding sequence of Polygonum cuspidatum OKS (PcOKS) 

in E. coli to produce His-tagged pure recombinant PcOKS protein.  

*Functional characterization of PcOKS to confirm its octaketide-forming activity. 

Generally, plant type III PKSs perform the iterative condensation reaction forming the growing 

polyketide chain followed by cyclization reaction and release of the final product. The failure 

of E. coli expressed recombinant OKSs to correctly cyclize the linear unstable octaketide to 

produce the anthranoids scaffold was challenging. It was postulated that either incorrect protein 

folding during expression or the absence of a tailoring factor/enzyme (i.e., polyketide cyclase, 

PKC) could be the reason. In this context, the current study involved the following 

experiments: 

*Agrobacterium-mediated transient expression of the coding sequences of the octaketide-

producing type III PKSs (HpPKS2 and PcOKS) in N. benthamiana leaves.  

*Re-detection of the octaketide synthesis activity in assays containing cell-free crude 

protein extracts of yeast-extract-treated C. bicapsularis cell suspension cultures, followed 

by assay-guided fractionation and LC-MS/MS proteomic analysis. 

*Bioinformatic analysis of the publicly available H. perforatum databases and the in-house 

H. sampsonii transcriptomic data to identify candidate genes that could act as PKCs in 

cooperation with the OKSs in the anthranoids scaffold biosynthetic pathway. 

*Cloning of the putative PKCs full-length cDNAs and heterologous expression of the 

coding sequence of each putative PKC in E. coli, followed by crude protein extraction and 

co-incubation with HpPKS2. Agrobacterium-mediated transient co-expression of the coding 

sequence of each putative PKC with HpPKS2 in N. benthamiana leaves, followed by 

metabolic profile analysis.
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3. Materials  

3.1. Biological materials 

3.1.1. Plant materials 

Cassia bicapsularis L. 

Seeds were formerly collected in May 2009 in the experimental station of Faculty of Pharmacy, 

Assiut University, Assiut, Egypt, taxonomically identified and deposited in the Institute of 

Pharmaceutical Biology, TU Braunschweig, Germany. In the present study, the seeds were 

germinated. Callus and cell suspension cultures were re-established from the leaflets of the 

plantlets and maintained by regular subculturing. Cell suspension cultures were used for further 

downstream investigations. 

Hypericum perforatum L. 

Plants were grown in the medicinal plants garden of the Institute of Pharmaceutical Biology, 

TU Braunschweig, Germany. The black-dotted closed flower buds were collected in June 2017, 

flash-frozen in liquid nitrogen and stored at -80 ºC for subsequent use. 

Nicotiana benthamiana 

Seeds were constantly obtained from the Institute of Plant Biology, TU Braunschweig, 

Germany. In a controlled growth chamber, the seeds were germinated, and the leaves of the 4-

6-week-old pot plants were used for the Agrobacterium-mediated transient expression/co-

expression of the genes of interest. 

3.1.2. Bacterial strains for cloning and expression 

Strain name  Genotype 

Escherichia coli 

DH5α  F′ φ80lacZΔM15 end A1 rec A1 hsdR17(rk- mk+) supE44 

thi-1 λ- gyrA96 relA1 Δ(lacZYA-argFV169) deoR 

BL21(DE3)pLysS  F- ompT hsdSB (rB
-, mB

-) gal dcm λ(DE3) pLysS (CamR) 

Agrobacterium tumefaciens  

C58C1 C58C1(RifR), pMP90 (GentR) 

3.2. Primers 

All the primers were designed in accordance with the generally applicable recommendations 

(4.4.3). The primers were synthesized by Eurofins Genomics (Germany) in HPSF quality (High 

Purity Salt-Free), lyophilized and delivered. They were dissolved in sterile dH2O to 100 µM 

and stored at -20 ºC for subsequent use. 

3.2.1. Primers used for reverse transcription  

Primer name  Sequence (5ʹ→3ʹ) 

3ʹ-RACE CDS primer  AAGCAGTGGTATCAACGCAGAGTAC(T)30VN 

5′-RACE CDS primer  (T)25VN 

RACE long  
CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACG 

CAGAGT 

RACE short  
CTAATACGACTCACTATAGGGC 
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3.2.2. Primers used for cloning in pRSET B vector 

Primer name Sequence (5ʹ→3ʹ) (introduced restriction site sequences are underlined) 

CbOKS-NheI-for agtGCTAGCATGGAGAGTGCTGCACTCAACAAC 

CbOKS-KpnI-rev gaaGGTACCCTAGTCTTTGAGCGAGATAGAATGC 

CbOKS_v1-NheI-for agtGCTAGCATGGAGAATACTGAGGGAAAGC 

CbOKS_v1-KpnI-rev gaaGGTACCTTAGTAGTCTTTAAGCGAAATAGAATGC 

CbCHS01-NheI-for agtGCTAGCATGGTGAGTGTTGATGAGATCAG 

CbCHS01-KpnI-rev gaaGGTACCTTAGTTAACTGCCATGCTACGAAG 

CbCHS02-NheI-for agtGCTAGCATGGTGAGCGTTAATGAGATCC 

CbCHS02-KpnI-rev gaaGGTACCCTACAACACCGACACACTGTG 

CbCHS03-NheI-for agtGCTAGCATGGTGAATGTGGAAGAAATCCGTA 

CbCHS03-KpnI-rev gaaGGTACCTTAAATAGTTATACTGTGGAGCACAAC 

CbPR10_a-NheI-for agtGCTAGCATGGGTGTGTTCACATACGAGAAC 

CbPR10_a-KpnI-rev gaaGGTACCTTAGTTGTACTCAGGATGAGCCAAAAG 

CbPR10_b-NheI-for agtGCTAGCATGGGTGTCTTCACTTTCACAG 

CbPR10_b-KpnI-rev gaaGGTACCTTAATTGTAGCTAGGATTGGCCAAG 

  

HpPOCP1-NheI-for agtGCTAGCATGAGTGTGTATTCCGTGAGGCAAG 

HpPOCP1-KpnI-rev gaaGGTACCTTAAGCATAAATATCAGGGTTGGCCAAG 

HpPOCP2-NheI-for agtGCTAGCATGTCTTATTCTGTCTGCCAAGAC 

HpPOCP2-KpnI-rev gaaGGTACCTTAGGCGACGGCACAGAC 

HpPOCP3-NheI-for agtGCTAGCATGGGGTTTTCCCTTTCTCAGG 

HpPOCP3-KpnI-rev gaaGGTACCTTAAGCCAAAACATCCGGGTTGG 

HpPR10_a-NheI-for agtGCTAGCATGGGTGTGTATACCACAGCGGAG 

HpPR10_a-KpnI-rev gaaGGTACCCTAGGCGCAAACATCAGGGTGG 

HpPR10_aa-NheI-for agtGCTAGCATGGGTGTGTATACCACAGTG 

HpPR10_aa-KpnI-rev gaaGGTACCCTAGGCGCAAGCATCAGG 

HpPR10_b-NheI-for agtGCTAGCATGACTATAGTTACTTACAAGACCGAAATTC 

HpPR10_b-KpnI-rev gaaGGTACCTCACGGGTTAGCCAAGAGATAG 

  

  

3.2.3. Primers used for cloning in pCAMBIA2300-35Su vector 

Primer name Sequence (5ʹ→3ʹ) (introduced uracil-containing overhangs are underlined) 

PcOKS-U-for GGCTTAAUATGGCGAATGTACTGCAGGAGATC 

PcOKS-U-rev GGTTTAAUTCACAGAATTGGAACACTTCGCAG 

HpPKS2-U-for GGCTTAAUATGGGTTCCCTTGACAATGGTTCAG 

HpPKS2-U-rev GGTTTAAUTTAGAGAGGCACACTTCGGAGC 

HpPOCP1-U-for GGCTTAAUATGAGTGTGTATTCCGTGAGGCAAG 

HpPOCP1-U-rev GGTTTAAUTTAAGCATAAATATCAGGGTTGGCCAAG 

HpPOCP2-U-for GGCTTAAUATGTCTTATTCTGTCTGCCAAGAC 

HpPOCP2-U-rev GGTTTAAUTTAGGCGACGGCACAGAC 

HpPOCP3-U-for GGCTTAAUATGGGGTTTTCCCTTTCTCAGG 
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HpPOCP3-U-rev GGTTTAAUTTAAGCCAAAACATCCGGGTTGG 

HpPR10_a-U-for GGCTTAAUATGGGTGTGTATACCACAGCGGAG 

HpPR10_a-U-rev GGTTTAAUCTAGGCGCAAACATCAGGGTGG 

HpPR10_b-U-for GGCTTAAUATGACTATAGTTACTTACAAGACCGAAATTC 

HpPR10_b-U-rev GGTTTAAUTCACGGGTTAGCCAAGAGATAG 

HpMLPL_a-U-for GGCTTAAUATGGGATATGAGAAGCTGGAAGCTG 

HpMLPL_a-U-rev GGTTTAAUTTAAACAACAGGGTCGGCAACTCC 

3.2.4. Primers used for gateway cloning of CbOKS 

Primer name Sequence (5ʹ→3ʹ) (attB1 and attB2 sites are underlined) 

CbOKS-attB1-for GGGGACAAGTTTGTACAAAAAAGCAGGCTtaaccATG 

GAGAGTGCTGCACTCAACAATGG 

CbOKS-attB1-Stop-N-

rev 

GGGGACCACTTTGTACAAGAAAGCTGGGTcCTAGTCTT 

TGAGCGAGATAGAATGC 

CbOKS-attB1-C-rev GGGGACCACTTTGTACAAGAAAGCTGGGTcGTCTTTGA 

GCGAGATAGAATGC 

3.2.5. Primers for reference genes 

Primer name Sequence (5ʹ→3ʹ) 

Cb18s-for* TGATAACTCGACGGATCGCACG 

Cb18s-rev* AAAGTAACAGCACCGGAGGCAC 

Hp18s-for** TTCGATGGTAGGATAGAGG 

Hp18s-rev** CCTATGATGTTATCCCATGC 

*Control for differential gene expression in elicitor-treated and non-treated C. bicapsularis cell 

suspension cultures. 

**Control for proper reverse transcription for H. perforatum. 

3.2.6. Primers used for sequencing 

Primer name  Sequence (5ʹ→3ʹ) 

pJET1.2 Forward  CGACTCACTATAGGGAGAGCGGC 

pJET1.2 Reverse  AAGAACATCGATTTTCCATGGCAG 

T7  TAATACGACTCACTATAGGG 

T7 term  CTAGTTATTGCTCAGCGGT 

pCAMBIA2300-35Su GAGACTGGTGATTTCAGCGG 

3.3. Vectors and ready constructs 

Plasmid name Source 

pQE-30:HpPKS2 Isolated from E. coli M15 [pREP4] strain, obtained from Dr. 

Katja Karppinen, Department of Ecology and Genetics, 

University of OULU, Finland (2017). 

pET-30a(+):PcOKS Institute of Botany, The Chinese Academy of Sciences, 

Beijing 100093, China. 
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Vector name Use  Source 

pJET1.2 Blunt end ligation of PCR 

products 

Thermo Scientific 

pRSET B Sticky end ligation of 

digested PCR products in the 

MCS. Protein expression in 

E. coli. Transcription is 

controlled by the T7 

promotor and induced by 

IPTG. Protein is expressed 

with an N-terminal 

polyhistidine (6xHis) tag. 

Invitrogen 

pCAMBIA2300-35Su USER cloning 

Wittstock Lab (Institute of 

Pharmaceutical Biology, TU 

Braunschweig) 

Helper plasmid K19 Helps the transfer of the 

foreign DNA to N. 

benthamiana cells without 

rejection. 

pDONR/Zeo Gateway donor vector 

Invitrogen 

pEarley-104 Gateway destination vector 

N-terminal YFP 

pEarley-101 Gateway destination vector 

C-terminal YFP 

3.4. Kits 

Name  Purpose  Manufacturer 

innuPREP DOUBLEpure 

Kit  

DNA purification from PCR, 

digestion reactions and 

agarose gel 

Analytik Jena 

InviTrap® Spin Plant RNA 

Mini Kit 

Total RNA isolation from 

plant material  

Stratec molecular 

3.5. Enzymes 

3.5.1. Enzymes used for reverse transcription (RT) 

Enzyme name  Manufacturer 

RevertAid™ H Minus Reverse Transcriptase  Thermo Scientific 

SMARTScribe™ Reverse Transcriptase Takara 

3.5.2. Enzymes used for polymerase chain reaction (PCR) 

Enzyme name  Manufacturer 

peqGOLD Taq DNA polymerase Peqlab 

Dream Taq DNA polymerase Thermo Scientific 

Phusion® Hot Start II High-Fidelity DNA Polymerase Thermo Scientific 
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3.5.3. Enzymes used for USER cloning 

Enzyme name Purpose Manufacturer 

Phusion® U Hot Start DNA 

Polymerase  

Can read over uracil Thermo Scientific 

PacI TTAAT↓TAA New England Biolabs 

Nt.BbvCI CC↓TCAGC New England Biolabs 

USER® Enzyme mix Ligation New England Biolabs 

3.5.4. Enzymes used for Gateway cloning 

Enzyme name  Manufacturer 

BP Clonase® enzyme mix Invitrogen 

LR Clonase® enzyme mix Invitrogen 

Proteinase K Invitrogen 

3.5.5. Restriction endonucleases 

Enzyme name  Recognition site (5'→3') Manufacturer 

(FastDigest) EcoRI  G↓AATTC  Thermo Scientific 

HindIII  A↓AGCTT  Thermo Scientific 

KpnI  GGTAC↓C  Thermo Scientific 

NheI  G↓CTAGC  Thermo Scientific 

3.5.6. Miscellaneous enzymes 

Enzyme name  Manufacturer 

FastAP Thermosensitive Alkaline Phosphatase Thermo Scientific 

Proteinase K Thermo Scientific 

RiboLock™ RNase Inhibitor Thermo Scientific 

RNase A Thermo Scientific 

RNase-free DNase I Qiagen 

T4 DNA ligase Thermo Scientific 

3.6. Ladder 

Ladder name  Manufacturer 

GeneRuler 1 kb DNA ladder  Thermo Scientific 

GeneRuler DNA Ladder Mix  Thermo Scientific 

PageRuler Unstained Protein Ladder  Thermo Scientific 

Unstained Protein MW Marker  Thermo Scientific 

3.7. Culture media and required supplements 

3.7.1. Plant tissue culture medium 

MS medium   Final concentration 

MS powder 4.4  g/l   

Sucrose 30.0 g/l 3.0 % w/v 

2,4-D (1 mg/ml) 1.0 ml/l 1.0 g/l 

Kinetin (1 mg/ml) 100 µl/l 0.1 g/l 
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 MS powder (4.4 g) and sucrose (30 g) were first dissolved in ~800 ml dH2O; 1 ml 2,4-D (1 

mg/ml) and 100 µl kinetin (1 mg/ml) were added, the pH was adjusted to 5.7 using 5N KOH 

&/or 0.5N HCl, the volume was filled up to 1 litre with dH2O, and finally the medium was 

autoclaved. 

 For solid medium, agar (0.6% w/v) was added to the medium just before autoclaving. 

 For C. bicapsularis seedlings maintenance, solid basic MS medium lacking PGRs (2,4-D and 

kinetin) was prepared.  

 For C. bicapsularis cultures induction and maintenance, MS medium supplemented with 

PGRs was prepared, solid medium for callus and liquid medium for suspension. 

 For C. bicapsularis seeds germination, solid basic agar was prepared by adding 3 g agar to 

500 ml dH2O; final concentration of 0.6% w/v, and the suspension was autoclaved. The warm 

sterile suspension was poured into plates and allowed to solidify.  

3.7.2. Plant growth regulators (PGRs) 

PGR Stock solution preparation Final concentration 

2,4-D 10 mg powder were dissolved in 10 

ml absolute ethanol. 

1 mg/ml 

kinetin 10 mg powder were dissolved in 

0.5 ml 1N NaOH, 9.5 ml dH2O. 

1 mg/ml 

*Storage at 4 ºC. 

3.7.3. Bacterial culture media  

LB medium   Final concentration 

Yeast extract  5.0  g/l  0.5  % (w/v) 

Peptone from casein  10.0  g/l  1.0  % (w/v) 

NaCl  10.0  g/l  1.0  % (w/v) 

 For liquid LB medium preparation, the three components were dissolved in 1 liter dH2O and 

autoclaved. The pH of the medium always ranges from 7 to 7.5. For solid LB medium 

preparation, agar (1.5%) was added to the solution before autoclaving. 

SOC medium   Final concentration 

Yeast extract  5.0 g/l 0.5 % (w/v) 

Peptone from casein  20.0 g/l 2.0 % (w/v) 

NaCl  584.5 mg/l 10.0 mM 

KCl 186.4 mg/l 2.5 mM 

     

MgSO4.7H2O (1M) 10.0 ml/l 10.0 mM 

MgCl2 (1M) 10.0 ml/l 10.0 mM 

Glucose (2M) 10.0 ml/l 20.0 mM 

 The first four components were dissolved in 970 ml dH2O, the solution pH was adjusted to 

7.5 using NaOH and autoclaved. The medium was set to cool down to ~50 ºC and the sterile-

filtered solutions of the three last components were added. 1-ml-aliquots were prepared in 

sterile 1.5 ml Eppendorf tubes and stored at -20 ºC. 
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YEP medium   Final concentration 

Yeast extract  10.0  g/l  1.0  % (w/v) 

Bacto peptone 10.0  g/l  1.0  % (w/v) 

NaCl  5.0  g/l  0.5 % (w/v) 

 For liquid YEP medium preparation, the three components were dissolved in 1 liter dH2O 

and autoclaved. For solid YEP medium preparation, agar (2%) was added to the solution 

before autoclaving. 

Agrobacterium activation medium Final concentration 

MES buffer (0.5 M, pH 5.6) 10.0 ml/500ml 10.0 mM 

MgCl2.6H2O (1 M) 5.0 ml/500ml 10.0 mM 

Acetosyringone (150 mM) 500 µl/500ml 150 µM 

 Stock solutions of the three components were prepared and mixed freshly just before use. 

 For preparing MES buffer (0.5 M, pH 5.6), 4.88 g MES powder were dissolved in 50 ml 

dH2O, and the pH was adjusted to 5.6 using KOH pellets. For preparing MgCl2.6H2O (1 M), 

10.165 g MgCl2.6H2O powder were dissolved in 50 ml dH2O. For preparing acetosyringone 

(150 mM), 0.0295 g acetosyringone powder were dissolved in 1 ml DMSO. 

3.7.4. Antibiotics  

Antibiotic Stock solution preparation Final concentration 

Ampicillin 100 mg powder were dissolved in 

1 ml dH2O 

100 mg/ml 

Chloramphenicol 35 mg powder were dissolved in 1 

ml absolute ethanol (96%) 

35 mg/ml 

Gentamycin 50 mg powder were dissolved in 1 

ml dH2O 

50 mg/ml 

Kanamycin 50 mg powder were dissolved in 1 

ml dH2O 

50 mg/ml 

Rifampicin 50 mg powder were dissolved in 1 

ml DMSO 

50 mg/ml 

 After solubilization, ampicillin, gentamycin and kanamycin were filter-sterilized using a 0.22 

µm syringe filter. 

 All antibiotic stock solutions were stored at -20 ºC. 

3.8. Buffers and solutions 

3.8.1. Buffers for plasmid isolation from E. coli 

Buffer I   Final concentration 

Tris 1.5 g/250 ml 50 mM 

Na2EDTA.2H2O 0.931 g/250 ml 10 mM 

RNase A   10 µl/ml 

 The pH was adjusted to 8 using 1N HCL. RNase A was added freshly just before use. 
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Buffer II   Final concentration 

NaOH 2 g/250 ml 0.2 M 

SDS 2.5 g/250 ml 1 % (w/v) 

 0.4 M NaOH solution and 2 % (w/v) SDS solution were separately prepared and mixed in a 

ratio of 1:1 just before use. 

Buffer III   Final concentration 

Potassium acetate 73.625 g/250 ml 3 M 

 The pH was adjusted to 5.5 using glacial acetic acid. 

3.8.2. Buffer for DNA extraction from Agrobacterium 

   Final concentration 

Tris 1.33 g/100 ml 110 mM 

Na2EDTA.2H2O 2.05 g/100 ml 55 mM 

NaCl 8.99 g/100 ml 1.54 M 

CTAB 1.1 g/100 ml 1.1 % (w/v) 

 The pH was adjusted to 8 using 1N HCL. 

3.8.3. Buffers and solution for agarose gel electrophoresis 

50X TAE buffer   Final concentration 

Tris 242.28 g/l 2 M 

Na2EDTA. 2H2O 18.612 g/l 50 mM 

 The pH was adjusted to 8 using glacial acetic acid (~57 ml).  

10X TBE buffer   Final concentration 

Tris 108 g/l 890 mM 

Na2EDTA. 2H2O 7.44 g/l 20 mM 

Boric acid 55 g/l 890 mM 

 The pH was adjusted to 8 using 1N HCl. 

 For preparing the agarose gel and the running buffer, the 50X TAE/10X TBE was diluted to 

1X. 

6X loading dye   Final concentration 

Tris 0.121 g/100 ml 10 mM 

Na2EDTA.2H2O 2.23 g/100 ml 60 mM 

Bromophenol blue 30 mg/100 ml 0.03 % (w/v) 

Xylene cyanol FF 30 mg/100 ml 0.03 % (w/v) 

Glycerol  60 ml/100 ml 60 % (v/v) 

 The pH was adjusted to 7.6 using 1N HCL and stored at -20 ºC. 

3.8.4. Buffer for crude protein extraction  

HEPES buffer   Final concentration 

HEPES 2.3831 g/100 ml 0.1 M 

 The pH was adjusted to 7 using NaOH pellets and stored at 4 ºC. 

 Used for extracting crude protein from plant material and transformed E. coli pellets. 



Materials 

 

29 
 

3.8.5. Buffers for His6-tagged protein affinity purification 

Lysis buffer   Final concentration 

NaH2PO4 1.3799 g/200 ml 50 mM 

NaCl 7.0128 g/200 ml 600 mM 

Imidazole 0.27232 g/200 ml 20 mM 

BME 209.2 µl/200 ml 15 mM 

Tween 20 2 ml/200 ml 1 % 

 The pH was adjusted to 8 using NaOH pellets and stored at 4 ºC. 

Wash buffer   Final concentration 

NaH2PO4 1.3799 g/200 ml 50 mM 

NaCl 7.0128 g/200 ml 600 mM 

Imidazole 0.27232 g/200 ml 20 mM 

BME 70 µl/200 ml 5 mM 

Tween 20 2 ml/200 ml 1 % 

Glycerol (86%) 23.256 ml/200 ml 10 % 

 The pH was adjusted to 7 using NaOH pellets and stored at 4 ºC. 

Lysis buffer   Final concentration 

NaH2PO4 1.3799 g/200 ml 50 mM 

NaCl 7.0128 g/200 ml 600 mM 

Imidazole 3.4 g/200 ml 250 mM 

BME 70 µl/200 ml 5 mM 

Glycerol (86%) 23.256 ml/200 ml 10 % 

 The pH was adjusted to 7 using 1N HCl and stored at 4 ºC. 

3.8.6. Buffers and solutions for SDS-PAGE 

10X SDS electrophoresis buffer  Final concentration 

Tris 30 g/l 247.6 mM 

Glycine 144 g/l 1.9 M 

SDS 10 g/l 1 % (w/v) 

 The pH was adjusted to 8.3 using 1N HCl. For preparing the running buffer, the 10X SDS 

electrophoresis buffer was diluted to 1X. 

5X protein loading buffer    

Tris-HCl (1 M, pH 6.8)  2.5 ml 

SDS   0.165 g 

Bromophenol blue 0.5% (w/v)  1.250 ml 

Glycerol  5 ml 

BME (freshly added before use)  1.250 ml 
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Stacking gel (5%)    

dH2O  2.72  ml 

Acrylamide/Bisacrylamide 30% (w/v)   664  µl 

Tris HCl (1 M, pH 6.8)   504  µl 

SDS 10% (w/v)  40  µl 

APS 10% (w/v)  40  µl 

TEMED  4 µl 

 These volumes were used to prepare 2 gels. 

Separating gel (12%)    

dH2O  2.30 ml 

Acrylamide/Bisacrylamide 30% (w/v)   2.8  ml 

Tris HCl 1.5M pH 8.8   1.75 ml 

SDS 10% (w/v)  70 µl 

APS 10% (w/v)  70  µl 

TEMED  2.8 µl 

 These volumes were used to prepare 2 gels. 

 For preparing 15% separating gel, 1.6 ml dH2O, 3.5 ml acrylamide/bisacrylamide (30% 

(w/v)) and 1.75 ml Tris HCl (1.5M, pH 8.8) were used. 

 

Staining solution  Final concentration 

Coomassie blue R-250 1 g/l 0.1 % (w/v) 

Acetic acid 100 ml/l 10 % (v/v) 

Methanol 500 ml/l 50 % (v/v) 

 

Destaining solution  Final concentration 

Acetic acid 100 ml/l 10 % (v/v) 

Methanol  150 ml/l 15 % (v/v) 

3.8.7. Bradford solution for protein concentration determination 

Bradford dye solution   Final concentration 

Coomassie blue G-250 100 mg/l 0.01 % (w/v) 

Absolute ethanol 50 ml/l 5 % (v/v) 

o-phosphoric acid  100 ml/l 10 % (v/v) 

 Coomassie brilliant blue G-250 powder was first dissolved in absolute ethanol and then o-

phosphoric acid was carefully added. The volume was filled up to 1 liter with dH2O. After 

complete solubilization, the solution was filtered and stored in an amber glass bottle at 4 ºC. 

3.9. Chemicals 

CoA-linked thioesters Manufacturer 

CoA-linked starters  

Acetyl-CoA lithium salt Cayman 

Benzoyl-CoA lithium salt (≥ 90%)  Sigma-Aldrich 
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Hexanoyl-CoA Sigma-Aldrich 

Isobutyryl-CoA lithium salt (≥ 85%)  Sigma-Aldrich 

p-coumaroyl-CoA Synthesized in Beerhues 

laboratory (Institute of 

Pharmaceutical Biology, TU 

Braunschweig) 

CoA-linked extender  

Malonyl-CoA lithium salt Cayman 

Malonyl-2-14 C Coenzyme 55.2 mCi / mmol PerkinElmer 

Malonyl-2-13 C Coenzyme Sigma-Aldrich 

 

Antibiotics Manufacturer 

Ampicillin sodium salt Roth 

Chloramphenicol  AppliChem 

Gentamycin sulfate  Sigma-Aldrich 

Kanamycin sulfate  Roth 

Rifampicin  Roth 

 

Miscellaneous chemicals Manufacturer 

2,4-Dichlorophenoxyacetic acid (2,4-D)  Fluka 

2-Mercaptoethanol (β-ME)  Roth 

Acetic acid  Roth  

Acetonitrile (HPLC grade)  Fisher Chemicals 

Acetosyringone  Sigma-Aldrich 

Acrylamide/Bisacrylamide 30%  Bio-Rad 

Agar Kobe I Applichem 

Agar-Agar plant Roth 

Ammonium persulfate (APS)  Roth 

Bacto peptone Roth 

Bovine serum albumin (BSA)  Sigma-Aldrich 

Bromophenol blue  Aldrich 

Chloroform  Sigma-Aldrich / Fisher Chemicals 

Coomassie blue (G250 and R250)  Merck / Sigma-Aldrich 

CTAB  Roth 

DMSO Roth 

DTT  Roth 

Emodin Sigma-Aldrich 

Ethanol  VWR 

Ethyl acetate  Sigma-Aldrich 

Na2EDTA.2H2O  Roth 

Formic acid  Roth 

Glucose  Roth 

Glycerol (86%) Roth 
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Glycine  Roth 

H3BO3  Roth 

HCl (≥37%) Sigma Aldrich 

HEPES Roth 

Imidazole Roth 

IPTG  Applichem 

Isopropanol  Sigma-Aldrich 

KCl  Roth 

KH2PO4  Roth 

Kinetin Applichem 

KOH  Roth 

Methanol (LC-MS grade)  Roth 

Methanol (HPLC grade)  Fisher Chemicals 

MES  Roth 

Neudomück (anti- mosquitoes) Neudorff 

MgCl2 Sigma-Aldrich 

MgCl2.6H2O  Duchefa Biochemie 

MgSO4.7H2O  Roth 

Midori Green  Nippon Genetics GmbH 

Murashige & Skoog (MS) medium Duchefa Biochemie 

NaCl  Roth 

NaClO Roth 

NaH2PO4 Roth 

NaOAc Thermo Scientific 

NaOH  Roth 

Nickel-nitrilotriacetic acid (Ni-NTA) agarose Qiagen 

PD-10 Sephadex G-25 columns Amersham Biosciences 

o-Phosphoric acid  Fischer-Scientific 

PEG 4000  Fluka 

Peptone from casein  Roth 

peqGold Universal Agarose  Peqlab 

Phenol  Roth 

Polyclar® AT (Polyvinylpyrrolidone)  Serva 

Potassium acetate  Roth 

Protease Inhibitor Cocktail Set III, EDTA-Free  Merck (Calbiochem) 

Sodium dodecyl sulfate (SDS)  Roth 

Sucrose  Roth 

Tetramethylethylenediamine (TEMED)  Roth 

Tris(hydroxymethyl)aminomethane (Tris)  Roth 

Tween 20 Roth 

UL TIMA GOLD™ scintillation cocktail  PerkinElmer 

Xylene cyanol FF  Roth 

Yeast extract  Applichem/ Roth 
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3.10. Equipment and Tools 

3.10.1. General equipment 

Equipment  Model  Manufacturer 

Autoclave  Systec VX-120  Systec 

Balance  ABJ-NM/ABS Kern  

Balance  2254  Sartorius 

Balance  Kern 572  Kern & Sohn  

Balance  LA230S  Sartorius 

Breaking Ice Machine ZBE 70-35 ZIEGRA  

Centrifuge  Biofuge pico  Heraeus 

Centrifuge  Avanti J-E  Beckmann Coulter 

Centrifuge  Avanti J-30I  Beckmann Coulter 

Centrifuge GS6R Beckmann Coulter 

Centrifuge  Universal 32 R  Hettich 

Centrifuge  Biofuge 13  Heraeus 

Centrifuge  Sigma 1-15 K  Sigma 

Centrifuge  Centrifuge 5810 R  Eppendorf 

Centrifuge MiniSpin 5452 Eppendorf 

Deep freezer (-20 ºC)  GS34V420 Siemens 

Deep freezer (-80 ºC)  MDF-U53V  Sanyo 

Dry block heater  Dri-Block DB-3D  Techne 

Dry block heater TH 26 HLC BioTech 

Electrophoresis chamber for 

agarose gels  

Wide Mini-Sub Cell GT  Bio-Rad 

Electrophoresis chamber for 

polyacrylamide gels 

Mini PROTEAN Tetra Cell  Bio-Rad 

Gel documentation  Infinity-3000  

Infinity Capt Software 15.06 

Vilber Lourmat  

Gel visualization Blue LED Transilluminator  Nippon Genetics  

Heating circulator water bath  TopTech MW-4  Julabo 

Incubator Modell BD 53  BINDER  

Laminar air flow  LaminAir HLB2472 BS  Heraeus 

Laminar air flow  LaminAir HBB2460  Heraeus 

Lyophilizer Gamma 1-20  

Magnetic stirrer po IKA-Combimag RET Janke & Kunkel 

Magnetic stirrer na MR Hei-standard Heidolph Instruments  

Magnetic stirrer na Ret basic IKA®-Werke KG 

Micropulser  BioRad laboratories  

Microscope (confocal laser 

scanning) 

cLSM-510META connected 

to Axiovert 200M 

Carl Zeiss 

Microwave OptiQuick Compact Y52  Moulinex 

Oven for heating / drying T5050 Heraeus Holding  

pH meter  pH 325 / pH 7110 WTW GmbH 
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Power Pack for agarose gels Power Pack 300 Bio-Rad 

Power Pack for 

polyacrylamide gels 

Standard Power Pack P25 Biometra 

Refrigerator (4 ºC)  Liebherr premium 

Rotary evaporator  W60  Heidolph 

Rotational Vacuum 

Concentrator  

RVC 2-18  Christ 

Shaker incubator  Multitron  Infors HT 

Shaker incubator  KF4  Infors HT 

Shaker for gel Infors HT Labtron  Infors AG 

Spectrophotometer UVmini-1240 Shimadzu 

Spectrophotometer  Ultrospec 1000  Pharmacia Biotech 

Spectrophotometer  Ultrospec 3100 pro  GE Healthcare 

Spectrophotometer  Cary 300 UV-Vis  Varian 

Spectrophotometer  SimpliNano™  GE Healthcare Lifesciences 

Thermocycler  T-Personal Biometra 

Thermocycler  T-Professional basic gradient  Biometra 

Ultrasonic Cell Disruptor Sonifier 250 Branson (G. Heinemann) 

Ultrasound water path  SonorexTK30  BANDELIN electronic  

Diaphragm vacuum pumps 

with programmable digital 

vacuum controller 

VCZ 224  Ilmvac 

Vortex Vortex Genie 2 Digital Scientific industries (Si) 

Vortex Vortex Genie 2 G-560E Scientific industries (Si) 

Vortex shaker  VF2  IKA 

Water purification system  Arium 611  Sartorius 

3.10.2. Analytical equipment for HPLC and MS analysis 

Equipment  Model  Manufacturer 

HPLC  LaChrom Elite System  VWR-Hitachi 

Pump  L-2130  VWR-Hitachi 

Degasser  Model 2005 Degasser  VWR-Hitachi 

Auto sampler  L-2200  VWR-Hitachi 

Column  Eclipse Plus  

(C18, 4.6 x 150 mm, 3.5 μm) 

Agilent 

Diode Array Detector  L-2455  VWR-Hitachi 

Software  EZChrom Elite 3.3.2 SP1  Agilent 

   

HPLC  Agilent 1200 Series Agilent 

Pump  G1312A Binary Pump   Agilent 

Auto sampler  G1329A ALS  Agilent 

Column oven  G1316A TCC  Agilent 

Column  Lichrospher 100 RP 18e 

(C18, 4.6 × 250 mm, 5.0 μm)  

WICOM 
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Diode Array Detector  G1314D DAD VWD  Agilent 

Radio Detector  RAMONA Star Raytest 

Software  Gina star 4.06 software on 

windows XP 

Agilent 

   

Scintillator LS 6500 Multipurpose 

Scintillation Counter 

equipped with microline 320 

Turbo9 Pin Printer 

Beckman Coulter 

   

Mass spectrometer  3200 QTRAP LC/MS/MS 

System  

AB Sciex 

Software  Analyst Software 1.6.2 AB Sciex 

3.11. Softwares and databases 

3.11.1. Desktop softwares 

Software name Source/Web address, use 

ChemDraw Professional 16.0  Cambridge Soft, PerkinElmer Inc. 

Chemical drawing tool  

Lasergene - DNAStar 7.0 https://www.dnastar.com/cb/f-reg-submit.aspx  

DNASTAR, Inc 

A package of independent programs for nucleotide and 

protein sequences analysis. The package includes EditSeq, 

MegAlign, SeqMan and SeqBuilder 

MEGA 7.0  http://www.megasoftware.net/ 

Integrated tool for multiple sequence alignment conduction 

and phylogenetic trees construction  

SnapGene® Viewer 5.3.2 https://www.snapgene.com/snapgene-viewer/ 

Used in the current study for vectors and plasmids mapping 

3.11.2. Online softwares/tools 

Software name Web address, use 

Miscellaneous tools 

NCBI Basic Local Alignment 

Search Tool (NCBI-BLAST) 

http://blast.ncbi.nlm.nih.gov/Blast.cgi  

DoubleDigest Calculator 

 

https://www.thermofisher.com/de/de/home/brands/thermo-

scientific/molecular-biology/thermo-scientific-restriction-

modifying-enzymes/restriction-enzymes-thermo-

scientific/double-digest-calculator-thermo-scientific.html  

ExPASy translate tool http://web.expasy.org/translate/  

Ligation calculator  http://www.insilico.uni-duesseldorf.de/Lig_Input.html  

MultAlin  http://multalin.toulouse.inra.fr/multalin/  

Oligo Analysis tool https://eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/  

Oligo Calc http://basic.northwestern.edu/biotools/OligoCalc.html  

https://www.dnastar.com/cb/f-reg-submit.aspx
http://www.megasoftware.net/
https://www.snapgene.com/snapgene-viewer/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/thermo-scientific-restriction-modifying-enzymes/restriction-enzymes-thermo-scientific/double-digest-calculator-thermo-scientific.html
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/thermo-scientific-restriction-modifying-enzymes/restriction-enzymes-thermo-scientific/double-digest-calculator-thermo-scientific.html
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/thermo-scientific-restriction-modifying-enzymes/restriction-enzymes-thermo-scientific/double-digest-calculator-thermo-scientific.html
https://www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/thermo-scientific-restriction-modifying-enzymes/restriction-enzymes-thermo-scientific/double-digest-calculator-thermo-scientific.html
http://web.expasy.org/translate/
http://www.insilico.uni-duesseldorf.de/Lig_Input.html
http://multalin.toulouse.inra.fr/multalin/
https://eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/
http://basic.northwestern.edu/biotools/OligoCalc.html
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Subcellular localization prediction tools 

DeepLoc-1.0 http://www.cbs.dtu.dk/services/DeepLoc/ 

LocTree3 https://rostlab.org/services/loctree3/ 

Plant-mPLoc http://www.csbio.sjtu.edu.cn/bioinf/plant-multi 

*All listed websites were successfully accessed in August 2021. 

