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ABSTRACT 

The vast ranges of chemically diverse plant polyketides are well-known for their important 

functions in plants and to human health. Plant polyketides consist of the most widely 

distributed pollen wall structural element sporopollenin, the ubiquitous and chemically 

diverse flavonoids, and various taxa-specific natural products. Despite the vast diversity, 

plant polyketides are synthesized in a common logic. Type III polyketide synthases (PKSs) 

synthesize the backbones and post-PKS tailoring enzymes provide accurate modifications 

to determine the final chemical diversity. Compared with plant PKSs that have been 

intensively investigated, the important tailoring enzymes are largely unknown.  

The ornamental plant Gerbera hybrida is rich in two defense-related polyketides gerberin 

and parasorboside, in addition to sporopollenin and flavonoids. Gerberin/parasorboside 

biosynthesis has been shown to be initiated by gerbera 2-pyrone synthase 1 (G2PS1), while 

the accessory polyketide reductases (PKRs) have been missing. In this thesis, by 

coexpression analysis, we identified two PKR candidates in this pathway, gerbera 

reductase1 (GRED1) and GRED2. They were shown to be the second PKR required for 

parasorboside biosynthesis by expression and metabolite analysis of different gerbera 

tissues, cultivars, and transgenic gerbera plants and in vitro enzyme assays. We also 

showed that PKRs act on the linear triketide intermediate prior to its lactonization in 

gerberin/parasorboside biosynthesis. This updated pathway indicates that plant polyketide 

biosynthesis shares tailoring strategies with fungi and bacteria. 

Sporopollenin has been uncovered to be synthesized through a conserved anther-specific 

PKS pathway. We showed that GRED1 and GRED2 are orthologues of Arabidopsis 

tetraketide α-reductase 2 (AtTKPR2), a minor PKR involved in sporopollenin biosynthesis. 

Their important role in parasorboside biosynthesis indicates that the duplicate gerbera 

TKPR2s have been recruited from the ancient sporopollenin biosynthesis to a defense-

related PKS pathway. The functional diversification of gerbera TKPR2s is an example of 

how plants get metabolic innovation for adaption during evolution. We showed that GRED1 

and GRED2 still sustained the minor role in pollen wall formation. Moreover, we identified 

and characterized GTKPR1, the gerbera orthologue of AtTKPR1, the predominant PKR in 

sporopollenin biosynthesis. GTKPR1 was shown to play a conserved predominant role in 

pollen wall formation.  

Cultivar-specific pigmentation of gerbera has been shown to be a result of substrate 

preferences of dihydroflavonol 4-reductases (DFRs). Substrate specificity of DFRs from 

different species have been investigated for decades. However, which amino acids are 

responsible for it remains unknown. Two major technical challenges hindering the 

investigation are: difficult to make heterologous DFRs and lack of a reliable assay for the 
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determination of substrate preferences. In this thesis, we established a highly efficient DFR 

expression system in tobacco and refined the traditional BuOH-HCl assay into a reliable and 

robust assay for the determination of DFR substrate preferences.  
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1. INTRODUCTION 

1.1 Plant polyketides: a vast group of structurally and functionally diverse 
natural products 

During the long process of evolution, plants have acquired the ability to produce a vast array 

of specialized secondary metabolites that play crucial roles in helping plants successfully 

survive in the changing environment. Unlike primary metabolites that are common to all 

plants, plant secondary metabolites exhibit remarkable diversity in chemical structure and 

function and many of them often accumulate in a limited number of species (Afendi et al., 

2012). Polyketides (Figure 1) constitute one of the most numerous and widely occurring 

groups of the chemically diverse secondary metabolites in the plant kingdom. They play 

important roles in plant life processes by exhibiting a wide range of biological and 

physiological functions, such as defense systems, pigments, and structural elements of the 

pollen wall (Stewart. et al., 2013; Lim et al., 2016). Moreover, many of them are important 

natural compounds presenting valuable pharmaceutical or industrial benefits to human 

beings (Bisht et al., 2021). 

 

Figure 1. The diversity of plant polyketides. Typical chemical structures of three groups of 

plant polyketides are shown in individual frames. Their distributions are shown in bold. 
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1.1.1 Sporopollenin: the most widely distributed and functionally conserved plant 

polyketide 

The most widely distributed polyketide derivative must be sporopollenin, a structurally robust 

polymer that functions as a structural element of pollen wall or spore wall of land plants 

(Jiang et al., 2013). In land plants, the formation of the sculpted pollen or spore wall is critical 

for protecting pollen grains and male gametophytes against various biotic and abiotic 

stresses, and therefore, in reproductive success (Wallace et al., 2011). Despite exhibiting a 

great diversity in surface morphology, land plant pollen walls share a conserved fundamental 

structure that consists of a pectocellulosic inner intine layer and a tough outer exine layer 

(Brooks & Shaw, 1978; Wallace et al., 2011). Sporopollenin is the major constituent of the 

exine layer, which has been considered to be the key component enabling the remarkable 

resistance of pollen walls to diverse stresses, due to its extreme chemical stability and 

physical strength (Brooks & Shaw, 1978; Wallace et al., 2011). A series of investigations by 

applying multiple degradation and nuclear magnetic resonance (NMR) methods have 

demonstrated that sporopollenin is a complex biopolymer consisting of highly cross-linked 

polyketide derived hydroxylated aliphatic, aromatic, and phenylpropanoid moieties (Ahlers 

et al., 1999; Li et al., 2019; Xue et al., 2020). Recent reverse genetic and biochemical studies 

have revealed that hydroxy tetraketide α-pyrones (Figure 1) synthesized by an anther-

specific polyketide biosynthesis pathway are the major precursors of sporopollenin (Kim & 

Douglas, 2013).  

1.1.2 Flavonoids: the widely distributed and structurally diverse plant polyketides 

Flavonoids include over 9000 chemically diverse metabolites sharing a C6-C3-C6 carbon 

framework (two aromatic rings connected by a heterocyclic ring) (Figure 1) and present the 

largest group of plant polyketides (Williams & Grayer, 2004). They are ubiquitously 

distributed in vascular plants and bryophytes (except hornworts) (Davies et al., 2020) and 

are widely involved in various plant life processes by functioning as pigments, copigments, 

defense systems, etc. (Panche et al., 2016). They are subdivided into flavones, isoflavones, 

flavonols, chalcones, and anthocyanins, based on the position of ring conjugation, degree 

of unsaturation, number of hydroxylation, and type of substitution (Panche et al., 2016) 

(Figure 1). A well-known group is anthocyanins, the major plant pigments ubiquitously 

distributed in the plant kingdom. They not only give flowers and fruits vivid colors to attract 

pollinators and seed spreaders but also have a role in protecting plants against various biotic 

and abiotic stresses (Landi et al., 2015; Smeriglio et al., 2016). Anthocyanins are also major 

health ingredients in vegetables, fruits, tea, wine, and chocolate due to their amazing 

antioxidant activity (Smeriglio et al., 2016). 
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Anthocyanins are derived from anthocyanidins by the addition of conjugated sugar and acyl 

moieties. Despite the diversity of flower and fruit colors, the common anthocyanins in 

pigmented plant tissues are derived from six prevalent anthocyanidins, pelargonidin (Pg), 

cyanidin (Cy), delphinidin (Dp), peonidin (Pn), petunidin (Pt), and malvidin (Mv) (Smeriglio 

et al., 2016; Liu et al., 2018). The latter three are the methylated forms of Cy and Dp 

(Smeriglio et al., 2016; Liu et al., 2018). Among them, Cy-, Dp- and Pg-derivatives are the 

most widely distributed anthocyanins that are present in 70% of pigmented plant tissues 

(Smeriglio et al., 2016). Pg, Cy and Dp are primary anthocyanidins that differ from each other 

by the degree of hydroxylation in the B-ring and show orange/scarlet, red/magenta, and 

violet/blue hues, respectively (Liu et al., 2018). Despite their wide occurrence, the content of 

the three primary anthocyanidin derivatives differ greatly in different pigmented tissues and 

are even missing in some species or some varieties of some species. For instance, roses, 

carnations, and gerbera lack Dp-derived anthocyanins, and petunia lacks Pg-derived 

anthocyanins (Tanaka & Ohmiya, 2008). 

1.1.3 Taxa-specific polyketides 

Unlike the widely distributed sporopollenin and flavonoids, various polyketides occur only in 

specific plant taxa or species and display diverse structures. They usually do not directly 

participate in growth or development, and mainly function as defense systems by exhibiting 

a range of bioactivities to protect plants against pathogens and herbivores. These bioactive 

polyketides provide plants of specific taxa unique survival advantages in challenging 

environments. To humans, many of them have been regarded as important medicinal 

resources or potential novel therapeutics, given their antimicrobial, immunosuppressive, and 

anticancer properties (Lim et al., 2016; Bisht et al., 2021). Typical examples are stilbenes 

from pine, grapevine and peanut (Chong et al., 2009), gerberin and parasorboside from 

gerbera (Koskela et al., 2011), cannabinoids from Cannabis sativa (Gagne et al., 2012), 

tropane alkaloids from Solanaceae and Erythroxylaceae (Kohnen-Johannsen & Kayser, 

2019), and hypericin from Hypericum species (Karppinen et al., 2008) (Figure 1).  

1.2 Polyketide biosynthesis and the logic of chemo-diversity 

Despite the diversity in chemical structures and functions, the wide ranges of plant 

polyketides are assembled in a common chemical logic. Polyketide synthases (PKSs) 

synthesize the polyketide backbone by catalyzing decarboxylative condensation of acyl- and 

malonyl-CoA primary metabolites followed by intramolecular cyclization or a release as a 

linear product (Hertweck, 2009) (Figure 2A). The PKS synthesized core structures undergo 

accurate modifications catalyzed by a series of accessory tailoring enzymes to get the final 

structure-specific polyketide (Hertweck, 2009) (Figure 2).   
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1.2.1 Polyketide synthase (PKS) catalyzes the synthesis of polyketide backbone 

PKSs are multifunctional enzymes derived from fatty acid synthase (FAS), and they are 

classified into type I, II and III according to their architectural configurations (Staunton & 