3.11.3. Online databases 

Database name Web address, description  

NCBI protein and nucleotide 

databases 

http://www.ncbi.nlm.nih.gov/protein  

http://www.ncbi.nlm.nih.gov/nuccore  

Medicinal Plants Genomics 

Resource (MPGR) 

http://medicinalplantgenomics.msu.edu/  

OneKP database http://www.onekp.com/  

*All listed websites were successfully accessed in August 2021. 

3.11.4. Softwares and databases used for transcriptomic analysis  

Input provided by LC Sciences, Houston, Texas, USA (https://www.lcsciences.com/) 

Software Version Web address/reference, use 

FastQC 0.10.1 http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 

Quality control 

Cutadapt 1.10 (Martin, 2011), Adapter remove 

fqtrim 0.94 Low quality base filter 

Trinity 2.4.0 (Grabherr et al., 2011), De novo transcriptome assembly 

DIAMOND 0.7.12 (Buchfink et al., 2015), Blast and Annotation 

Salmon 0.8.2 (Patro et al., 2017), Quantification of transcript expression 

R package: edgeR 3.12.1 (Robinson et al., 2010), Differential expression analysis 

Perl scripts in house NA GO and KEGG enrichment analysis 

samtools 0.7 SNP analysis 

MISA 1.0 http://pgrc.ipk-gatersleben.de/misa/, SSR analysis 

TransDecoder 3.0.1 https://github.com/TransDecoder/TransDecoder 

CDS prediction 

 

Database  Web address 

non-redundant (Nr) protein database http://www.ncbi.nlm.nih.gov/ 

Gene ontology (GO) http://www.geneontology.org 

SwissProt http://www.expasy.ch/sprot/ 

Kyoto Encyclopedia of Genes and Genomes (KEGG) http://www.kegg.jp/kegg/ 

eggNOG http://eggnogdb.embl.de/ 

Pfam http://pfam.xfam.org/ 

 

http://www.ncbi.nlm.nih.gov/protein
http://www.ncbi.nlm.nih.gov/nuccore
http://medicinalplantgenomics.msu.edu/
http://www.onekp.com/
https://www.lcsciences.com/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://pgrc.ipk-gatersleben.de/misa/
https://github.com/TransDecoder/TransDecoder
http://www.ncbi.nlm.nih.gov/
http://www.geneontology.org/
http://www.expasy.ch/sprot/
http://www.kegg.jp/kegg/
http://eggnogdb.embl.de/
http://pfam.xfam.org/
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4. Methods 

4.1. Cultivation of plants and in vitro cultures  

4.1.1. C. bicapsularis plant tissue culture methods 

All plant tissue culture procedures were performed under the laminar air flow clean bench in 

aseptic conditions. The performed tissue culture and induction conditions in the current study 

were selected based on the previous work done in our laboratory with some modifications 

(Abdel-Rahman et al., 2013).  

4.1.1.1. Germination of C. bicapsularis seeds 

The seeds were rinsed with distilled water to remove plant debris. Mechanical scarification in 

the seed coat was performed using a tissue culture scalpel to increase the permeability to water 

and gases, thus, to improve seed germination. The seeds were surface sterilized by soaking in 

3% v/v sodium hypochlorite solution (NaClO) for 5 min and immediately rinsed with 

autoclaved dH2O (3-4 times) to remove traces of NaClO. The seeds were aseptically 

germinated on solidified agar in petri dishes in a growth chamber at 25 ± 2 ºC under dark 

conditions. After ten days, the young seedlings were transferred to solidified basic Murashige 

& Skoog (MS) medium (not supplemented with any plant growth regulators) in 300 ml glass 

Erlenmeyer flasks and allowed to grow in the growth chamber at 25 ± 2 ºC under a 16-h 

photoperiod. The resulting plantlets were further used for callus culture induction. 

4.1.1.2. Establishment of C. bicapsularis callus cultures 

The leaflets of eight-week-old plantlets were used as explants for callus culture induction. The 

green leaflets were cut into small discs of about 1-2 cm width and placed on solidified MS 

medium supplemented with 1 mg/ml 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.1 mg/ml 

kinetin in 250 ml glass Erlenmeyer flasks. The cultures were maintained in the growth chamber 

at 25 ± 2 ºC under dark conditions. Callus tissue that appeared on the edges of the explant was 

subcultured on fresh medium and further maintained by regular subculturing every 4-6 weeks. 

4.1.1.3. Establishment of C. bicapsularis cell suspension cultures 

 The induced callus tissue was used to establish cell suspension cultures. Callus was divided 

into small fragments and transferred to 50 ml liquid MS medium supplemented with the same 

plant growth regulators concentration and composition (1 mg/ml 2,4-dichlorophenoxyacetic 

acid (2,4-D) and 0.1 mg/ml kinetin). The liquid cell suspension cultures were maintained in the 

growth chamber on a rotary shaker at 120 rpm at 25 ± 2 ºC under dark conditions. The cell 

suspension cultures were maintained by subculturing every 18-21 days where the cultures were 

aseptically harvested over an autoclaved Buchner funnel and vacuum flask and 3 gm fresh cells 

were inoculated into 50 ml fresh medium. Stable batch cultures were used for further studies. 

4.1.1.4. Elicitor treatment of C. bicapsularis cell suspension cultures 

Preparation of the elicitor 

Yeast extract powder (200 mg) was dissolved in 1m autoclaved dH2O by continuous stirring. 

After total solubilization, the clear yeast extract solution was filter-sterilized using 0.22 µm 

filter under the air laminar flow clean bench. The sterile stock solution was stored at 4 ºC. 
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Elicitation of cell suspension cultures 

On the 7th day after C. bicapsularis cell suspension subculturing, 1 ml of the filter-sterilized 

yeast extract stock solution (0.2 g/ml) was added to 50 ml cultures to reach a final concentration 

of 4 g/l. The yeast extract-treated cultures were further incubated in the growth chamber on a 

rotary shaker at 120 rpm at 25 ± 2 ºC under dark conditions. Post elicitation, the cells were 

harvested by vacuum filtration at different time points according to the required analysis. 

4.1.2. Cultivation of N. benthamiana potted plants 

For cultivation, flowering soil was autoclaved, cooled, and stored at 4 ºC. The soil was 

moistened with Neudomück. Afterwards, N. benthamiana seeds were sprinkled on the soil in 

a plastic pot and grown in an acclimatized growth chamber at 24˚C, 65% humidity and a 12-h 

photoperiod (30 μmol/m2s). After two weeks, the growing seedlings were individually 

transferred into separate pots and grown under the same conditions. 

4.2. Metabolites extraction from plants and in vitro cultures 

4.2.1. Metabolite profiling of C. bicapsularis cell suspension cultures 

Seven-day-old C. bicapsularis cell suspension cultures were treated with 4 g/l yeast extract. 

Cells were harvested by vacuum filtration 4 days post elicitation. The cells were homogenized 

by mortar and pestle into a fine powder using liquid nitrogen. The fine powder was collected 

in a falcon tube and extracted with methanol (HPLC grade) by vortexing on a vortex shaker for 

15 min followed by sonication in a water bath for 15 min at room temperature. After extraction, 

the homogenate was centrifuged at 9000 rpm for 20 min to isolate the ground cells (residue) 

and the methanolic extract (supernatant). The supernatant was collected and centrifugation was 

repeated with the same conditions to remove the remaining fine cell debris. Afterwards, the 

supernatant methanolic extract was filtered through a 0.2 µm sterile syringe filter (compatible 

with organic solvents), collected in a glass amber vial and methanol was completely evaporated 

until dryness under a stream of nitrogen. The dry residue was stored at -20 ºC or used directly 

for further analysis. Qualitative analysis of anthranoids was performed by HPLC-DAD and 

LC-MS. For HPLC-DAD analysis, the dry residue was dissolved in HPLC-grade methanol 

(100 µl), transferred to HPLC glass vials, and subjected to LC analysis using a VWR-Hitachi 

HPLC-DAD (4.8.1). For LC-MS analysis, each metabolite was purified by HPLC, collected, 

and analyzed by the mass spectrometer (4.8.3). 

4.2.2. Metabolite extraction from N. benthamiana transgenic leaves 

Metabolite extraction was performed following a previously described method (Andersen-

Ranberg et al., 2017; Bedewitz et al., 2018; Davis et al., 2020) with some modifications. The 

infiltrated N. benthamiana leaves (2 to 3 leaves) were harvested 7-9 days post infiltration and 

flash-frozen in liquid nitrogen. The harvested leaves were pulverized into fine powder under 

liquid nitrogen. The extraction solvent (1 mL of 85 % methanol and 0.1 % formic acid) was 

added to the fine powder (200 mg) and metabolites were extracted by vortexing for ~60 to 90 

min at room temperature. After extraction, the samples were centrifuged at 13,000 rpm and 

room temperature for 10 min. The supernatant was filtered through a 0.2 µm sterile syringe 

filter (compatible with organic solvents) and the filtered extract was subsequently transferred 

to HPLC glass vials and subjected to LC analysis using a VWR-Hitachi HPLC-DAD, as 

described (4.8.1). 
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4.3. Next generation sequencing and comparative transcriptomic analysis 

4.3.1. Plant material preparation and RNA extraction 

The total RNA was isolated from two C. bicapsularis cell suspension culture batches: non-

treated and yeast extract-treated culture batches (18 h post elicitation) as described (4.4.1.1). 

RNA concentration and purity were checked using a SimpliNano™ spectrophotometer as 

mentioned (4.4.2). RNA integrity was verified using agarose gel electrophoresis as described 

(4.4.6). The RNA samples were prepared for transcriptomic analysis according to the service 

provider’s international shipping instructions. 

The following components were mixed in a screw-capped tube by gentle vortex and stored at 

-80 ºC till shipping. 

Component  Volume 

RNA solution X (~10 ng) µl 

Elution buffer up to 50 µl 

NaOAc solution (3 M, pH 5.2) (Thermo Scientific) 5 µl 

Absolute ethanol (96%) 150 µl 

Total volume 205 µl 

4.3.2. Library construction and bioinformatics analysis 

The following cDNA library construction, sequencing, and bioinformatics analyses of the data 

were performed by the company experts at LC Sciences, Houston, Texas, USA 

(https://www.lcsciences.com/).  

Sample quality control and library construction 

The integrity of the provided total RNA samples was checked using an Agilent Technologies 

2100 Bioanalyzer via automated electrophoresis and RNA-specific chip. Internally processed 

data provided information on the RNA Integrity Number (RIN) value and the 28S:18S rRNA 

ratio, which are critical for next generation sequencing (NGS). 

A poly(A) RNA sequencing library was prepared following Illumina’s TruSeq-stranded-

mRNA sample preparation protocol. Poly(A) tail-containing mRNAs were purified from the 

total isolated RNA using poly-T oligo attached magnetic beads in two rounds of purification. 

After purification, poly(A) RNA was fragmented using a divalent cation buffer at elevated 

temperature. The poly(A) RNA fragments were reversely transcribed into the first cDNA 

strand using reverse transcriptase and random primers. The synthesis of the second cDNA 

strand involved removing the RNA template, synthesizing a replacement strand, and 

incorporating dUTP in place of dTTP, resulting in blunt-ended ds cDNA. After the 5ʹ-end 

phosphorylation and 3ʹ-end adenylation of the blunt-ended cDNA, adapters with 

complementary "T" overhang were ligated to the ds-cDNA 3ʹ-ends. After UDB treatment, the 

ligated cDNA fragments were enriched by PCR amplification using PCR Primer Cocktail 

annealing to the adapters’ ends (Figure 4.1). Quantification and quality control analysis of the 

generated library were carried out using an Agilent Technologies 2100 Bioanalyzer High 

Sensitivity DNA-specific chip. 

https://www.lcsciences.com/
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Figure 4.1. Schematic presentation of DNA library construction; adapted from LC Sciences. 
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4.3.3. Bioinformatic analysis 

The workflow of sequencing and analysis is summarized in Figure 4.2, as provided by LC 

Sciences. 

 

Figure 4.2. Pipeline representation of bioinformatics for de novo RNA sequencing, as provided 

by LC Sciences. 

4.3.3.1. Illumina sequencing 

Paired-ended sequencing of the library was performed on an Illumina’s NovaSeq 6000 

sequencing system generating short sequencing reads (Raw data). 

Raw reads containing adaptor contamination, low-quality bases and undetermined bases were 

removed using cutadapt and perl scripts generating clean sequencing reads (clean data). The 

quality of the sequencing reads was verified using FastQC in terms of their Q20, Q30 and GC 

content. Only high-quality clean data was used for all downstream analyses. A "Mix" sample 

of reads was prepared from both samples for the assembly. 

Phred quality score (Q score) measures the base calling accuracy according to the following 

equation: Q = - 10 log10 P  

P: base calling error probabilities. 

Q20: the probability of an incorrect base call 1 in 100 times. 

Q30: the probability of an incorrect base call 1 in 1000 times. 
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4.3.3.2. De novo transcriptome assembly 

De novo assembly of the transcriptome was performed using the Trinity 2.4.0 package which 

included three independent software modules: Inchworm, Chrysalis, and Butterfly. They 

sequentially processed large volumes of RNA-sequencing reads. Based on shared sequence 

contents, trinity grouped reads of the "Mix" sample into transcript cluster that is very loosely 

referred to as a "gene". The gene sequence was selected as the longest transcript in the cluster. 

The quality of the assembly was verified in terms of the length of the unigenes, N50 and GC 

content.  

4.3.3.3. Functional annotation analysis 

All the assembled unigenes were aligned against the following six databases using DIAMOND 

software with a threshold of E-value ≤ 1e-5: the non-redundant (Nr) protein database, Gene 

ontology (GO) (Consortium, 2015), SwissProt, Kyoto Encyclopedia of Genes and Genomes 

(KEGG) (Kanehisa et al., 2014), Pfam and eggNOG databases. 

4.3.3.4. Differential expression analysis  

The counts of each unigene were calculated via mapping the reads of each sample to the 

unigene. The expression level of each unigene was calculated in terms of TPM (Transcripts 

Per Kilobase Million) (Mortazavi et al., 2008).   

Differential expression analysis was performed using R package edgeR. The differentially 

expressed unigenes were chosen with log2 (fold change) >1 or <-1 and statistical significance 

(p value < 0.05). 

4.3.3.5. KEGG enrichment analysis of differentially expressed genes 

A computational technique was used and significant KEGG pathways were calculated by a 

certain hypergeometric equation. It is a process of defining the pathways where the identified 

DEGs were mapped. 

4.3.3.6. Miscellaneous analyses 

The coding sequence (CDS) of a gene is the sequence of nucleotides divided into codons coding 

for amino acids and translated to a protein. The CDS of the assembled unigenes was predicted 

by TransDecoder. The CDS files were used in the peptide microsequencing analysis. 

Single-nucleotide polymorphism (SNP) is a mutation in a single nucleotide occuring at a 

definite position in the genome. This results in various alleles of one gene. All SNPs were 

annotated by SnpEff. 

Simple sequence repeats (SSRs), also known as microsatellites, are repetitive DNA motifs of 

1-6 or more base pairs. They are present at various locations within the genome and repeated 

5-50 times. They show a high mutation rate leading to genetic diversity. In plants, SSRs serve 

as markers to support plant breeding. SSR in unigenes was predicted by MISA software. 
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4.4. Molecular biology methods 

4.4.1. Isolation of nucleic acids 

4.4.1.1. Isolation of total RNA 

Isolation of total RNA from C. bicapsularis cell suspension cultures 

Seven-day-old C. bicapsularis cell suspension cultures were treated with 4 g/l yeast extract. A 

control culture was treated with autoclaved dH2O. The cells were harvested by vacuum 

filtration from non-elicited and elicited cultures after 12, 18 and 24 h of elicitation. The 

harvested cells were immediately flash-frozen into liquid nitrogen and directly stored at -80 ºC 

for later RNA extraction. The total RNA was extracted using the InviTrap® Spin Plant RNA 

Mini Kit following the manufacture’s protocol. 

Isolation of total RNA from H. perforatum closed flower buds 

H. perforatum closed flower buds were collected in May 2017 from H. perforatum field plants 

in the botanical garden of the Institute of Pharmaceutical Biology, Braunschweig, Germany. 

The buds were separated from other plant tissues and immediately flash-frozen into liquid 

nitrogen and directly stored at -80 ºC for later RNA extraction. The total RNA was extracted 

using the InviTrap® Spin Plant RNA Mini Kit following the manufacture’s protocol. 

Briefly, a lysis solution RP freshly supplemented with DTT was used to break down the cells. 

The lysis solution contains mineral carrier particles that bind to the genomic DNA and the DTT 

inactivates the RNases. In addition, a DNase digest was carried out on the column using the 

RNase-Free DNase Set (QIAGEN) to avoid genomic DNA contamination. This step is 

optional. The particle-bound DNA was removed by centrifugation and the RNA was bound to 

a membrane. Contaminants and DNase were washed away and RNA was finally eluted.   

4.4.1.2. Isolation of plasmid DNA from E. coli 

The method used to isolate the expression vectors or constructed plasmids from E. coli cells 

was adapted from Birnboim and Doly (1979). The principle of the method relies on two 

subsequent steps: Alkaline lysis; selective denaturation of large chromosomal DNA in a strong 

alkaline environment while retaining the small plasmid DNA in native form, and neutralization; 

precipitation of denatured chromosomal DNA and proteins in high potassium acetate 

concentration while retaining closed plasmid DNA in a soluble form which could be later 

precipitated from the aqueous solution using chloroform and alcohol. 

A single E. coli colony was picked up and inoculated in 4 ml LB medium tubes supplemented 

with appropriate antibiotics for selection under the clean bench in aseptic conditions*. Four to 

eight cultures were constantly initiated. After a gentle vortex, the cultures were incubated on a 

shaker at 250 rpm and 37 ºC for 16-18 h. For subsequent plasmid isolation, 2 ml of the 

overnight E. coli cultures were collected in a 2 ml Eppendorf and pelleted by centrifugation at 

5000 rpm and room temperature for 5 min. The supernatant was discarded and the tubes were 

placed upside down on tissue paper shortly to remove residual traces of the medium. The pellets 

were resuspended in 310 µl ice-cooled plasmid isolation buffer I (3.8.1), freshly supplemented 

with 3.1 µl RNase A (100 µg/ml final concentration) by vortexing. To the suspended pellets, 

310 µl of plasmid isolation buffer II (3.8.1) were added, mixed gently by inverting the tube up 

and down 6-7 times and incubated at room temperature for not more than 4 min. In this step, 

gentle mixing and a short incubation time (< 5 min) are very critical to avoid bacterial genomic 
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DNA extraction. Finally, 310 µl of previously ice-cooled plasmid isolation buffer III (3.8.1) 

were added, mixed gently by inverting the tube up and down 6-7 times and incubated on ice 

for 20 min to precipitate proteins and chromosomal DNA. The white precipitate was removed 

by centrifugation at 13,000 rpm and room temperature for 10 min. 900 µl of the supernatant 

were collected in a new 2 ml Eppendorf tube and mixed with an equal volume of chloroform 

(900 µl) by vigorous vortexing for ~ 30 secs. After centrifugation at 13,000 rpm and room 

temperature for 10 min, 700 µl of the aqueous supernatant were carefully collected in a new 

1.5 ml Eppendorf tube and mixed with 490 µl isopropanol by inverting the tube up and down. 

After prolonged centrifugation at 13,000 rpm and room temperature for 30 min to completely 

pellet down the isolated plasmid, the supernatant isopropanol was decanted with attention to 

avoid losing the pellet. The pelleted plasmid was washed in 500 µl 70% ethanol by vortexing 

and collected by centrifugation at 13,000 rpm and room temperature for 10 min. Finally, the 

supernatant 70% ethanol was discarded and the plasmid was dried in a rotational vacuum 

concentrator at 37 ºC for 25 min. Furthermore, the plasmid was dried in an oven at 37 ºC for 

30-60 min to ensure complete removal of ethanol traces which could inversely affect further 

experiments. The plasmid was dissolved in 30 µl dH2O and its concentration was measured 

(4.4.2). Proper plasmid construction was checked by standard PCR (4.4.5) and/or restriction 

digestion (4.4.7.1) before sequencing (4.4.10) to be ready for downstream processes, such as 

transformation to host organism or use as a template for PCR amplification of the target insert. 

*For isolation of pRSET B expression constructs from E. coli DH5α strain, 8.0 µl ampicillin 

(100 mg/ml) were added to 4 ml LB medium. For isolation of pCAMBIA2300-35Su 

vector/expression constructs from E. coli DH5α strain, 16.6 µl kanamycin (30 mg/ml) were 

added to 4 ml LB medium. 

4.4.1.3. Isolation of total DNA from A. tumefaciens 

After the transformation of A. tumefaciens with the expression plasmid, the total DNA was 

isolated from the overnight culture to confirm the successful introduction of the expression 

construct into A. tumefaciens for further downstream protein expression. 

A single A. tumefaciens colony was picked up and inoculated in 10 ml YEP medium 

supplemented with rifampicin (100 µ/ml), gentamycin (100 µg/ml) and kanamycin (50 µ/ml) 

antibiotics. The liquid culture was incubated on a shaker at 220 rpm and 28 ºC for 16-18 h. For 

DNA isolation, 4 ml (2 x 2ml) of the overnight A. tumefaciens cultures were pelleted by 

centrifugation at 6,500 rpm and room temperature for 1 min. The pellets were resuspended in 

500 µl Tris-HCL (0.1M, pH 8), centrifuged at 6,500 rpm and room temperature for 1 min and 

the supernatant was discarded. This step was repeated twice. For DNA extraction, the washed 

pellets were resuspended in 600 µl Agrobacterium-DNA extraction buffer, to which 12.5 µl 

Proteinase K (20 mg/ml) was freshly added by vortexing. To this mix, 160 µl 10% SDS were 

added, mixed gently by flipping the tube 6-8 times and incubated in a water bath at 65 ºC for 1 

h. After incubation, the suspension was left to cool down on the bench to room temperature 

and then vigorously vortexed with 500 µl phenol/chloroform previously mixed in a 1:1 ratio. 

After centrifugation at 14,000 rpm and room temperature for 20 min, 650 µl of the aqueous 

supernatant were collected in a new 1.5 ml Eppendorf tube and intensely vortexed with 390 µl 

isopropanol. The DNA was pelleted by centrifugation at 14,000 rpm and 4 ºC for 20 min. After 
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supernatant decantation, the pellet was washed in 500 µl 70% ethanol and centrifuged at 14,000 

rpm and 4 ºC for 10 min. After ethanol decantation, the pellet was dried in an oven at 37 ºC for 

30 min. The pellet was dissolved in 20 µl Tris-HCL (10 mM, pH 8) and stored at -20 ºC. The 

isolated DNA (20-30 ng) was used as a template for PCR amplification of the target insert.  

4.4.1.4. Isolation of DNA from agarose separating gel 

Purification of amplified PCR products and linearized vectors after separation by agarose gel 

electrophoresis was performed using the Analytik Jena’s innuPREP DOUBLEpure Kit 

following the manufacture’s protocol. Briefly, the DNA fragment band was excized from the 

agarose gel with a sharp scalpel and transferred to a 1.5 ml reaction tube where 650 µl gel 

solubilizer were added and incubated at 50 º for 10 min. The suspension was further mixed 

with 50 µl binding optimizer and applied onto the spin filter placed onto a 2 ml receiver tube. 

After brief centrifugation at 11,000 rpm for 1 min, the filtrate was discarded, and the column 

was washed twice with 700 µl washing solution LS (containing ethanol). After filtrate 

decantation, the column was dried by centrifugation at 13,000 rpm for 2 min. Finally, the spin 

filter was placed into a 1.5 ml elution tube and the DNA fragment was eluted by carefully 

applying 15-35 µl elution buffer, incubation at room temperature for 1-2 min and centrifugation 

at 11,000 rpm for 1 min. 

4.4.1.5. Isolation of DNA from reaction mixtures 

Purification of amplified PCR products from digestion reaction or linearized vectors from 

dephosphorylation reaction was performed using the Analytik Jena’s innuPREP DOUBLEpure 

Kit following the manufacture’s protocol. Briefly, 500 µl binding buffer were mixed well with 

50 µl reaction mixture, transferred onto a spin filter followed by 2-step centrifugation at 11,000 

rpm for 1 min, filtrate discarded, then for 2 min. The DNA fragment was eluted as in (4.4.1.4). 

4.4.2. Quantification of nucleic acids 

Spectrophotometric nucleic acid quantification was performed to measure the RNA and DNA 

samples concentration and purity using the SimpliNano™ spectrophotometer which is simple 

to use, reliable and needs micro volumes while pathway calibration and measuring cuvettes are 

not needed. 1 µl of the sample was pipetted onto the built-in sample port. dH2O or elution 

buffer was used as a blank. The spectrophotometer measured nucleic acid concentrations at 

260 nm, protein concentrations at 280 nm, other components (EDTA or guanidine HCl) at 230 

nm and provided 260/280 and 230/260 absorbance ratios for determining sample purity. 

Commonly, the values of 260/280 ratio should be around 2.0 for RNA and ≥ 1.8 for DNA, 

indicating pure samples, while lower 260/280 values indicate RNA or DNA samples 

contaminated with phenols, proteins or other contaminants involved in the nucleic acid 

preparation process. Moreover, the value of 230/260 ratio should be between 1.9 - 2.2, as lower 

values indicate contamination. 
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4.4.3. Primer design 

A PCR primer, also named oligonucleotide, is a short single-stranded DNA sequence designed 

to amplify a target nucleotide sequence from a nucleic acid template in a polymerase chain 

reaction (PCR). Designing and selection of the primer pair is critical for successful PCR. A 

balance should be obtained between primer specificity and efficiency (Dieffenbach et al., 

1993). Therefore, the following general criteria were taken precisely into consideration while 

designing a PCR primer: 

 The length of the primer should be around 18-24 bases for good specificity. 

Noteworthy, longer primers up to 35 bases are necessary in some cases such as amplification 

of isoforms of a protein with closely related coding sequences. 

 The primer’s GC content should range from 40% to 60% and the melting temperature (Tm) 

should range from 55 ºC to 65 ºC for efficient annealing. The difference between the Tm of 

the forward and reverse primers should not be more than 5 ºC; the closer the better.  

 The primer should end at the 3ʹ with at least 1 or 2 G or C bases (GC clamp) for efficient 

binding to the template as G and C bases are characterized by strong hydrogen bonding. 

Minimal mismatch within the last 5 to 6 bases at the 3ʹ end of the primer is recommended for 

perfect base-pairing between the template and the primer 3ʹ end. In addition, too many 

repetitive Gs and Cs could lead to mispriming. 

 The primers sequence should have no homology with any region on the target sequence or 

with other sequences in the template nucleic acid pool to avoid incorrect amplification. 

 The forward and reverse primers sequences should not be complementary to each other, 

especially at the 3ʹ end (inter-primer homology) to avoid primer-dimer formation. Avoid 

primer self-complementarity (intra-primer homology) to avoid self-dimer/hairpin formation. 

The possibility of forming these secondary structures can be checked online 

(http://biotools.nubic.northwestern.edu/OligoCalc.html).  

The recognition sites of the restriction enzymes should be added at the 5ʹ end of the primer. 

Two to three extra nonspecific bases (anchor) should be incorporated 5ʹ to the restriction site 

for efficient cleavage. The restriction site and the anchor bases should not be considered in the 

calculation of the primer Tm. 

For USER cloning, uracil-containing primers should be used. A specific overhand should be 

added to the 5ʹ end of the gene-specific sequence. The overhang is 8 bases long including a 

single uracil. The overhang should not be considered in the calculation of the primer Tm. 

Forward primer: (5ʹ– GGCTTAAU – gene-specific sequence –3ʹ). 

Reverse primer: (5ʹ– GGTTTAAU – gene-specific sequence –3ʹ). 

For Gateway cloning, attB1/2 sites-containing primers should be used. The following 

sequences should be added to the 5ʹ end of the gene-specific primer: four guanine residues 

followed by the attB sequence (25 bp), then extra nucleotides (1-5 N) to preserve the correct 

reading frame and finally the gene-specific sequence (18-25 bp). 

Forward primer with attB1 site (underlined):  

(5ʹ– GGGG – ACAAGTTTGTACAAAAAAGCAGGCT(N5) – gene-specific sequence –3ʹ). 

Reverse primer with attB2 site (underlined):  

(5ʹ– GGGG – ACCACTTTGTACAAGAAAGCTGGGT(N) – gene-specific sequence –3ʹ). 

http://biotools.nubic.northwestern.edu/OligoCalc.html
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4.4.4. Reverse transcription 

Reverse transcription was employed to synthesize complementary DNA from the isolated RNA 

(4.4.1.1). The synthesized cDNA was used as a template for subsequent cloning of the full ORF 

of different proteins (PKSs and other putative tailoring proteins).  

The process of reverse transcription was performed using Thermo Scientific™ RevertAid™ H 

Minus Reverse Transcriptase (RT) which is a mutated variant of a naturally occurring RT 

derived from the murine leukemia virus (Moloney murine leukemia virus, M-MuLV) 

possessing RNA-dependent and DNA dependent polymerase activity but no RNase H activity. 

The used oligo (dT) primer specifically attaches to the 3´-end poly(A) tail of the mRNA 

molecules which are used as a template for cDNA synthesis. 

During cloning work, it was necessary to identify the 3ʹ end of some genes (correct stop codon). 

This was achieved using RACE technique. The 3ʹ-RACE ready cDNA was synthesized using 

3ʹ-CDS primer A and Thermo Scientific™ RevertAid™ H Minus Reverse Transcriptase (RT). 

The 3ʹ-CDS primer A which is an oligo(dT) primer with a known anchor at its 5′-end attaches 

to the poly(A) tail of the mRNA template and primes the cDNA synthesis using RT. Thus, the 

resulting 3ʹ-RACE ready cDNA is marked with a unique anchor of known sequence at its 3ʹ 

end.  Subsequent PCR amplification of the 3ʹ end was performed using a forward GSP from 

the internal sequence of the gene and a reverse primer similar to the sequence of the introduced 

3ʹ anchor (RACE long and RACE short primers). 

The reverse transcription reaction was performed according to the manufacturer’s instructions. 

The standard reaction components and protocol for reverse transcription were as follows: 

Component             Volume 

Total RNA X (1-5 µg) µl 

Oligo (dT) primer (10 µM) or  

3ʹ-RACE CDS primer* 

1 µl 

dH2O up to 12.5 µl 

Mix gently 

Incubate at 65 ºC for 5 min (denature the secondary structures) 

Cool on ice for 5 min 

5X reaction buffer 4 µl 

RNase Inhibitor (40 U/µl) 0.5 µl 

dNTPs (10 mM each) 2 µl 

RevertAid™ H Minus reverse transcriptase 

(200 U/µl) 

1 µl 

Total volume 20 µl 

Brief mixing and centrifugation 

Incubate at 42 ºC for 90 min (reverse transcription) 

Incubate at 70 ºC for 10 min (RT thermal deactivation) 

The synthesized cDNA was directly placed on ice and used or stored at -20 ºC for later use. 

Usually, 1 µl cDNA was used to perform 20 µl PCR.   

*For 3ʹ-RACE ready cDNA synthesis 
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4.4.5. Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) is a molecular biological method for the exponential in 

vitro amplification of a target DNA sequence allowing the synthesis of millions to billions of 

copies of this specific DNA sequence (Mullis, 1994).  

The components of a basic PCR reaction include a DNA template (genomic DNA, cDNA, or 

plasmid), a heat-stable DNA polymerase, two DNA primers, deoxynucleotide triphosphates 

(dNTPs), a reaction buffer and bivalent cations (typically magnesium or manganese). The PCR 

is a group of repetitive thermal cycles (~25-35 cycles) of heating and cooling, allowing 

subsequent temperature-dependent reactions. One thermal cycle includes three steps: 

Denaturation, which includes heating the reaction mixture to 95-98 ºC for 30-10 s to break 

down the hydrogen bonds between the nucleotide bases of the double-stranded DNA template 

yielding two DNA single strands. Annealing, which includes lowering the temperature to ~50-

70 ºC for 30 s, allowing each primer to anneal to its complementary sequence on the single 

DNA strand; the annealing temperature is calculated according to the Tm of the primers. 

Extension, which includes heating the reaction mixture to 72 ºC which is the optimum 

temperature for DNA polymerase to synthesize a new DNA strand complementary to the 

template in the 5ʹ to 3ʹ direction. The duration of this step relies on both the length of the target 

sequence to be amplified and the speed of involved DNA polymerase. In most cases, additional 

initial denaturation before the first step and final elongation after the last step are involved. The 

resulting PCR product is analyzed by agarose gel electrophoresis (4.4.6). 

4.4.5.1. Standard PCR 

In the current study, peqGOLD & Dream Taq DNA polymerases were used. They are a 

recombinant version of the thermostable Taq polymerase isolated from the thermophilic 

bacterium Thermus aquaticus lacking a proofreading functionality. Thus, the PCR product has 

3' A overhangs. The annealing temperature is 5 ºC below the lowest Tm of the primer pair. 

Standard PCR was used to check the correct insertion of the target sequence in the constructed 

plasmid after ligation. 

Standard PCR reaction components 

Component                                     Volume 

10X reaction buffer 1.25 µl 

dNTPs (10 mM each) 0.5 µl 

Forward primer (10 µM) 0.5 µl 

Reverse primer (10 µM) 0.5 µl 

Template DNA 0.5 µl 

Taq DNA polymerase (5 U/µl) 0.125 µl 

dH2O up to 12.5 µl 
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Standard PCR cycling program 

Step              Temperature Time  Cycles 

Initial denaturation 95 ºC 3 min 1 

Denaturation 95 ºC 30 s  

30-35 Annealing Tm-5 ºC 30 s 

Extension 72 ºC * 

Final extension 72 ºC 8 min 30 s 1 

Storage  12 ºC Pause   

*2 min 30 s for PKSs (~1150-1200 bp) and 1 min 30 s for putative tailoring proteins (~400-

600 bp). 

4.4.5.2. Proofread PCR 

In the current study, Phusion Hot Start II High-Fidelity & Phusion U Hot Start DNA 

polymerases were used. They have additional exonuclease activity in the 3ʹ to 5ʹ direction to 

excise wrongly incorporated mismatching bases (proofreading functionality). Thus, the PCR 

product has blunt ends. The annealing temperature is 3 ºC above the lowest Tm of the primer 

pair. Proofread PCR was used to amplify correct DNA sequences for further cloning and 

expression work.  

Proofread PCR reaction components 

Component              Volume 

5X Phusion HF buffer 4 µl 

dNTPs (10 mM each) 0.4 µl 

Forward primer (10 µM) 1 µl 

Reverse primer (10 µM) 1 µl 

Template DNA 1  µl  

Phusion Hot Start II DNA polymerase (2 U/µl) 0.2 µl 

dH2O up to 20 µl 

Proofread PCR cycling program 

Step              Temperature Time  Cycles 

Initial denaturation 98 ºC 30 s 1 

Denaturation 98 ºC 10 s  

30 Annealing Tm+3 ºC 30 s 

Extension 72 ºC * 

Final extension 72 ºC 10 min 1 

Storage  12 ºC Pause   

*40 s for PKSs (~1150-1200 bp) and 20 s for putative tailoring proteins (~400-600 bp). 

Touchdown PCR 

In the current study, touchdown PCR using Phusion Hot Start II High-Fidelity DNA 

polymerase was employed to enrich the amount of specific desired PCR product and decrease 

other nonspecific DNA replicates (Korbie and Mattick, 2008). It relies on using a special 

temperature program. In the first PCR cycle, the applied annealing temperature was 5 ºC above 

the recommended one to increase the specificity of primers binding to the target sequence. In 
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the following nine cycles the annealing temperature was gradually decreased by 0.5 ºC/cycle 

so that binding of the primer pair to the target sequence was enhanced, and non-specific binding 

was avoided. Afterwards, the enriched target sequence serves as a template for further 

exponential amplification. The touchdown PCR reaction components are the same as proofread 

PCR. 

4.4.5.3. Touchdown PCR cycling program 

Step              Temperature Time  Cycles 

Initial denaturation 98 ºC 30 s 1 

Denaturation 98 ºC 10 s  

10 Annealing (Tm+3) + 5 

-0.5 ºC/cycle 

ºC 30 s 

Extension 72 ºC * 

Denaturation 98 ºC 10 s  

30 Annealing Tm+3 ºC 30 s 

Extension 72 ºC * 

Final extension 72 ºC 10 min 1 

Storage  12 ºC Pause   

*40 s for PKSs (~1150-1200 bp) and 20 s for putative tailoring proteins (~400-600 bp). 

4.4.6. Agarose gel electrophoresis 

This technique was applied to detect PCR products as well as linearized vectors and 

subsequently purify them, analyze DNA restriction digestion reactions (4.4.7.1) and check the 

integrity/purity of isolated RNA samples (4.4.1.1). 

It is an electrophoresis method employed to separate DNA and RNA based on their size in an 

agarose matrix under the influence of electric current. The negatively charged phosphate 

groups in the DNA backbone force its migration to the positive anode. The rate of DNA 

migration depends on many factors such as DNA shape and size as well as the concentration 

of agarose in the gel. Generally, 1% agarose gel is suitable for DNA fragments of 0.2-2 Kb.  