Weissman, 2001; Austin & Noel, 2003; Fischbach & Walsh, 2006; Neves et al., 2021). The 

type I PKSs are large multifunctional enzymes that contain a set of modularly or iteratively 

assembled polypeptides including keto synthase (KS), acyltransferase (AT), acyl carrier 

protein (ACP), thioesterase (TE), and optional tailoring domains such as ketoreductase (KR), 

dehydratase (DH) and enoyl reductase (ER) (Neves et al., 2021) (Figure 2B). The type II 

PKSs are multi-enzyme complexes composed of individual monofunctional enzymes that 

carry on a set of iterative catalyzations, which contain at least two KSs and an ACP, and 

optional tailoring subunits like KR and cyclase (CYC) (Fischbach & Walsh, 2006; Wang et 

al., 2020) (Figure 2B). Finally, the type III PKSs are simple homodimers that only contain a 

KS domain, which alone performs iterative condensations and cyclization within a single 

active site (Austin & Noel, 2003; Abe & Morita, 2010) (Figure 2B). Type I and type II PKSs 

are widely present in bacterial and fungal polyketide biosynthesis, while type III PKSs are 

mainly found in plants initiating plant polyketide biosynthesis (Yu et al., 2012). 

The first plant PKS encoding gene, chalcone synthase (CHS), was isolated from 

Petroselinum crispum by Reimold et al. (1983) and uncovered to initiate flavonoid 

biosynthesis. Later, a large number of homologous enzymes were found ubiquitously 

present in the genomes of diverse plant lineages as well as in some bacteria and fungi, 

forming the type III PKS family (Shimizu et al., 2017). So far, over 30 functionally diverse 

plant type III PKSs have been experimentally characterized in different plant species 

(Shimizu et al., 2017). They have been shown to share high similarity in amino acid 

sequences, but to synthesize different backbones by using different starter units, catalyzing 

different lengths of elongation, or terminating with different types of cyclization (Abe & Morita, 

2010; Shimizu et al., 2017) (Figure 2A). The catalytic mechanisms of type III PKSs have 

been elucidated by resolving the crystal structures and by mutagenesis analysis of several 

typical type III PKSs (Ferrer et al., 1999; Jez et al., 2000; Austin et al., 2004). They share a 

common αβαβα three-dimensional structure and maintain a conserved “Cys-His-Asn” 

catalytic triad and a CoA binding site (Abe & Morita, 2010; Stewart et al., 2013). Type III 

PKSs act as homodimers and each monomer contains a functionally independent active site 

that controls the selection of starters, number of extension reactions, and modes of 

intramolecular cyclization, resulting in diverse polyketide backbones (Abe & Morita, 2010; 

Stewart et al., 2013). Based on the cyclization types, plant PKSs can be divided into lactone-

forming (L), aldol-cyclization (A), Claisen-cyclization (C), and no cyclization (X) types 

(Shimizu et al., 2017) (Figure 2A).   
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Figure 2. The mechanism of polyketide biosynthesis. (A) Typical plant polyketide 

biosynthesis scheme. “L-type”, “A-type”, “C-type” and “X-type” refer the lactone-type, aldol-type, 

Claisen-type and non-cyclization type PKSs. “R” refers to the acyl-group in the starter unit. (B) 

Structure and catalytic mechanisms of three types of PKSs. Functional domains are shown in 

circles and dashed circles refer optional domains. 
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1.2.2 Post-PKS tailoring enzymes determine the functional diversity  

Selective manipulations of polyketo-thioester intermediates by the optional tailoring domains 

or modules in type I and II PKSs are one of the main strategies accounting for the diversity 

of fungal and bacterial polyketides (Hertweck, 2009; Neves et al., 2021). Unlike the type I or 

II PKSs that rely on these tailoring domains or modules to perform necessary processing 

before product release, the simple type III PKSs synthesize polyketide backbones and 

directly release highly oxidated intermediates (Abe & Morita, 2010; Shimizu et al., 2017). A 

series of accessory modifications for achieving the final structural and functional specificity 

is supposed to be performed by separate post-PKS tailoring enzymes (Shimizu et al., 2017; 

Morita et al., 2019). Compared with the well-elucidated plant PKSs, plant polyketide 

biosynthesis associated tailoring enzymes have been much less studied. 

So far, only a few plant PKS pathways have been completely elucidated. The best-

characterized plant PKS pathway is anthocyanin biosynthesis, owing to decades of 

investigations in diverse model plant species including Arabidopsis, maize, tomato, etc. 

(Tohge et al., 2017). In anthocyanin biosynthesis, the CHS synthesized naringenin chalcone 

undergoes further selective processing by accessory tailoring enzymes including chalcone 

isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3'-hydroxylase (F3'H), flavonoid 

3'5'-hydroxylase (F3'5'H), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS) 

and glucosyltransferases (GTs), resulting in the orange/scarlet Pg-glucosides, red/magenta 

Cy-glucosides, and violet/blue Pg-glucosides (Tohge et al., 2017) (Figure 3A). Another 

example is the ancient sporopollenin biosynthesis (Figure 3B). A series of enzymes involved 

in this ancient PKS pathway have been elucidated in Arabidopsis through a series of 

investigations of male-sterile mutants showing defective pollen exine (Morant et al., 2007; 

Tang et al., 2009; De Azevedo Souza et al., 2009; Dobritsa et al., 2009; Grienenberger et 

al., 2010; Kim et al., 2010). In this pathway, medium- to long-chain fatty acids are 

hydroxylated by cytochrome P450-enzymes 703A2 (CYP703A2) and CYP704B1 and further 

esterified by fatty acyl-CoA synthetase 5 (ACOS5) (Figure 3B) (Morant et al., 2007; De 

Azevedo Souza et al., 2009; Dobritsa et al., 2009). Polyketide synthase A (PKSA) and PKSB 

use the generated fatty acyl-CoA esters as starters to synthesize tetraketide α-pyrones Kim 

et al., 2010), which are reduced by accessory tetraketide α-pyrone reductase 1 (TKPR1) and 

TKPR2 into hydroxylated tetraketide α-pyrones, important sporopollenin precursors 

(Grienenberger et al., 2010) (Figure 3B).  

In contrast to the widespread anthocyanin biosynthesis and sporopollenin biosynthesis, 

most taxa-specific polyketide biosynthetic pathways are restricted to occur in a few species 

and are rarely present in the intensively studied model plants like Arabidopsis and rice. 

These species usually lack comprehensive bioinformatics databases or well-established 
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transgenic systems or other molecular operation systems. These restrictions make the 

investigations of the biosynthetic mechanisms of many taxa-specific polyketides move on 

very slowly. As a result, post-PKS tailoring enzymes in most taxa-specific PKS pathways 

remain poorly known.  

 

 

 
Figure 3.  Three typical polyketide biosynthetic pathways in gerbera. (A) Anthocyanin 

biosynthesis. CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; 

F3'H, flavonoid 3'-hydroxylase; F3'5'H, flavonoid 3',5'-hydroxylase; DFR, dihydroflavonol 4-

reductase; ANS, anthocyanidin synthase; GT, glucosyltransferase; DHK, dihydrokaempferol; 

DHQ, dihydroquercetin; DHM, dihydromyricetin. Colored compounds are marked with their 

approximate corresponding colors. F3'5'H and the branch in the dashed frame are absent in 

gerbera. (B) Sporopollenin biosynthesis is catalyzed by a series of conserved enzymes that have 

been characterized in Arabidopis. CYP: cytochrome P450-enzyme; ACOS5: fatty acyl-CoA 

synthetase 5; PKS: anther-specific polyketide synthase; TKPR, tetraketide α-pyrone reductase. 

(C) Originally proposed gerberin/parasorboside biosynthesis. G2PS1, gerbera 2-pyrone synthase 

1; PKR, polyketide reductase; GT, glucosyltransferase; TAA-CoA, 3,5-dioxohexanoic-CoA; TAL, 

Triacetolactone; GA, gerberin aglycone; PA, parasorboside aglycone. 
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1.2.3 Polyketide reductase (PKRs): necessary tailoring enzymes in many plant PKS 

pathways 

Reductase (e.g. KR, ER.) catalyzing carbonyl reductions are crucial manipulations in fungal 

and bacterial polyketide biosynthesis (Hertweck, 2009; Neves et al., 2021). Polyketide 

reductases (PKRs) also are an important group of tailoring enzymes required for plant 

polyketide biosynthesis, like DFR in anthocyanin biosynthesis (Figure 3B) and TKPR1 and 

TKPR2 in sporopollenin biosynthesis (Figure 3C). Specifically, PKRs have been proposed 

to be essential enzymes in many lactone-type and aldol-type PKSs initiated PKS pathways, 

like sporopollenin biosynthesis (Grienenberger et al., 2010), hypericin biosynthesis 

(Karppinen et al., 2008), plumbagin biosynthesis (Springob et al., 2007), 

gerberin/parasorboside biosynthesis (Eckermann et al., 1998). These PKSs are known to 

synthesize 2-pyrones in vitro, while in planta they cooperate with downstream tailoring 

enzymes leading to hydroxylated 2-pyrones (e.g. sporopollenin precursor) (Grienenberger 

et al., 2010), or 2-pyrone derivatives with reduced 2-pyrone ring (e.g. gerberin and 

parasorboside) (Eckermann et al., 1998), or polyketides even without pyrone structure (e.g. 

hypericin, plumbagin) (Karppinen et al., 2008; Springob et al., 2007). Besides the 

characterized TKPR1 and TKPR2 in sporopollenin biosynthesis, PKRs in these plant PKS 

pathways are still obscure. 

1.3. Polyketide biosynthesis in Gerbera hybrida 

1.3.1 Gerbera hybrida: Model plant for polyketide biosynthesis 

The genus of Gerbera, a member from the tribe Mutisieae of the family Asteraceae, 

comprises around 40 species of perennial herbs natively distributed in Africa and Asia 

(http://www.theplantlist.org/1.1/browse/A/Compositae/Gerbera/) (Manning et al., 2016). 