For gel preparation, the gel tray and a suitable comb were cleaned with 70% ethanol and 

washed thoroughly with dH2O. The comb was attached to the tray and fixed together on the 

holder. Liquid gel matrix was generated by cooking agarose (1%) in 1X TAE/TBE buffer 

(3.8.3) in a microwave at ~900 watts for 1:30 min. After cooling to ~50 ºC, the intercalating 

dye Midori Green was added, thoroughly mixed, and directly poured into the gel tray. After 

gel hardening, the comb was carefully removed and the tray was placed in the horizontal 

electrophoresis chamber and submerged in 1X TAE/TBE buffer (3.8.3). The sample was mixed 

with loading dye by pipetting and directly loaded in its well. In addition, DNA ladder (6 µl) 

was loaded to one of the wells to determine the size of the detected bands. The gel was run at 

120 V and 400 mA for 30-45 min. The migration of the samples through the gel was tracked 

by the visible dye of the loading buffer. The gel was visualized using either a LED or UV-

equipped transilluminator at UV365 (gel-imaging system). Different gel volumes were 

prepared as follows: 
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Tray/buffer volume Agarose Midori Green 

30 ml 0.3 g 1 µl 

60 ml 0.6 g 1.5 µl 

80 ml 0.8 g 2 µl 

For DNA samples, TEA buffer was used and 6x loading dye was added to the DNA sample in 

a ratio of 1:5 (dye: sample). On the other side, TEB buffer was used for RNA samples. RNA 

solution (3 µg in 8 µl buffer) was mixed with 6x loading dye (2 µl) along with 2 µl RNase 

inhibitor (40 U/µl) to prevent RNA degradation. 

4.4.7. Enzymatic manipulation of DNA 

4.4.7.1. Enzymatic restriction digestion of DNA 

DNA cleavage was performed using type II restriction endonucleases which are characterized 

by the ability to recognize specific palindromic 4-8 base long recognition sites. They cleave 

the double-stranded DNA within or at a short specific distance from the recognition sites 

generating either blunt ends or sticky ends with overhangs. 

The restriction enzymes were selected in the current work so that their recognition sites were 

present in the vector multiple cloning site (MCS) and absent in the insert sequence. DNA 

fragments amplified by PCR using restriction site-containing primers.  

Double restriction digestion was performed to digest the inserts and to linearize the associated 

pRSET B expression vector for targeted incorporation of the insert. For double digestion 

reactions, the recommended reaction conditions of Thermo Scientific’s DoubleDigest 

Calculator were applied (3.11.2). The reaction was performed as follows: 

Component                     Volume 

DNA solution (Inserts / pRSET B vector) 33 µl 

10X Tango buffer 4 µl 

KpnI (10 U/µl) 2 µl 

NheI (10 U/µl) 1 µl 

Total volume 40 µl 

Digestion at 37 ºC for 3 h   

The digested DNA fragment was purified from the digestion reaction using Analytik Jena’s 

innuPREP DOUBLEpure kit protocol for PCR product purification. The linearized pRSET 

B vector was separated by agarose gel electrophoresis (4.4.6), isolated from the gel (4.4.1.4), 

dephosphorylated (4.4.7.2), and finally purified from the dephosphorylation reaction using 

Analytik Jena’s innuPREP DOUBLEpure kit protocol for PCR product purification. The 

digested DNA fragment and linearized pRSET B vector were stored at -20 ºC or directly 

ligated (4.4.7.3) for expression plasmid construction.  

*pRSET B concentration was ~1 µg. 

On the other hand, single restriction digestion was applied to generate blunt ends in pJET2.1 

vector. Moreover, to check the constructed plasmids for the proper ligation of the insert to the 

pRSET B expression vector or proper incorporation of the insert in the target cassette of the 

pCAMBIA2300-35Su expression vector. After digestion, the linearized plasmid was checked 

by agarose gel electrophoresis (4.4.6). For single digestion, all restriction enzymes (3.5.5) were 
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used according to the respective manufacturer’s specifications. The reaction was performed as 

follows: 

Component                                          Volume  

Constructed plasmid  3 µl 

10X buffer 2 µl 

Restriction enzyme (10 U/µl)* 1 µl 

dH2O  14 µl 

Total volume 20 µl 

Digestion at 37 ºC for 1 h  

*In the current study, KpnI, EcoRI, HindIII were mainly used. 

4.4.7.2. Dephosphorylation of the digested vectors 

After digestion and during ligation, the sticky ends generated in the linearized vector could 

ligate to each other (self-ligation) instead of ligating to the digested insert’s steaky ends 

resulting in an empty vector. The empty vector and the proper plasmid are transformed into E. 

coli and further isolated. To minimize the possibility of self-ligation, the linearized vector was 

treated with FastAP Thermosensitive Alkaline Phosphatase. FastAP catalyzed the release of 

the 5ʹ-end phosphate groups (dephosphorylation) preventing the recircularization of the vector. 

However, the insert was NOT dephosphorylated so that its free 5ʹ terminal phosphate group 

ligated efficiently to the dephosphorylated linearized vector resulting in a circular plasmid. 

Dephosphorylation of the linearized vector was performed directly after digestion. The reaction 

was performed as follows: 

Component                                     Volume  

Linear pRSET B 45 µl 

10X AP reaction buffer 5 µl 

FastAP Thermosensitive 

Alkaline Phosphatase 

1 µl 

Dephosphorylation at 37 ºC for 15 min  

Enzyme deactivation at 75 ºC for 5 min  

The dephosphorylated linearized vector was stored at -20 ºC for subsequent ligation. 

4.4.7.3. Ligation of DNA 

Any DNA ends could be connected to each other enzymatically using DNA ligases which 

catalyze the formation of a covalent phosphodiester bond between the hydroxyl group at the 

3ʹ-end of a DNA strand (acceptor) and the phosphate group at the 5ʹ-end of another DNA strand 

(donor). Applying this molecular biological tool makes it is possible to stably introduce DNA 

fragments into linearized cloning or expression vectors and to cyclize these plasmids again at 

the same time. Blunt and sticky end ligations were catalyzed by T4 DNA ligase in the presence 

of ATP and Mg2+ as cofactors. The insert to vector molar ratios ranged from 1:1 to 5:1. 

For sequencing of PCR amplified DNA fragments, blunt-end ligation was performed to ligate 

the PCR product into the dephosphorylated linearized pJET2.1 cloning vector. For protein 

expression in E. coli BL21 competent cells, sticky-end ligation was applied to incorporate the 
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digested insert into the multiple cloning site (MCS) of the dephosphorylated linearized pRSET 

B expression vector. The reaction was performed as follows: 

Component                                         Volume 

Linear vector 1-2 µl 

Insert DNA 5.5-6.5 µl 

10X T4 DNA ligase buffer 1 µl 

PEG 4000 solution (50%)* 1 µl 

T4 DNA ligase 0.5 µl 

Total volume 10 µl 

Ligation at 22 ºC for 1 hr   

The ligation product (5 µl) was immediately transformed into competent E. coli DH5α cells 

(4.5.4) followed by plasmid isolation (4.4.1.2). The isolated plasmids were checked for the 

proper incorporation of the insert by standard PCR (4.4.5), restriction digestion (4.4.7.1) and 

sequencing (4.4.10). 

*PEG 4000 was used only in the blunt end ligation reactions. 

4.4.8. USER (uracil-specific excision reagent) cloning  

The principle of the uracil-excision-based cloning technique relies on the assembly of 8 base-

long complementary 3ʹ overhangs generated at the ends of both the PCR amplified DNA 

fragment and the linearized USER vector in a ligation independent manner. This cloning 

technique is simple, fast, and highly efficient. The method of USER cloning was adapted from 

Nour-Eldin et al. (2006). 

The PacI cassette-containing pCAMBIA2300-35Su vector was linearized in two subsequent 

steps: 1. Prolonged overnight digestion using PacI restriction enzyme which cuts both DNA 

strands at its recognition sites near the middle of the cassette. 2. Subsequent nicking by 

Nt.BbvCI nicking enzyme which cuts one DNA strand at its external cleavage sites. A 

linearized pCAMBIA2300-35Su vector with 8 base-long overhangs was generated.  

The target gene ORF was amplified using uracil-containing gene-specific primers (3.2.3), 

Phusion U Hot Start DNA Polymerase (uracil-compatible proofreading polymerase), and the 

previously constructed E. coli expression plasmid carrying the target gene as a template. The 

PCR product had single uracil at each end. 

In the USER reaction, the PCR product, the linearized pCAMBIA2300-35Su vector, and the 

USER™ enzyme were incubated together. The USER™ enzyme mix is a cocktail of 2 

enzymes: an uracil DNA glycosylase (UDG), which catalyzes the cutting of the uracil from the 

PCR fragments, creating a gap at the position of the individual deoxyuracil (dU) and a DNA 

glycosylase-lyase, which breaks the phosphodiester backbone generating a PCR fragment with 

a single strand 8 base-long 3ʹ overhang which is complementary to the overhangs of the vector. 

These complementary overhangs annealed giving a stable hybridization product which was 

immediately transformed into competent E. coli DH5α strain as described (4.5.4). 
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Preparation of pCAMBIA2300-35Su vector for cloning (digestion and nicking) was performed 

as follows: 

Component Volume 

pCAMBIA2300-35Su vector X (1.3 µg) µl 

PacI 1 µl 

10X Cut smart buffer  5 µl 

dH2O up to 50 µl 

Total volume 50 µl 

Incubation at 37 ºc overnight (min. 18 h, better 24 h)  

10X Cut smart buffer 0.5 µl 

PacI 0.5 µl 

Nt.BbvCI 0.5 µl 

dH2O 3 µl 

Total volume 55 µl 

Incubation at 37 ºc for 2 h   

The PCR product and the linearized vector were analyzed by agarose gel electrophoresis (4.4.6) 

and subsequently purified from the agarose gel using the Analytik Jena’s innuPREP 

DOUBLEpure kit as described (4.4.1.4). Insertion of the PCR product into the PacI cassette of 

the linearized pCAMBIA2300-35Su vector (ligation-independent USER reaction) was 

performed as follows: 

Component Volume 

linear pCAMBIA2300-35Su vector 5 µl 

Insert DNA 5 µl 

USER  1 µl 

Total volume 11 µl 

Incubation at 37 ºc for 20 min 

Incubation at 25 ºc for 20 min 

  

The ligation product (5 µl) was immediately transformed into competent E. coli DH5α cells 

(4.5.4) followed by plasmid isolation (4.4.1.2), except for the use of 100 µl E. coli DH5α 

competent cells and 200 µl SOC medium. The isolated plasmids were checked for the proper 

incorporation of the insert by standard PCR (4.4.5), restriction digestion (4.4.7.1) and 

sequencing (4.4.10). Correct constructs were further transformed into electrocompetent A. 

tumefaciens as described (4.5.5). 

4.4.9. Gateway cloning 

Gateway cloning was done in Institute of Plant Biology, TU Braunschweig, Germany, by Dr. 

David Kaufholdt. The Gateway cloning technique was used to prepare the expression clones 

of CbOKS for subcellular localization work. The construction of the entry and expression 

clones was achieved by performing BP and LR reactions, respectively, as per the 

manufacturer’s instructions. 
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4.4.10. Sequencing 

The nucleotide sequence of the target inserts in the purified plasmids/constructs was sequenced 

by Eurofins Genomics operon. According to the service provider specifications, the final 

concentration of the sample was adjusted with dH2O to 100-200 ng/µl. The sequencing primers 

were either selected from the MWG standard vector primer list or specially designed, ordered, 

and sent separately with the sample (100 ng/µl). The sequencing results were bio-

informatically analyzed using Lasergene - DNAStar 7.0.  

4.5. Microbiological methods 

4.5.1. Spectrophotometric determination of microbial growth 

Measuring the bacterial growth was required to monitor the growth of the E. coli cell cultures 

during protein expression and to adjust the OD of the A. tumefaciens suspension cultures prior 

to N. benthamiana infiltration. The bacterial count was determined by measuring the optical 

density of 1 ml of the bacterial culture at 600 nm using a UV/VIS spectrophotometer against 1 

ml fresh medium as blank. An OD600 of 0.1 corresponds to ~1×108 cells/ml culture (Lech and 

Brent, 2000). 

4.5.2. Preparation of chemically competent E. coli cells 

The E. coli cells (DH5α & BL21(DE3)pLysS strains) were made chemically competent using 

the calcium chloride method (Mandel and Higa, 1970). An aliquot of glycerol stock culture 

was streaked on LB plate and incubated overnight at 37 ºC. A single bacterial colony was 

inoculated into 5 ml LB medium and incubated overnight at 230 rpm and 37 ºC. The main 

culture of 50 ml LB was inoculated with 1 ml of the overnight culture and incubated at 230 

rpm and 37 ºC until the OD600 reached 0.6-0.8. in a sterile 50 ml falcon, the bacterial cells were 

harvested by centrifugation at 5000 rpm and 4 ºC for 5 min. After the supernatant was 

discarded, the bacterial pellets were washed carefully in 50 ml of precooled CaCl2 solution (50 

mM) and then centrifuged. The supernatant was again discarded, the pellets were resuspended 

in 20 ml CaCl2 solution and kept on ice for 30 min. After centrifugation, the pellets were 

resuspended in 860 µl CaCl2 solution, transferred to a sterile 1.5 ml Eppendorf and kept on ice 

for 15 min. Finally, the bacterial suspension (860 µl) was mixed with 150 µl sterile glycerol 

(86%). Aliquots of 50 µl were prepared in 1.5 ml Eppendorf tubes. The tubes were snap-frozen 

in liquid nitrogen and subsequently stored at -80 ºC for later transformation as described 

(4.5.4). 

E. coli strain Antibiotic Final concentration 

DH5α NO antibiotics   

BL21(DE3)pLysS Chloramphenicol 35 mg/ml 

4.5.3. Preparation of electrocompetent A. tumefaciens cells 

The A. tumefaciens cells (C58C1/pMP90) were made electrocompetent using a modified 

protocol according to McCormac et al. (1998). An aliquot of glycerol stock culture was 

streaked on a YEP plate supplemented with rifampicin (100 µg/ml) and gentamycin (100 

µg/ml) and incubated for 2 days at 28 ºC. A single bacterial colony was inoculated into 10 ml 

YEP medium supplemented with the same antibiotics and incubated overnight at 220 rpm and 

28 ºC. The 10 ml overnight culture was mixed with 300 ml fresh YEP medium supplemented 

with the same antibiotics and incubated at 220 rpm and 28 ºC until the OD600 reached 0.5-0.7. 
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The whole culture (~310 ml) was divided into 6 sterile falcon tubes (each 50 ml). The bacterial 

cells were harvested by centrifugation at 5000 rpm for 10 min. After the supernatant was 

discarded, the bacterial pellets were washed carefully twice in 25 ml of ice-cooled sterile-

filtered glycerol (10% v/v) and then centrifuged at 5000 rpm for 10 min. The supernatant was 

again discarded, the pellets were resuspended in 25 ml of ice-cooled sterile-filtered glycerol 

(10% v/v) and the content of each two falcons were combined in one sterile falcon tube (50 

ml). After centrifugation at 5000 rpm for 10 min, the pellets were washed in 20 ml of ice-

cooled sterile-filtered glycerol (10% v/v). After centrifugation at 5000 rpm for 10 min, the 

pellets were resuspended in 2 ml of ice-cooled sterile-filtered glycerol (10% v/v) and combined 

in one falcon tube. After centrifugation at 5000 rpm for 10 min, the pellets were suspended in 

3 ml of ice-cooled sterile-filtered glycerol (10% v/v).  Aliquots of 100 µl were prepared in 1.5 

ml Eppendorf tubes, snap-frozen in liquid nitrogen and stored at -80 ºC for later transformation 

as described (4.5.5). 

4.5.4. Transformation of E. coli competent cells by heat-shock 

Chemically competent E. coli cells (50 µl) (4.5.2) were thawed for 20 min on ice and gently 

mixed by pipetting with 5 µl of the ligation product or 3 µl of the constructed plasmid. The 

transformation mixture was placed on ice for further 20 min during which the introduction of 

the plasmid DNA into the bacterial cell was initiated. For transformation by heat shock, the 

ice-cooled mixture was suddenly heated in a water bath at 45 ºC for 40 s (DH5α ) or 20 s 

(BL21(DE3)pLysS ) and rapidly cooled on ice for 2-4 min. Afterwards, 250 µl SOC medium 

were added to the mixture and incubated on a shaker at 250 rpm and 37 ºC for 60-90 min. 

Afterwards, transformed cells were selected by spreading 250 or 50-70 µl of the transformation 

mixture on LB agar plate supplemented with the suitable selective antibiotic/s, tightly sealed, 

and incubated in an oven at 37 ºC overnight (18-20 h). 

E. coli strain Antibiotic Final concentration 

DH5α Ampicillin 100 mg/ml  

BL21(DE3)pLysS Ampicillin 

Chloramphenicol 

100 

35 

mg/ml 

mg/ml 

4.5.5. Transformation of A. tumefaciens by electroporation 

Electrocompetent A. tumefaciens cells (100 µl) (4.5.3) were thawed on ice and gently mixed 

by pipetting with 1 µl of the constructed pCAMBIA2300-35Su plasmid. For transformation by 

electroporation, the transformation mixture was transferred into precooled electroporation 

cuvette, which was tightly closed with its cap, correctly oriented in the sliding chamber, and 

pushed into the shocking chamber so that the metal sides were in contact with the electrodes. 

The transformation mixture was exposed to an electric pulse (2.5 kV, 400 Ώ, and 25 μF) using 

MicroPulser (BioRad laboratories GmbH), then immediately mixed with1 ml antibiotic-free 

YEP medium and transferred to 10 ml YEP medium in 100 ml wide-mouth flask. The mixture 

was incubated on a shaker at 220 rpm and 28 ºC for 3 h. After incubation, different aliquots of 

the transformation culture (25, 50 and 100 µl) were individually spread on YEP agar plates 

supplemented with rifampicin (100 µ/ml), gentamycin (100 µg/ml) and kanamycin (50 µ/ml) 

antibiotics. The plates were incubated at 28 ºC for 42-48 h. 
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4.5.6. Preparation of stock cultures 

For E. coli stock culture, the DNA construct (pRSET B carrying the gene of interest) was 

transformed into the E. coli BL21(DE3)pLysS strain as described (4.5.4). A single colony was 

picked up and inoculated in 10 ml LB medium supplemented with ampicillin (100 µg/ml) and 

chloramphenicol (35 µg/ml) antibiotics. The overnight liquid culture was incubated on a shaker 

at 250 rpm and 37 ºC for 16-18 h. 

For A. tumefaciens stock culture, the DNA construct (pCAMBIA2300-35Su carrying the gene 

of interest) was transformed into the A. tumefaciens strain C58C1 as described (4.5.5). A single 

colony was picked up and inoculated in 10 ml YEP medium supplemented with rifampicin 

(100 µg/ml), gentamycin (100 µg/ml) and kanamycin (50 µg/ml) antibiotics. The overnight 

liquid culture was incubated on a shaker at 220 rpm and 28 ºC for 16-18 h. 

The stock cultures were prepared in sterile 2 ml cryo-tubes under the clean bench as follows: 

Component                                         Volume 

Overnight culture 750 µl 

Antibiotic-free medium* 100 µl 

Autoclaved glycerol 86% 150 µl 

The components were gently mixed by pipetting and stored at -80 ºC. New cultures were 

constantly prepared by streaking an aliquot from the glycerol stock culture on selective plate. 

*Antibiotic-free medium: LB medium for E. coli and YEP medium for A. tumefaciens. 

4.6. Biochemical methods 

4.6.1. Preparation of cell-free crude protein extract from plant tissue 

Extracting proteins from plant tissue is quite challenging. The Selection of an appropriate 

method is critical to obtain proteins in an active state. For this reason, the following additives 

(all or some of them) were employed in the extraction process:  

 Sucrose enhances the protein thermal stability by increasing the temperature at which protein 

denatures. 

 Dithiothreitol (DTT) is a reducing agent, preserves cystine-containing proteins in active state 

by preventing the formation of disulfide bonds. 

 A cocktail of six protease inhibitors with broad specificity for inhibiting aspartate, cysteine, 

and serine proteases and aminopeptidases decreases the degradation of the target protein 

during extraction. 

 Sea sand acts as a pulverizing agent. 

 Polyclar AT scavenges reactive oxygen species and adsorbs polyphenols that could interfere 

with the analysis. 

4.6.1.1. Preparation of C. bicapsularis cell-free crude protein extract  

Protein extraction was performed following a previously described method with some 

modifications (Abdel-Rahman et al., 2013). Seven-day-old C. bicapsularis cell suspension 

cultures were treated with 4 g/l yeast extract. A control culture was treated with autoclaved 

dH2O. The cells were harvested by vacuum filtration from non-treated and elicitor-treated 

cultures after 12, 18, 24, 30, 36 and 42 h of elicitation. The cells were constantly used fresh for 

protein extraction. The extraction buffer was freshly prepared as HEPES buffer (0.1 M, pH 7), 

sucrose (500 mM), dithiothreitol (1 mM) and protease inhibitor mixture set III, EDTA-free (5 
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µl/1 ml buffer). The fresh cells were mixed in a porcelain mortar with sea sand (50% w/w) and 

Polyclar AT (10% w/w) and intensively homogenized in the extraction buffer (1 ml extraction 

buffer/2.5 g fresh cells) using mortar and pestle on ice for around 20 min. Afterwards, the 

homogenate was collected in an ice-cooled falcon tube and centrifuged at 9000 rpm and 4 ºC 

for 15 min. The supernatant was collected in a new falcon tube and recentrifuged under the 

same conditions. Finally, the cell-free crude protein extract was collected, placed on ice, and 

immediately analyzed for protein activity assay. Protein concentration in the crude extract was 

determined colorimetrically using Bradford’s reagent (4.6.5). 

4.6.1.2. Fractionation of C. bicapsularis cell-free crude protein extract  

The total cell-free crude protein extract from C. bicapsularis cell suspension cultures was 

prepared as previously stated in (4.6.1.1). Firstly, the Amicon centrifugal filter device was 

rinsed with 3 ml precooled dH2O followed by centrifugation at 7390 rcf and 4 ºC for 10 min. 

After dH2O decantation, 3 ml 0.1 N NaOH were added, centrifuged under the same conditions, 

and decanted. The dH2O washing step was then repeated twice and finally 2.5 ml precooled 

extraction buffer were added and centrifuged at the same conditions for 20 min. An aliquot of 

500 µl from the total crude protein extract was applied to the filter. After centrifugation at 7390 

rcf and 4 ºC for 40 min, the supernatant (~50 µl) and the filtrate (~450 µl) were individually 

collected in 2 ml precooled Eppendorf tubes placed immediately on ice. For octaketide 

synthesis assays, the four protein fractions were prepared as follows: 

1: Total cell-free crude protein extract. 

2: Remix of the supernatant (~50 µl) and the filtrate (~450 µl). 

3: The supernatant (~50 µl) was filled up to 500 µl with the extraction buffer. 

4: The filtrate (~450 µl) was filled up to 500 µl with the extraction buffer. 

From each fraction, 70 µl were used in the octaketide synthesis assay as described (4.6.7). 

For LC-MS/MS proteomic analysis, the fractionation was performed two times. The filtrates 

(~900 µl) were combined and ~500 µl (25-35 ng protein) were subjected to LC-MS/MS for 

proteomics analysis (peptide sequencing) as described (4.8.4). This was performed for two 

samples: non-treated and elicitor-treated batches.  

4.6.1.3. Preparation of N. benthamiana cell-free crude protein extract  

The infiltrated N. benthamiana leaves were harvested 4 to 5 days post infiltration. The 

harvested leaves were directly flash-frozen in liquid nitrogen and stored at -80 ºC for later 

protein extraction. The leaves were pulverized into fine powder under liquid nitrogen. The fine 

powder was then mixed in a porcelain mortar with sea sand (50% w/w) and Polyclar AT (10% 

w/w) and intensively homogenized in extraction buffer (HEPES buffer 0.1 M, pH 7; 1 ml 

extraction buffer/2.5 g leaves) and dithiothreitol (1 mM)) using mortar and pestle on ice for 

around 20 min. Afterwards, the homogenate was collected and centrifuged at 9000 rpm and 4 

ºC for 15 min twice. Finally, the cell-free crude protein extract was collected, placed 

immediately on ice for further assays. To remove low-molecular weight compounds, an aliquot 

of the crude protein extract (2.5 ml) was passed through a PD10 desalting column (5 kDa 

exclusion limit) previously equilibrated with 25 ml of the same extraction buffer (HEPES 

buffer (0.1 M, pH 7) and dithiothreitol (1 mM). The cleaned-up protein extract was eluted in 

3.5 ml of the same extraction buffer divided over 7 aliquots, 0.5 ml each. Protein concentration 
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in each aliquot was determined colorimetrically using Bradford’s reagent (4.6.5). Protein-rich 

aliquots were mixed and the protein concentration of this sample was determined. 

4.6.2. Recombinant protein expression in E. coli cultures 

Expression of recombinant proteins in E. coli is controlled by the sugar molecule isopropyl-

beta-D-thiogalactopyranoside (IPTG), a non-hydrolyzable analog of lactose. In E. coli cells, 

IPTG binds to the tetrameric repressor LacI and triggers its release from the Lac operator in an 

allosteric manner. As a result, T7 RNA polymerase is transcribed, binds to the T7 promotor 

and initiates gene transcription for the synthesis of the recombinant protein of interest 

(Bornhorst and Falke, 2000; Sørensen and Mortensen, 2005). 

A new culture was prepared by streaking an aliquot from the glycerol stock culture on a 

selective LB agar plate supplemented with proper antibiotics for selection and incubated 

overnight at 37 ºC (16-18 h). For pre-culture initiation, a single E. coli positive colony 

harbouring the target expression plasmid was used to inoculate 10 or 25 ml of LB medium 

supplemented with the selective antibiotics and grown overnight at 37 ºC. For main culture 

initiation, 4 or 20 ml of the overnight culture were used to inoculate 100 or 400 ml of fresh LB 

medium supplemented with the selective antibiotics, respectively. The cultures were grown on 

a shaker at 230-250 rpm and 37 ºC until the OD600 reached 0.6-0.8 (4.5.1) and then the cultures 

were cooled on ice for around 20 min. An aliquot of 1 ml cell culture (as pre-induction control) 

was collected, centrifuged at 5,000 rpm for 5 min, the supernatant was discarded, and the pellets 

were stored at -20 ºC for later SDS-PAGE analysis as described (4.6.4). Protein expression was 

initiated by adding sterile-filtered IPTG and carried out by incubating the cultures on a shaker 

at 150 rpm for 6-8 h at 25 ºC followed by 14-12 h at 16 ºC. After around 20 h, an aliquot of 1 

ml cell culture (as post-induction control) was collected, centrifuged at 5,000 rpm for 5 min, 

the supernatant was discarded, and the pellets were stored at -20 ºC for later SDS-PAGE 

analysis as described (4.6.4). The cell cultures were harvested by centrifugation at 5,000 rpm 

and 4 ºC for 10 min, the supernatant was discarded, and the pellets were used directly for 

protein purification or stored at -20 ºC for not more than 2 weeks and used later.  

4.6.3. Protein extraction and purification 

The E. coli pellets harvested from 200 ml cell cultures were resuspended gently in 6 ml cold 

lysis buffer (3.8.5) and placed on ice. For mechanical cell disruption and soluble protein 

extraction, the pellets were disrupted by sonification for 5 min at 40% pulse (duty cycle) and 

1.5 output control using a Branson Sonifier B15. Afterwards, the crude protein was separated 

by centrifugation at 15,000 rpm and 4 ºC for 15 min. An aliquot of 100 µl from the crude 

protein (soluble proteins) and a swab of the pellets (insoluble proteins) was stored at -20 ºC for 

later SDS-PAGE analysis as described (4.6.4). In some cases, when required, another crude 

protein aliquot was kept on ice for enzyme activity assay. 

For CbCHS01, CbCHS02, CbCHS03 and putative PKCs, E. coli crude protein extract was 

directly used for the enzyme activity assays.   

Immobilized metal affinity chromatography (IMAC) was employed to purify the His6-tagged 

recombinant protein using Ni-nitrilotriacetic acid (NTA) agarose (Qiagen). The Ni ion has 6 

coordination sites where 4 sites are securely bound to the NTA matrix to immobilize Ni2+ on 

the matrix and two sites are exposed to interact with the imidazole ring in the histidine residues 
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of the affinity tag; thus the protein is retained on the matrix. The binding capacity of Ni2+-NTA 

matrix is 5–10 mg protein/ml of matrix resin and it has a high binding affinity for the six 

histidine residues at pH 8.0. Bound protein can be easily eluted using an elution buffer 

containing a high concentration of free imidazole (250 mM) which replaces and releases the 

bound protein. The addition of salt (600 mM NaCl), Tween 20 (1%) and 2-mercaptoethanol to 

wash and elution buffers reduces the binding of non-specific proteins. 

To the soluble crude protein lysate (~6 ml), 200 ul Ni2+-NTA slurry preequilibrated in ice-cold 

30% ethanol were added, and the mix was incubated on an orbital shaker at 4 ºC for 1 h to 

allow the specific binding of the His-tagged protein to the Ni-NTA matrix bed. The mix was 

then loaded onto an empty PD10 column where the solution passed through and the matrix 

with bound proteins was retained. The matrix was washed with 5 ml cold washing buffer (3.8.5) 

to remove non-specific bound proteins. The His-tagged protein specifically bound to the Ni-

NTA was eluted using 2.5 ml cold elution buffer (3.8.5). An aliquot of 50 µl was stored at -20 

ºC for later SDS-PAGE analysis as described (4.6.4). 

For CbOKS and HpPKS2, five elution fractions (0.5 ml each) were collected, the first two 

elution fractions with the highest pure protein concentrations were combined and used for 

enzyme activity assay. For PcOKS, the 2.5 ml elute were applied to gel filtration 

chromatography for buffer exchange, imidazole removal and long-term storage at -80 ºC. The 

pure protein eluent (2.5 ml) was passed through a PD10 desalting column (5 kDa exclusion 

limit) previously equilibrated with 25 ml of KH2PO4 buffer (0.1 M, pH 7). The matrix-bound 

pure protein was eluted in 3.5 ml of the same KH2PO4 buffer divided over 7 aliquots, 0.5 ml 

each. Protein concentration in each aliquot was determined colorimetrically using Bradford’s 

reagent (4.6.5). Protein-rich aliquots were mixed, and the protein concentration of this sample 

was determined. Afterwards, aliquots of 50-100 µl were prepared and stored at -80 ºC for 

subsequent use. 

4.6.4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

It is an electrophoresis method employed to separate proteins based on their masses in the range 

of 5-250 kDa in a cross-linked matrix under the influence of electric current. The separation of 

proteins using this technique is exclusively dependent on the protein size because the anionic 

sodium dodecyl sulfate (SDS) detergent linearizes the protein and coats it uniformly with 

negative charges resulting in protein-SDS complexes of the same shape and charge. The 

electrophoresis buffer is composed of pH-dependent glycine molecules and pH-independent 

chloride ions. The polyacrylamide mesh is formed of a mixture of acrylamide linear polymer 

interconnected with bisacrylamide cross links. The polymerization is initiated by the free 

radicals released from APS in the presence of the free radical-formation catalyst TEMED. The 

polyacrylamide gel is composed of upper stacking gel and lower resolving/separating gel. The 

two gels differ in the acrylamide percentage (i.e., pore size), pH and ionic strength. The 

stacking gel has a neutral pH (6.8) where the samples concentrate during migration between 

the late glycine zwitterion and the front negative chloride ions to give a sharp narrow band at 

the border of the stacking gel to the resolving gel "Stacking effect". The separating gel has a 

basic pH (8.8) and acts like a sieve where actual protein separation takes place. Low molecular 

weight proteins migrate relatively fast through the gel mesh while large molecular weight 
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proteins are retained and migrate slowly through the gel. The acrylamide percentage in the 

stacking gel is always 5%, while the acrylamide concentration in the resolving gel is defined 

according to the molecular weight of the proteins to be separated. 

For the electrophoresis apparatus setup, the two glass plates with spacers in between were 

tightly sealed from both sides, clamped in a casting stand to seal the open underside, and 

checked for leakage. 

To prepare the resolving/separating gel, the gel components (3.8.6) were mixed in a flask, 

where the radical donor APS and the radical stabilizer TEMED were the last added components 

to initiate polymerization. The components were mixed gently by pipetting, poured between 

the two glass plates and dH2O was added at the top of the gel to remove air bubbles and protect 

the gel solution from oxygen. The gel was allowed to solidify for 20-30 min. After resolving 

gel solidification, the water was decanted, and the residual water was removed with filter paper. 

The components of the stacking gel (3.8.6) were mixed in a similar manner, added on the top 

of the separating gel, and the comb was inserted slowly between the glass plates. The gel was 

also allowed to solidify for further 20-30 min. After stacking gel solidification, the comb was 

removed creating the pockets for sample loading and the gel was stored at 4 ºC up to 1 month.  

The samples collected during protein expression, extraction and purification were analyzed by 

SDS-PAGE. Protein loading buffer (3.8.6) was added to the samples, shortly vortexed and 

incubated at 95 ºC for 5 min for protein denaturation. The samples were again shortly vortexed 

and centrifuged at 13,000 rpm for 5 min. Thermo Scientific’s PageRuler ™ protein ladder was 

also denatured and centrifuged before loading to the gel. The gel in the glass mold was clamped 

in the running module, immersed in the electrophoresis buffer in the gel box and an aliquot of 

10-15 ul of each sample was pipetted carefully into its own pocket. The run was performed at 

200 V. The migration of the SDS-protein complexes over the gel was tracked by bromophenol 

blue dye and the run was stopped when the dye reached the front of the gel. To visualize the 

protein bands, the gel was removed from the glass mold and stained by dipping in coomassie 

blue staining solution (3.8.6) and gentle shaking for 30 min. After decantation of the staining 

solution, the gel was destained overnight by shaking gently in a destaining solution (3.8.6). The 

bands on the gel were visualized using LED or UV-equipped transilluminator (gel-imaging 

system). The amount of protein loading buffer added to each sample was as follows: 

Sample Protein loading buffer concentration Volume 

Pre-induction pellets  

Post-induction pellets  

Insoluble fraction pellets 

1X  100 µl 

Soluble fraction (40 µl) 

Pure protein (5-10 µg/40 µl) 

5X  10 µl 

 

 

 

https://en.wikipedia.org/wiki/Bromophenol_blue
https://en.wikipedia.org/wiki/Bromophenol_blue
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4.6.5. Determination of protein concentration (Bradford assay) 

The concentration of protein in aqueous solution was determined calorimetrically using the 

Bradford assay (Bradford, 1976). The principle of this method is based on the shift in the UV 

absorption maxima of the Coomassie Brilliant Blue G-250 dye from 465 nm (red, free cationic 

form) to 595 nm (blue, bound anionic form) due to the interaction of the acidic dye with the 

protein aromatic and basic amino acids. A blank assay was constantly included to eliminate the 

effect of the solution pH and salt content on the absorbance. Bradford assay was performed as 

follows: 

Component                                 Volume 

Protein solution 2-5  µl 

Buffer in which protein is dissolved up to 100 µl 

Bradford solution 900 µl 

Total volume 1 ml  

The reaction was mixed by flipping the Eppendorf 3-4 times. The reaction was incubated at 

room temperature for 5 min. The UV/VIS spectrophotometer was set to zero using the blank 

and then the samples optical density was measured at 595 nm. The protein concentration was 

calculated according to the following equation: 

C = OD595 / F x V 

OD595: blank-normalized absorbance of the measured protein solution at 595 nm. 

C: concentration of the measured protein solution in μg/μl 

V: volume of the measured protein solution in µl. 

F: Bradford factor. It is calculated as the slope of the standard calibration curve constructed by 

plotting the different concentrations of the standard protein bovine serum albumin (BSA) in µg 

on the X-axis against the corresponding optical density on the Y-axis.  

4.6.6. Transient protein expression in N. benthamiana 

New culture was prepared by streaking an aliquot from the glycerol stock culture on a selective 

YEP agar plate supplemented with rifampicin (100 µg/ml), gentamycin (100 µg/ml) and 

kanamycin (50 µg/ml) antibiotics and incubated at 28 ºC for ~48 h. A single A. tumefaciens 

positive colony harbouring the target plasmid was inoculated in 10 ml YEP medium 

supplemented with the selective antibiotics and grown on a shaker at 220 rpm and 28 ºC for 

~30-36 h. The cell cultures were harvested by centrifugation at 5,000 rpm and room 

temperature for 15 min. The supernatant was discarded, and the pellets were resuspended in 

activation medium/infiltration buffer and further diluted with the activation media until the 

OD600 value reached 1.0. In addition, A. tumefaciens k19 helper strain was grown under the 

same conditions, except that the selection was made using rifampicin 

(100 µg/ml) and kanamycin (50 µg/ml) antibiotics. The A. tumefaciens suspension harbouring 

the respective expression construct was mixed with the A. tumefaciens suspension carrying the 

helper plasmids 19K (Voinnet et al., 2003) in a ratio of 1: 1 so that the final OD600 of the 

infiltration mix was 1.0. For co-expression of multiple constructs, the OD600 of each suspension 

was adjusted to 1.0 and they were mixed in equal ratios. The mixed cell suspension was 
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incubated on a shaker at 100 rpm and 28 ºC for 2 h. Afterwards, the suspension was infiltrated 

into the lower surface of the 4-6-week-old N. benthamiana leaves using needleless 1 ml syringe 

with 3-4 leaves per plant. The infiltered leaves were harvested 4-5 days post-infiltration for 

crude protein extraction and enzyme activity assays (4.6.7) or 7-9 days post-infiltration for 

metabolites extraction (4.2.2). 

4.6.7. Enzyme activity assays 

All standard in vitro octaketide activity assay reactions were done in a 1.5 ml Eppendorf tube. 

Activity assay of C. bicapsularis crude protein extract 

Component                                     Volume 

Acetyl-CoA (0.2 mg/ml) 10 µl 

Malonyl-CoA (0.4 mg/ml) 10 µl 

[2-14C] Malonyl-CoA (5 µCi) 10 µl 

HEPES buffer (0.1 M, pH 7) 50 µl 

Crude protein extract* 70 µl 

Total reaction volume 150 µl 

*Crude protein extracts tested were: Total crude protein extract, supernatant fraction, filtrate 

fraction, a remix of supernatant and filtrate, a remix of supernatant and filtrate (4.6.1.2). 