Many of them are known as medicine plants that have been traditionally used to treat various 

diseases due to their abundant bioactive polyketide derivatives. For instance, G. anandria, 

G. saxatilis, G. delavayi, G. piloselloides are traditionally used for treating cough, fever, and 

as anti-inflammatories in China (Liu et al., 2010; Qiang et al., 2011; He et al., 2014; Li et al., 

2020). The best-known plant from this genus is the ornamental plant gerbera (Gerbera 

hybrida), which is popular for bright colors and attractive capitulum and has become one of 

the most economically important cut-flower crops globally (Teeri et al., 2006a). 

Gerbera hybrida originated from artificially hybridized progenies of two native South African 

species, G. jamesonii and G. viridifolia, thus giving rise to new color combinations and floral 

arrangements (Ambrosius, 2003). With decades of efforts by breeders, thousands of 

commercial gerbera varieties presenting impressive color patterns and diverse floral 

http://www.theplantlist.org/1.1/browse/A/Compositae/Gerbera/


 

15 
 

morphologies have been developed and are popular worldwide. In addition to the attractive 

ornamental traits, Gerbera hydrida also inherits the ability to make polyketide derived 2-

pyrones gerberin, parasorboside and gerberinside (Figure 4). These compounds provide 

gerbera tissues bitter taste and have been proven to have a role in defense against 

herbivores and pathogens (Koskela et al., 2010; Mascellani et al., 2022). They have 

previously been reported as the major bioactive compounds in many species from the same 

genus (Nagumo et al., 1989; Eckermann et al., 1998; Liu et al., 2010; He et al., 2014; Li et 

al., 2020). These compounds probably represent a major adaptive advantage of the genus 

of Gerbera with respect to microbial attack and insect herbivores. 

The typical capitulum, diverse floral color patterns, and richness of important defense-related 

polyketides contribute to gerbera being a great plant material for research. Three decades 

of efforts in our laboratory have worked gerbera into a model plant of Asteraceae for flower 

development and secondary metabolism studies (Teeri et al., 2006a,b; Elomaa et al., 2018; 

Zhang et al., 2021). Extensive gerbera genome and transcriptome data and well-developed 

molecular tools of gerbera, including Agrobacterium-mediated stable transformation, virus-

induced gene silencing (VIGS), heterologous protein expression, enzyme assays, etc., 

largely facilitate the investigation of polyketide biosynthesis in gerbera. Much progress in 

gerbera polyketide biosynthesis has been made, while many questions are still waiting for 

answering. 

 

 

Figure 4.  Gerbera plant and its major polyketides. The approximate colors of the two major 

anthocyanins are shown in the corresponding frame backgrounds.    
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1.3.2 Gerberin and parasorboside biosynthesis: PKRs remain unknown 

The first committed enzyme initiating gerberin and parasorboside biosynthesis is the 

lactone-forming PKS Gerbera 2-pyrone synthase 1 (G2PS1) (Eckermann et al., 1998). 

G2PS1 was first identified as a CHS-like gene during the investigation of gerbera flavonoid 

biosynthesis due to its high similarity with gerbera CHS (Helariutta et al., 1995a). However, 

G2PS1 was found expressed in many tissues where flavonoids do not accumulate, 

suggesting it is not a real CHS (Helariutta et al., 1995a). Absence of both gerberin and 

parasorbosde in transgenic gerbera G2PS1 antisense lines suggested this enzyme might 

be involved in the biosynthesis of gerberin and parasorboside (Eckermann et al., 1998). 

Further in vitro enzymatic assays verified that G2PS1 uses acetyl-CoA as the starter and 

malonyl-CoA as the extender to synthesize triacetolactone (TAL, 4-hydroxy-6-methyl-2-

pyrone) (Eckermann et al., 1998) (Figure 3C). G2PS1 is the first identified plant type III PKS 

using acetyl-CoA as the starter unit and synthesizing lactone (Eckermann et al., 1998). Its 

discovery suggested a new pathway in plant polyketide biosynthesis and shed light on the 

identification and characterization of many plant PKSs that followed, accounting for the 

biosynthesis of many important bioactive polyketides. Famous examples are the Hypericum 

perforatum PKS2 (HpPKS2) in hypericin biosynthesis (Karppinen et al., 2008), hexaketide 

synthase (HKS) in plumbagin biosynthesis (Springob et al., 2007), and gerbera G2PS2 and 

G2PS3, homologues of G2PS1, in gerberinside biosynthesis (Pietiäinen et al., 2016). Based 

on their chemical structures, one or two PKRs were proposed to reduce the pyrone ring of 

TAL to get the aglycone forms of gerberin and parasorboside (Eckermann et al., 1998) 

(Figure 3C). However, the PKRs have been unknown.  