All the assay components, except for the protein extract, were mixed and the reaction was 

initiated by adding the crude protein extract. The reaction was incubated in a heat block at 35 

ºC for 1 h. The reaction was quenched by adding 7.5 µl of 20% HCL and extracted twice with 

150 µl ethyl acetate. The ethyl acetate extracts were combined and evaporated under an air 

flow till to dryness. The residue was dissolved in 50 µl HPLC-grade methanol, transferred to 

HPLC glass vials inlets and 40 µl subjected to LC analysis using a radio-coupled Agilent HPLC 

as described (4.8.1) followed by scintillation counting (4.8.2). 

Activity assay of N. benthamiana crude protein extract 

Component                                         Volume 

Acetyl-CoA (2 mg/ml) 20 µl 

Malonyl-CoA (2 mg/ml) 30 µl 

Crude protein extract 200 µl 

Total reaction volume 250 µl 

Activity assay of CbOKS and HpPKS2 

Component                                         Volume 

Acetyl-CoA (2 mg/ml) 40 µl 

Malonyl-CoA (4 mg/ml) 32 µl 

KH2PO4 buffer (1 M, pH 7) 250 µl 

DTT (1 mM) 5 µl 

BME (1.4 M) 1 µl 

Pure recombinant X (~100 µg) µl 

dH2O up to 500 µl 

Total reaction volume 500 µl 

*1.4 M BME was prepared by making 1:10 dilution of the commercial BME. 
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Activity assay of PcOKS 

Component                                         Volume 

Acetyl-CoA (2 mg/ml) 20 µl 

Malonyl-CoA (4 mg/ml) 16 µl 

KH2PO4 buffer (1 M, pH 7) 25 µl 

Pure recombinant PcOKS X (~20 µg) µl 

dH2O up to 250 µl 

Total reaction volume 250 µl 

Activity assay of HpPKS2 and putative tailoring proteins 

Component                       Volume 

Acetyl-CoA (2 mg/ml) 40 µl 

Malonyl-CoA (4 mg/ml) 32 µl 

HEPES buffer (0.1 M, pH 7) 170 µl 

Pure recombinant HpPKS2 X (~100 µg) µl 

E. coli crude putative tailoring protein* 50-300 µl 

dH2O (when needed) up to 500  µl 

Total reaction volume 500 µl 

*Different protein amounts were tested. 

Activity assay of CbCHSs 

Component                                         Volume 

p-coumaroyl-CoA (0.2 mg/ml) 15 µl 

Malonyl-CoA (0.4 mg/ml) 20 µl 

KH2PO4 buffer (1 M, pH 7) 25 µl 

E. coli crude CbCHS 50 µl 

dH2O 140 µl 

Total reaction volume 250 µl 

All the assay components, except for protein/s, were mixed. The reaction was initiated by 

adding the protein (N. benthamiana crude protein extract or pure recombinant OKS alone or 

mixed with the putative tailoring protein). The reaction was incubated in a water bath at 35 ºC 

for 1 h. The reaction was quenched by adding 25 or 12.5 µl of 20% HCL and extracted twice 

with 500 or 250 µl ethyl acetate for the 500 & 250 µl assays, respectively. The ethyl acetate 

extracts were combined and evaporated under air flow/vacuum concentrator till dryness. The 

residue was dissolved in 35 µl HPLC-grade methanol, transferred to HPLC glass vials inlets 

and 20 µl subjected to LC analysis which was performed on HPLC-DAD as described (4.8.1). 

4.7. Chemical synthesis 

4.7.1. Synthesis of emodin anthrone 

Emodin anthrone was successfully synthesized according to a previously published method 

adapted from Falk et al. (1993) with minor modifications in the final product purification steps. 

The concept of the method relies on reducing emodin into emodin anthrone which is relatively 

cheap, fast, and convenient (Figure 3.4). In a 10 ml round bottom flask, 40 mg of commercially 

available emodin powder (Sigma-Aldrich) were dissolved in 2.8 ml glacial acetic acid (99.7% 
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purity, analytical grade). The mix was stirred in an oil bath at 65 ºC for ~20 min forming 

yellow-orange fine suspension. Separately, 112 mg SnCl2.2H2O (reducing agent) were 

dissolved in 320 µl conc. HCL and this solution was added dropwise to the emodin dissolved 

in acetic acid in the flask. The flask was firmly attached to a vertical reflux condenser and 

suspended in a paraffin oil bath. The reaction mixture was refluxed for 5 hr during which the 

color of the solution continuously changed from yellow to orange and finally to dark green. 

After reflux, the reaction was cooled to room temperature and 7 ml ice-cooled dH2O were 

added. The mixture (~10 ml) was extracted 3 times with 10 ml ethyl acetate. After 

centrifugation at 9000 rpm and 4 ºC for 15 min, the ethyl acetate fractions were combined and 

evaporated to dryness under a continuous stream of nitrogen gas. The dried residue was 

redissolved in MeOH and emodin anthrone was purified over the HPLC-DAD by collecting 

the respective peak and evaporating under nitrogen gas. Emodin anthrone identity was 

confirmed by relative retention time, UV and LC-MS spectrum. 

 

Figure 3.4. Reaction scheme for the synthesis of emodin anthrone. 

4.8. Analytical methods 

4.8.1. High performance liquid chromatography 

This analytical technique was used to analyze the metabolic extracts prepared from different 

plant materials and the products formed in the enzymatic assays. 

The following HPLC gradients (no. 1, 2 & 3) were performed using a VWR-Hitachi system 

equipped with eclipse plus C18 rapid resolution column and diode array detector. The mobile 

phases were double distilled water acidified with 0.1 % formic acid (A) and HPLC-grade 

acetonitrile (C). The flow rate was 1 ml/min. 

Method 1 

Used for the analysis of the anthranoids-rich extract of C. bicapsularis cell suspension cultures 

Gradient   1  Detected compounds Detection wavelength (nm) 

Time (min) A (%) C (%) Tetrahydroanthracenes 270 

0 90 10 Anthrones  350 

4 90 10 Anthraquinones 254 

30 10 90   

31 5 95   

36 5 95   

38 90 10   

45 90 10   
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Method 2  

Used for the analysis of the enzymatic products formed in the reactions catalyzed by CbOKS, 

HpPKS2, HpPKS2& putative PKC, N. benthamiana cell-free total crude protein extracts and 

metabolic extracts prepared from N. benthamiana leaves. 

Gradient  1  Detected compounds Detection wavelength (nm) 

Time (min) A (%) C (%) Shunt products 280 

0 90 10 Atrochrysone 270 

4 90 10 Anthrone  350 

30 75 25   

65 10 90   

66 5 95   

71 5 95   

73 90 10   

80 90 10   

Method 3  

Used for the analysis of the enzymatic products formed in the reactions catalyzed by PcOKS 

and the biochemical characterization. 

Gradient  3  Detected compounds Detection wavelength (nm) 

Time (min) A (%) C (%) Shunt products, SEK4b 280 

0 88 12   

4 88 12   

30 84 16   

31 5 95   

36 5 95   

38 88 12   

45 88 12   

The following HPLC gradient (no. 4) was performed using Agilent 1200 Series system 

equipped with lichrospher 100 RP C18 endcapped column and radio detector. The mobile 

phases were double distilled water acidified with 0.1 % formic acid (A) and HPLC-grade 

methanol (B). The flow rate was 1 ml/min. 

Method 4  

Used for the analysis of the enzymatic products formed in the reactions catalyzed by C. 

bicapsularis cell-free total crude protein extracts and protein fractions. 

Gradient  4  Detected compounds Detection wavelength (nm) 

Time (min) A (%) B (%) Emodin  254 

0 80 20 Detected compounds by radioactive 14C trace detector 

2 80 20 14C Assay product 1  

20 40 60 14C Assay product 2  

33 10 90 14C Assay product 3  

34 0 100 14C Emodin anthrone  

37 0 100   

39-45 80 20   
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4.8.2. Scintillation counting 

During the HPLC run, the eluent was collected every 1 min over the whole method (45 min) 

in a screw-capped plastic scintillation container. Each fraction (1 ml) was mixed with the 

scintillation cocktail (3 ml) in the container which was then placed in a screw-capped glass 

scintillation vial. The radioactivity of the 14C-enzymatic products was detected by the LS 6500 

multipurpose scintillation counter in terms of count per second (cps).  

4.8.3. Liquid chromatography–Mass spectrometry (LC-MS) 

During the current study, various compounds were analyzed using LC-MS/MS such as HPLC-

purified metabolites, HPLC-purified enzymatic products, and standards, provided in methanol 

at 10 µg/ml.  A mass spectrometer (3200QTrap mass spectrometer; Applied Biosystems/MDS 

SCIEX, Darmstadt, Germany), equipped with an electrospray ionization (ESI) interface (Turbo 

V) was used. The sample was directly infused into the machine using the integrated syringe 

pump of the 3200 QTrap instrument (Syringe; 1000 µL, i.d. 2.3 mm; Hamilton, Nevada, USA) 

at a flow rate of 5-10 µL/min. The mass spectrometer was operated at a +/-5.5 kV source 

voltage in the positive/negative mode. Nitrogen gas was used for nebulization, with the curtain 

gas, gas 1, and gas 2 settings at 10, 14, and 0, respectively. The molecular ion peaks [M + H]+/- 

of the products were further analyzed by MS/MS experiments in the enhanced product ion 

mode (EPI) of the instrument using nitrogen gas for collision-induced dissociation at the high 

level setting. The collision energy was 15–45 V. Data acquisition and processing were done 

using the Analyst software (version 1.4.2; Applied Biosystems/MDS SCIEX). 

4.8.4. Proteomics analysis by Liquid chromatography–Mass spectrometry (LC-MS) 

The following sample preparation and LC-MS/MS processes for proteomics analysis were 

performed by Dr. Josef Wissing in the Helmholtz Centre for Infection Research, Braunschweig, 

Germany. 

Protein sample preparation 

Extraction of proteins 

The protein sample was prepared as described (4.6.1.2). The protein sample (500 µl) was mixed 

with precooled MeOH (2 ml) and incubated at 4 °C for 20 min. Afterwards, 500 µl precooled 

chloroform were added, vortexed and further incubated at 4 °C for 20 min. Finally, 1.5 ml 

precooled dH2O were added, vortexed and further incubated at 4°C for 60 min. After 

centrifugation at 4000 g and 4 °C for 30 min "continuous without stop", the supernatant was 

carefully discarded, and the proteins pellet was washed with 1.5 ml MeOH. After centrifugation 

at 4000 g and 4 °C for 60 min, the MeOH was discarded, and the protein pellet was dried. 

Digestion of proteins 

The following reaction was performed according to "Applied Biosystems" for iTraq Labeling: 

Component                                         Volume 

Protein  X (Max. 4 mg/ml) µl 

TEAB buffer (0.5 M) 20 µl 

TCEP (50 mM) 2 µl 

MMTS (200 mM) 1 µl 

Trypsin (1 mg/ml) 10 µl 

Incubation 37 ºC overnight  

*TEAB: Triethylammonium bicarbonate, TCEP: Tris(carboxyethyl)phosphine & MMTS: 

Methyl methanethiosulphonate. 
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Desalting and purification of peptides 

The peptides were cleaned up using the following procedures:  

Column RP18 material in ZipTips 

Binding buffer 3% acetonitrile in 0.2% TFA or 3% acetonitrile/MeOH in 0.5% formic acid 

Elution buffer 60% acetonitrile in 0.2% TFA or 60% MeOH in 0.5% formic acid 

*TFA: Trifluoroacetic acid. 

The PR18 was first washed with the elution buffer and further conditioned with the binding 

buffer. The peptide sample was resuspended in the binding buffer and applied to the PR18 

matrix. After washing the bound peptides with the binding buffer several times, the peptides 

were eluted using the elution buffer and dried in a speed Vac. For LC-MS/MS, the peptides 

were resuspended in 8-10 µl of the binding buffer. 

Liquid chromatography-Mass spectrometry (LC-MS)  

LC-MS/MS analyses of the purified and desalted peptides were performed using a Dionex 

UltiMate 3000 n-RSLC system connected to an Orbitrap Fusion™ Tribrid™ mass spectrometer 

(Thermo Scientific, Waltham, MA, USA).  

For LC analysis, peptides of each sample were loaded onto a precolumn (Acclaim C18, 3 μm 

RP18 beads, 0.075 mm × 20 mm), washed for 3 min at a flow rate of 6 µL/min, and separated 

on an analytical column (Acclaim C18, 50 cm) at a flow rate of 0.2 µL/min. The gradient was 

linear for 120 min from 97% MS buffer A (0.1% formic acid) to 32% MS buffer B (0.1% 

formic acid, 80% acetonitrile), followed by a 30 min gradient from 32% MS buffer B to 62% 

MS buffer B. The LC system was operated with the Thermo Scientific SII software embedded 

in the Xcalibur software suite (version 4.3.73.11, Thermo Scientific). The effluent was electro-

sprayed by a stainless-steel emitter (Thermo Scientific). The mass spectrometer was controlled 

and operated in the "top speed" mode using the Xcalibur software, performing the automatic 

selection of double and triple charged peptides in a 3-s time window (as much as possible), and 

the subsequent fragmentation of these peptides. Peptide fragmentation was carried out using 

the higher energy collisional dissociation mode and peptides were measured in the ion trap 

(HCD/IT). MS/MS raw data files were processed via Proteome Discoverer 2.5 mediated 

searches against a special database using Sequest HT as a search machine.  

4.8.5. Laser scanning microscopy 

For subcellular localization of CbOKS, transgenic N. benthamiana leaf discs harbouring the 

expression constructs were harvested 2-5 days post infiltration and visualized by laser scanning 

microscopy as described by (Kaufholdt et al., 2013). The confocal laser scanning microscope 

CLSM-510META connected to an Axiovert 200M was used. The C-Apochromat 40x/1.2 

water-immersion objective was selected for the analysis. Fluorescence excitation was achieved 

using an argon laser with 488 nm. The emitted light was separated through a primary beam 

splitting mirror (488 nm), followed by a secondary beam splitter (545 nm). Band pass filters at 

505-530 nm detected the YFP emitted fluorescence. A long pass filter at 645 nm was used for 

imaging the chloroplast fluorescence. The images were investigated using Zen 2.3 (Carl Zeiss) 

software. 
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4.8.6. Phylogenetic analysis 

A phylogenetic tree was constructed using MEGA7 software (Kumar et al., 2016) to reveal the 

systematic classification of the newly cloned CbOKS with respect to a group of functionally 

characterized type III PKSs. The protein sequences involved in the analysis were retrieved from 

the NCBI (https://www.ncbi.nlm.nih.gov/)  together with the deduced amino acid sequences of 

CbOKS and CbCHS. Their accession numbers are listed in Appendix Table 10.3. Multiple 

sequence alignment was performed using ClustalW tool integrated into MEGA7. The best 

settings were selected based on the alignment using the "Find Best DNA/Protein Models (ML)" 

tool in MEGA7. 

The evolutionary history was inferred using the Maximum Likelihood method based on the 

Le_Gascuel_2008 model (Le and Gascuel, 2008). A discrete Gamma distribution was used to 

model evolutionary rate differences among sites (5 categories (+G, parameter = 1.0141)). The 

rate variation model allowed for some sites to be evolutionarily invariable ([+I], 3.3141% 

sites). Initial tree(s) were obtained automatically by applying Neighbor-Join and BioNJ 

algorithms. The tree with the highest log likelihood (-15355.7188) was shown. Replicates of 

1000 bootstrap were estimated. The tree was constructed to scale, with branch lengths 

measured in the number of substitutions per site. The analysis involved 52 amino acid 

sequences. All positions containing gaps and missing data were eliminated. There was a total 

of 347 positions in the final dataset. 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/
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5. Results 

5.1. Tissue culture of C. bicapsularis  

In the context of discovering the enzymes involved in the biosynthesis of the anthranoid 

scaffold, it was necessary to re-establish and maintain C. bicapsularis cell suspension cultures 

that represented a model system for further biochemical and molecular biological 

investigations as well as metabolomic, proteomic and transcriptomic studies. 

C. bicapsularis seeds were germinated after mechanical scarification. The leaflets of six- to 

eight-week-old plantlets were used as explants for callus culture induction. The three-week-

old callus was transferred into liquid MS medium supplemented with 1 mg/l 2,4-

dichlorophenoxyacetic acid (2,4-D) and 0.1 mg/l kinetin to establish cell suspension cultures. 

The cells of the established suspension cultures aggregated into small clumps. The regular 

subculturing of the cell suspension cultures every 18 to 21 days resulted in a stable cell 

suspension culture. The suspension was not very fine but consisted of small dispersed green 

cell aggregates (Figure 5.1). 

5.2. Metabolic profiling of C. bicapsularis cultures 

This step was performed to confirm the formation of anthranoids in the newly re-established 

system, as they were previously detected by our former laboratory coworker (Abdel-Rahman 

et al., 2013).  

For anthranoids profiling, seven-day-old cell suspension cultures were treated with yeast 

extract (4 g/l) to elicit the formation of the anthranoids. After four days of yeast extract 

treatment, the yeast-treated cell suspension cultures were harvested, and the cells were 

extracted with methanol. The methanolic extract was analyzed by HPLC-DAD. The target 

compounds were individually purified by HPLC and further analyzed by ESI MS/MS. The 

analysis revealed the formation of three tetrahydroanthracenes (THAs): torosachrysone (Figure 

5.2a), germichrysone (Figure 5.2b), and 7-methyltorosachrysone (Figure 5.2c). In addition, 

three anthraquinones (AQs): emodin (Figure 5.2d), chrysophanol (Figure 5.2e), and physicon 

(Figure 5.2f) were formed. The identity of these compounds was confirmed by comparing their 

retention time, UV absorption spectra, MS spectra and proposed ESI MS/MS fragmentation 

with the previous data stated by Abdel-Rahman (2012). The UV and MS/MS (EPI) spectra are 

shown in Figure 5.2, with the MS fragmentation data being integrated in the MS/MS spectra. 

All these results were in agreement with the previously published data (Abdel-Rahman et al., 

2013). Noteworthy, the THAs germichrysone and torosachrysone were the main products, as 

formerly detected by Abdel-Rahman (2012). The three other anthraquinones were present in 

trace amounts compared to the amount of the tetrahydroanthracenes. 
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Figure 5.1. C. bicapsularis: (a) Seeds. (b) Ten-day-old seedlings on solid basal agar. (c, d) 

Six- to eight-week-old seedling used for callus induction. (e) Explants on solid MS medium 

supplemented with PGRs. (f) Callus induction at the explants periphery. (g) Callus cultures. 

(h, i) Cell suspension cultures in bottom view (h) and side view (i). 
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Torosachrysone   

Formula  C16H16O5 

 

UV270 nm maxima (nm) 226, 270, 395 

Calculated molecular mass 288.30 

LC-MS ionization mode / [M+H]+ (m/z) EPI +ve / 289 

a  

 

 

 

Germichrysone   

Formula  C15H14O4 

 

UV270 nm maxima (nm) 223,268, 403 

Calculated molecular mass 258.27 

LC-MS ionization mode / [M+H]+ (m/z) EPI +ve / 259 

b  

 

 

Figure 5.2. Chemical structures and UV and MS/MS (EPI) spectra of (a) Torosachrysone and 

(b) Germichrysone. 
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7-Methyltorosachrysone   

Formula  C17H18O5 

 

UV270 nm maxima (nm) 226, 273, 316, 

401 

Calculated molecular mass 302.33 

LC-MS ionization mode / [M+H]+ (m/z) EPI +ve / 303 

c  

 

 

 

Emodin   

Formula  C15H10O5 

 

UV254 nm maxima (nm) - 

Calculated molecular mass 270.24 

LC-MS ionization mode / [M-H]- (m/z) EPI -ve / 269 

d  

 

 

Figure 5.2 (continued). Chemical structures and UV and MS/MS (EPI) spectra of (c) 7-

methyltorosachrysone and (d) emodin. 
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Chrysophanol   

Formula  C15H10O4 

 

UV254 nm maxima (nm) 224, 257, 427 

Calculated molecular mass 254.24 

LC-MS ionization mode / [M-H]- (m/z) EPI -ve / 253 

e  

 

 

 

Physicon   

Formula  C16H12O5 

 

UV254 nm maxima (nm) 223, 265, 433 

Calculated molecular mass 284.27 

LC-MS ionization mode / [M+H]+ (m/z) EPI +ve / 285 

f  

 

 

Figure 5.2 (continued). Chemical structures and UV and MS/MS (EPI) spectra of (e) 

chrysophanol and (f) physicon. 
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In conclusion, the detection of the metabolites of interest in the cell cultures (especially of 

torosachrysone, a tetrahydroanthracene biosynthesized via O-methylation of atrochrysone, and 

emodin, an anthraquinone biosynthesized via oxidation of emodin anthrone) confirmed the 

induction of the enzymes involved in the upstream biosynthetic pathway of these anthranoid 

scaffolds (Figure 5.3). In addition, atrochrysone, emodin anthrone and emodin are proposed to 

be the precursors of hypericin biosynthesis in H. perforatum. 

Figure 5.3. Proposed biosynthetic pathway of anthranoids detected in C. bicapsularis cell 

suspension cultures. 
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5.3. Next generation sequencing on C. bicapsularis cultures 

High-quality RNA is required for different downstream analyses, such as transcriptomic 

analysis. RNA was extracted from non-treated (0 h) and yeast-extract-treated C. bicapsularis 

cell suspension cultures 12, 18 and 24 h post-elicitation. The quality of the isolated RNA 

samples was checked by UV absorbance, agarose gel electrophoresis and the 2100 Bioanalyzer. 

The purity of the RNA samples was estimated by measuring the UV absorbance ratio 

A260/A280. The ratio for all the samples ranged from 1.92 to 2.1 indicating pure RNA. The 

integrity of the RNA samples was verified using agarose gel electrophoresis. Two clear distinct 

bands were observed corresponding to the 28S and 18S rRNA with an intensity ratio of ~2:1 

(28S:18S) indicating intact RNA (Figure 5.4). In addition, neither genomic DNA 

contamination nor degraded RNA was detected. 

 
Figure 5.4. Agarose gel electrophoresis of RNA samples (~3 µg) used for transcriptomic 

analysis. 

Furthermore, the integrity of the two RNA samples that underwent transcriptomic analysis (0 

h before elicitation and 18 h after elicitation) was checked with the 2100 Bioanalyzer. Both 

RNA samples showed maximum integrity with RNA Integrity Number (RIN) equal to 10. For 

both samples, the 25S and 18S rRNA peaks were clearly defined with a [25S / 18S] ratio of 2.2 

and 2.3. The overall 2100 Bioanalyzer results for both RNA samples are shown in Table 5.1 

(data provided by LC Sciences, USA). 

Table 5.1. Summary of the overall quality control results of the RNA samples. 

Parameter  Non-elicited Yeast-elicited 

RNA area 88.8 103.6 

RNA concentration 59 ng/µl 68 ng/µl 

rRNA ratio (25s/18s) 2.2 2.3 

RNA Integrity Number (RIN) 10 10 

Based on the above quality control results, the quality of the isolated RNA samples matched 

the requirements for transcriptomic analysis. 

 

 

0 h 12 h 18 h 24 h 
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5.3.1. Library construction and Illumina sequencing 

Comparative transcriptome analysis was performed with the aim to identify candidate genes 

involved in anthranoid scaffold biosynthesis based on differential gene expression between 

elicitor-treated and non-treated batches of C. bicapsularis cell suspension cultures. 

cDNA sequencing libraries were constructed using the high-quality purified RNA pools of both 

elicitor-treated and non-treated cultures as described (4.3.2). The constructed libraries were 

sequenced on the Illumina Novaseq 6000 sequencing system. The sequencing results showing 

the statistics and the quality control of the paired-end reads are outlined in Table 5.2. The 

sequencing analysis generated about 97,446,900 and 94,168,610 raw reads from control and 

elicited libraries, respectively. After removal of adaptor-contaminated reads, low-quality bases 

and undetermined bases, clean reads were obtained with an average GC content of 46.13% and 

45.41% and a high PHRED quality score Q20 (97.34% and 97.23%) and Q30 (92.02% and 

91.76%) for control and elicited libraries, respectively, indicating high quality reads of high 

base call accuracy.  

Table 5.2. Statistics of the sequencing. 

Sequencing statistics Non-treated Yeast-extract-treated 

Raw reads 97,446,900 94,168,610 

Raw bases 12.50G 12.50G 

Valid reads 80,097,290 83,901,846 

Valid bases 11.17G 11.70G 

Validity (%) 82.20 89.10 

Q20 (%) 97.34 97.23  

Q30 (%) 92.02 91.76 

GC (%) 46.13 45.41 

5.3.2. De novo transcriptome assembly 

De novo transcriptome assembly was performed using the Trinity 2.4.0 package to assemble 

the high-quality clean reads of a "MIX" sample merged from each sample as described 

(4.3.3.2). A total of 60,016 transcripts and 33,618 genes were identified with a GC content of 

40.73% and 41.08%, N50 of 1837 bp and 1825 bp and a median length of 913 bp and 771 bp, 

respectively. The shortest and the longest transcripts/genes were 201 bp and 14,508 bp, 

respectively (Table 5.3). Analysis of length distribution of assembled transcripts and genes 

revealed that ~38% of transcripts and 33% of genes were ≥ 500 bp and ≤ 1500 bp (Figure 5.5). 

Table 5.3. Statistics of the transcriptome assembly. 

Assembly statistics Transcripts   Unigenes  

Total number 60,016 33,618 

Total assembled bases 72,973,963 38,033,143 

Maximum length (bp) 14,508 14,508 

Minimum length (bp) 201 201 

Median length (bp) 913.00 771.00 

N50 (bp) 1,837 1,825 

GC (%) 40.73 41.08 
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Figure 5.5. The length distribution of assembled transcripts (inside chart) and unigenes 

(outside chart). 

5.3.3. Functional annotation analysis 

Functional annotation attaches crucial biological information, such as physiological function, 

to individual genes. The assembled unigenes were blasted using DIAMOND against six public 

databases: NCBI non-redundant protein database (NCBI_nr), Gene Ontology (GO), Kyoto 

Encyclopedia of Genes and Genomes (KEGG), EggNOG database, SwissProt protein database, 

and Pfam with default parameter (E-value ≤ 1e-5) as described (4.3.3.3). Database matches 

were found for all the 33,618 assembled unigenes (100%). The number and percentage of 

unigenes annotated by each database are illustrated in Figure 5.6a. SwissProt database provides 

a rich platform for identifying key enzymes involved in polyketides biosynthesis. 48.67% of 

the assembled unigenes (16,361) were annotated by the SwissProt database. Species 

distribution showed high similarity of C. bicapsularis with species of close taxonomical 

distance such as Abrus precatorius (~20.7%), Lupinus angustifolius (~7.8%), Cajanus cajan 

(~7.7%), and Glycine max (~6.1%) (Figure 5.6b). 

a b 

 

 

Figure 5.6. (a) Statistics of the annotated unigenes against six public databases. (b) Species 

distribution. 
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Gene ontology (GO) describes the gene/gene product in terms of three main aspects: the 

biological process in which it participates, its cellular location and its molecular function. A 

total of 19,985 unigenes (59.45%) were annotated using the GO database. The annotated 

unigenes were classified into three main categories: biological process, molecular function, and 

cellular component. The most abundant functional categories (GO terms) within the biological 

processes were regulation of transcription and transcription, DNA-templated. The most 

represented GO terms within the molecular functions were protein and ATP binding, while 

nucleus and cytoplasm were the main GO terms in cellular components (Figure 5.7). 

Figure 5.7. Gene ontology (GO) functional classification. Biological process (blue), molecular 

function (red), and cellular component (green). 
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The Kyoto Encyclopedia of Genes and Genomes (KEGG) assigns the genes to various 

pathways. It is a much more specific way of functional annotation as it focuses on the pathways 

where the genes could be really involved. The processes comprising the largest number of 

unigenes were translation (1143) and carbohydrate metabolism (1107). On the other hand, drug 

resistance (4) was the smallest group. Notably, 243 unigenes were assigned to the metabolism 

of terpenoids and polyketides (Figure 5.8). 

Figure 5.8. KEGG pathway classification. 
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5.3.4. Differential expression analysis  

The absolute TPM (Transcripts Per Kilobase Millions) value was calculated for each unigene 

in both non-elicited and elicited samples. These TPM values of the unigene reflect its 

expression in each sample. By comparing the non-treated and elicitor-treated samples, a group 

of differentially expressed genes (DEGs) were identified. The differential expression was 

calculated in terms of log2(fold change) of the TPM values in control versus treated samples. 

Based on the log2(fold change), the significance (p-value) and the false discovery rate (FDR/ 

q value), 6125 DEGs were obtained. Among these, 2965 genes were up-regulated and 3160 

were down-regulated. For example, the differential expression analysis of 12276-c0-g2 and 

11008-c0-g3 unigenes (later referred to as CbOKS) is summarized in Table 5.4. A volcano plot 

was established for the statistical significance (p-value) against the magnitude of change 

(log2FC) of each DEG (Figure 5.9). It provided information about the highly up-regulated or 

down-regulated genes that were also statistically significant. Additionally, a heat map was 

constructed to illustrate the regulation of some genes in both samples (Appendix Figure 10.1). 

Table 5.4. Differential expression analysis of 12276-c0-g2 unigene. 

Gene_ID TRINITY_DN12276_c0_g2 TRINITY_DN11008_c0_g3 

Elicited_Count 89883.08 36568.55 

Control_Count 62896.09 2676.39 

Elicited_TPM 6531.74 5255.8 

Control_TPM 2622.01 337.09 

Log2FC 0.95 4.21 

Regulation up up 

p value, FDR 0.00, 0.00 0.00, 0.00 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. A volcano plot of the differentially expressed genes (DEGs) in elicited versus non-

elicited samples; red: up-regulated genes, blue: down-regulated genes and grey: unchanged 

expression as provided by LC Sciences, Huston, USA. 
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5.3.5. Enrichment analysis of differentially expressed genes 

This analysis illustrates if the DEGs are associated with a certain biological process or 

molecular function. The DEGs were functionally annotated using KEGG. The rich factor was 

calculated as the number of DEGs in KEGG pathway / total number of genes in KEGG 

pathway. The larger the rich factor, the higher the enrichment. A scatter plot for the pathway 

enrichment was generated (Figure 5.10). 

 

Figure 5.10. KEGG enrichment of annotated differentially expressed genes (DEGs) in elicitor-

treated versus non-treated samples; y-axis: KEGG pathway, x-axis: rich factor, dot size: 

number of genes (from 25 to 125) and dot color: p-value (from blue to red where red is most 

significant); as provided by LC Sciences, Huston, USA. 

In summary, a comparative transcriptomic analysis between control and elicitor-treated C. 

bicapsularis cell culture batches was performed. A group of unigenes were clearly identified 

and functionally annotated. For each unigene, a full data set about its expression and regulation 

between the two samples was provided. The data provided a helpful platform for further 

investigations. 
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5.4. Octaketide-producing type III PKSs from C. bicapsularis  

5.4.1. Bioinformatic analysis of a C. bicapsularis transcriptome  

A computational approach supported by the comparative transcriptomic analysis was carried 

out for the discovery of candidate enzymes. Bioinformatic Screening by BLAST analysis was 

performed to identify the unigenes coding for type III PKSs in the assembled database. The 

amino acid coding sequences of the two functionally characterized octaketide-producing type 

III PKSs from Aloe arborescens (AaOKS) (accession no. AY567707) (Abe et al., 2005), H. 

perforatum (HpPKS2) (accession no. EU635882) (Karppinen et al., 2008) and the chalcone 

synthase from Medicago sativa (MsCHS) (accession no. L02902) (Junghans et al., 1993) were 

individually blasted (tBLASTn) against the assembled database (i.e., unigenes translated 

nucleotide sequences). Thirteen unigenes were identified. These unigenes were annotated as 

polyketide/chalcone synthases. Moreover, the thirteen identified PKSs were individually 

blasted (BLASTx) against the NCBI_nr protein database and showed ~ 50-90% identity to 

plant type III PKSs on the amino acid level. The nucleotide sequences of the thirteen PKSs 

were collected from the assembled database and their coding sequences (CDSs) were identified 

for further analysis (Table 5.5). 

Table 5.5. PKS unigenes identified in C. bicapsularis transcriptomic data. 

Unigene ID Length in 

database (nt) 

CDS (amino acids) NCBI hit 

TRINITY-DN12098-c0-g1 2000 390 Full 97.58% 

TRINITY-DN1294-c0-g1 1483 390 Full 97.07% 

TRINITY-DN11481-c0-g1 1647 389 Full 97.69% 

TRINITY-DN11481-c0-g2 1220 266 3ʹ partial 95.85% 

     

TRINITY-DN12276-c0-g2 1471 390 Full 57.11% 

TRINITY-DN11008-c1-g3 768 207 3ʹ partial 58.82% 

TRINITY-DN12276-c0-g4 217 71 Internal fragment 75.00% 

TRINITY-DN10347-c0-g5 268 56 5ʹ partial 73.91% 

TRINITY-DN11008-c1-g2 285 34 3ʹ partial 77.42% 

TRINITY-DN11008-c1-g4 293 47 3ʹ partial 68.18% 

TRINITY-DN12276-c0-g3 287 34 3ʹ partial 73.33% 

TRINITY-DN11008-c1-g5 242 28 3ʹ partial 70.83% 

TRINITY-DN7402-c0-g1 918 305 Internal fragment 86.75% 

Among the thirteen identified PKSs, the four unigenes 12098-c0-g1, 1294-c0-g1, 11481-c0-

g1, and 11481-c0-g2 showed more than 95% identity to the functionally characterized chalcone 

synthases in the NCBI_nr protein database. Analysis of the amino acid sequences revealed that 

11481-c0-g2 is a transcript of the 11481-c0-g1 unigene, where both shared 95.5% identity. The 

three unigenes 12098-c0-g1, 1294-c0-g1, and 11481-c0-g1 showed 85-91% identity to each 

other. Based on this analysis, these three unigenes were proposed to act as CHSs involved in 

flavonoid biosynthesis.  
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The other nine unigenes showed 57-86% identity to the functionally characterized chalcone 

synthases in the NCBI_nr protein database. The full CDS of the unigene 12276-c0-g2 was 

clearly identified. The amino acid sequence of the two unigenes 12276-c0-g2 and 11008-c1-

g3 shared 98.1% identity, suggesting that they belong to the same sequence (Figure 5.11). The 

unigene 11008-c1-g3 constituted 207 amino acids at the 3' end. The remaining seven unigenes 

were partial sequences. Based on the expression analysis, the TPM values of the unigene 7402-

c0-g1 were nonsignificant. The other six unigenes were very short fragments providing no 

significant information. 

 
Figure 5.11. Alignment of the deduced amino acid sequences of the 12276-c0-g2 dominant 

transcript and the 11008-c1-g3 longest transcript. lt: longest transcript, dt: dominant transcript. 

Blue lowercase letter / red special character in consensus: Different amino acids in protein 

alignment. 

As a summary, the PKS candidates clustered into two main groups based on the percentage of 

identity to the functionally characterized chalcone synthases in the NCBI_nr protein database. 

Cluster 1, referred to as CHS candidates, included three PKS candidates and showed more than 

97% identity. Cluster 2, referred to as CHS-like candidates, included one PKS candidate and 

showed less than 57% identity (Table 5.5).  

Based on these analyses, 12276-c0-g2 was selected as the candidate PKS supposed to be 

involved in the anthranoid scaffold biosynthesis. Subsequently, the coding sequences of the 

transcripts of the 12276-c0-g2 candidate were analyzed. The alignment analysis of the amino 

acid sequences of 12276-c0-g2 (18 transcripts) revealed the presence of two different variants. 

The first and main variant started at the 5' end with the three amino acids "MES" (later referred 

to as CbOKS). The second variant included five amino acids less at the 5' end region and started 

with the amino acid sequence "MENT" (later referred to as CbOKS_v1) (Figure 5.12). Based 

on these findings, primers were designed to amplify the two variants. 
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Figure 5.12. Alignment of the deduced amino acid sequences of the two dominant transcript 

variants of 12276-c0-g2. var: variant, dt: dominant transcript. Blue lowercase letter / red special 

character in consensus: Different amino acids in protein alignment. 

5.4.2. Cloning of CbOKS 

Gene-specific primers (GSFP and GSRP) were designed based on the ORF sequence of 

CbOKS. The cDNA of CbOKS was amplified with a proofreading polymerase from the 

reverse-transcribed RNA of the non-elicited and yeast-extract-elicited C. bicapsularis cell 

suspension cultures (Figure 5.13). The variant CbOKS_v1 was amplified in the same way. 

 
Figure 5.13. (a) Agarose gel electrophoresis showing amplification of full-length CbOKS from 

C. bicapsularis cell cultures using a proofreading polymerase. (b) Agarose gel electrophoresis 

showing amplification of ~500 bp of Cb18srRNA as a control. 
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The full ORF of CbOKS consisted of 1185 bp. The CbOKS deduced amino acid sequence 

consisted of 394 amino acids with a predicted molecular mass of 43.102 kDa and a pI of 6.493. 

The CbOKS amino acid sequence shared 55-59 % identity with different plant type III PKSs 

in the NCBI_nr protein database, 50.6% identity with AaOKS, 49.5% identity with HpPKS2, 

49.7% identity with PcOKS and 53.5% identity with MsCHS. The cloned CbOKS shared 

97.7% identity with the 12276-c0-g2 dominant transcript on the amino acid level (Figure 5.14). 