1.3.3 Sporopollenin biosynthesis: TKPRs – Functional conservation or diversification? 

Sporopollenin biosynthesis has been well elucidated in Arabidopsis, which is constructed by 

a series of tapetum-specific enzymes that are tightly coregulated during pollen development 

(Figure 3B). Their orthologues have been found widespread in land plants ranging from 

mosses to angiosperms, with distinct male-organ specific expression patterns (Morant et al., 

2007; Tang et al., 2009; De Azevedo Souza et al., 2009; Dobritsa et al., 2009; Grienenberger 

et al., 2010; Kim et al., 2010). Sporopollenin biosynthesis has been considered to be an 

ancient and conserved PKS pathway present in all land plant lineages and probably 

associated with the colonization success of land plants (De Azevedo Souza et al., 2009; 

Grienenberger et al., 2010; Kim et al., 2010). So far, orthologues of ACOS5, CYP703A, 

CYP704B1, and TKPR1 have been characterized in many model plant species, like rice, 

rapeseed, etc. and they were shown functionally conserved in sporopollenin biosynthesis 

(Wang et al., 2013; Qin et al., 2016; Lin et al., 2017; Zou et al., 2018; Shi et al., 2018; Xu et 

al., 2019). However, TKPR2 has been only characterized in Arabidopsis, and it was shown 
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to play a minor role in pollen wall formation in contrast to the predominant role of AtTKPR1 

(Grienenberger et al., 2010). 

In gerbera, the orthologues of Arabidopsis PKSA and PKSB, GASCL1 and GASCL2, have 

been shown to play conserved functions in sporopollenin biosynthesis (Kontturi et al., 2017). 

However, the remaining sporopollenin biosynthesis associated enzymes have still been 

waiting for characterization in gerbera. A single orthologue of AtTKPR1 and two orthologues 

of AtTKPR2 are present in the gerbera transcriptome, which implies that there might be 

functional diversification in gerbera TKPRs. This hypothesis is waiting for further verification. 

1.3.4 Anthocyanin biosynthesis: molecular mechanism underlying substrate 

specificity of DFRs remains unknown 

In anthocyanin-producing plant lineages, there must be at least one CHS, CHI, F3H, DFR, 

ANS, and GT enzyme constituting the core pathway, while the presence of F’3H and F3’5’H 

varies depending on species (Yonekura-Sakakibara et al., 2019) (Figure 3A). Lack of blue 

or purple flowers in some species like roses, carnations, gerbera, etc. has been shown to 

result from the absence of F3’5’H that is responsible for Dp-derived anthocyanins (Tanaka 

& Ohmiya, 2008). However, orange and scarlet antocyanins, the Pg-derivatives, also found 

absent in some species or specific cultivars of some species although they contain the core 

anthocyanin pathway responsible for the biosynthesis of DHK, the precursor of Pg. A well-

known example is the absence of orange petunia in nature, which was shown to be a result 

of the disability in using DHK by petunia DFRA (Forkmann & Ruhnau, 1987). Scientists 

successfully made orange petunia by transferring the maize DFR A1 or the gerbera DFR 

into petunia (Meyer et al., 1987; Elomaa et al., 1995). The interesting substrate specificity of 

DFRs attracts attention. After decades of investigation, the question of which amino acids 

account for the specificity is still obscure.  

Gerbera varieties present distinguished cultivar-specific pigmentation patterns, and they can 

be divided into Pg exclusive (orange to pink, e.g., ‘Regina’), Cy exclusive (red to fuchsia, 

e.g., ‘President’), both (deep red, e.g., ‘Passion’), and no anthocyanin (White or yellow, e.g., 

‘Ivory’) types (Bashandy et al., 2015b). Three natural DFR alleles GDFR1-1, GDFR1-2, and 

GDFR1-3, and one nonfunctional allele GDFR1-2m were isolated from different gerbera 

cultivars, and they were shown to be responsible for the cultivar-specific pigmentation 

patterns of gerbera (Helariutta et al., 1995b; Bashandy et al., 2015b). These gerbera DFR 

alleles showed high similarity in amino acid sequence (> 98%) but presented significant 

differences in substrate specificity (Helariutta et al., 1995b; Bashandy et al., 2015b). 

However, which amino acids are responsible for their distinguish substrate specificity is still 

obscure.  
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In practice, two major technical challenges largely limit the progress of the investigation. 

First, heterologous expression of DFRs can be difficult due to the excessive formation of 

insoluble inclusion bodies in microbes, and in low yields when expressed in plants. Although 

attempts by fusion with soluble carrier proteins have successfully made DFRs in microbes 

(Martens et al., 2002; Gosch et al., 2014; Miosic et al., 2014), the processes are time-

consuming and expensive. Lack of a robust and reliable assay for the determination of DFR 

activity to different substrates is the other challenge. The classical method for the 

determination of DFR activity is the BuOH-HCl assay-dependent method. This method 

converts the DFR products, leucoanthocyanidins, into colored anthocyanidins in HCl, and 

then estimates the DFR activity by quantification of the colored anthocyanidins by applying 

a spectrophotometer (Porter et al., 1985). Although this method is available to compare DFR 

activities to single substrates, it is difficult to determine DFR activities for different substrates. 

Differing in the extractability in ethyl acetate of leucoanthocyanidins from DHK, DHM and 

DHQ makes it not accurate to determine the consumption of each substrate. Overlapping 

absorption spectrums by butanoylated-Pg, -Cy and -Dp compounds make it difficult to 

quantify the generated products. A robust and reliable assay is required for the investigation 

of the molecular mechanism underlying DFR substrate specificity. 
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2. AIMS OF THE STUDY 

This work used gerbera as a model to investigate the post-PKS tailoring steps in plant 

polyketide biosynthesis. We aimed to investigate the logic of plant polyketide diversity 

through identification and characterization of important PKRs in three typical gerbera PKS 

pathways, defense-related gerberin/parasorboside biosynthesis, sporopollenin biosynthesis, 

and anthocyanin biosynthesis. 

The specific objectives are: 

I. To identify and characterize the unknown PKRs in gerberin/parasorboside biosynthesis in 

gerbera 

II. To investigate the functional conservation and diversification of TKPRs in the ancient 

sporopollenin biosynthesis  

III. To establish an efficient heterologous expression system for plant reductases and a 

robust enzyme assay for investigation of substrate specificity of gerbera DFRs 
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3. MATERIALS AND METHODS 

Materials and methods used in this study are described in detail in publications (I- III) and 

are summarized in Table 1 

Table 1. Materials and methods used in publications. 

Materials  Publication 

Gerbera transcriptome data I, II 

Gerbera hybrida  I, II, III 

Arabidopsis thaliana II 

Nicotiana benthamiana  I, III 

Petunia hybrida  III 

Methods Publication 

Identification and cloning of genes I, II, III 

RNAi binary vector construction and gerbera transformation I, II 

Arabidopsis complementation experiment II 

Heterologous protein expression vector construction and 

Agro-infiltration 
I, III 

Quantitative real-time PCR I, II 

Semiquantitative RT-PCR II 

RNA in situ hybridization II 

Thin layer chromatography I 

Protein extraction and purification I, II 

Enzyme assay I, III 

BuOH-HCl assay III 

HPLC III 

Pollen grain viability assay II 

Scanning electron microscopy II 

Phylogenetic analysis II 
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4. RESULTS AND DISCUSSION 

4.1 PKRs in gerberin/parasorboside biosynthesis in Gerbera hybrida (I) 

4.1.1 Identification of two PKR candidates in gerberin/parasorboside biosynthesis  

Genes encoding enzymes of the same metabolic pathway are often co-regulated in space 

and time. G2PS1 was previously identified and characterized as the first committed enzyme 

encoding gene in gerberin/parasorboside biosynthesis (Helariutta et al., 1996; Eckermann 

et al., 1998). To explore the missing accessory tailoring enzymes in this pathway, we 

conducted Pearson correlation analysis between the G2PS1 and transcriptome data that 

was printed on a microarray chip (Laitinen et al., 2005). A gene encoding short-chain 

dehydrogenase/reductase (SDR) showing high coexpression with G2PS1 (r2 = 0.74) was 

identified as a potential PKR in this pathway. We named it Gerbera reductase 1 (GRED1). 

We also identified another SDR gene that shows high sequence similarity with GRED1 and 

named it GRED2. GRED2 was the only gerbera enzyme showing marked similarity with 

GRED1, and it therefore was considered as another PKR candidate in 

gerberin/parasorboside biosynthesis. 

4.1.2 GRED1 and GRED2 are the PKRs necessary for parasorboside biosynthesis 

To investigate whether GRED1 and GRED2 are associated with gerberin/parasorboside 

biosynthesis, we conducted expression and metabolite analysis of diverse gerbera tissues 

and cultivars. We showed that gerberin and parasorboside are richly accumulated in nearly 

all gerbera tissues however much less in anthers and roots where G2PS1 and GRED1 were 

least expressed (Figure 2 in I). The relative distribution of gerberin and parasorboside varied 

between tissues. Particularly, the high GRED2 expression tissues preferentially synthesize 

parasorboside while low GRED2 expression tissues tend to accumulate more gerberin 

(Figure 2 in I). Similar observations also took place in the gerbera cultivar series. Compared 

with ‘Regina’, the high GRED1 or GRED2 expressing cultivars ‘President’, 'Pingpong' and 

‘Grizzly’ mainly accumulated parasorboside and produced less gerberin (Figure 2 in I). 

These observations support a hypothesis that GRED1 and GRED2 might be the second 

PKR in gerberin and parasorboside biosynthesis. 

To directly investigate the functions of GRED1 and GRED2 in gerberin/parasorboside 

biosynthesis, we made transgenic gerbera lines with overexpression of GRED1 (GRED2 

overexpression lines failed), and transgenic gerbera lines with suppression of both GRED1 

and GRED2 (Figure 3,4 in I). We showed that the GRED1 overexpression lines accumulated 

an increasing amount of parasorboside at the expense of gerberin, while the GRED1 and 
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GRED2 downregulated lines produced dramatically decreased amounts of parasorboside 

and correspondingly dramatically increases of gerberin (Figure 3,4 in I). These data showed 

that both GRED1 and GRED2 correlate with the accumulation of parasorboside, suggesting 

that GRED1 and GRED2 catalyze the second reduction step necessary for the biosynthesis 

to proceed towards parasorboside. The overexpression or suppression of this reductase 

activity did not result in changes in the total content of gerberin and parasorboside (Figure 

3,4 in I). 