The deduced amino acid sequence of CbOKS_v1 consisted of 390 amino acids and shared 

96.9% identity with 12276-c0-g2-var1-dt. 

 
Figure 5.14. Alignment of the deduced amino acid sequences of the 12276-c0-g2 dominant 

transcript and cloned CbOKS (here called CbPKS01). dt: dominant transcript. Blue lowercase 

letter / red special character in consensus: Different amino acids in protein alignment. 

5.4.3. Construction of expression plasmid for CbOKS  

The NheI/KpnI double digested CbOKS ORF was ligated to the NheI/KpnI linearized pRSET 

B expression vector (Figure 5.15). Successful ligation in the correct frame was confirmed by 

restriction analysis and sequencing. The constructed plasmid (pRSET B:CbOKS) was 

transformed in the E. coli BL21 strain and CbOKS was heterologously expressed with an 

additional N-terminal hexahistidine tag to allow protein purification over a Ni-NTA gel bed. 

The purified protein gave a single pure band on the SDS-PAGE gel at ~43 kDa mass which 

matched the theoretically predicted molecular mass (Figure 5.16). Routinely, a freshly purified 

protein was used for further assays. 
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Figure 5.15. Schematic representation for constructing the pRSET B:CbOKS expression 

plasmid. 

 
Figure 5.16. SDS-PAGE of the affinity-purified recombinant CbOKS protein. Protein bands 

are visualized by staining with Coomassie Brilliant Blue. M: ladder, Pre: pre-induction, Post: 

post-induction, Sol.: crude protein soluble fraction, Insol.: crude protein insoluble fraction and 

Pure: Pure protein (~5 μg, ~43 kDa). 

5.4.4. Functional characterization of CbOKS 

Based on all the previously performed bioinformatic analyses, CbOKS was predicted to 

function as an octaketide-producing type III PKS. 

One of the limitations faced when testing the octaketide-forming enzymatic activity was the 

unavailability of authentic standards (either commercial or by chemical synthesis) for most of 

the expected enzymatic products. Therefore, the following conversion was performed: 

 

M Pre Pure Post Insol. Sol. 

45 KDa 

35 KDa 

Double digestion by 

NheI and KpnI 

Ligation of CbOKS ORF 

to the MCS 
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Emodin was commercially available and purchased from Sigma-Aldrich. Emodin’s purity was 

confirmed by HPLC-DAD and LC-MS analysis (Figure 5.17).      

Emodin   

Formula  C15H10O5 

 

UV254 nm maxima (nm) 222, 254, 266, 

287, 443 

Calculated molecular mass 270.24 

LC-MS ionization mode / [M-H]- (m/z) EPI -ve / 269 

 

 

 

 

 

Figure 5.17. HPLC-DAD chromatogram and UV and MS/MS (EPI) spectra of standard 

emodin. HPLC method no. 2, detection λ = 254 nm. 
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Emodin anthrone was chemically synthesized from emodin. Commercially purchased emodin 

was reduced into emodin anthrone using stannous chloride dihydrate as a reducing agent under 

5-hour reflux as described (4.7.1). Synthesized emodin anthrone was purified from the reaction 

mixture over HPLC and its purity was confirmed by HPLC-DAD and LC-MS analysis (Figure 

5.18). Emodin anthrone is highly unstable and susceptible to being oxidized to emodin. 

Therefore, it should be carefully stored in the dark at 4 or -20 ºC. 

Emodin anthrone   

Formula  C15H12O4 

 

UV350 nm maxima (nm) 225, 270, 350 

Calculated molecular mass 256.26 

LC-MS ionization mode / [M-H]- (m/z) EPI -ve / 255 

 

 

 

 

 

Figure 5.18. HPLC-DAD chromatogram and UV and MS/MS (EPI) spectra of emodin 

anthrone derived from emodin. HPLC method no. 1, detection λ = 350 nm. 
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Atrochrysone: In course of anthranoid scaffold biosynthesis, torosachrysone is formed by O-

methylation of atrochrysone. Based on the polarity properties, atrochrysone and its carboxylic 

acid were proposed to elute before torosachrysone under the applied analysis conditions (i.e., 

C18 reversed-phase chromatography and gradient method). Also, atrochrysone and 

torosachrysone shared the same UV spectrum (Griffiths et al., 2016). Torosachrysone was 

purified over HPLC from yeast-extract-elicited C. bicapsularis cell suspension cultures and 

used as reference over HPLC to define the retention time range where atrochrysone/its 

carboxylic acid could elute. The torosachrysone purity was confirmed by HPLC-DAD and LC-

MS analysis (Figure 5.19).     

Torosachrysone   

Formula  C16H16O5 

 

UV270 nm maxima (nm) 226, 270, 395 

Calculated molecular mass 288.30 

LC-MS ionization mode / [M+H]+ (m/z) EPI +ve / 289 

 

 

 

Figure 5.19. HPLC-DAD chromatogram and UV and MS/MS (EPI) spectra of torosachrysone. 

HPLC method no. 2, detection λ = 270 nm.  

m
A

U
 



Results 

 

91 
 

Tri-heptaketides and shunt aromatic octaketides SEK4/4b 

Aloesone as an authentic sample (1.4 mg) was provided as a kind gift from the Medicinal 

Chemistry Laboratory, Department & College of Pharmacy, Kyung Hee University, Seoul, 

Korea, where it was chemically synthesized (Kim et al., 2017). The aloesone sample purity 

was confirmed by HPLC-DAD and LC-MS analysis (Figure 5.20). 

Aloesone   

Formula  C13H12O4 

 

UV280 nm maxima (nm) 243, 294 

Calculated molecular mass 232.24 

LC-MS ionization mode / [M-H]- (m/z) EPI -ve / 231 

 

 

 

 

 

Figure 5.20. HPLC-DAD chromatogram and UV and MS/MS (EPI) spectra of standard 

aloesone. HPLC method no. 2, detection λ = 280 nm. 

SEK4/4b and other tri-heptaketides were reported as enzymatic products of the previously 

functionally characterized octaketide-producing type III PKSs from H. perforatum (HpPKS2) 

(accession no. EU635882) (Karppinen et al., 2008). Therefore, HpPKS2 was used as a 
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reference enzyme (i.e., positive control) to compare HpPKS2 and CbOKS enzymatic activities. 

Stock cultures of the E. coli M15 [pREP4] strain harbouring the pQE30:HpPKS2 construct 

were provided as a kind gift by Dr. Katja Karpinnen (3.3). HpPKS2 was heterologously 

expressed, the N-terminally His6-tagged HpPKS2 protein was purified over a Ni-NTA gel bed 

and the enzymatic activity of pure recombinant HpPKS2 was detected as described in 

Karppinen et al. (2008). 

To test the suggested octaketide-forming enzymatic activity of CbOKS, the pure recombinant 

protein was incubated with acetyl-CoA as a starter and malonyl-CoA as extender units under 

standard assay conditions (4.6.7). The produced enzymatic products were analyzed by HPLC-

DAD and LC-MS. HpPKS2 and CbOKS were functionally similar. They shared a qualitatively 

similar HPLC chromatograms at 280 nm showing a group of enzymatic products in largely 

comparable amounts and with comparable UV absorption spectra and retention times (Figure 

5.21). Scaled-up assays for CbOKS were performed. The enzymatic products were purified 

from the assays over HPLC and further analyzed by LC-MS (4.8.3). Due to the low amounts 

of the products, only five HPLC-purified products were successfully identified based on their 

UV spectra and MS data which matched previously published ones (Table 5.6) (Figure 5.24).  

Figure 5.21. Stacked HPLC-DAD chromatograms of incubations, negative and positive 

controls, and standards. Incubation of acetyl-CoA and malonyl-CoA with (a) pure recombinant 

CbOKS, (b) denatured CbOKS and (c) HpPKS2. (d) standard SEK4b (purified from PcOKS 

scaled-up assays). (e) standard aloesone. HPLC method no. 2, detection λ = 280 nm. 

a 

b 

c 

d 

e 
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No enzymatic products were detected in the negative control assays containing heat-denatured 

proteins. Neither emodin anthrone nor emodin was detected in the enzymatic assays (Figure 

5.23). The retention time between the shunt octaketide SEK4b and the anthranoid 

torosachrysone, where atrochrysone is predicted to elute, was analyzed. Two clear enzymatic 

products were detected (Figure 5.22). Their UV spectrum did not match the expected one for 

atrochrysone. They were also detected as enzymatic products in the HpPKS2 assays. Their very 

low yield hindered the MS/MS (EPI) analysis; however, it remains necessary to perform large-

scale assays and to confirm their identity. CbOKS enzymatic activity was detected in the 

absence of acetyl-CoA in assays containing only malonyl-CoA (i.e., malonyl-CoA dependant). 

When CbOKS was incubated with other CoA esters such as para-coumaroyl-CoA, benzoyl-

CoA and isobutyryl-CoA as starter and malonyl-CoA as extender units, no formation of 

naringenin chalcone, 2,4,6-trihydroxybenzophenone (phlorbenzophenone) and 

phlorisobutyrophenone, respectively, was observed in the enzymatic assays. The variant 

CbOKS_v1 showed the same enzymatic activity as CbOKS.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22. Stacked HPLC-DAD chromatograms of incubations and further standards. 

Incubation of acetyl-CoA and malonyl-CoA with (a) pure recombinant CbOKS and (b) 

denatured CbOKS. (c) standard SEK4b (purified from PcOKS scaled-up assays), (d) aloesone 

and (e) standard torosachrysone. (f) UV spectrum of the unidentified product. HPLC method 

no. 2, detection λ = 270 nm. 
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Figure 5.23. Stacked HPLC-DAD chromatograms of incubations and further standards. 

Incubation of acetyl-CoA and malonyl-CoA with (a) pure recombinant CbOKS and (b) 

denatured CbOKS. (c) standard emodin anthrone. (d) standard emodin. HPLC method no. 2, 

detection λ = 350 nm for upper chromatograms and λ = 254 nm for lower chromatograms. 

 

Table 5.6. Proposed enzymatic products of CbOKS.  

Proposed product Formula UV 

maxima 

(nm) 

Cal. 

Mol. Wt. 

[M-H]- 

(m/z) 

Triacetic acid lactone (TAL) C6H6O3 283 126 125 

SEK4 C16H14O7 284 318 317 

SEK4b C16H14O7 230, 280 318 317 

2,7-Dihydroxy-5-methylchromone C10H8O4 308 192 191 

Aloesone  

(2-acetonyl-7-hydroxy-5-methylchromone) 

C13H12O4 

 

243, 294 232 231 

*Due to the absence of some standards, these products were identified based on the previously 

published data (Springob et al., 2007; Jindaprasert et al., 2008; Karppinen et al., 2008; 

Andersen-Ranberg et al., 2017). 
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Triacetic acid lactone (TAL)  

 

 

 

  

SEK4 SEK4b 

 

 

 

 
  

2,7-Dihydroxy-5-methylchromone Aloesone 

 

 

 

 
  

Figure 5.24. MS/MS (EPI) spectra of the proposed enzymatic products of CbOKS. 
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5.4.5. Subcellular localization of CbOKS 

To define the correct compartment in the plant cell where the CbOKS protein is located, a 

bioinformatic analysis supported by experimental investigations was performed. The cellular 

location of CbOKS was predicted using various online subcellular localization prediction tools 

where the amino acid sequence of CbOKS was submitted. The predicted locations are 

summarized in Table 5.7. 

Table 5.7. Predicted localization of CbOKS protein. 

Online prediction tool Predicted location  

DeepLoc-1.0 Endoplasmic reticulum (Likelihood: 0.3853) 

LocTree3 Cytoplasm (Expected accuracy: 89%) 

Plant-mPLoc Cytoplasm  

The subcellular localization was done using the Gateway cloning technique and 

Agrobacterium-mediated transient expression of CbOKS fusion constructs in N. benthamiana 

leaves followed by laser scanning microscopy for visualization. Basically, two fusion 

constructs were prepared: an N-terminal YFP fusion construct and a C-terminal YFP fusion 

construct. For the construction of the N-terminal YFP-ORF expression clone, an attB PCR 

product was amplified using the pRSET B:CbOKS plasmid as a template, a proofreading 

polymerase, a forward primer and a normal reverse primer including the stop codon. For the 

construction of the ORF-YFP C-terminal expression clone, an attB PCR product was amplified 

using the pRSET B:CbOKS plasmid as a template, a proofreading polymerase, a forward 

primer and a reverse primer without the stop codon (Figure 5.25).  

 

 

 

Figure 5.25. Agarose gel electrophoresis 

showing amplification of full-length CbOKS 

attB PCR products using a proofreading 

polymerase (a) with stop codon and (b) 

without stop codon. 

The following Gateway cloning and transformation into A. tumefaciens C58C1 was done by 

Dr. David Kaufholdt, Institute of Plant Biology. Initially, the gene was fused to attachment 

sites by PCR, followed by BP cloning into the pDONR/Zeo vector to generate the entry clones. 

Afterwards, the expression clones were generated using LB cloning. The successful insertion 

of the gene in the correct reading frame in both entry and the expression clones (fusion 

constructs) was constantly checked by sequencing. Finally, the fusion constructs were 

transformed into A. tumefaciens C58C1 by electroporation. A. tumefaciens cultures harbouring 

YFP-CbOKS and CbOKS-YFP fusion constructs were cultivated and used to infiltrate N. 

benthamiana leaves as described (4.6.6). Leaves were harvested three to five days post-

infiltration for analysis. Investigating the transgenic N. benthamiana leaf discs using laser 

scanning microscopy as described (4.8.5) revealed the localization of YFP-CbOKS and 

a b 
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CbOKS-YFP in the cytoplasm, where the yellow fluorescence of the YFP fused to CbOKS was 

clearly distributed (Figure 5.26). However, at high expression levels, the yellow fluorescence 

was additionally detected at the membrane of the chloroplasts. This was attributed to the 

capability of CbOKS to anchor to some structures on the membrane (Figure 5.26). 

 

 

 

 

 

Figure 5.26. Subcellular localization of YFP-fused CbOKS in N. benthamiana leaf epidermal 

cells. (a) Localization of CbOKS-YFP protein in the cytoplasm. (b) localization of YFP-

CbOKS protein in the cytoplasm. (c) Besides localization in the cytoplasm, anchoring of YFP-

fused CbOKS to chloroplast membrane. (d, e, f) Chlorophyll red autofluorescence. (g, h, i) 

Superimposed images. 35S: promoter, YFP: yellow fluorescent protein, S: stop codon. 

35S YFP CbOKS S 

35S YFP CbOKS S 
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5.5. Octaketide-producing type III PKSs from P. cuspidatum** 

**Part of the results shown in this section were reproduced and adapted from this thesis author’s 

contribution in the published work (Guo et al., 2021). 

5.5.1. Expression of PcOKS protein 

As previously done with CbOKS, the constructed plasmid pET-30a(+):PcOKS (3.3) was 

transformed in E. coli BL21 strain. PcOKS was heterologously expressed with an additional 

N-terminal hexahistidine tag to allow protein purification over a Ni-NTA gel bed. The purified 

protein gave a single band on the SDS-PAGE gel at ~ 43 kDa which matched the theoretically 

predicted molecular mass (Figure 5.27). Freshly purified protein was always used for further 

assays. 

 
Figure 5.27. SDS-PAGE of affinity-purified recombinant PCOKS protein. Protein bands are 

visualized by staining with Coomassie Brilliant Blue. Pre: pre-induction, Post: post-induction, 

Insol.: crude protein insoluble fraction, Sol.: crude protein soluble fraction, lane 5 Pure: Pure 

protein (~5 μg, ~43 kDa), M: ladder. 

5.5.2. Functional characterization of PcOKS  

To test the suggested octaketide enzymatic activity of PcOKS, the pure recombinant protein 

was incubated with acetyl-CoA as a starter and malonyl-CoA as extender units under standard 

assay conditions (4.6.7). The produced enzymatic products were analyzed by HPLC-DAD and 

LC-MS. The pattern of the enzymatic products in the HPLC chromatogram at 280 nm was 

comparable to those of HpPKS2 and CbOKS, however, with higher amounts of the products 

formed (Figure 5.28). Scaled-up assays were performed and the enzymatic products were 

purified from the assays over HPLC and further analyzed by MS (4.8.3). Eight HPLC-purified 

products were successfully identified based on their UV spectra and MS data, which matched 

previously published ones (Table 5.8) (Figure 5.29a-b).  

 

 

 

M Pre Pure Post Insol. Sol. 
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Figure 5.28. Stacked HPLC-DAD chromatograms of a PcOKS incubation showing SEK4b as 

a main enzymatic product. HPLC method no. 3, detection λ = 280 nm. 

Table 5.8. Proposed enzymatic products of PcOKS.  

Proposed product Formula UV 

maxima 

(nm) 

Cal. 

Mol. Wt. 

[M-H]- 

(m/z) 

Tetraacetic acid lactone C8H8O4 282 168 167 

Triacetic acid lactone (TAL) C6H6O3 283 126 125 

6-(2,4-dihydroxy-6-methylphenyl)-4-

hydroxy-2-pyrone 

C12H10O5 301 234 233 

SEK4 C16H14O7 284 318 317 

Chromone C14H12O6 284 276 275 

SEK4b C16H14O7 230, 280 318 317 

2,7-Dihydroxy-5-methylchromone C10H8O4 308 192 191 

Aloesone  

(2-acetonyl-7-hydroxy-5-methylchromone) 

C13H12O4 

 

243, 294 232 231 

Unidentified  242, 292 300 299 

*Due to the absence of some standards, these products were identified based on the previously 

published data (Springob et al., 2007; Jindaprasert et al., 2008; Karppinen et al., 2008; 

Andersen-Ranberg et al., 2017) 

No enzymatic products were detected in the negative control assays containing heat-denatured 

protein. Neither emodin anthrone nor emodin was detected in the enzymatic assays. PcOKS 

enzymatic activity was detected in the absence of acetyl-CoA in assays containing only 

malonyl-CoA (i.e., malonyl-CoA dependant). In conclusion, the incubation of PcOKS with 

malonyl-CoA under standard assay conditions (4.6.7) yielded at least eight different enzymatic 

products with SEK4b as a major product. 
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Tetraacetic acid lactone  

 

 

 

 

 

Triacetic acid lactone (TAL)  

 

 

 

 

 

6-(2,4-dihydroxy-6-methylphenyl)-4-hydroxy-2-pyrone 

 

 

 

 

 

SEK4  

 

 

 

 

 

Figure 5.29a. UV and MS/MS (EPI) spectra of the proposed PcOKS enzymatic products. 
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Heptaketide Chromone  

 

 

 

 

 

SEK4b  

 

 

 

 

 

2,7-Dihydroxy-5-methylchromone  

 

 

 

 

 

Aloesone   

 

 

 

 

 

Figure 5.29b. UV and MS/MS (EPI) spectra of the proposed PcOKS enzymatic products. 
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5.5.3. Biochemical characterization of PcOKS 

Enzyme activity is generally influenced by various parameters, which can be optimized for 

maximum enzymatic product formation.  

Enzymes are sensitive to pH. The pH of the surrounding medium affects the ionization of the 

acidic and basic amino acids, which in turn affects the folding of the enzyme and the shape of 

its active site. Enzymes are active over a pH range, reaching the maximum activity at the 

optimum pH. 

Likewise, enzymes are influenced by temperature. At low temperatures, the activity is low due 

to the weak interaction between the enzyme and the substrate. As the temperature increases, 

the enzymatic activity increases, reaching the maximum activity at the optimum temperature. 

Above the optimum temperature, the activity gradually decreases due to the disruption of 

hydrogen and other bonds and thus enzyme denaturation. 

The relative PcOKS activity for SEK4b formation was tested over a pH range of pH 5.5 to pH 

9.5 and at different temperatures ranging from 20 ºC to 65 ºC with 5 ºC intervals. The preferred 

buffer was KH2PO4 with pH 7.0 as an optimum pH for maximum SEK4b formation. SEK4b 

formation decreased by 2.3% and 38.5% at pH 6.5 and pH 7.5, respectively (Figure 5.30a). The 

optimum temperature for SEK4b formation was 45 ºC. SEK4b formation decreased by 22.4% 

and 10.4% at 40 ºC and 50 ºC, respectively (Figure 5.30b). 

At the optimum pH (7.0) and temperature (45 ºC), the relative PcOKS activity for SEK4b 

formation was tested over a period of 120 min and with increasing protein concentration from 

0.5 ug up to 34 ug. SEK4b formation was linear up to 30 min and ~16 ug protein (Figure 5.30c-

d).  

Table 5.9. Optimum incubation conditions for the SEK4b-forming activity of PcOKS with 

malonyl-CoA as sole substrate, used to determine the Michaelis-Menten Constant (Km) 

Parameter Optimum condition 

Buffer KH2PO4 (0.1 M) 

pH 7 

Temperature 45 ºC 

Time 10 min 

Protein concentration 2 µg 
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a b 

  
  

c d 

  
Figure 5.30. Effect of changes in various incubation parameters on the SEK4b-forming activity 

of PcOKS; (a) pH, (b) temperature, (c) incubation time and (d) protein amount. Data represent 

means ± s.d. (n = 3). K: KH2PO4 and T: Tris buffers. 

As previously mentioned, the PcOKS enzymatic activity for SEK4b formation is malonyl-CoA 

dependant. As a confirmation, SEK4b formation was measured using nine various 

concentrations of acetyl-CoA ranging from 0-200 µM and a fixed concentration of malonyl-

CoA (~550 µM). SEK4b formation was constant over the whole tested range. Therefore, the 

Km value for PcOKS was determined for only malonyl-CoA. Based on the results observed in 

the optimization of the incubation conditions, the optimum incubation conditions were used 

for PcOKS Km value determination (Table 5.9). Using fourteen various concentrations of 

malonyl-CoA ranging from 10 - 600 µM, the Km value for the freshly purified recombinant 

PcOKS was determined to be 75.20 ± 6.29 for malonyl-CoA (SEK4b-forming activity) 

(Appendix Figure 10.3). 
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5.6. Biochemical and molecular biological approaches for identifying tailoring factors. 

5.6.1.  Plant expression system approach:  

          Agrobacterium-mediated transient expression in N. benthamiana 

The aim of this study was to express OKS without any tags in a plant system (i) to guarantee 

the correct folding of the protein into the active conformation and (ii) to test the effect of the 

endogenous plant machinery on the OKS activity. 

The octaketide-producing type III PKS HpPKS2 was expressed in N. benthamiana leaves using 

an Agrobacterium-mediated transient expression system and a uracil-excision based cloning 

technique (Nour-Eldin et al., 2006). The ORF of HpPKS2 was amplified using the gene-

specific uracil-containing primers (3.2.3), an uracil-compatible proofreading polymerase and 

the isolated pQE30:HpPKS2 plasmid as a template. The PCR product with an eight nucleotide 

long overhang was cloned into the PacI/Nt.BbvCI linearized pCAMBIA-35Su USER cassette 

forming a stable hybridization product that was transformed into competent E. coli DH5α strain 

(Figure 31a). The transient protein expression construct (pCAMBIA-35Su:HpPKS2) was 

isolated, confirmed by PCR and sequencing, and further transformed into the A. tumefaciens 

strain C58C1 by electroporation. Successful transformation was confirmed by extracting the 

transformed A. tumefaciens genomic DNA and using it as a template to amplify the gene of 

interest. A. tumefaciens cultures harbouring the pCAMBIA-35Su:HpPKS2 construct were 

cultivated and used to infiltrate N. benthamiana leaves as described (4.6.6). Leaves were 

harvested five days post-infiltration for in vitro enzymatic activity analysis or ten days post-

infiltration for metabolic profile analysis. A. tumefaciens cultures transformed with the empty 

pCAMBIA-35Su vector were used as a negative control. 

Likewise, the octaketide-producing type III PKS PcOKS was transiently expressed in N. 

benthamiana leaves following the previously described protocol for HpPKS2. The PcOKS 

gene-specific uracil-containing primers and the template pET-30a(+):PcOKS plasmid were 

used for the amplification. The transient protein expression construct (pCAMBIA-

35Su:PcOKS) was confirmed by PCR and sequencing (Figure 31b). 
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Figure 5.31. Schematic representation for constructing (a) pCAMBIA-35Su:HpPKS2 and (b) 

pCAMBIA-35Su:PcOKS expression plasmids using the uracil-excision based cloning (USER) 

technique. 
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Cell-free crude protein extracts were prepared from the infiltrated leaves and incubated with 

acetyl-CoA and malonyl-CoA as described (4.6.7). The enzymatic assays were further 

analyzed by HPLC-DAD. The group of enzymatic products including the shunt octaketides 

were detected without the formation of atrochrysone, emodin anthrone and emodin. The shunt 

products were not detected in the assays containing cell-free crude protein extracts prepared 

from leaves infiltrated with A. tumefaciens cultures harbouring the empty pCAMBIA-35Su 

vector (Figure 5.32). Methanolic extract of the infiltrated leaves transformed with pCAMBIA-

35Su:PcOKS was prepared as described (4.2.2). Only shunt octaketides were detected (Figure 

5.32). 

 

 

 

 

 

 

 

 

 

 

Figure 5.32. Stacked HPLC-DAD chromatograms of incubations of acetyl-CoA and malonyl-

CoA with crude protein extract of N. benthamiana leaves expressing PcOKS (a) active protein 

and (b) denatured protein. Methanolic extract of N. benthamiana leaves transformed with (c) 

pCAMBIA-35Su:PcOKS and (d) empty vector. (e) Standard SEK4b (purified from PcOKS 

scaled-up assays). (f) UV spectrum of SEK4b formed in assays with tobacco-expressed 

PcOKS. HPLC method no. 2, detection λ = 280 nm. 

As a conclusion, the expression of the octaketide-producing type III PKSs (HpPKS2 and 

PcOKS) without the hexahistidine tag in a plant system such as N. benthamiana, which 

provides the eukaryotic post-translational modification machinery often required to produce 

correctly folded, stable, and active proteins, did not help the OKSs to form a correctly cyclized 

product in amounts detectable by HPLC-DAD.  
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5.6.2. Biochemical and proteomic approach: 

          Octaketide synthase activity in C. bicapsularis crude protein extract 

Based on the previously published findings by Abdel-Rahman et al. (2013), the OKS activity 

upon incubation of cell-free crude protein extract from yeast-extract-treated C. bicapsularis 

cell cultures with acetyl-CoA and malonyl-CoA was confirmed. For further downstream 

analysis in the current study, a re-detection of the OKS activity in C. bicapsularis crude protein 

extract was required. In the current work, the formation of emodin anthrone upon incubation 

of the crude protein extract with acetyl-CoA and [2-14C] malonyl-CoA was detected using radio 

detector-coupled HPLC (Figure 5.33a-b). Additionally, the formation of emodin anthrone upon 

incubation of the crude protein extract with acetyl-CoA and [2-13C] malonyl-CoA was detected 

using LC-MS (Figure 5.33c). Afterwards, the following fractionation and enzymatic assays 

were performed to test the possibility of the involvement of an octaketide cyclase (OKC), more 

generally called polyketide cyclase (PKC). Fractionation of cell-free crude protein extract by 

molecular size using Ultra Centrifugal Filter with 30 kDa molecular weight cut-off (MWCO) 

yielded two fractions: concentrate and filtrate. The following pattern of the OKS activity was 

noticed. 

*Sharp decrease "almost Loss" of OKS activity and emodin anthrone formation upon 

incubation of either the concentrate or the filtrate alone with acetyl-CoA and malonyl-CoA. 

*Recovery of OKS activity upon incubation of a re-mixture of the concentrate and the 

filtrate together with acetyl-CoA and malonyl-CoA (Figure 5.34). 

Figure 5.33. (a) Radiodetector-coupled HPLC chromatogram of an incubation. (b) HPLC-

DAD chromatogram of standard emodin (reference). (c) MS/MS (EPI) spectrum of [13C] 

emodin anthrone formed in the incubation; the MS spectrum matched the previously published 

one (Abdel-Rahman et al., 2013). 
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a b 

  
  

c d 

  
Figure 5.34. Radioactivity scintillation counts of OKS assays containing [2-14C]malonyl-CoA 

and (a) total crude protein extract, (b) remix of the concentrate and filtrate, (c) concentrate 

alone and (d) filtrate alone. Red bars represent the products, with the red bar at 27 min being 

emodin anthrone. 

The octaketide synthesis activity was performed using total crude protein extract of non-

elicited and elicited batches to check successful induction (Figure 5.35). As a proteomic 

approach, the filtrate of both cell-free crude protein extracts from non-elicited and elicited C. 

bicapsularis cell suspension cultures individually underwent proteomics analysis (peptide 

sequencing).  The resulting peptide sequences (proteome) were analyzed against the C. 

bicapsularis transcriptomic data (CDS file). A large group of candidates was identified (2688 

candidates) which was not specific enough to point out putative OKCs. Moreover, the resulting 

peptide sequences were analyzed against three publicly available Cassia transcriptomes and a 

group of candidates was identified (139 candidates). The functional annotation of these 
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candidates was resolved and their abundance in both samples was also provided. However, no 

OKC has been detected among the identified sequences.  

a b 

  
  

Figure 5.35. Radioactivity scintillation counts of OKS assays containing [2-14C]malonyl-CoA 

and total crude protein extract of (a) non-elicited and (b) elicited C. bicapsularis cell cultures 

used in proteomic analysis. Red bars represent the products, with the red bar at 27 min being 

emodin anthrone. 

5.6.3. Computational and molecular approach:  

          Putative tailoring proteins from H. perforatum 

Anthranoids, especially the dimeric derivative hypericin, are not only reported to be 

synthesized in H. perforatum but also in other Hypericum species, one of which is H. sampsonii 

(Liu et al., 2007). In both species, the dark glands in the aerial parts are believed to be that the 

main sites of anthranoid scaffold biosynthesis (Zobayed et al., 2006). The publicly available 

MPGR H. perforatum transcriptome database and in-house H. sampsonii transcriptome 

database (unpublished, provided by Dr. Benye Liu) were searched for candidate genes that 

might code for proteins involved in anthranoid scaffold biosynthesis. PR10/Bet v1-like proteins 

and major latex protein-like (MLPLs) are members of the protein superfamily SRPBCC 

"START/RHOαC/PITP/Betv1/CoxG/Calc ligand-binding domain", which is derived from an 

ancestral protein that most closely resembled the extant polyketide cyclase (PKC). PR10/Bet 

v1-like proteins and MLPLs are potential candidates to function as polyketide cyclases (PKCs). 

Based on these aspects, several potential PKC candidates were identified. 

5.6.3.1. Bioinformatic analysis of Hypericum transcriptomes  

To identify putative PKCs, the amino acids coding sequences of a group of functionally 

characterized PR10/Bet v1-like proteins and MLPLs (Appendix Table 10.1) were individually 

blasted (tBLASTn) against the publicly available MPGR H. perforatum transcriptome database 

using the default settings. Moreover, the MPGR H. perforatum transcriptome database was 

searched for all the genes functionally annotated as PR10/Bet v1-like proteins / MLPLs. A 

group of putative PR10/Bet v1-like proteins / MLPLs were identified (Appendix Table 10.2) 
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and selected for further analysis. Furthermore, each protein was blasted (tBLASTn) against the 

in-house H. sampsonii transcriptome database to identify its corresponding homolog in H. 

sampsonii. In the same way, the H. sampsonii transcriptome was searched for more candidates. 

Based on (i) the expression analysis of each protein in terms of FPKM (fragments per kilobase 

per million mapped fragments) values in the MPGR H. perforatum transcriptome database and 

(ii) the differential gene expression (DGE) in terms of TPM (transcripts per kilobase per 

million) values in the in-house H. sampsonii transcriptome database, six sequences showed 

promising expression patterns as potential PKCs and were selected for further bioinformatic 

and molecular biological investigations (Table 5.10).  

Table 5.10. Putative PKCs identified in Hypericum transcriptomic data. 

Name H. perforatum MPGR  Closest H. sampsonii match 

HpPOCP1 hpa_locus_3413 12896_c0_g10 

HpPOCP2 hpa_locus_318 

hpa_locus_2765 

12965_c1_g12 

HpPOCP3 hpa_locus_7942 11682_c2_g13 

HpPR10_a hpa_locus_4976 12910_c2_g12 

HpPR10_b hpa_locus_1241 11980_c0_g10 

HpMLPL_a hpa_locus_3943 13071_c4_g14 

HpPOCP1-3 are PR-10/Bet v1-like proteins belonging to the SRPBCC superfamily. Although 

they are annotated as phenolic oxidative coupling proteins (POCPs) based on their homology 

to the previously cloned hyp-1 protein, there is no experimental evidence on their functionality 

(Soták et al., 2016). The expression of the representative genes of HpPOCP1-3 in the MPGR 

H. perforatum transcriptome database was relatively high in the petals of the flower bud and 

the dark glands in the flower petals, respectively, as indicated by the FPKM values. Also, clear 

differential expression of the genes was noticed between the flower petals with and without 

dark glands. Moreover, the HpPOCP1-3 homologs in H. sampsonii were differentially 

expressed and clearly upregulated in the shoot, as represented by the TPM values. The 

differential expression of the POCPs was in accordance with the OKS differential expression. 

The same was also noticed for the PR10 candidates. The HpMPLP was highly expressed in the 

whole flower petals and leaves but with low expression in the petal dark glands. However, the 

expression of its H. sampsonii homolog nicely matched the expression of HpPKS2. Another 

putative candidate is PKC01, a protein belonging to the SRPBCC superfamily published in 

2019 (Rizzo et al., 2019). The CDS of PKC01 was kindly provided by these authors. The tissue-

specific expression of the PKC01 closest MPGR match was not very convincing due to the low 

expression in the dark glands. Moreover, no homolog was found in the H. sampsonii 

transcriptomic data. However, it was highly expressed in the flower bud petals. It was 

considered in the current work based on the published findings, which strongly proposed its 

involvement as a PKC. The expression of these putative PKCs in H. perforatum and H. 

sampsonii is summarized in Figures 5.36-37.  
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Figure 5.36. Tissue-specific expression of transcripts encoded by the loci 3413 (HpPOCP1), 

318/2765 (HpPOCP2), 7942 (HpPOCP3), 4976 (HpPR10_a), 1241 (HpPR10_b) and 3943 

(HpMLPL_a). Data from the MPGR database (http://medicinalplantgenomics.msu.edu). 

FPKM, fragments per kilobase per million mapped fragments. Represented values are percent 

relative to the tissue with the highest transcript abundance. 

Figure 5.37. Expression of the homologs in H. sampsonii shoots and roots. TPM, transcripts 

per kilobase per million. Represented values are absolute TPM in shoot and root. 
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5.6.3.2. Cloning of the putative PKC candidates 

HpPOCPs (1-3) 

For cloning, the full-length ORF of each candidate gene was identified based on the alignment 

analysis of the amino acid sequences deposited in the MPGR database, the OneKp database 

and the NCBI_nr protein database. Subsequently, the full-length ORF of each POCP (1-3) was 

individually amplified using its designed gene-specific primers (GSFP and GSRP), a 

proofreading polymerase and a cDNA pool obtained from H. perforatum closed flower buds 

as a template (Figure 5.38). The deduced amino acid sequence of each HpPOCP shared 100% 

identity with its gene deposited in the databases (Figure 5.39). 

 

Figure 5.38. Agarose gel electrophoresis showing amplification of full-length sequences for 

(a) HpPOCP1, (b) HpPOCP2 and (c) HpPOCP3 using a proofreading polymerase.  

Figure 5.39. Alignment of the deduced amino acid sequences of database and cloned POCPs. 

(a) HpPOCP1, (b) HpPOCP2 and (c) HpPOCP3. 

a b c 
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HpPR10_a 

HpPR-10_a is PR-10/Bet v1-like protein belonging to the SRPBCC superfamily. Upon 

sequence analysis of its representative gene (hpa_locus_4976) in the MPGR database, it was 

found that the nucleotide sequence of this isoform was contaminated with short sequences 

belonging to totally different protein families. This was taken into consideration while 

interpreting the FPKM values. However, the expression of the representative isoform (iso_3) 

matched to a great extent that of the previous POCPs with the highest FPKM values in the 

petals of the flower bud, the dark glands in the flower petals and the whole flower bud, 

respectively, and clear differential expression in the flower petal dark glands. As a 

confirmation, the HpPR-10_a homolog in H. sampsonii (12910_c2_g12) was clearly 

upregulated in the shoot. Alignment analysis of the corresponding amino acid sequences 

deposited in the MPGR database, the OneKp database and the NCBI_nr protein database 

revealed the presence of 2 sequences with 92.5% identity on the amino acid level. To find out 

the naturally abundant protein, gene-specific primers (GSFP and GSRP) were designed for the 

two sequences. The two-full length ORFs were amplified using a proofreading polymerase 

from a cDNA pool obtained from H. perforatum closed flower buds (Figure 5.40).   

The deduced amino acid sequence of the first clone (HpPR10_a) was 100% identical to its 

contig in NCBI_nr database, while the second clone (HpPR10_aa) was 90.1% identical to 

hpa_locus_4976 (Figure 5.41). The first one was selected for further work. 

 

 

 

 

Figure 5.40. Agarose gel electrophoresis showing amplification 

of full-length HpPR10_a using a proofreading polymerase. 

 

Figure 5.41. Alignment of the deduced amino acid sequences of database and cloned (a) 

HpPR10_a and (b) HpPR10_aa. Blue lowercase letter / red special character in consensus: 

different amino acids in protein alignment. 
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HpPR10_b 

The representative gene in the MPGR database (hpa_locus_1241) clearly provided the full-

length ORF. Gene-specific primers (GSFP and GSRP) were designed and used to amplify this 

candidate using a proofreading polymerase from a cDNA pool obtained from H. perforatum 

closed flower buds (Figure 5.42). The deduced amino acid sequence of the clone was 98.1% 

identical to hpa_locus_1241 (Figure 5.43). 

 

 

 

 

Figure 5.42. Agarose gel electrophoresis showing amplification 

of full-length HpPR10_b using a proofreading polymerase. 

 

Figure 5.43. Alignment of the deduced amino acid sequences of database and cloned 

HpPR10_b. Blue lowercase letter / red special character in consensus: different amino acids in 

protein alignment. 

HpMLPL_a 

The representative gene in the MPGR database (hpa_locus_3943) lacked the first 22 amino 

acids at the 5ʹ end. The sequence was amplified in our laboratory using a proofreading 

polymerase from a cDNA pool obtained from H. perforatum. The deduced amino acid 

sequence of the clone was 96.9% identical to the short fragment of hpa_locus_3943 (Figure 

5.44). 

 

Figure 5.44. Alignment of the deduced amino acid sequences of database and cloned 

HpMLPL_a. Blue lowercase letter / red special character in consensus: different amino acids 

in protein alignment. 
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PKC01 

Gene-specific primers (GSFP and GSRP) were designed based on the provided full-length ORF 

and used to amplify this candidate using a proofreading polymerase from a cDNA pool 

obtained from H. perforatum closed flower buds (Figure 5.45). During cloning and amino acid 

sequence analysis, it was noticed that this protein provides many allelic variants. Sequence 

analysis was performed for 14 isolated plasmids, ten different allelic variants were detected. 

The variant matching the consensus was selected. 

 

 

 

 

Figure 5.45. Agarose gel electrophoresis showing 

amplification of full-length HpPKC01 using a 

proofreading polymerase. 

 

 

 

 

 

Table 5.11. Summary of the features of the cloned putative PKCs 

Name ORF (bp) CDS (amino acids) Calculated molecular mass (kDa) pI 

HpPOCP1 471 156 18.0 6.0 

HpPOCP2 483 160 18.1 6.9 

HpPOCP3 477 158 17.4 6.1 

HpPR10_a 486 161 17.8 6.3 

HpPR10_a 486 161 17.9 6.6 

HpPR10_b 471 156 17.4 5.0 

HpMLPL_a 459 152 17.4 4.9 

HpPKC01 579 192 21.5 7.9 
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5.6.3.3. Construction of the expression plasmid and protein expression  

Protein expression in E. coli 

The following work was carried out for each putative PKC individually. As previously 

described for CbOKS (5.4.3), the NheI/KpnI double digested putative PKC ORF was ligated 

to the NheI/KpnI linearized pRSET B expression vector. Restriction analysis and sequencing 

were used to check the successful ligation in the correct frame. For each putative PKC, the 

constructed plasmid (pRSET B:putative PKC) was transformed in the E. coli BL21 strain. The 

putative PKC was heterologously expressed with an additional N-terminal hexahistidine tag. 

A crude protein extract was prepared from the E. coli pellets and successful protein expression 

was checked by SDS-PAGE. In individual mixed assays, each putative PKC crude protein was 

co-incubated with a freshly purified E. coli expressed HpPKS2. No correctly cyclized product 

has so far been detected by HPLC-DAD under the test conditions used.  

Protein expression in N. benthamiana 

The following work was carried out for each putative PKC individually. As previously 

described for the octaketide-producing HpPKS2 and PcOKS (5.6.1), the putative PKC was 

amplified using the gene-specific uracil-containing primers, a uracil-compatible proofreading 

polymerase and the pRSET B:putative PKC construct as a template. The PCR product was then 

ligated in the pCAMBIA-35Su USER cassette. The transient protein expression construct 

(pCAMBIA-35Su:putative PKC) was confirmed by PCR and sequencing. Each pCAMBIA-

35Su:putative PKC construct was individually transformed into A. tumefaciens C58C1 by 

electroporation. Successful transformation was confirmed by extracting the transformed A. 

tumefaciens genomic DNA and using it as a template to amplify the gene of interest. A. 

tumefaciens cultures harbouring the pCAMBIA-35Su:HpPKS2 construct and those cultures 

harbouring the pCAMBIA-35Su:putative PKC construct were individually cultivated and 

mixed prior to induction so that the final mixture had an OD600 equal to 1. After incubation at 

100 rpm and 28 º for 2 hr, the mix was used to infiltrate N. benthamiana leaves as described 

(4.6.6) for co-expression. Leaves were harvested ten days post-infiltration for metabolic profile 

analysis. Neither the shunt octaketides nor any correctly cyclized product has so far been 

detected by HPLC-DAD under these test conditions used.
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6. Discussion 

6.1. Elucidation of biosynthetic pathways in planta and beyond 

Plants are fascinating factories which effectively synthesize an enormous variety of natural 

secondary metabolites known as plant natural products (PNPs). PNPs are ubiquitous in 

fragrances, colors, flavors, and medicines. To date, many PNPs represent the basis of the 

pharmacopoeia. They are used to treat different disorders such as the analgesic morphine, 

antimalarial artemisinin, antitumoral taxol, vinblastine and vincristine, antidepressant 

hyperforin and others (Figure 6.1). Due to their significant pharmaceutical importance, these 

compounds must be constantly produced and continuously available for therapeutic use.  

The traditional production of PNPs for commercial use or as scaffolds for more complex 

molecules relies on either isolation from native sources or chemical synthesis. Isolation of 

PNPs from processed plant biomass is limited by the substantial land and water requirements, 

time investment, variability in crop yields and low abundance. On the other side, the complex 

structure and stereospecificity of these molecules commonly hinder their total chemical 

synthesis for economic production. A rapidly growing alternative nowadays is metabolic 

engineering, which attempts to produce chemicals in cell factories (i.e., green chemistry) and 

overcomes the previous limitations and challenges. Creation of PNP-producing platforms 

provides a high-throughput, cheap, fast, scalable and on-demand alternative for end product 

production (Courdavault et al., 2021). 

Although the production of PNPs through metabolic engineering is highly advantageous, there 

are important requirements that should be handled for achieving successful production: (1) the 

selection and engineering of the host for the production of the target compounds, (2) 

discovering and characterizing the candidate enzymes involved in the biosynthetic pathway to 

allow pathway construction in the host and (3) enzyme engineering to improve the production 

of the target compounds or produce other related derivatives (Cravens et al., 2019). For these 

reasons, elucidation of the biosynthetic pathways of medicinally significant compounds in 

planta and identification of missing enzymes in these pathways has attracted the attention of 

researchers in the last decades (Dugé De Bernonville et al., 2020). One of the fascinating recent 

examples of PNP metabolic engineering is the microbial production of the anticancer 

compound noscapine, whose complete biosynthetic pathway was reconstructed in yeast 

(Saccharomyces cerevisiae) including 31 enzymes, 25 of which are heterologously expressed 

enzymes from plants, bacteria and mammals while the other 6 are overexpressed or mutant 

yeast enzymes (Li et al., 2018) (Figure 6.1). Another example is the synthetic production of 

some polyketides such as chalcones, stilbenes and curcuminoids in heterologous organisms 

(Lussier et al., 2012). Taking all these aspects into consideration, the current study was 

performed to find more information regarding anthranoid scaffold biosynthesis in planta as 

discussed below. Elucidation of the biosynthetic pathway will open the door for future 

metabolic engineering of various anthranoid derivatives. 
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Figure 6.1. (a) Examples of plant natural products (PNPs) with valuable therapeutic uses. (b) 

Scheme of de novo biosynthesis of noscapine in yeast. 

Based on their biosynthetic origin, PNPs are sorted into four different classes: 

phenylpropanoids, alkaloids, terpenoids and polyketides. Among the highly interesting 

polyketides are the emodin-type anthranoids such as antitumoral hypericin, a 

naphthodianthrone, and the laxative sennosides. To date, the biosynthesis of the core octaketide 

molecule of these emodin-type anthranoids in planta is not well understood and not fully 

elucidated. 

The identification of octaketide cyclase(s) and/or other tailoring cofactors for co-action with 

octaketide synthase will be a significant step forward in elucidating and exploiting anthranoid 

biosynthesis. The availability of the enzymes and genes involved in this pathway is essential 

for implementing a heterologous production approach. This strategy will be particularly useful 

for hypericin production, the yield of which is only around 0.2% in H. perforatum plants, and 

its total chemical synthesis is highly challenging. Therefore, engineered microorganisms 

harbouring the gene cascade that encodes the series of anthranoid biosynthetic enzymes may 

provide a promising alternative source of anthranoids and hypericin. 
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Generally, biosynthetic pathways involve two consecutive phases; a scaffold-generating step 

building up the core molecule and tailoring steps that produce a wide range of final products. 

The discovery of the missing enzymes involved in any phase of the biosynthetic pathway can 

be achieved through computational or experimental approaches. The computational approach 

is usually applied to fish out enzymes which are assigned to a specific class or protein 

superfamily. On the other hand, the experimental approach is employed when the exact nature 

of the enzyme or the reaction is not clearly identified. 

In the current study, a computational approach was performed using C. bicapsularis 

transcriptomic data to identify the octaketide-producing CbOKS and the CbPR10 candidates. 

Also, this approach was carried out to identify various candidates that could act as tailoring 

enzymes in anthranoid scaffold biosynthesis using publicly available H. perforatum databases 

and in-house H. sampsonii transcriptomic data. On the other side, protein fractionation and 

functional assay followed by proteomic analysis of the C. bicapsularis crude protein extract 

was carried out in course of identifying the tailoring factors/enzymes of unknown nature as an 

experimental approach. 

6.2. Biosynthesis of anthranoids in plants 

There has been a lot of trials through the last years to elucidate the biosynthesis of the 

anthranoid scaffold in planta. Tissue culture and biochemical studies were early performed 

with plants rich in anthranoids belonging to the Rubiaceae and Fabaceae. Later, molecular 

investigations dominated due to the fast-emerging technologies such as next generation 

sequencing (NGS) that provided plenty of genomic and transcriptomic data. 

6.2.1. Biochemical investigations of anthranoid biosynthesis: 

          Anthranoids in C. bicapsularis cell suspension cultures 

Rubiaceous plants and their derived cell and tissue cultures accumulate fundamental amounts 

of various Rubia (alizarin) type anthraquinones (Han et al., 2001). The family Rubiaceae 

comprises around 450 genera, of which the genera Cinchona, Morinda, Galium and Rubia were 

used in different studies to elucidate the Rubia type anthraquinone biosynthesis.  

Early work done on the Morinda genus illustrated the anthraquinone biosynthesis via the 

shikimate pathway by feeding various 14C-labelled precursors of the shikimate pathway to the 

Morinda citrifolia cell suspension cultures and intact plant (Leistner, 1975). Further studies on 

the Galium genus demonstrated that 13C-labelled 2-succinylbenzoate added to Galium mollugo 

cell suspension cultures was incorporated in the anthraquinones accumulated in the cell 

cultures (Inoue et al., 1984). 

Regarding the Cinchona genus, it is reported that non-treated cell suspension cultures of 

Cinchona robusta did not produce anthraquinones under normal conditions, however, the 

accumulation of anthraquinones in the cell cultures was induced upon treatment with a fungal 

homogenate of Phytophthora cinnamomi (Pcin) which acts as a biotic elicitor (Ramos-Valdivia 

et al., 1997). Among the ten identified anthraquinones in the fungus-treated cell cultures, 

robustaquinone B was found as a major product (Schripsema et al., 1999). Feeding experiments 

studied the incorporation of [1-13C] 

glucose in robustaquinone B. The observed labeling pattern in robustaquinone B showed 13C 

enrichment in C-8, C-10 and C-11. This pattern confirmed that ring A and B are derived from 
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chorismate/o-succinylbenzoic acid via the shikimate pathway and not derived from caffeic acid 

via the phenylpropanoid pathway. Moreover, the 13C enrichment in C-1, C-4, C-13 and C-14 

confirmed that ring C is formed from isopentenyl diphosphate (IPP) derived from the 2-C-

methyl-d-erythritol 4-phosphate (MEP) pathway and not the mevalonic acid (MVA) pathway 

(Han et al., 2002). Furthermore, the anthraquinones accumulation in the fungus-elicited cell 

cultures was inhibited by clomazone, an inhibitor of the MEP pathway, however, it was not 

affected by lovastatin, a specific inhibitor of the MVA pathway (Han et al., 2002).  

These findings demonstrated that the alizarin type anthraquinones are biosynthesized in 

Rubiaceae via a combination of the shikimate and MEP pathways. Ring A and B are 

biosynthetically derived from α-ketoglutarate and chorismic acid via o-succinylbenzoic acid 

(OSB) through the shikimate pathway. Ring C is biosynthetically derived from isopentenyl 

diphosphate (IPP) through the MEP pathway. Coupling of the 1,4-dihydroxy-2-naphthoyl 

derivative with dimethylallyl diphosphate generates the anthraquinone backbone. 

A study performed by Chetri et al. (2016) demonstrated the following. Sennosides A and B 

were detected in the callus cultures induced from Cassia angustifolia Vahl leaves. Employment 

of biosynthetic precursors (pyruvic acid and α-keto glutaric acid) and organic elicitors (sucrose, 

yeast extract, glycine, myo-inositol, proline, casein hydrolysate and glutamine) in the callus 

cultures resulted in remarkable elicitation of sennosides A and B. The maximum elicitation 

was achieved using 0.1% pyruvic acid with 16% and 32% increase in sennosides A and B, 

respectively. Moreover, isochorismate synthase (ics), the key enzyme of anthraquinone 

biosynthesis via the shikimate pathway was cloned from C. angustifolia leaves (Chetri et al., 

2016). 

During the previous work in our lab, C. bicapsularis callus and cell suspension cultures were 

established (Abdel-Rahman et al., 2013). Unlike the field-grown plants and in vitro shoot 

cultures, which produced only anthraquinones, the cell cultures accumulated THAs in addition 

to anthraquinones. Furthermore, the functional biosynthesis of anthranoids was detected in cell-

free protein extracts from yeast-extract-treated cell cultures. The incubation of the crude protein 

extract from elicitor-treated cell cultures with acetyl-CoA and [2-14C]malonyl-CoA resulted in 

the formation of torosachrysone, emodin anthrone and two unidentified products without shunt 

product formation (Abdel-Rahman et al., 2013). It is the only system reported in the literature 

that has the capability to form the correctly cyclized products. Based on these findings, C. 

bicapsularis cell suspension culture was successfully re-established in the current work and 

used as a model system for further biochemical and molecular investigations to gain deeper 

insight into anthranoid biosynthesis. Anthranoids were detected in the cultures. 

Tetrahydroanthracenes were detected as the main metabolites compared to the anthraquinones 

which were present as minor products. Formation of emodin anthrone and other enzymatic 

products was detected upon incubation of cell-free C. bicapsularis crude protein extract with 

acetyl-CoA and [2-14C]malonyl-CoA. This enzymatic activity was induced upon yeast extract 

treatment.  
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6.2.2. Bioinformatic and molecular investigations of anthranoid biosynthesis: 

          Transcriptomic analysis of C. bicapsularis cell suspension cultures 

Liu et al. (2014) showed the following analysis. Transcriptomic analysis of the seeds of C. 

obtusifolia greenhouse-grown plants, harvested 30 days post-flowering (high anthraquinones 

content), was performed using the Illumina HiSeqTM 2000 system followed by de novo 

assembly of the clean reads into unigenes using the Trinity program. The analysis of the 

resulting unigenes led to the identification of 131 candidates that could be involved in 

anthraquinone, flavonoid, terpenoid and lipid biosynthesis. Among the putative candidates, 3 

lipid transfer proteins, 30 cytochrome P450, 12 SAM-dependent methyltransferases, and 12 

UDP-glucosyltransferases were obtained (Liu et al., 2014).  

Rama Reddy et al. (2015) described the following study. Based on the high sennosides content 

in C. angustifolia young leaves compared to the mature leaves, a comparative transcriptomic 

analysis between C. angustifolia young and mature leaves was carried out using the Illumina 

MiSeq platform. Among the differentially expressed CDSs, some genes were found up-

regulated in the young leaves compared to mature ones and functionally mapped to the 

sennoside biosynthesis: acetyl-CoA C-acetyltransferase (ACAT), hydroxymethylglutaryl-CoA 

synthase (HMGS), hydroxymethylglutaryl-CoA reductase (HMGR), diphosphomevalonate 

decarboxylase (MVD), 1-deoxy-D-xylulose-5-phosphate synthase (DXPS), 2-C-methyl-D-

erythritol 4-phosphate cytidylyltransferase (ISPD), isopentenyl-diphosphate delta-isomerase 

(IPP2), 3-deoxy-7-phosphoheptulonate synthase (DAHPS; EC:2.5.1.54), 3-dehydroquinate 

synthase (DHQS), menaquinone-specific isochorismate synthase (menF) and naphthoate 

synthase (menB) (Rama Reddy et al., 2015). 

Deng et al. (2018) reported the following results. A full-length transcriptome sequencing of C. 

obtusifolia seed, root, stem, leaf, and flower was generated using a hybrid approach combining 

the next generation sequencing (NGS) platform and single-molecule real-time (SMRT). 

Concerning the biosynthesis of the anthraquinone aurantio-obtusin, transcripts coding for 

menaquinone-specific isochorismate synthase (ICS), 1-deoxy-d-xylulose-5-phosphate 

synthase (DXS) and isopentenyl diphosphate (IPPS) of the shikimate/MEP pathway were 

identified in addition to seed-specific CYPs, SAM-dependent 

methyltransferase, and UDP-glycosyltransferase (UDPG), which could be involved in the late 

stage of anthraquinone biosynthesis (Deng et al., 2018). 

Additionally, some other transcriptomic analyses of various Cassia species (C. angustifolia 

and C. bicapsularis) were conducted to study other pathways rather than anthranoid 

biosynthesis. Successful identification of six genes encoding transcription factors involved in 

drought stress regulation in C. angustifolia was reported (Mehta et al., 2017). A comparative 

transcriptome profiling of C. bicapsularis stamens was conducted to understand the genetic 

basis and molecular regulation of "heteranthery", a phenomenon of heteromorphic stamen 

formation in the flower (Luo et al., 2016). 

Besides the Cassia genus, the transcriptome of plants belonging to other genera rich in 

anthraquinone content were sequenced and analyzed. For example, the following study was 

conducted by Hao et al. (2012). Transcriptome sequencing of 2-year-old cultivated P. 

cuspidatum roots (including rhizomes) was done via Illumina HiSeq 2000 and the resulting 

reads were de novo assembled and annotated. Among the assembled genes, 12, 8, 60 and 54 



Discussion 

 

122 

 

unigenes were assigned to the MVA, MEP, shikimate and resveratrol biosynthesis pathways, 

respectively, as well as 18 UDPGs were identified. Moreover, quantitative comparison of the 

expression levels of genes encoding different enzymes in the same pathway was performed in 

terms of FPKM values (Hao et al., 2012). 

Choudhri et al. (2018) performed the following study. Illumina paired-ends sequencing 

technology and subsequent de novo assembly were employed to generate a whole 

transcriptome database for young leaves and roots of Aloe vera. Putative genes related to the 

biosynthesis of different secondary metabolites such as anthraquinone, saponin, lignin, and 

carotenoid were identified. A group of unigenes encoding octaketide/polyketide synthase, aldo-

keto reductase and UDPG were mapped to the anthraquinone biosynthetic pathway (Choudhri 

et al., 2018). 

As per Liu et al. (2020), the following analysis was carried out. A combined metabolome and 

transcriptome analysis was conducted for the leaf tissues of two rhubarb species: R. palmatum 

L. and R. officinale Baill. Comprehensive metabolomics analysis showed significant 

differences among the 21 identified anthraquinones. Additionally, transcriptome sequencing 

and gene expression analysis identified 17 DEGs related to anthraquinone biosynthesis 

including DEGs encoding 4 polyketide synthases, 6 UDPGs, and 7 caffeoyl-CoA OMTs. The 

anthraquinone peak intensity and DEGs expression level were significantly correlated (Liu et 

al., 2020). 

Rubiaceous plants rich in anthraquinones were also genetically studied. Besides the detection 

of differential anthraquinone accumulation between Ophiorrhiza pumila hairy roots (high 

anthraquinones content) and cell suspension cultures (low anthraquinones content) via 

untargeted metabolome analysis, a comparative transcriptome analysis identified a group of 

genes that mapped to the shikimate/MEP pathways and were highly expressed in hairy roots 

compared to the cell cultures (Yamazaki et al., 2013). Additionally, 64 unigenes potentially 

involved in anthraquinone biosynthesis were found in the transcriptome database of Rubia 

cordifolia L. roots (Peng et al., 2018).  

Notably, all the identified genes in the previous metabolomic and transcriptomic studies were 

assigned as potential candidates that could play a crucial role in the biosynthesis of 

anthraquinones without any biochemical confirmation of their enzymatic function. Also, most 

of the studies focused on the enzymes related to the shikimate/MEP pathway for anthraquinone 

biosynthesis rather than the polyketide pathway. 

Recently, four new glycosyltransferases (GTs), RyUGT3A, RyUGT3B, RyUGT11, and 

RyUGT12 found in the transcriptome of R. yunnanensis were discovered and functionally 

characterized. They catalyze the regioselective glycosylation of various anthraquinone and 

flavone substrates (Yi et al., 2020).  

In the current work, the anthranoid-forming enzymatic activity was clearly induced in C. 

bicapsularis cell cultures upon yeast extract treatment. A comparative transcriptome analysis 

of non-elicited and yeast-extract-elicited batches of C. bicapsularis cell suspension cultures 

was performed using the Illumina Novaseq 6000 sequencing platform. Subsequently, the 

produced high-quality clean reads were de novo assembled using the Trinity package and 

annotated. The generated database served as a platform for the identification of unigenes 

encoding enzymes that could be related to anthranoid biosynthesis in the Cassia system via the 
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polyketide pathway. Combining the functional annotation, blast analysis, gene expression 

(absolute TPM values) and differential gene expression analysis, unigenes encoding chalcone 

synthases and chalcone-like synthases were clearly identified. The CDS of CbOKS was 

discovered and functionally characterized as octaketide-producing type III PKS. Moreover, 

DEGs encoding PR10/Bet v like proteins that could contribute to the correct cyclization of the 

linear octaketide were predicted. Additionally, a unigene coding for a caffeoyl CoA OMT was 

proposed to catalyze the methylation of the 3-OH group of emodin to form physicon, a 

postulation discussed recently in rhubarb (Liu et al., 2020). Transcriptomic analysis not only 

provides information on the genes of interest but also yields a useful overview for most of the 

genes present in the system and their regulation under the given conditions. 

Recently and after the accomplishment of the current study, the genome sequence of S. tora 

was revealed at the chromosome level and a CHS-L type III PKS was identified and attributed 

to the anthraquinone biosynthesis. This is the first report of a reference genome for plants 

belonging to the Cassia genus (Kang et al., 2020). This new CHS-L cloned from S. tora is the 

homolog of CbOKS cloned from C. bicapsularis in this work. These recent findings are in total 

agreement with the current work and provide a clear confirmation for the involvement of 

CbOKS in the polyketide-mediated biosynthesis of the anthranoid scaffold. 

6.3. Octaketide-producing type III polyketide synthases 

6.3.1. Amino acid sequence analysis 

CbOKS is a plant type III PKS cloned from C. bicapsularis cell cultures. It is a homodimer 

protein with an ORF of 1185 bp encoding for 394 amino acids. Comparing the deduced amino 

acid sequence of CbOKS to those of HpPKS2, AaOKS, PcOKS and MsCHS revealed the 

presence of the Cys 164 - His 303 - Asn 336 catalytic triad. This catalytic triad is absolutely 

conserved in all plant and bacterial type III PKSs (Noel et al., 1999; Austin and Noel, 2003). 

Moreover, some important catalytic residues were conserved in CbOKS such as Glu 192, Gly 

211, Gly 216, Ala 308 and Pro 375. Regarding the CHS gatekeepers, Phe 215 was conserved 

in all OKSs while Phe 265 was replaced with Tyr in only CbOKS and HpPKS2. Interestingly, 

Met 137 was also replaced with Ile and Leu in CbOKS and HpPKS2, respectively. The three 

residues in CHS Thr 197, Gly 256 and Ser 338 lining the initiation/elongation cavity are 

believed to sterically control the selection of the starter substrate and the length of the 

polyketide chain (Eckermann et al., 1998; Jez et al., 2000; Abe et al., 2005). In addition, site-

directed mutagenesis of the Thr 197 residue confirmed its effective role in defining the 

polyketide chain length and product specificity (Abe et al., 2005). In CbOKS, Gly 256 was 

conserved while Thr 197 and Ser 338 were replaced with less bulky Ser and Trp, respectively. 

The same was observed with HpPKS2 (T197S/G256G/S338W) (Karppinen et al., 2008). The 

characteristic three-amino-acid insertion "PPE" located 10 residues upstream of the His 303 

catalytic triad residue in the A. arborescens PKSs was replaced with four-amino-acid insertion 

"INES" in CbOKS. Notably, this "PPE" insertion was reduced to only one "D" in HpOKS and 

totally absent in PcOKS (Figure 6.2). 
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Figure 6.2. Comparison of deduced amino acid sequences of functionally characterized 

octaketide-producing plant type III PKSs. Multiple sequence alignment was performed by 

CLUSTAL W with default parameters. Catalytic triad residues (red), influential catalytic 

residues (cyan), gatekeepers (yellow) and initiation/elongation cavity lining residues (blue) are 

highlighted. The "PPE" insertion is boxed in red. Plant type III PKS (accession numbers): 

CbOKS (current study), HpPKS2 (ACF37207), AaOKS (AAT48709), PcOKS (ACC76752) 

and MsCHS2 (P30074).  

6.3.2. Phylogenetic analysis 

A phylogeny analysis was employed to correlate the identified CbOKS to other functionally 

characterized plant-specific type III PKSs. The PKSs involved in the analysis were separated 

into two main clusters, CHSs and functionally divergent CHS-like enzymes. CbCHS grouped 

with the CHSs, especially those belonging to Fabaceae. On the other hand, CbOKS grouped 

with the non-chalcone-forming PKSs. Interestingly, both CbOKS and HpPKS2 were 

positioned together on a separate sub-branch which was closely related to the AaOKS. The 
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clustering behaviour of the OKSs supported the octaketide-forming capability of the newly 

identified CbOKS (Figure 6.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Phylogenetic tree analysis of plant type III PKSs. The bacterial type III PKS 

Mycobacterium tuberculosis PKS18 was included as an outgroup. Bootstrap values (> 30%, 

percent of 1000 replicates) are represented at the nodes of the branches. ACS: acridone synthase, 

ALS: aloesone synthase, ARAS: alkylresorcylic acid synthase, ARS: alkylresorcinol synthase, BAS: 

benzalacetone synthase, BBS: bibenzyl synthase, BIS: biphenyl synthase, BPS: benzophenone synthase, CTAS: 

coumaroyl triacetic acid synthase, CURS: curcumin synthase, DCS: diketide-CoA synthase, OKS: octaketide 

synthase, OLS: olivetol synthase, PCS: pentaketide chromone synthase, 2PS: 2-pyrone synthase, QNS: quinolone 

synthase, STCS: stilbenecarboxylate synthase, STS: stilbene synthase, VPS: valerophenone synthase. 
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6.3.3. Functional analysis 

CbOKS catalyzed the sequential condensation of eight acetate units resulting in the formation 

of aromatic shunt octaketides SEK4 and SEK4b as well as tri- to heptaketide products (TAL, 

chromone and aloesone). Likewise, PcOKS catalyzed the sequential condensation of eight 

acetate units to form the aromatic shunt octaketides SEK4 and SEK4b and other tri- to 

heptaketide products (TAL, tetra, hexa, hepta, chromone and aloesone). We believe that other 

polyketides such as tetraketide lactone, hexaketides and heptaketides are formed as CbOKS 

enzymatic products, however, the extremely low ion intensities of these products hindered their 

reliable identification using a targeted LC/MS approach. The enzymatic activities of both 

CbOKS and PcOKS were quite similar to the previously reported OKSs (Abe et al., 2005; 

Karppinen et al., 2008). Additionally, in the current work, the three CbCHS candidates were 

cloned, heterologously expressed in E. coli and the crude protein extract was tested for 

enzymatic activity. CbCHS03 (unigene 11481) catalyzed the formation of naringenin from p-

coumaroyl-CoA and malonyl-CoA confirming its chalcone synthase activity (Appendix Figure 

10.2). This activity was not detected for the octaketide-producing CbOKS. 

AaOKS is an octaketide-producing type III PKS cloned from A. arborescens. AaOKS accepted 

malonyl-CoA as a single substrate yielding SEK4 and SEK4b in the ratio of 1:4 (SEK4:SEK4b) 

(Abe et al., 2005). AaPCS is a pentaketide-producing type III PKS from A. arborescens 

producing 5,7-dihydroxy-2-methylchromone from five malonyl-CoAs (Abe et al., 2005). Both 

AaOKS and AaPCS shared 91% amino acid sequence identity. Interestingly, the two enzymes 

were functionally interconvertible by a single amino acid mutation. The wild type AaOKS and 

the mutant AaPCS M207G produced SEK4 and SEK4b, whereas the wild type AaPCS 

produced 5,7-dihydroxy-2-methylchromone and the mutant AaOKS G207M produced an 

isomeric pentaketide, 2,7-dihydroxy-5-methylchromone (Morita et al., 2007; Morita et al., 

2007). The dramatic effect of single amino acid mutation on the enzymatic activity of plant 

type III PKSs was also reported by Klundt et al. (2009). It was also reported that the increase 

of aloe emodin and chrysophanol accumulation in elicitor-treated A. vera adventitious roots 

was proportional to the upregulation of AvOKS and AvOKSL-1 transcripts, OKSs isolated 

from A. vera adventitious roots with 90-99% amino acid sequence identity to AaOKS (Lee et 

al., 2013).  

HpPKS2 is an octaketide-producing type III PKS cloned from H. perforatum. HpPKS2 

catalyzed the condensation of one molecule of acetyl-CoA with seven molecules of malonyl-

CoA yielding tri- to octaketide products including SEK4 and SEK4b. In situ RNA 

hybridization studies localized the HpPKS2 transcripts in H. perforatum leaf margins, flower 

petals and stamens, specifically in multicellular dark glands accumulating hypericins 

(Karppinen et al., 2008). 

Both CbOKS and PcOKS accepted acetyl-CoA, resulting from malonyl-CoA decarboxylation, 

as a starter substrate. This was confirmed by incubating PcOKS with a fixed concentration of 

malonyl-CoA (~550 µM) and various concentrations of acetyl-CoA (0-200 µM). For all the 

assays, the yield of SEK4b was almost at the same level. Plant type III PKSs have a 

decarboxylative activity that generates acetyl-CoA from malonyl-CoA prohibiting the 

determination of Km for acetyl-CoA. The acceptance of malonyl-CoA as a sole substrate was 
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also observed with Gh2PS1, AaPCS, AaOKS and DluHKS (Eckermann et al., 1998; Abe et al., 

2005; Abe et al., 2005; Jindaprasert et al., 2008).  On the other side, the OKS-forming activity 

of HpPKS2 recombinant protein and crude protein of C. bicapsularis cell cultures was not 

detected in the absence of acetyl-CoA as a starter substrate (Karppinen et al., 2008; Abdel-

Rahman et al., 2013). PcOKS showed a Km value of 75.20 ± 6.29 µM for SEK4b formation 

which was quite comparable with the Km value of AaOKS (95 µM) and AaPCS (71 µM). 

Although these enzymes had an octaketide synthase activity with the capability of performing 

the expected number of condensation reactions in vitro, they failed to cyclize the formed linear 

octaketide chain into emodin anthrone. Surprisingly, the recent octaketide-producing type III 

PKS cloned from S. tora was able to produce atrochrysone carboxylic acid and endocrocin 

anthrone upon incubation with high concentrations of malonyl-CoA (5000 µM) and for a 

relatively long incubation time (6 h) under in vitro conditions (Kang et al., 2020). These results 

were unexpected and unsatisfactory for some reasons. The formation of these two products was 

pretty anemic so that the product identification was based only on the high-resolution MS 

fragmentation pattern. The absence of reference compounds and lack of NMR data made the 

product identification not fully exclusive. An additional point was the detection of atrochrysone 

carboxylic acid which has the same molecular mass as SEK4/4b (~318). Generally, β-keto 

acids have a low energy path for decarboxylation by way of the enol of the product ketone and 

thus readily decarboxylate (Guthrie, 2002). Atrochrysone carboxylic acid is unstable due to the 

ketone group at the β-position relative to the carboxylic group and usually decarboxylates 

spontaneously to atrochrysone. This was observed in Aspergillus terreus where among the 

enzymatic products formed by ACAS and ACTE, only atrochrysone and not its carboxylic acid 

was detected (Awakawa et al., 2009).  

The following mechanism was proposed by Fu et al. (1994). Both SEK4 and SEK4b have a 

similar overall structure formed of aromatic ring fused to a six-membered heterocyclic ring 

(hemiacetal ring) and a pyrone ring. Their structures differ in the positions of the pyrone and 

the methyl groups around the fused-ring system, thus different biosynthetic mechanisms. 

Generally, SEK biosynthesis proceeds in three steps (Figure 6.4). First, the unreduced linear 

polyketide cyclizes by aldol condensation reaction forming the aromatic ring, then a hydroxyl 

group attacks a carbonyl group forming the hemiketal ring followed by final lactonization. In 

SEK4, the aromatic ring is firstly formed by C7-C12 cyclization followed by the formation of 

the hemiacetal between the C15 carbonyl and the C11 hydroxyl groups. Conversely, in SEK4b, 

the aromatic ring is firstly formed by C10-C15 cyclization followed by the formation of the 

hemiacetal between the C7 carbonyl and the C11 hydroxyl groups. Finally, the closure of the 

pyrone moiety occurs identically in both SEK4 and 4b. The yield of SEK4b was higher than 

that of SEK4, a phenomenon also observed with "act", a minimal type II PKS from 

Streptomyces coelicolor related to actinorhodin biosynthesis (Fu et al., 1994; Fu et al., 1994). 
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Figure 6.4. Proposed mechanism for cyclization reactions of the linear octaketide yielding 

SEK4 and SEK4b; adapted from Fu et al. (1994). 
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6.4. Theory of tailoring factors/enzymes involved in plant polyketide biosynthesis  

Cyclisation is one of the key steps leading to diversification in the polyketides structure. In 

course of anthraquinone biosynthesis, the C9 carbonyl group of the fifth acetate unit of the 

octaketide has to be reduced to a hydroxyl group. For this reason, a ketoreductase may be 

required as the ketoreduction during polyketide chain elongation could reduce the possibility 

for nonspecific cyclization. The keto group is reduced before the cyclization reaction and 

formation of the aromatic ring as proposed in the biosynthesis of actinorhodin and enterocin-

wailupemycins, catalyzed by type II PKSs (Hertweck et al., 2004; Kalaitzis and Moore, 2004). 

The theory of reductase involvement was discussed with HmSTCS, PiPKS, DluHKS and 

Gh2PS while the proposal of cyclase involvement was confirmed with CsTKS and OAS as 

described below. The discovery of plant type III CHRs, members of the aldo-keto reductase 

family 4 (AKR4) belonging to the AKRs superfamily (Mindnich and Penning, 2009), created 

a main branching point in the flavonoid biosynthetic pathway (Figure 6.5). Upon incubation 

with 4-coumaroyl-CoA and malonyl-CoA, CHS alone catalyzed the biosynthesis of 6ʹ-

hydroxychalcone (naringenin chalcone) and 5-hydroxyflavanone (naringenin) while CHS 

together with CHR in the presence of NADPH catalyzed the formation of 6ʹ-deoxychalcone 

(isoliquiritigenin) and 5-deoxyflavanone (liquiritigenin). CHR activity was confirmed 

biochemically using the cell-free crude protein extract of yeast-extract-treated Glycyrrhiza 

echinate L. cell suspension cultures (Ayabe et al., 1988). Afterwards, CHR was purified from 

Glycine max L. (soybean) (Welle and Grisebach, 1988). Later, CHRs were cloned from G. max 

(Welle et al., 1991) and M. sativa (alfaalfa) (Ballance and Dixon, 1995; Sallaud et al., 1995). 

Further, the crystal structure was resolved (Bomati et al., 2005). The intramolecular cyclization 

of naringenin chalcone to naringenin and 6ʹ-deoxychalcone to 5-deoxyflavanone is catalyzed 

in planta by CHI. The orientation-dependent interaction among CHS, CHI and dihydroflavonol 

4-reductase (DFR) in Arabidopsis was reported by Burbulis and Winkel-Shirley (1999). The 

crystal structure of MsCHI was resolved by Noel et al. (2000) showing a unique fold and 

evolution of the enzyme. 

 
Figure 6.5. Reactions catalyzed by CHS and CHS/CHR; adapted from Welle et al. (1991). 



Discussion 

 

130 

 

As stated by Eckermann et al. (2003), Hydrangea macrophylla L. (garden hortensia) is rich in 

stilbenecarboxylates such as hydrangeic and lunularic acids that are derived from 4-coumaroyl 

and dihydro-4-coumaroyl starter units, respectively. A STCS cloned from H. macrophylla was 

able to produce 5-hydroxylunularic acid from dihydro-4-coumaroyl and not 4-coumaroyl-CoA 

suggesting its involvement in lunularic acid biosynthesis. However, the failure of STCS to 

produce lunularic acid under in vitro conditions was attributed to the absence of a yet 

unidentified reductase (Eckermann et al., 2003) (Figure 6.6). 

 
Figure 6.6. Reactions catalyzed by STCS in vitro and postulated reactions in planta; adapted 

from Eckermann et al. (2003).  

Springob et al. (2007) and Jindaprasert et al. (2008) reported the following. Naphthoquinones 

are secondary metabolites present in various plants, one of which is Drosophyllum lusitanicum 

Link (Drosophyllaceae). Also, Plumbago indica L. (Plumbaginaceae) roots accumulate 

plumbagin, a naphthoquinone derivative. Plumbagin is derived from six acetate units. 

Recombinant PiPKS and DluHKS, hexaketide synthases, isolated from P. indica roots and D. 

lusitanicum callus cultures, respectively, accepted acetyl-CoA as a starter and malonyl-CoA as 

an extender yielding tri- to hexaketide products. Although PiPKS and DluHKS performed five 

successive decarboxylative condensations, a shunt hexaketide α-pyrone (6-(2ʹ,4ʹ-dihydroxy-6ʹ-

methylphenyl)-4-hydroxy-2-pyrone) was formed instead of the correctly cyclized 

naphthoquinones in vitro. The failure of the two HKSs to perform the correct cyclization 

reactions required for naphthalene skeleton formation was attributed to the absence of a 

reductase or cyclase or yet unidentified tailoring factor (Springob et al., 2007; Jindaprasert et 

al., 2008). Noteworthy, naphthoquinones and anthraquinones have the same two fused rings 

(rings A and B) (Figure 6.7).  
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Figure 6.7. Reactions catalyzed by HKS in vitro and postulated reactions in planta; adapted 

from Springob et al. (2007). 

Pietiäinen et al. (2016) observed the following. Gerbera hybrida is rich in phytopathogens such 

as gerberin and parasorboside glucosidic lactones and 4-hydroxy-5-methylcoumarin (HMC). 

Incubation of recombinant Gh2PS2 and Gh2PS3 (PKSs isolated from gerbera) with acetyl- 

and malonyl-CoAs yielded triacetolactone, a precursor of gerberin and parasorboside but not 

HMC in vitro. Interestingly, the transient expression of Gh2PS2 and Gh2PS3 in N. 

benthamiana leaves resulted in the formation of 4,7-dihydroxy-5-methylcoumarin (nonreduced 

HMC) while their ectopic expression in gerbera callus produced HMC suggesting that a 

specific reductase present in gerbera tissue and not in tobacco was necessary for HMC 

formation (Pietiäinen et al., 2016) (Figure 6.8). 

 
Figure 6.8. Reactions catalyzed by GhPS2-3 in vitro and postulated reactions in planta; 

adapted from Pietiäinen et al. (2016) 

In cannabinoid biosynthesis, tetraketide synthase (TKS) cloned from C. sativa (Taura et al., 

2009), catalyzed the condensation of hexanoyl- and malonyl-CoAs yielding linear pentyl tetra-

β-ketide-CoA which undergoes C2–C7 intramolecular aldol cyclization with carboxylate 

retention catalyzed by olivetolic acid cyclase (OAC) forming OA, a precursor of Δ9-

tetrahydrocannabinol (THC) and cannabidiol (CBD) (Gagne et al., 2012). To date, OAC, a 

DABB protein cloned from C. sativa, is the only known plant polyketide cyclase. The OAC 

apo and OAC–OA complex crystal structures were solved (Yang et al., 2015; Yang et al., 2016) 

(Figure 6.9). 
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Figure 6.9. Reactions catalyzed by TKS in vitro and postulated reactions in planta in the 

presence of OAC; adapted from Gagne et al. (2012) 

Another role for the OAC was clarified by Taura et al. (2016) as follows. Daurichromenic acid 

accumulating in Rhododendron dauricum L. is a meroterpenoid composed of sesquiterpene 

and orsellinic acid (OSA) moieties. Incubation of R. dauricum ORS with acetyl- and malonyl-

CoAs yielded orcinol as a major product and OSA as a minor product; however, the inclusion 

of C. sativa OAC in the in vitro assays significantly increased OSA formation, suggesting that 

the ORS together with a yet unidentified cyclase are involved in OSA biosynthesis in R. 

dauricum (Taura et al., 2016) (Figure 6.10). 

 
Figure 6.10. Reactions catalyzed by ORS in vitro and postulated reactions in planta in the 

presence of "putative cyclase"; adapted from Taura et al. (2016). 

An invention was performed with the aim of creating a library of cyclic tri- to pentadecaketides 

by heterologous co-expression of different plant type III PKSs individually with one or more 

small molecule foldases (cyclases/aromatases/PT-domains/ketoreductases) from fungi/bacteria 

in different host organisms (yeast/tobacco). Among the tested PKSs were the AaOKS and 

HpPKS2. A successful example is described below. 

Carminic acid is a red dye extracted from Dactylopius coccus insect. Commercially, its 

aluminium salt is the main coloring agent of the natural pigment carmine (E120) (Berset et al., 

1995; Dufossé, 2014). It is a C-glucosylated anthraquinone; however, its biosynthetic pathway 

in D. coccus is not fully elucidated. A successful metabolic engineering approach was invented 

by Andersen-Ranberg et al. (2017) as follows. The construction of a semi-natural de novo 

pathway to produce dcII, a precursor of carminic acid, in N. benthamiana through the transient 

expression of four genes: a soluble plant type III PKS from A. arborescens (AaOKS), a soluble 
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bacterial polyketide cyclase and aromatase from Streptomyces sp. no R1128 (StZhuI and 

StZhuJ) and an endoplasmic reticulum membrane-bound UDP glucosyltransferase from D. 

coccus (DcUGT2) (Andersen-Ranberg et al., 2017). Afterwards, the heterologous expression 

of the same four genes in Aspergillus nidulans produced carminic acid because of the 

endogenous A. nidulans monooxygenases which catalyzed the oxidation of flavokermesic acid 

anthrone (FKA) to kermesic acid that was further converted by DcUGT2 to carminic acid 

(Frandsen et al., 2018). Also reported is the possibility of carminic acid production by 

metabolically engineered E. coli (Yang et al., 2021). This successful example of anthraquinone 

derivative production by microbial engineering paved the way for the first steps of the 

industrial-scale production of this natural food colorant. 

6.4.1. Plant expression system approach 

The use of plants, especially N. benthamiana, for heterologous expression of genes was highly 

adopted by many researchers in recent years. Transient expression in N. benthamiana provided 

a platform for the functional characterization of genes involved in specific metabolic processes 

(Geisler et al., 2013). Furthermore, it is possible to perform transient co-expression of multiple 

genes involved in a certain biosynthetic pathway resulting in the formation of the final product 

(Lau and Sattely, 2015). This was exemplified by the reconstitution of biosynthetic pathways 

for some terpenoids (Luo et al., 2016; Pateraki et al., 2017) and alkaloids (Miettinen et al., 

2014) in N. benthamiana.  

Plants serve as a potential host for the heterologous expression of various PKSs and the 

production of complex polyketides (Pfeifer and Khosla, 2001). The availability of the acyl-

CoA esters in the Nicotiana plants represented a pool of substrates for the heterologously 

expressed PKSs. Additionally, N. benthamiana secures a post-translational modifications 

environment (Webster and Thomas, 2012). Transient expression of the OKS coding sequence 

either alone or together with a putative PKC in N. benthamiana was performed in the current 

work. The aim was to heterologously express the target genes in a plant system without any 

additional tags to the coding sequence. Also, to test whether the endogenous N. benthamiana 

cyclase activity or the intracellular environment could modify the catalytic properties of the 

OKS. However, the detection of the shunt octaketides without the formation of correctly 

cyclized anthranoid derivatives revealed that N. benthamiana has no or very limited 

endogenous cyclization capacity towards the linear octaketide. This was also reported for the 

transient expression of AaOKS (Andersen-Ranberg et al., 2017) and PzHKS (Jadhav et al., 

2014) in N. benthamiana. On the other side, the endogenous N. benthamiana reductase activity 

was sufficient for other catalytic activities (Geisler et al., 2013). 

6.4.2. Biochemical and proteomic approach  

Biochemical enzymatic assays were performed to confirm the OKS activity in the yeast-

extract-treated cell-free C. bicapsularis crude protein extract. We believe that an OKC might 

be involved in anthranoid scaffold biosynthesis and postulated that the OKC size could range 

from 20 to 30 kDa as an active dimer, as exemplified by olivetolic acid cyclase (OAC) in 

cannabinoid biosynthesis, the only known plant polyketide cyclase (Gagne et al., 2012). 

Fractionation of the yeast-extract-treated cell-free C. bicapsularis crude protein extract by 

molecular size was very necessary to test the postulation of OKC involvement but very 
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challenging at the same time. The OKS activity was very unstable. The activity was lost after 

passing the crude protein extract over a PD10 column and when using crude protein extract 

after 24 h of storage at 4 or -20 ºC. These instability issues and the need for large volumes of 

protein extract hindered the use of normal chromatography methods. An attempt of 

fractionating the crude protein extract using the Ultra Centrifugal Filter with 30 kDa molecular 

weight cut-off (MWCO) was tried in the current study. The fractionation yielded two fractions: 

concentrate and filtrate. Formation of emodin anthrone upon incubation of cell-free total crude 

protein extract with acetyl-CoA and [2-14C] malonyl-CoA indicated OKS activity. The loss of 

OKS activity upon incubation of either the concentrate or the filtrate alone with acetyl-CoA 

and malonyl-CoA and the subsequent recovery of OKS activity upon incubation of a re-mixture 

of the concentrate and the filtrate together with acetyl-CoA and malonyl-CoA suggested the 

involvement of accessory factor/s (tailoring enzyme/s) in the biosynthesis of the anthranoid 

scaffold. Another fact that should be considered is that NADPH has an inhibitory effect on the 

acetyl-CoA hydrolase present in the crude protein extract. Upon fractionation, NADPH was 

removed so that the hydrolases were highly active breaking down acetyl-CoA into acetic acid, 

thus hindering OKS to form the anthranoid scaffold (Buu et al., 2003). Regarding the peptide 

microsequencing of the filtrate, no OKC has so far been detected among the identified 

sequences. The failure of the peptide microsequencing to identify an OKC might be attributed 

to the fact that the conformation of the active protein could prevent it from passing through the 

Ultra Centrifugal Filter membrane. Thus, the OKC is likely to be trapped in the concentrate. 

Identification of missing enzymes in biosynthetic pathways using an enzyme-assay guided 

fractionation approach was also reported by Facchini and his colleagues. They were able to 

purify a novel enzyme, named thebaine synthase (THS), using protein fractionation, ion 

exchange, and size-exclusion chromatography (SEC) followed by LC-MS/MS proteomics 

(Chen et al., 2018). We still believe that fractionation and subsequent proteomics will play a 

big role in identifying PKC if really existing. 

6.4.3. Computational and molecular approach 

In the plant kingdom, Hypericum is one of the nine genera belonging to the family 

Hypericaceae. The genus Hypericum comprises around 500 species (Crockett and Robson, 

2011), of which H. perforatum is the most studied and top-ranked herbal remedy. Generally, 

Hypericum plants are rich in a large group of important secondary metabolites such as 

flavonoids, polyphenols, xanthones, phloroglucinols and naphthodianthrones (Napoli et al., 

2018).  Hypericin and pseudohypericin, naphthodianthrones, were first isolated 80 years ago 

from H. perforatum (Brockmann et al., 1939; Brockmann and Sanne, 1953). Hypericin is a 

natural plant product of a high pharmaceutical significance due to its potential in photodynamic 

(PDT) and its anti-depression therapies. In H. perforatum, hypericin accumulates in stamens 

and petals, especially the dark glands (Zobayed et al., 2006). The yield of hypericin is very 

low, ranging from 0.05 to 0.3% (Tekel'ová et al., 2001) depending on the season, cultivar and 

environmental conditions (Bruni and Sacchetti, 2009). On the other hand, hypericin’s chemical 

synthesis is complicated and very challenging (Huang et al., 2014). It is believed to be 

biosynthesized in the plant via the polyketide pathway. However, very little is known about 

this biosynthetic pathway. Clarifying the genes involved in anthranoid and hypericin 

biosynthesis would open a new era in the preparation of these pharmaceutically interesting 
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compounds via biotechnological and pharmaceutical engineering techniques. Only the 

octaketide-producing type III PKS (HpPKS2) was identified (Karppinen et al., 2008). The 

failure of the recombinant HpPKS2 in catalyzing the formation of the correctly cyclized 

anthranoid scaffold was theatrically attributed to many reasons, one of which is the absence of 

a PKC as exemplified by cannabinoid biosynthesis (Gagne et al., 2012). In this context, we 

tried in the current study to fish some candidates that could be putative PKCs involved in the 

biosynthetic pathway. In this research direction, many recent transcriptomic analyses of 

different Hypericum species were performed (He et al., 2012; Soták et al., 2016; Soták et al., 

2016; Rizzo et al., 2019). All these studies pointed to some promising candidates without clear 

functional characterization.  

SRPBCC "START/RHOαC/PITP/Betv1/CoxG/Calc ligand-binding domain" is a large protein 

superfamily including the PR10/Bet v1-like proteins and major latex protein-like (MLPLs) 

proteins. PR10 proteins were first reported as a response to the mosaic virus attack in tobacco 

(Van Loon and Van Kammen, 1970). Afterwards, proteins showing homology or biochemical 

similarity were given the name PR10 (Van Loon et al., 1994). Since then, hundreds of 

PR10/Bet v1-like proteins have been discovered in plants. Although the main proposed 

function of those PR10 proteins is associated with the pathogenesis of the plant, many PR10 

were involved in secondary metabolites biosynthesis (Morris et al., 2021). A nice example is 

the Nepeta racemose MLPL protein (NrMLPL) identified by O’Connor and working group 

(Lichman et al., 2020). They showed that MLPL catalyzes the cis–trans cyclization of an 

unstable intermediate yielding trans-cis nepetalactol. Another example of functionally 

characterized PR10 proteins are norcoclaurine synthases from Thalictrum flavum and Papaver 

somniferum (Lee and Facchini, 2010), norbelladine synthase from Narcissus pseudonarcissus 

(Singh et al., 2018), thebaine synthase (Chen et al., 2018) and neopinone isomerase 

(Dastmalchi et al., 2019) from Papaver somniferum. Also, CaARP, a PR10 from Cicer 

arietinum, possesses aldo-keto reductase activity using NADPH as a cofactor (Jain et al., 2016). 

Based on the aforementioned findings, the available Hypericum transcriptomes were searched 

for similar candidates. Surprisingly, we found that the previously cloned hyp-1 (Bais et al., 

2003; Michalska et al., 2010) and the previously reported HpPOCPs (Soták et al., 2016) belong 

to the PR10/Bet v1-like and MLPLs family. Other PR10 and MLPL were also identified as 

described (5.6.3). Moreover, our differential expression analysis revealed that their expression 

pattern matched that of the HpPKS2. Additionally, we identified similar candidates in our C. 

bicapsularis transcriptome and in-house assembled P. cuspidatum transcriptome 

(unpublished). Thus, we proposed that these proteins could be involved in the cyclization step 

of the linear octaketide intermediate. Notably, Karppinen and co-workers identified some PR10 

proteins in H. perforatum related to defence responses, but no information on their involvement 

in hypericin biosynthesis was reported (Karppinen et al., 2016). Our experimental 

investigations have not so far confirmed the engagement of any of these candidates in the 

biosynthetic pathway. However, more future investigations may explain the role of these 

proteins. 

In the same context, two PR10 (CbPR10a and CbPR10b) unigenes were identified in C. 

bicapsularis transcriptomic data. They were clearly up-regulated in the yeast-extract-elicited 

sample. They were cloned and their enzymatic activity is under study. 
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6.5. Perspective 

Anthranoids are a group of secondary metabolites relevant for a wide range of applications. 

Many anthranoids show high pharmaceutical significance, as exemplified by laxative 

anthraquinones and antitumoral hypericin. Hypericin is a potent drug in the photodynamic 

therapy (PDT) and diagnosis (PDD) of cancer and it contributes to the anti-depressant efficacy 

of Hypericum preparations. However, the continuous supply of many anthranoid drugs remains 

challenging due to their low yield in plants, difficult extraction, and complicated chemical 

synthesis. An alternative is applying pharmaceutical and biotechnological engineering, which 

provides a platform for anthranoid drug production. This green chemistry approach relies on 

constructing the biosynthetic pathway of the target compound in a host organism. For this 

reason, the identification of missing enzymes in the biosynthetic pathway is a demand (Cravens 

et al., 2019). Here, however, is the bottleneck because the biosynthesis of anthranoids, such as 

hypericin and anthraquinone laxatives, is not fully clarified, which hinders any future 

biotechnological approaches.   

The core of the anthranoid scaffold is biosynthesized in plants via the polyketide pathway. An 

octaketide synthase (OKS) catalyzes the condensation of eight acetate units into a linear 

octaketide intermediate. Under in vitro conditions, recombinant OKSs cyclize the intermediate 

into shunt aromatic octaketide. In contrast, crude protein extract of yeast-extract-elicited C. 

bicapsularis cell cultures cyclizes the intermediate into the correct scaffold (Abdel-Rahman et 

al., 2013). Based on this finding, it is postulated that a missing tailoring factor/enzyme, present 

in the crude protein extract and absent in the recombinant protein assay, is involved in the 

correct cyclization reaction. This factor could be a polyketide cyclase, as exemplified by 

cannabinoid biosynthesis (Gagne et al., 2012). 

The C. bicapsularis transcriptomic analysis and the subsequent identification of the octaketide 

synthase CbOKS provided a step forward in elucidating the biosynthesis in the Cassia genus. 

To identify the missing factor, experimental and computational approaches were adapted in the 

current study. The assay-guided fractionation of the C. bicapsularis cell cultures crude protein 

extract suggested the contribution of some tailoring factors to the octaketide synthase activity. 

However, no PKCs were identified due to some limitations concerning the activity and stability 

of the crude protein extract. On the other hand, combined bioinformatic analysis of different 

plant species, rich in anthranoids, such as Cassia, Hypericum and Polygonum revealed some 

candidate PKCs. Their involvement in the biosynthetic pathway is confirmed by all the 

bioinformatic analyses, however, their functional characterization under the current study test 

conditions was not successful. 

As a conclusion, we believe that the missing factors may not belong to a known class of 

proteins. It is difficult to expect this factor using the traditional transcriptomic methods. Thus, 

applying in the future the experimental approach by using an optimized system is the most 

promising strategy to find out the nature of this factor, as exemplified by thebaine biosynthesis 

(Chen et al., 2018). A biological system showing good octaketide synthase activity which could 

be easily manipulated and optimized is a need. This system should also be compatible with the 

protein fractionation techniques and chromatographic analysis. Moreover, the functional 

characterization of the so-called phenol oxidative coupling proteins (POCPs) will really clarify 

an essential part of the biosynthetic pathway and answer the question of whether they act as 

PKCs or POCPs. 
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7. Summary  

• Re-establishment of C. bicapsularis callus and cell suspension cultures was performed. 

Yeast-extract-treated cell suspension cultures were used for downstream analyses. 

• Metabolic profiling of a methanolic extract from the C. bicapsularis cell suspension 

cultures confirmed the formation of various anthranoid derivatives 

(tetrahydroanthracenes and anthraquinones), as previously detected in our laboratory. 

• Comparative transcriptomic analysis between non-elicited and yeast-extract-elicited C. 

bicapsularis cell suspension culture batches was carried out. The transcriptomic data 

provided information on the genes of interest. The combined functional annotation and 

differential gene expression analysis provided a useful overview of most of the genes 

present in the system and their function and  regulation under the given conditions. 

• Plant type III polyketide synthases (PKS) in the system were clearly identified. Further 

bioinformatic analysis allowed the selection of the candidate gene that is likely to act 

as octaketide synthase.  

• The octaketide-producing PKS (CbOKS) coding sequence was cloned and 

heterologously expressed in E. coli. The CbOKS recombinant protein was purified and 

functionally characterized. 

• The product profile formed upon incubation of CbOKS with acetyl CoA and malonyl 

CoA was comparable to that of HpPKS2. The identity of five enzymatic products was 

revealed based on previously published data icluding the major shunt aromatic 

octaketides (SEK4 and SEK4b). Neither emodin anthrone nor emodin were detected. 

• Subcellular localization analysis indicated the cytoplasm as CbOKS-containing 

compartment in the plant cell. 

• Functional characterization of another OKS cloned in cooperation from P. cuspidatum 

(PcOKS) revealed the formation of a group of enzymatic products upon incubation with 

acetyl-CoA and malonyl-CoA. The identity of eight enzymatic products was resolved 

based on previously published data including the shunt aromatic octaketides (SEK4 and 

SEK4b). Neither emodin anthrone nor emodin were detected. 

• Octaketide-producing type III PKSs (HpPKS2 and PcOKS) were transiently expressed 

in leaves of N. benthamiana. The formation of the shunt products instead of the 

correctly cyclized scaffold demonstrated that the endogenous cyclization capability of 

the host leaf system was insufficient to support correct cyclization reaction. 

• Assay-guided fractionation of C. bicapsularis crude protein extract suggested the 

involvement of a tailoring factor/enzyme in anthranoid scaffold biosynthesis. However, 

the subsequent proteomic analysis was not specific enough to identify a putative 

polyketide cyclase. 

•  A combined bioinformatic analysis of various transcriptomic data of anthranoid-rich 

plants strongly suggested the involvement of one or more identified proteins belonging 

to PR10/Bet v1-like and major latex protein-like (MLPL) candidates. However, 

functional confirmation is open. 
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8. Abbreviations  

°C  Degree Celsius 

µg  Microgram 

µl  Microliter 

µm Micrometer 

µM  Micromolar 

2,4-D  2,4-Dichlorophenoxyacetic acid 

ACP Acyl carrier protein 

APS  Ammonium peroxydisulfate 

ARO Aromatase 

AT Acyl transferase 

ATP  Adenosine triphosphate 

att Attachment site 

BLAST  Basic Local Alignment Search Tool 

bp  Base pair 

BSA  Bovine serum albumin 

cDNA  Complementary deoxyribonucleic acid 

CDS  Coding DNA sequence 

CHS Chalcone synthase 

CLF Chain length factor 

cLSM Confocal laser scanning microscopy 

CoA  Coenzyme A 

Contig  A set of overlapping DNA sequences 

cpm Counts per minute 

cps  Counts per second 

CTAB Cetyl trimethyl ammonium bromide 

CYC Cyclase 

CYP  Cytochrome P450 enzyme 

DAD  Diode array detector 

DH Dehydratase 

dH2O  Deionized water 

DMSO  Dimethyl sulfoxide 

DNA  Deoxyribonucleic acid 

dNTPs  Deoxynucleotide triphosphates 

DTT  1,4-Dithiothreitol 

Eco  Escherichia coli 

EDTA  Ethylenediaminetetraacetic acid 

EPI  Enhanced product ion 

ER Enoyl reductase 

ESI Electrospray ionization 

FAS Fatty acid synthase 

FDR false discovery rate 

g  Gram 

GSP  Gene specific primer 

h  Hour 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

Hin  Haemophilus influenzae 

HPLC  High performance liquid chromatography 

IPTG  Isopropyl β-D-1-thiogalactopyranoside 
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IUPAC  International union of pure and applied chemistry 

KAS III β-ketoacyl acyl carrier protein synthase III 

kDa  Kilodalton 

Km  Michaelis-Menten constant 

Kpn Klebsiella pneumoniae 

KR ketoreductase 

KS β- ketoacylsynthase 

l  Liter 

LB  Luria broth 

LC Liquid chromatography 

M  Molar 

MCS  Multiple cloning site 

β-ME 2-Mercaptoethanol 

MES 2-(N-Morpholino)ethanesulfonic acid 

mg Milligram 

min Minute 

ml  Milliliter 

mM  Millimolar 

MPGR  Medicinal plants genomics resource 

mRNA  Messenger RNA 

MS  Mass spectroscopy 

MS  Murashige and Skoog 

m/z Mass to charge ratio 

NADPH  Nicotinamide adenine dinucleotide phosphate (reduced form) 

ng  Nanogram 

NGS  Next generation sequencing 

Nhe Neisseria mucosa heidelbergensis 

Ni-NTA Nickel-nitrilotriacetic acid 

nm  Nanometer 

OD  Optical density 

OKC Octaketide cyclase 

OKS Octaketide synthase 

ORF  Open reading frame 

P450  Cytochrome P450 enzyme 

Pac  Pseudomonas alcaligenes 

PAGE  Polyacrylamide gel electrophoresis 

PCR  Polymerase chain reaction 

PDD Photodynamic diagnosis 

PDT Photodynamic therapy 

PEG 4000  Polyethylene glycol 4000 

pI  Isoelectric point 

PKC Polyketide cyclase 

PKS  Polyketide synthase 

RACE  Rapid amplification of cDNA ends 

RNA  Ribonucleic acid 

RP Reverse phase 

rpm  Revolution per minute 

RT  Reverse transcription 

s  Second 

s.d.  Standard deviation 
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SDS  Sodium dodecyl sulfate 

SOC  Super optimal broth with catabolite repression 

TAE  Tris-acetate-EDTA 

Taq  Thermus aquaticus 

TBE Tris-borate-EDTA 

TEMED  N,N,N′,N′-tetramethylethylenediamine 

Tm  Melting temperature (primer) 

Tris  Tris(hydroxymethyl)aminomethane 

TU Technische Universität 

USER Uracil-specific excision reagent 

UTR  Untranslated region 

UV  Ultraviolet 

YFP Yellow fluorescent protein 

λ UV absorption wavelength 

 

Amino acids 

Name Abbreviation Symbol Name Abbreviation Symbol 

Alanine  Ala A Leucine  Leu L  

Arginine  Arg  R  Lysine  Lys K  

Asparine  Asn  N  Methionine  Met M  

Aspartic  Asp  D  Phenylalanine  Phe F  

Cysteine  Cys  C  Proline  Pro P  

Glutamic  Glu  E  Serine  Ser S  

Glutamine  Gln  Q  Threonine  Thr T  

Glycine  Gly  G  Tryptophan  Trp W  

Histidine  His  H  Tyrosine  Tyr Y  

Isoleucine  Ile  I  Valine  Val V  

 

Nucleotides 

Name Symbol 

Adenine A 

Cytosine C  

Guanine G  

Thymine T  

Uracil U  
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10. Appendix 

10.1 Sequences 

10.1.1 Sequences cloned from Cassia bicapsularis and Hypericum perforatum 

 

CbOKS (12276_c0_g2) 

cDNA coding sequence (1185 bp) 
ATGGAGAGTGCTGCACTCAACAATGGTGAGGGAAAGGGATTCGCCACAGTGCTTGCTATTGGCACTGCAA 

ATCCTCCAAATGAATACCTTCAATCTGAATTCCCTGACTTCTTCTTCAGAGTCACCAATAGTGAACACCA 

TGTCCAACTCAAGCAGAAGTTCAAGCGCATGTGTGACAACTCCAATATCAGGAAACGTCATTTTTTGATT 

GATGAAGACATTCTCAAAGAGCATCCAAACATCAGCACCTATGGAGCTCCATCTTTGGATACACGCCGAG 

AAATAGTCACTAAATACATTCCTAAACTTGGGAAGGAAGCAGCCTTGAAATGTCTTAAAGAATGGGGCCA 

ACCTTTGTCCAAGATCACACACCTCATCTTCTGCACATCTTCATGTATCAACAGCATTCCTGGGCCTGAC 

TTCTTCCTTGCTAGAGAAATTGGTCTCCCACCCACTTGTAACCGCCTTGTGATTTATGACCATGGATGCC 

ATGCTGGTGGCTCTGTCATTCGTGTTGCCAAGGCTCTTGCTGAGAGTATTCCTGGCTCACGCGTGCTCAC 

TGTGTGTGCAGAAACCATGCTTACTTCCTTCCAGGCTCCTAGTCCGTCACATATGGACATTGTGGTCGGG 

CACGCTTTATTCGGAGACGGTGCAGCTGCTATGATCGTTGGTACAGATCCTATCCCCAACGTTGAACGTC 

CACTGTTTGAGTTTGTGTTAGCTGCACAACAGACTGTGGGAGGATCTGAGGAGGCAATCCATGGACATGC 

AACTGAAAGGGGTCAAACTTACTTTTTAGGAAAAGAGATTCCAAATGTTGTTGCTGGTAATGTCAAAAAG 

TGTATGCATGATGCTTTTGGATCTCTTGGTATGACGATCAATGAAAGTGATTGGAATTCATTGTTCTACG 

TGGTGCATCCCGGTGGCAAAGCAGTTCTAAATGGCATGGAAGAGGTACTTGAACTGAAAGAAGAGAAGCT 

TGCTGCAAGTAGAACTATTTTGAGGGAATATGGAAACATGTGGAGTCCATGTGTGTTTTTTGTATTGGAT 

GAGATGAGGAAGAAATCAGCCAATGCAGGGAAGAGCACGACCGGTGAAGGACATGAATGGGGTGCTTTAA 

TGACTTTTGGACCGGGTTTAACAGTTGAAACAATTGTTTTGCATTCTATCTCGCTCAAAGACTAG 

Amino acid sequence (394 aa) 
MESAALNNGEGKGFATVLAIGTANPPNEYLQSEFPDFFFRVTNSEHHVQLKQKFKRMCDNSNIRKRHFLIDED

ILKEHPNISTYGAPSLDTRREIVTKYIPKLGKEAALKCLKEWGQPLSKITHLIFCTSSCINSIPGPDFFLARE

IGLPPTCNRLVIYDHGCHAGGSVIRVAKALAESIPGSRVLTVCAETMLTSFQAPSPSHMDIVVGHALFGDGAA

AMIVGTDPIPNVERPLFEFVLAAQQTVGGSEEAIHGHATERGQTYFLGKEIPNVVAGNVKKCMHDAFGSLGMT

INESDWNSLFYVVHPGGKAVLNGMEEVLELKEEKLAASRTILREYGNMWSPCVFFVLDEMRKKSANAGKSTTG

EGHEWGALMTFGPGLTVETIVLHSISLKD 
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CbOKS_v1 (12276_c0_g2) 

cDNA coding sequence (1173 bp) 
ATGGAGAATACTGAGGGAAAGCAATACGCCAAAGTTCTTGCTATTGGCACTGCAAATCCTCCAAACGAAT 

ACCTTCAATCCGAATTCCCTGACTTCTTCTTCAGAGTCACCAATAGTGAACATCATGTCCAACTCAAGCA 

GAAGTTCAAGCGCATGTGTGACAACTCCAATATCAGGAAACGTCATTTTTTGGTTGACGAAGACATTCTC 

AAAGAGCATCCAAACATCAGCACCTATGGAGCTCCATCTTTGGATACACGCCGAGAAATAGTCACTAAAT 

ATATTCCTAAACTTGGGAAGGAAGCCGCCTTGAAATGTCTTAAAGAATGGGGTCAACCTTTGTCCAAGAT 

CACACATCTCATCTTTTGCACATCTTCATGCATCAACAGCATTCCTGGGCCTGACTTCTTCCTTGCTAGA 

GAAATTGGCCTCCCAGCTACTTGTAACCGCCTTGTGATTTATGATCACGGTTGCCACGCTGGTGGCTCTG 

TCATTCGTGTTGCCAAGGCCCTTGCTGAGAGCATCCCTGGCTCACGTGTGCTCACGGTGTGTGCAGAAAC 

CATGCTTACTTCCTTCCAGGCCCCTAGTCCATCACATATGGACATTGTGGTCGGGCACGCTTTATTCGGA 

GATGGTGCAGCTGCCATGATCGTTGGTACAGATCCTATTCCCAATGTTGAACGTCCACTGTTTGAGTTTG 

TTTTAGCTGCACAACAGACTGTGGGAGGATCTGAGGAGGCAATTCATGGACATGCAACTGAAAGGGGTCA 

AACTTACTTTTTAGGGAAAGAGATTCCAAATGTTGTTGCCGGTAATGTCAAAAAGTGTATGCATGATGCA 

TTTGGATCACTTGGTTTGACGATCAATGAAAGTGATTGGAATTCATTGTTCTACGTGGTGCATCCTGGTG 

GCAAAGCAGTTCTTAATGGGATGGAAGAGGTGCTTGAGTTGAAAGAAGAGAAGCTTGCTGCAAGTAGGAC 

TATTTTGAGGGAGTATGGAAACATGTGGAGCCCATGTGTGTTTTTTGTATTGGATGAGATGAGGAAGAAA 

TCTGCCAACGAAGGGAAGAGCACTACCGGTGAAGGACATGAATGGGGTGCTTTGATGACTTTTGGACCAG 

GCTTAACAGTTGAAACTATTGTTTTGCATTCTATTTCGCTTAAAGACTACTAA 

Amino acid sequence (390 aa) 
MENTEGKQYAKVLAIGTANPPNEYLQSEFPDFFFRVTNSEHHVQLKQKFKRMCDNSNIRKRHFLVDEDILKEH

PNISTYGAPSLDTRREIVTKYIPKLGKEAALKCLKEWGQPLSKITHLIFCTSSCINSIPGPDFFLAREIGLPA

TCNRLVIYDHGCHAGGSVIRVAKALAESIPGSRVLTVCAETMLTSFQAPSPSHMDIVVGHALFGDGAAAMIVG

TDPIPNVERPLFEFVLAAQQTVGGSEEAIHGHATERGQTYFLGKEIPNVVAGNVKKCMHDAFGSLGLTINESD

WNSLFYVVHPGGKAVLNGMEEVLELKEEKLAASRTILREYGNMWSPCVFFVLDEMRKKSANEGKSTTGEGHEW

GALMTFGPGLTVETIVLHSISLKDY 
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CbCHS01 (12098_c0_g1) 

cDNA coding sequence (1173 bp) 
ATGGTGAGTGTTGATGAGATCAGGAAGGCACAGAGAGCAGAAGGGCCAGCCACAGTATTGGCGATTGGAA 

CAGCGACTCCACCAAACTGTGTTGATCAGAGTGAATATCCTGATTACTACTTCAGAATCACTAAAAGCGA 

GCATATGACTGAACTCAAACAGAAATTCAAACGCATGTGTGAAAAGTCAATGATCAAGAAACGATACATG 

CACGTAACAGAAGATATTTTAAAGGAAAATCCTAATATGTGCGCCTACATGGCACCATCCTTGGATGCAA 

GACAAGATATGGTGGTGGTAGAAGTCCCAAAGCTAGGAAAAGAAGCTGCAACCAAAGCCATAAAGGAATG 

GGGCCAATCCAAGTCCAAGATCACTCACCTCATCTTCTGCACCACAAGTGGTGTAGACATGCCTGGAGCT 

GATTATCAACTCACTAAACTCCTTGGCCTCCGCCCCTATGTGAAGCGATACATGATGTACCAGCAAGGTT 

GCTTTGCTGGTGGCACCGTCCTACGTTTGGCCAAGGACTTAGCTGAAAATAACAAAGGAGCTCGTGTCCT 

TGTTGTATGCTCTGAGATCACTGCGGTCACATTCCGTGGCCCTAGCGACACCCACTTGGACAGCCTCGTC 

GGTCAAGCCCTCTTTGGAGATGGTGCAGCTGCAGTCATTGTTGGTTCAGACCCACTCCCAGAAATTGAGA 

AACCTTTGTTCCAGCTTGTATGGACCGGCCAAACAATTCTCCCAGATAGTGAAGGAGCCATTGATGGACA 

TCTTCGTGAGGTTGGACTCACATTCCATTTGCTCAAGGACGTTCCTGGGCTTATCTCAAAGAACATTGAA 

AAGGCTTTGGTGGAAGCCTTCCAACCGTTAGGTATCTCTGATTATAACTCCATCTTTTGGATTGCACATC 

CTGGTGGACCTGCCATTCTTGACCAAGTTGAGGCTAAATTAGAATTGAAGCCCGAGAAGATGAGAGCAAC 

TAGGCACGTTCTCGGTGAGTATGGAAACATGTCAAGTGCTTGTGTGTTGTTTATATTGGATGAGATGAGG 

AGGAAGTCTACTGAAGATAGACTCAAGACCACTGGTGAAGGACTTGAGTGGGGTGTGTTGTTTGGGTTTG 

GACCTGGGCTCACTGTTGAGACTGTGGTTCTTCGTAGCATGGCAGTTAACTAA 

Amino acid sequence (390 aa) 
MVSVDEIRKAQRAEGPATVLAIGTATPPNCVDQSEYPDYYFRITKSEHMTELKQKFKRMCEKSMIKKRYMHVT

EDILKENPNMCAYMAPSLDARQDMVVVEVPKLGKEAATKAIKEWGQSKSKITHLIFCTTSGVDMPGADYQLTK

LLGLRPYVKRYMMYQQGCFAGGTVLRLAKDLAENNKGARVLVVCSEITAVTFRGPSDTHLDSLVGQALFGDGA

AAVIVGSDPLPEIEKPLFQLVWTGQTILPDSEGAIDGHLREVGLTFHLLKDVPGLISKNIEKALVEAFQPLGI

SDYNSIFWIAHPGGPAILDQVEAKLELKPEKMRATRHVLGEYGNMSSACVLFILDEMRRKSTEDRLKTTGEGL

EWGVLFGFGPGLTVETVVLRSMAVN 
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CbCHS02 (1294_c0_g1) 

cDNA coding sequence (1173 bp) 
ATGGTGAGCGTTAATGAGATCCGCAAGGCCCAGCGTTCCCAAGGCCCCGCCACCATCTTGGCCTTCGGAA 

CTGCCACACCTTCTAACTGTGTAACCCAAGCTGACTACCCCGATTACTACTTCCGCATCACACAAAGCGA 

CCACATGACCGATCTCAAAGAAAAATTCAAACGCATGTGCGAGAAGTCGATGATCAAGAAGCGTTACATG 

CATATCACGGAGGAGATTCTAAACGAGAACCCGAACATGTGCGCGTACATGGCACCCTCTCTGGACGCGC 

GTCAGGACATAGTTGTAGTGGAAGTACCAAAGCTTGGGAAAGAAGCCGCGTCTAAGGCCATCAAGGAATG 

GGGTCAACCAAAGTCCAAGATCACTCACCTAGTCTTCTGCACCACCTCCGGCGTCGACATGCCTGGAGCC 

GATTACCAGCTCACTAAGCTTCTCGGCCTCAGACCTTCCGTCAAGCGCCTCATGATGTACCAGCAAGGCT 

GCTTCGCCGGCGGCACCGTCCTCCGCCTCGCCAAAGATCTCGCCGAGAACAACAAGGGCGCTCGTGTTCT 

CGTCGTTTGCTCCGAGATCACCGCCGTCACTTTCCGCGGCCCCTCCGATACTCATCTTGATTCACTCGTC 

GGTCAGGCGCTTTTCGGAGATGGCGCCGCTGCTATGATCATCGGCGCCGATCCGGATACTTCCGTGGAGA 

GGCCGATCTTCGAGATGGTTTCGGCGGCGCAGACGATCTTGCCGGACTCCGACGGAGCCATCGACGGGCA 

TTTAAGAGAGGTAGGGCTTACGTTTCACTTGCTGAAGGACGTTCCGGGGATTATCTCGAAGAACATTGAG 

AAGAGTTTAACGGAGGCGTTTGCTCCGATTGGAATCAACGACTGGAATTCAATCTTCTGGATCGCTCATC 

CTGGTGGGCCCGCGATTCTGGATCAGGTGGAGGCTAAGCTTGGGCTTAAAGAAGAGAAACTGCGTGCGAC 

GCGGCACGTGCTGAGCGAGTACGGGAATATGTCGAGCGCGTGTGTGATTTTCATTCTGGACGAGATGAGG 

AAGAAGTCGTTGGAGGAAGGGAAGGCCACCACCGGCGAAGGGTTGGAATGGGGGGTTCTGTTCGGGTTCG 

GGCCGGGTCTGACGGTGGAGACGGTGGTGCTGCACAGTGTGTCGGTGTTGTAG 

Amino acid sequence (390 aa) 
MVSVNEIRKAQRSQGPATILAFGTATPSNCVTQADYPDYYFRITQSDHMTDLKEKFKRMCEKSMIKKRYMHIT

EEILNENPNMCAYMAPSLDARQDIVVVEVPKLGKEAASKAIKEWGQPKSKITHLVFCTTSGVDMPGADYQLTK

LLGLRPSVKRLMMYQQGCFAGGTVLRLAKDLAENNKGARVLVVCSEITAVTFRGPSDTHLDSLVGQALFGDGA

AAMIIGADPDTSVERPIFEMVSAAQTILPDSDGAIDGHLREVGLTFHLLKDVPGIISKNIEKSLTEAFAPIGI

NDWNSIFWIAHPGGPAILDQVEAKLGLKEEKLRATRHVLSEYGNMSSACVIFILDEMRKKSLEEGKATTGEGL

EWGVLFGFGPGLTVETVVLHSVSVL 
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CbCHS03 (11481_c0_g1) 

cDNA coding sequence (1170) 
ATGGTGAATGTGGAAGAAATCCGTAAGGCACAACGGGCGGAAGGCGCCGCCACAGTGATGGCGATTGGTA 

CGGCAACTCCGGCTAATTGTGTGGAGCAAAGCACCTATCCCGACTACTATTTTCGGATCACAAATAGTGA 

ACACATGACAGAGTTGAAAGAAAAATTCCAGCGCATGTGTGATAAATCAATTATCAAGAAAAGATACATG 

CATTTGAATGAAGAGATCTTGAAGGAGAATCCTAACATGTGTGCTTACATGGCCCCTTCCATTGATGCTA 

GGCAAGACATAGTGGTTTTGGAAGTACCAAAGCTTGGAAAAGAGGCTGCAACAAAGGCCATTAAGGAATG 

GGGTCAACCCAAATCTAAAATTACCCACTTAATCTTTTGTACCACCAGTGGTGTTGATATGCCTGGAGCT 

GACTACCAACTCACTAAGCTCTTGGGTCTTCGCCCCTCCGTCAAACGATACATGATGTACCAACAAGGTT 

GCTTTGCTGGTGGCACGGTGCTCCGTTTGGCCAAGGATTTGGCTGAGAATAACAAAGGTGCACGTGTACT 

CGTGGTTTGTTCTGAGATCACTGCAGTCACATTCCGTGGGCCTAGTGATACCCACCTTGACAGCCTTGTG 

GGCCAAGCATTGTTTGGTGATGGGGCAGCTGCTATTATTGTTGGATCTGATCCAATCCCAAAAGTTGAGA 

AGCCTTTGTTCGAACTTGTATGGACAGCTCAAACGATCCTCCCTGATAGTGAAGGAGCTATTGATGGACA 

TCTTCGTGAAGTTGGGCTTACATTCCATCTTTTGAAGGATGTTCCTGGGCTCATCTCAAAGAATATTGAG 

AAAGCCTTGGTTGAAGCCTTCAATCCATTGGGAATATCTGACTACAACTCAATTTTCTGGATTGCTCACC 

CAGGTGGCCCTGCAATTTTGGACCAAGTTGAGGCCAAATTGGGCTTGAAGCCCGAAAAGATGCAAGCCAC 

TAGACATGTACTTAGTGAGTATGGAAACATGTCTAGTGCATGCGTATTATTCATTTTGGATGAAATGAGG 

AGGAAATCAACAAAAGATGGACTTGGCACAACAGGTGAAGGGCTTGAGTGGGGTGTTCTATTTGGATTTG 

GGCCTGGCCTTACTGTTGAGACAGTTGTGCTCCACAGTATAACTATTTAA 

Amino acid sequence (389 aa) 
MVNVEEIRKAQRAEGAATVMAIGTATPANCVEQSTYPDYYFRITNSEHMTELKEKFQRMCDKSIIKKRYMHLN

EEILKENPNMCAYMAPSIDARQDIVVLEVPKLGKEAATKAIKEWGQPKSKITHLIFCTTSGVDMPGADYQLTK

LLGLRPSVKRYMMYQQGCFAGGTVLRLAKDLAENNKGARVLVVCSEITAVTFRGPSDTHLDSLVGQALFGDGA

AAIIVGSDPIPKVEKPLFELVWTAQTILPDSEGAIDGHLREVGLTFHLLKDVPGLISKNIEKALVEAFNPLGI

SDYNSIFWIAHPGGPAILDQVEAKLGLKPEKMQATRHVLSEYGNMSSACVLFILDEMRRKSTKDGLGTTGEGL

EWGVLFGFGPGLTVETVVLHSITI 
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CbPR10a 

cDNA coding sequence (477 bp) 
ATGGGTGTGTTCACATACGAGAACGAGAATAGCACAAGTGTGCCACGTGATAAGCTCTACAAATTTTTTC 

TGAAGGATTCCAATGAACTCATCCCAAAGGCTGCAGCACCAGTTCAGAGTATTGAATTCATTGAAGGCAC 

TGGTGGCCCAGGCTCCATCAAGAAGTTCACTATTGTTATTGGTGGGGAGACAAAATATGTGTTGCACAAG 

GTAGATGCCATAGATGAAGCAAACTATAGCTACAACTACAGCATAGTGGAAAGTAGTGATTTTTCAGAGT 

CAGTGGAGAAGATTTCATTTGAGAACAAATTGTTGGAAGGTCCTAATGGAGGGTCCATTGCTAAGGTCAC 

AGTGACCTACTACACCAAAAGTGATACTCCTCCAAGTGAGGAAGAACTCAAGGCTGGAAAGGCAAAGGGT 

GATGCCCTTTTCAAGGACGTTGAGGCCTACCTTTTGGCTCATCCTGAGTACAACTAA 

Amino acid sequence (158 aa) 
MGVFTYENENSTSVPRDKLYKFFLKDSNELIPKAAAPVQSIEFIEGTGGPGSIKKFTIVIGGETKYVLHKVDA

IDEANYSYNYSIVESSDFSESVEKISFENKLLEGPNGGSIAKVTVTYYTKSDTPPSEEELKAGKAKGDALFKD

VEAYLLAHPEYN 

 

CbPR10b 

cDNA coding sequence (477 bp) 
ATGGGTGTCTTCACTTTCACAGAAGAGAACCAGTCTGCAGTTGCTCCTGCTAGACTCTACAAAGCTCTTG 

TCTTTGATGGCGACGACCTCATCCCCAAAGTTATCGATGTCATACAGAGTATTGAGAACCTTGAAGGAAG 

TGGTGGACCTGGTACCATCAAGAAGATGAACGTCCTCGAAGGAGGGGAATCGCACTATGTGAAGCACAAG 

GTGGATGCAGTGGACAAAGACAACTTGGTATATGATTACTCTATAGTGGAGAGTGACACATTTCCCCCCA 

CGTTGGAGAAGATCTCTATTCAAACCAAATTGGTTGAAGCACCTGGCGGCGGTTCCGTGGTAAAGGTGAC 

GGTTAATTACGTTACCAAAGGTGACGCCAAGCCTACCGAAGAGGAGCTCAAGATCGGAAAGACAAGGGGT 

GAAGGACTTTTCAAGGCCATTGAGGGTTATCTCTTGGCCAATCCTAGCTACAATTAA 

Amino acid sequence (158 aa) 
MGVFTFTEENQSAVAPARLYKALVFDGDDLIPKVIDVIQSIENLEGSGGPGTIKKMNVLEGGESHYVKHKVDA

VDKDNLVYDYSIVESDTFPPTLEKISIQTKLVEAPGGGSVVKVTVNYVTKGDAKPTEEELKIGKTRGEGLFKA

IEGYLLANPSYN 

 

HpPOCP1 (hpa_locus_3413) 

cDNA coding sequence (471 bp) 
ATGAGTGTGTATTCCGTGAGGCAAGATTACACGTCCAAGGTCAAAGCCCACAGACTGTTCACGGCTTTGG 

TCCCCGAACGACATGTCGTCCTCCTCAAGGTCCTGCCCCAGAACTTTAAGAGCATAGAGATCGTGCAAGG 

CGACGGCGGTGTCGGAACTATCAAGAGAACCAATTTCAGCGATGATTTTCCGTACAGATACATGGTTTAT 

AGAATTGACGAGATGGACAAGGAAAATTTGTATGGGAAGTGTACCTATTTCGAAGGCGATGGATTGGATA 

AATATGGAGCAGAAACAATGGTCTACGAGATCAAGTTCGAGGAAACAAACCAAGGAAGCAGAGGTTATGA 

GATAATCCATTATCACCCGAAGCCTGGCTGTGAAGTGAAGAAGGACCAAGTGGGAGTTGCCATTAATTTA 

TTCAATAAAGTTGAGGAGTATCTCTTGGCCAACCCTGATATTTATGCTTAA 

Amino acid sequence (156 aa) 
MSVYSVRQDYTSKVKAHRLFTALVPERHVVLLKVLPQNFKSIEIVQGDGGVGTIKRTNFSDDFPYRYMVYRID

EMDKENLYGKCTYFEGDGLDKYGAETMVYEIKFEETNQGSRGYEIIHYHPKPGCEVKKDQVGVAINLFNKVEE

YLLANPDIYA 
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HpPOCP2 (hpa_locus_318/ hpa_locus_2765) 

cDNA coding sequence (483 bp) 
ATGTCTTATTCTGTCTGCCAAGACATCACATCCCAAATCCCACCCCAAAGGCTCATGAAGGCTTTGGTCA 

GTGAACGGCACAAGGTCGTCCCTAAGCTCAGGCCTAACATCTTCAAGAGCATGGAGCTTCTTCATGGCGA 

TGGAGGAACGGGAAGCATCAGGAAGGCGGAATTTGTTGACGGGTTTCCAATGAAGTACATGATGCATAGA 

ATCGACGTCCTCGACATGAAGAACCTCTACTGCAAGTTCACCTTGTACGAAGGATGTGTGCTGGGCGACA 

AGTACGAGGAAATCGAGCACGAGATCCAGCTGGAGCCATTAGGCGAGGGTTGCAAGGGCAAGATCTCCAC 

CCACTACCATCCTAAGCCTGGAGTTGTGGTCAACAAAGAGGAGATCGATGTTGTTAAAGGTAAAGCCTAC 

ACCGTCATCCAAGACGTCGAGAAGTACCTCCTGGCCAACCCCGACGTTTGTGCCGTCGCCTAA 

Amino acid sequence (160 bp) 
MSYSVCQDITSQIPPQRLMKALVSERHKVVPKLRPNIFKSMELLHGDGGTGSIRKAEFVDGFPMKYMMHRIDV

LDMKNLYCKFTLYEGCVLGDKYEEIEHEIQLEPLGEGCKGKISTHYHPKPGVVVNKEEIDVVKGKAYTVIQDV

EKYLLANPDVCAVA 

 

HpPOCP3 (hpa_locus_7942) 

cDNA coding sequence (477 bp) 
ATGGGGTTTTCCCTTTCTCAGGATATCACATCTCCAATCCCACCGGAAAGACTCTTCAAGGCATTAGTCA 

CCGAACGACACGTAATTGTCCCAAAGCTTATGCCTAACGTCTTTAAGAGCATGGAGATCGTTGAAGGCGA 

CGGAGGAGCTGGCACAATAAGGAAAGCCACATTCGCTGAAGGACTTCCGTTCAAGTCCATGTCCCAGAGG 

ATCGATATTCTTGACACGAAAAACTACTACTGCAAGTTCACCTTGTTCGAAGGGGGCATGCTTGGTGACA 

CGTTGGATTCAATCGTCCATGAGCTTAAACTTGACCCACTGGGCGACGGATGCAAAGGGAAGATGTCCAG 

CCACTACGTATTGAAACCTGGAGCCACCATCAACGAAGAGGAAGTGAAGGTTGTGAAGCAGAAGGCCTAT 

GGGCTCGTCAAGGCTGTAGAGGAGTACTTGTTGTCCAACCCGGATGTTTTGGCTTAA 

Amino acid sequence (158 aa) 
MGFSLSQDITSPIPPERLFKALVTERHVIVPKLMPNVFKSMEIVEGDGGAGTIRKATFAEGLPFKSMSQRIDI

LDTKNYYCKFTLFEGGMLGDTLDSIVHELKLDPLGDGCKGKMSSHYVLKPGATINEEEVKVVKQKAYGLVKAV

EEYLLSNPDVLA 

 

HpPR10_a (hpa_locus_4976) 

cDNA coding sequence (486 bp) 
ATGGGTGTGTATACCACAGCGGAGGAGGCCACCTACCGAGTCCCGGCACACAGAATGTTCAAGGCACTGG 

TCACCGAGCGTCAAATTGTGGCCCCAAAGGTCATGCCAAGTTTCTTCAATAGCATGGAGATCGTCCACGG 

CGACGGAGGCGTAGGCACCGTTAAAAAAGCCAACTTCGCCCAAGGAAGCGGACTGCCCTTCAAGTGCATG 

TCTCTCAGAATCGACGCCCTCGACACTGAGAAGTACTACGTCAGGAGCACCTTGTTCGAAGGAGAATATA 

TCGGTGACACTCTGGAAAAAATCGTCCACGAGATCAAAATGGAGCCACTGGAAAATGGGTGCAAGAGTAC 

GGTGCGCAGCAACTATCACTTGAAGCCCGGTGCCGTTTTTAACGAAGCCGTGGCCGAGGCCACCAAGATG 

CATTCTCAGGTGCTCAACAAAGCCATCGAGGAGTACCTCTTGTCCCACCCTGATGTTTGCGCCTAG 

Amino acid sequence (161 aa) 
MGVYTTAEEATYRVPAHRMFKALVTERQIVAPKVMPSFFNSMEIVHGDGGVGTVKKANFAQGSGLPFKCMSLR

IDALDTEKYYVRSTLFEGEYIGDTLEKIVHEIKMEPLENGCKSTVRSNYHLKPGAVFNEAVAEATKMHSQVLN

KAIEEYLLSHPDVCA 
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HpPR10_aa (hpa_locus_4976) 

cDNA coding sequence (486 bp) 
ATGGGTGTGTATACCACAGTGGAGGAGGCCACCTACCGAGTCCCGGTACACAGAATGTTCAAGGCACTGG 

TCACCGAGCGTGAAATTATGGCCCCAAAGATCATGCCGAATGCGTTCGCTAGCATGGAGATCGTCCACGG 

TGACGGAGGCGTAGGCACCGTTAAAAAAGCCACCTTTGTCCAAGGAAGCGGACTGCCCTTCAAGAGCATG 

TCTCTCAGAATCGACGCCCTCGACACTGAGAAGTACTACTTCAAGAGCACCTTGTTCGAAGGAGGATTGC 

TCGGTGACACTCTGGAAAAAATCGTCCACGAAATCAAAATGGAGCCGTTGGAAACTGGGTGCAAGAGTAC 

GGTGCGAAGCGACTACCACTTGAAGCCCGGTGGCGTTTTTAACGAAGCCGTGGCCGAGGCCACCAAGATG 

CATTCTCAGGTGCTCAACAAAGCCATCGAGGAGTACCTCTTGTCCCACCCTGATGCTTGCGCCTAG 

Amino acid sequence (161 aa) 
MGVYTTVEEATYRVPVHRMFKALVTEREIMAPKIMPNAFASMEIVHGDGGVGTVKKATFVQGSGLPFKSMSLR

IDALDTEKYYFKSTLFEGGLLGDTLEKIVHEIKMEPLETGCKSTVRSDYHLKPGGVFNEAVAEATKMHSQVLN

KAIEEYLLSHPDACA 

 

HpPR10_b (hpa_locus_1241) 

cDNA coding sequence (471 bp) 
ATGACTATAGTTACTTACAAGACCGAAATTCAAAGCTCAATCCCACGAGCCAGGTTTTTCAAGGCTTTCG 

CCGACGGTACACACAAAATCATTCCCAAGATTGCTCCACGAAGCATCCTCAAAAGCTACGAGCTTATTGA 

AGGAGACGGAGGGGTTGGCTCTATCAAGGAACTCAAGTTTGGAGAGGATAGTCCGCTCACTCATGTGAAG 

GAGAGGATGGACAAGATAGACGAAAAAAATTCAATATATGGGTACACGGTCATCGAAGGAGATGCGCTGG 

GTGAAAATGTGGAAAAGATCTACAACGAAATCAAAATTGAGGACTCCCAAGTTGGATCCATTGTTAGGAT 

CTCCACAACTTTGTATGGTGCTGAGTTTGTAGAGATTAAAGAGGAGGAACTTCTAGCCACCAAAGAGAGG 

ACCATGGGAGTGGTCCAGACTGTGGAAGCCTATCTCTTGGCTAACCCGTGA 

Amino acid sequence (156 aa) 
MTIVTYKTEIQSSIPRARFFKAFADGTHKIIPKIAPRSILKSYELIEGDGGVGSIKELKFGEDSPLTHVKERM

DKIDEKNSIYGYTVIEGDALGENVEKIYNEIKIEDSQVGSIVRISTTLYGAEFVEIKEEELLATKERTMGVVQ

TVEAYLLANP 

 

HpMLPL_a (hpa_locus_3943) 

cDNA coding sequence (459 bp) 
ATGGGATATGAGAAGCTGGAAGCTGAGGTGCAGACCAGAAGCAATGTTGATGACTTCTTCGAGCTTCTAA 

CGAAGCAAGCTCATCTTGCTATCGAAGCCACTGATCTTGTCCACAAAGTGGAGCTTCATGAAGGGGAGTG 

GGACAAGCCGGGCCACGTCAAGACCTGGCATTACACCACCATAGAGGGAGAGAAGGAGGAATTCAAGGAG 

AAGTTTGAAGTAGACGAAGCAAACAAGACATGTACGATGGAGGCGGTGGGTGGACACATTCTGGAACAAG 

TCAAGAGCTACAAGATCATTTATAAGTGCATCCCAAAGGAAGCAGGAGGCGGCGTGGTGAAGATCACTCT 

GGAATACGAACTGTTTAAACCAGAAGACGCACATCCCGAGAAGTACATCCCTTTCCTCGTCAAGTTTGTC 

CAGGACATTGACGCGGGAGTTGCCGACCCTGTTGTTTAA 

Amino acid sequence (152 aa) 
MGYEKLEAEVQTRSNVDDFFELLTKQAHLAIEATDLVHKVELHEGEWDKPGHVKTWHYTTIEGEKEEFKEKFE

VDEANKTCTMEAVGGHILEQVKSYKIIYKCIPKEAGGGVVKITLEYELFKPEDAHPEKYIPFLVKFVQDIDAG

VADPVV 
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Putative HpPKC (hpa_locus_1687) 

cDNA coding sequence (501 bp) 
ATGGCAGAGGCGACGAGCCCCAAATGGCAGGGCAAGGTCTCGGTTGGGCTTAAGGGAGCAACAGCTGATC 

AAGTGTGGCCATTCCTAGAGGACTTCTGCGGGTTCGACAAGCTGCATCCGGACGCCGACATCTGTCGCAC 

GGTGGAAGGCGTCGTGGGCGAGCCAGGGCTGGTCCGATACTGTGCTTGCAGCGAGCGGTTGACTCCCTCC 

GGCGAGGCCGTTTGGGCCAATGAGAAGCTGCTGGTGATGGACCCTGTTCAGAGGCTCCTGAGCTACCAGA 

TAGTAGACAGCAATATGGGGTTCAAGTACTACGTAGGTACTATGAAGGTGTTGGCCGTTGAGGAGGAAGA 

TCAAGCGATCGACGGGTTCAAGAGCGTGATCGAGTGGTCGTTCGTTGCTGATCCTATTGAAGGGTGGCCG 

TTACAGGCTTTCCAAGAGTATCTTAATGAGTGCATTCAGTTCATGGCTGACAAGATAGAGCAGGACATTT 

CATCCCGGTAA 

Amino acid sequence (166 aa) 
MAEATSPKWQGKVSVGLKGATADQVWPFLEDFCGFDKLHPDADICRTVEGVVGEPGLVRYCACSERLTPSGEA

VWANEKLLVMDPVQRLLSYQIVDSNMGFKYYVGTMKVLAVEEEDQAIDGFKSVIEWSFVADPIEGWPLQAFQE

YLNECIQFMADKIEQDISSR 

 

Putative HpPKC (hpa_locus_601) 

cDNA coding sequence (324 bp) 
ATGGAGGAAGGGAGAGGAGTGGTGAAGCACCTTCTTCTGGCAAAGTTCAAGGATGGAACCAAACCGGAGG 

AGATCGACAGCCTCATAAAGGGCTATTCCAACCTCGTCAACCTCATCGAACCCATGAAGGCTTTCCACTG 

GGGCACCGACGTGAGCGTGGAGAACTTGCACCAAGGCTTTACGCACGTCTTCGAGTCCACATTCGAGAGC 

ACCGAGGGCATTGCCGAGTATGTGGCTCACCCTGCTCATGTTGAGTACGCCAACGTGTTCTTAGCTGCCT 

TAGACAAGGTCATTGTGGTCGACTACAAGCCTACTTCCCTTTGA 

Amino acid sequence (107 aa) 
MEEGRGVVKHLLLAKFKDGTKPEEIDSLIKGYSNLVNLIEPMKAFHWGTDVSVENLHQGFTHVFESTFESTEG

IAEYVAHPAHVEYANVFLAALDKVIVVDYKPTSL 
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10.1.2. Sequences of functionally characterized octaketide synthases 

HpPKS2 (accession no. EU635882) 

cDNA coding sequence (1182 bp) 
ATGGGTTCCCTTGACAATGGTTCAGCTAGAATTAACAACCAGAAATCTAATGGGTTGGCTTCAATTTTGG 

CCATTGGAACTGCACTTCCGCCAATTTGCATTAAGCAGGATGACTATCCTGATTACTACTTCCGAGTCAC 

CAAGAGCGACCACAAGACGCAACTGAAAGAGAAGTTTCGTCGCATCTGTGAAAAGTCAGGAGTGACAAAA 

CGTCACACAGTACTAACCGAAGACATGATCAAGGAGAACGAGAACATAATAACCTACAAGGCTCCGTCAC 

TGGATGCTCGCCAAGCGATCCTACACAAGGAGACACCCAAGCTGGCCATTGAAGCAGCCTTGAAGACCAT 

CCAAGAATGGGGTCAACCCGTCTCTAAGATCACCCACCTGTTCTTCTGCTCCTCCTCTGGCGGCTGTTAT 

CTTCCGAGCTCCGATTTTCAGATCGCTAAGGCACTCGGCCTCGAACCGACCGTCCAGAGGTCCATGGTGT 

TTCCTCATGGATGCTATGCTGCCAGTTCTGGCCTTCGTTTGGCTAAGGACATTGCCGAGAACAACAAAGA 

TGCCCGCGTGCTGGTGGTGTGCTGCGAGTTGATGGTGTCGAGCTTCCATGCACCATCGGAGGACGCGATC 

GGAATGCTGATAGGTCACGCCATTTTCGGCGATGGAGCGGCATGCGCGATTGTAGGAGCAGACCCGGAGC 

CTACAGAGCGCCCAATATTCGAGCTAGTGAAGGGCGGACAGGTGATCGTCCCAGACACGGAAGATTGTCT 

GGGAGGGTGGGTGATGGAGATGGGATGGATCTACGACCTCAACAAGCGCCTTCCTCAAGCCCTAGCCGAC 

AACATCCTAGGAGCCCTAGATGACACCCTTAGGCTGACCGGTAAAAGGGATGACCTCAACGGCCTTTTCT 

ACGTGCTCCACCCAGGTGGGCGGGCCATCATCGACCTGCTCGAGGAGAAGCTCGAGCTAACAAAGGACAA 

GCTCGAGAGTAGCCGCCGTGTGCTCAGCAACTACGGCAACATGTGGGGCCCTGCGCTGGTGTTCACGCTC 

GACGAGATGAGGAGGAAGTCCAAGGAGGACAACGCCACCACCACTGGTGGCGGGCCCGAGCTCGGCCTGA 

TGATGGCGTTCGGACCTGGCCTCACCACCGAGATCATGGTGCTCCGAAGTGTGCCTCTCTAA 

Amino acid sequence (393 aa) 
MGSLDNGSARINNQKSNGLASILAIGTALPPICIKQDDYPDYYFRVTKSDHKTQLKEKFRRICEKSGVTKRHTVLTE

DMIKENENIITYKAPSLDARQAILHKETPKLAIEAALKTIQEWGQPVSKITHLFFCSSSGGCYLPSSDFQIAKALGL

EPTVQRSMVFPHGCYAASSGLRLAKDIAENNKDARVLVVCCELMVSSFHAPSEDAIGMLIGHAIFGDGAACAIVGAD

PEPTERPIFELVKGGQVIVPDTEDCLGGWVMEMGWIYDLNKRLPQALADNILGALDDTLRLTGKRDDLNGLFYVLHP

GGRAIIDLLEEKLELTKDKLESSRRVLSNYGNMWGPALVFTLDEMRRKSKEDNATTTGGGPELGLMMAFGPGLTTEI

MVLRSVPL 

 

PcOKS (accession no. EU647244) 

cDNA coding sequence (1176 bp) 
ATGGCGAATGTACTGCAGGAGATCCGCAACTCTCAGAAGGCGACAGGCCCCGCCACCGTCCTGGCCATCG 

GCACCGCGGTGCCACCGACTTGCTATCCTCAGGCCGATTATCCAGATTTCTACTTCCGTGTCTGCAAGAG 

CGAACACATGACCCAACTCAAGAAGAAAATGCAATACATTTGTGACCGATCGGGCATAAGGCAGCGGTAT 

ATGTTCCACACGGAAGAAAACCTGGGTAAGAACCCGAGCATGTGCACATTTGACGGCGCATCCTTGAACG 

CTCGACAAGAGATGTTGATCATGGAAGTGCCGAAGCTAGGCGTGGAGGCGGCTGAAAAGGCAATCAAAGA 

ATGGGGGCACGACAAGTCGAAGATCACCCACCTCATCTTCTGCACCACCACCAGCAACGACATGCCGGGG 

GCCGACTACCAGTTCGCCACCATGTTCGGCCTCAACCCCACCGTGAGCCGCACCATGGTCTACCAGCAGG 

GCTGCTTCGCAGGGGGCACCGTCCTCCGCCTCGTCAAGGACATAGCCGAGAACAACAAGGGCTCTCGCGT 

CCTAGTCGTCTGCTCTGAGATTGTCGCCTTCGCCTTCCGCGGGCCCCACGAGGACCACATCGACTCCCTC 

ATCGGCCAGCTCTTGTTCGGTGACGGGGCCGCCGCGCTGGTCGTTGGGGCGGATGTGGACGAGAGCGTCG 

AGAAGCCGATCTTCCAGATCATGTCGGCGTCCCAGGCCACCATCCCGAACTCGCTGCACACCATGGCTCT 

CCATCTGACGGAGGCGGGGCTGACCTTCCATCTCAGCAAGGAGGTTCCAAAGGCGGTTAGTGATAACATG 

GAGGAGCTCATGCTGGAAGCGTTCAAGCCGCTCGGGATAACCGATTGGAACTCCATATTCTGGCAGGTTC 

ATCCCGGGGGTAAAGCAATCCTTGACAAGATAGAGGAGAAGTTGGAGCTCAGCAAAGATAAGATGCGGGA 

TTCTCGATACATCCTCAGCGAGTACGGGAATCTGACGAGCGCGTGTGTGTTGTTCGTGATGGATGAGATG 

AGAAAGAGGTCTTTTCGAGAAGGGAAGAAGACCACCGGAGATGGCTACGAGTGGGGAGTCGCCATTGGAT 

TGGGCCCGGGGCTTACAGTCGAGACCATTGTCCTGCGAAGTGTTCCAATTCTGTGA 

Amino acid sequence (391 aa) 
MANVLQEIRNSQKATGPATVLAIGTAVPPTCYPQADYPDFYFRVCKSEHMTQLKKKMQYICDRSGIRQRYMFHTEEN

LGKNPSMCTFDGASLNARQEMLIMEVPKLGVEAAEKAIKEWGHDKSKITHLIFCTTTSNDMPGADYQFATMFGLNPT

VSRTMVYQQGCFAGGTVLRLVKDIAENNKGSRVLVVCSEIVAFAFRGPHEDHIDSLIGQLLFGDGAAALVVGADVDE

SVEKPIFQIMSASQATIPNSLHTMALHLTEAGLTFHLSKEVPKAVSDNMEELMLEAFKPLGITDWNSIFWQVHPGGK

AILDKIEEKLELSKDKMRDSRYILSEYGNLTSACVLFVMDEMRKRSFREGKKTTGDGYEWGVAIGLGPGLTVETIVL

RSVPIL 
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10.2. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.1. Heat map of the 

differentially expressed genes (DEGs) in 

non-elicited and elicited samples; red: 

up-regulated genes and blue: down-

regulated genes. Each column represents 

a sample and each raw represents a gene; 

as provided by LC Sciences, Huston, 

USA.  
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Figure 10.2. Stacked HPLC-DAD chromatograms of incubation and standard. Incubation of 

p-coumaroyl-CoA and malonyl-CoA with (a) crude recombinant CbCHS03 (b) denatured 

protein. (c) standard naringenin. UV spectra (d) of standard naringenin and (e) enzymatic 

product naringenin. HPLC method no. 2, detection λ = 280 nm. 

 

 
Figure 10.3. Michaelis-Menten hyperbolic regression curve for the determination of Km value 

of PcOKS with malonyl-CoA. 
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10.3. Tables 

Table 10.1. Functionally characterized PR10/Bet v1-like proteins and MLPLs used in the 

BLAST analysis. 

Name Species Accession no. 

Betv1 Betula pendula Z80099.1 

CaARP Cicer arietinum NP_001296647.1 

NpNBS Narcissus pseudonarcissus MG948545.1 

NrMLPL Nepeta racemosa MT108267.1 

PsABR17 Pisum sativum Z15128.1 

PsNCS1  

 

Papaver somniferum 

AY860500.1 

PsNCS2 AY860501.1 

PsNISO MH455205.1 

PsTHS1 MH011342.1 

PsTHS2 MH011343.1 

TfNCS Thalictrum flavum subsp. glaucum AY376412.1 

 

Table 10.2. PR10/Bet v1-like proteins / MLPLs identified in H. perforatum MPGR database 

(http://medicinalplantgenomics.msu.edu). 

hpa_locus_318_iso_1_len_355_ver_2 hpa_locus_9233_iso_2_len_610_ver_2 

hpa_locus_2765_iso_1_len_538_ver_2 hpa_locus_48636_iso_1_len_305_ver_2 

hpa_locus_7942_iso_3_len_813_ver_2 hpa_locus_22462_iso_1_len_486_ver_2 

hpa_locus_1241_iso_3_len_906_ver_2 hpa_locus_17514_iso_1_len_271_ver_2 

hpa_locus_4976_iso_3_len_1560_ver_2 hpa_locus_39069_iso_1_len_610_ver_2 

hpa_locus_12415_iso_1_len_779_ver_2 hpa_locus_5431_iso_7_len_810_ver_2 

hpa_locus_5126_iso_5_len_1313_ver_2 hpa_locus_5431_iso_7_len_810_ver_2 

hpa_locus_3413_iso_4_len_738_ver_2 hpa_locus_63436_iso_1_len_473_ver_2 

hpa_locus_21413_iso_2_len_285_ver_2 hpa_locus_39069_iso_1_len_610_ver_2 

hpa_locus_3943_iso_2_len_619_ver_2 hpa_locus_5857_iso_1_len_849_ver_2 

hpa_locus_3525_iso_2_len_1041_ver_2 hpa_locus_19020_iso_1_len_534_ver_2 

hpa_locus_20532_iso_1_len_401_ver_2 hpa_locus_79091_iso_1_len_592_ver_2 

hpa_locus_7559_iso_2_len_302_ver_2 hpa_locus_20934_iso_7_len_799_ver_2 

hpa_locus_11290_iso_1_len_382_ver_2 hpa_locus_22956_iso_1_len_505_ver_2 

hpa_locus_19418_iso_7_len_835_ver_2 hpa_locus_7507_iso_1_len_643_ver_2 

hpa_locus_1982_iso_5_len_732_ver_2 hpa_locus_64233_iso_1_len_384_ver_2 

hpa_locus_1714_iso_2_len_733_ver_2 hpa_locus_21851_iso_1_len_422_ver_2 

hpa_locus_11685_iso_2_len_766_ver_2 hpa_locus_44840_iso_1_len_775_ver_2 

hpa_locus_10449_iso_1_len_285_ver_2 hpa_locus_26746_iso_1_len_620_ver_2 

hpa_locus_71278_iso_1_len_296_ver_2 hpa_locus_6152_iso_1_len_606_ver_2 

hpa_locus_38738_iso_1_len_482_ver_2 hpa_locus_48636_iso_1_len_305_ver_2 

hpa_locus_9510_iso_1_len_299_ver_2 hpa_locus_516_iso_6_len_531_ver_2 
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Table 10.3. Functional PKSs used for phylogenetic tree construction of CbOKS and CbCHS. 

Name Accession no. 

CHSs proteins  

Arabidopsis thaliana CHS AAA32771.1 

Arachis hypogaea CHS ABZ80827.1 

Cannabis sativa CHS AAL92879.1 

Gerbera hybrid CHS CAA86218.1 

Glycine max CHS CAA37909.1 

Humulus lupulus CHS CAK19319.1 

Hydrangea macrophylla CHS BAA32732.1 

Hypericum perforatum CHS AAL67805.1 

Medicago sativa CHS AAA02824.1 

Oryza sativa CHS A2ZEX7.1 

Phaseolus vulgaris CHS CAA29700.1 

Pisum sativum CHS CAA44933.1 

Pueraria montana CHS BAA01075.1 

Rheum palmatum CHS ABB13607.1 

Ruta graveolens CHS Q9FSB9.1 

Zea mays CHS NP 001149022.1 

  

CHS-like proteins  

Aegle marmelos QNS AGE44109.1 

Aloe arborescens ALS ABS72373.1 

Aloe arborescens OKS AAT48709.1 

Aloe arborescens PCS AAX35541.1 

Arachis hypogaea STS BAA78617.1 

Bromheadia finlaysoniana BBS CAA10514.1 

Cannabis sativa OLS BAG14339.1 

Citrus 171acrocarpa ACS BAO05327.1 

Citrus 171acrocarpa QNS BAO05328.1 

Curcuma longa CURS1 C0SVZ6.1 

Curcuma longa DCS BAH56225.1 

Garcinia mangostana BPS AEI27291.1 

Gerbera hybrid 2-PS CAA86219.2 

Hydrangea macrophylla CTAS BAA32733.1 

Hydrangea macrophylla STCS AAN76182.1 

Hypericum androsaemum BPS AAL79808.1 

Hypericum perforatum OKS ACF37207.1 

Humulus lupulus VPS BAB12102.1 

Huperzia serrata PKS ABI94386.1 

Oryza sativa ARAS1 NP 001064197.1 

Oryza sativa ARAS1 NP 001064227.2 
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Phalaenopsis sp BBS P53416.1 

Pinus strobus STS CAA87012.1 

Pinus sylvestris STS AAB24341.2 

Plumbago indica PKS BAF44539.1 

Polygonum cuspidatum OKS ACC76752.1 

Rheum palmatum ALS AAS87170.1 

Rheum palmatum BAS AAK82824.1 

Ruta graveolens ACS CAC14058.1 

Sorbus aucuparia BIS ABB89212.1 

Sorghum bicolor ARS XP 002449744.1 

Vitis vinifera STS NP 001267939.1 

Wachendorfia thyrsiflora PKS AAW50921.1 

  

Bacterial PKS (outgroup)  

Mycobacterium tuberculosis PKS18 P9WPF1.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