4.1.3 PKRs act on the linear triketide prior to lactonization, suggesting an update on 

the pathway leading to gerberin and parasorboside 

The previously proposed gerberin/parasorboside biosynthetic pathway suggests that one or 

two PKRs are supposed to reduce the 2-pyrone ring of TAL accounting for the formation of 

gerberin and parasorboside (Eckermann et al., 1998) (Figure 3C). The proposed 

intermediates TAL, gerberin aglycone, or gerberin are potential substrates of the PKRs 

(Figure 3C). To functionally characterize GRED1 and GRED2, we conducted in vitro 

enzymatic assays to test these potential substrates. However, none of the TAL, gerberin 

aglycone, or gerberin could be reduced by GRED1 or GRED2 in our assays (Figure 5 in I). 

This indicates that our previously proposed gerberin/parasorboside biosynthetic pathway 

needs an update. In radio-labeling experiments, both GRED1 and GRED2 were shown to 

make a new labeled product at expense of TAL in a reaction together with G2PS1 and [214-

C] malonyl-CoA (Figure 5 in I). These observations suggested that GRED1 and GRED2 are 

indeed involved in gerberin/parasorboside biosynthesis, but they are not acting with the 2-

pyrone TAL or gerberin or gerberin aglycone. Instead, they might act on a linear polyketide 

intermediate prior to its lactonization. The reduced diketides (crotonyl-CoA or 3-

hydroxybutyryl-CoA) can not be extended by G2PS1 (Eckermann et al., 1998), suggesting 

that the linear diketide acetoacetyl-CoA is not the substrate for the PKRs. Then the PKRs 

most likely act on the remaining linear triketide intermediate, 3,5-dioxohexanoic-CoA (TAA-

CoA). The most possible pathway leading to gerberin/parasorboside biosynthesis is: G2PS1 

extends the generation of triketide intermediate TAA-CoA, which is reduced by an unknown 

PKR at distal keto group to produce 5-hydroxy-3-oxohexanoic-CoA and subsequently 

reduced by the second PKR (GRED1 and GRED2) at the proximal group to generate the 

3,5-dihydroxyhexanoic-CoA; the reduced linear intermediates are subsequently lactonized 

to gerberin aglycone and parasorboside aglycone (Figure 5B). TAL is much more likely a 

derailment product in gerberin/parasorboside biosynthesis than acting as the intermediate.  

This updated pathway is strongly supported by a recently identified linear gerbera polyketide, 

5-hydroxyhexanoic acid 3-O-β-D-glucoside (Mascellani et al., 2021), which shares the same 

backbone with the reduced intermediate 3,5-dihydroxyhexanoic-CoA in our updated 
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pathway. This supports the idea that PKRs indeed act on the linear triketide prior to 

lactonization. The updated pathway makes our previous observations that TAL or its 

glucoside has never been detected in any gerbera tissues become explicable.  

The updated pathway suggests that plant polyketide biosynthesis share similar tailoring 

strategies with fungal and bacterial polyketide biosynthesis. In type I and II PKS systems, 

tailoring peptides act on linear polyketide intermediates prior to product release and are 

required for the region-specific cyclization of the growing chain (Fischbach & Walsh, 2006).  

The lactonization of linear polyketide thioesters into lactones is a spontaneous reaction 

(Light et al., 1966; Springob et al., 2007), which explains why lactones have been commonly 

produced as a derailment product in many type I and II PKS pathways when tailoring enzyme 

functions were absent (Campuzano & Shoolingin-Jordan, 1998; Hadfield et al., 2004). 

Similarly, many plant PKSs have been shown to produce lactones in vitro instead of making 

the expected non-pyrone intermediates in the original plants, like Plumbago HKS (Springob 

et al., 2007) and Cannabis tetraketide synthase (TKS) (Gagne et al., 2012). This suggests 

that tailoring enzymes are necessary for stabilizing the growing intermediates to get rid of 

unspecific cyclization in these type III PKS initiated pathways, similar to the tailoring 

polypeptides in type I and II PKSs.  

4.2 PKRs in sporopollenin biosynthesis in Gerbera hybrida (I, II) 

The identified GRED1 and GRED2 were shown to be two close orthologues of Arabidopsis 

TKPR2 (AtTKPR2). AtTKPR1 and AtTKPR2 are two PKRs involved in the ancient anther-

specific sporopollenin biosynthetic pathway. We showed that GRED1 and GRED2 are not 

anther-specific and are involved in defense-related gerberin/parasorboside biosynthesis in 

gerbera. Several questions remained to be answered: Do the GRED1 and GRED2 still 

participate in sporopollenin biosynthesis in gerbera? Is there an orthologue of AtTKPR1 in 

gerbera and does it participate in sporopollenin biosynthesis?  

4.2.1 Three PKRs, GTKPR1, GRED1 and GRED2, all participate in sporopollenin 

biosynthesis in gerbera 

By conducting BLAST search using the AtTKPR1 sequence as the query, we identified a 

single AtTKPR1 homologue from the gerbera transcriptome data and named GTKPR1. 

GTKPR1 exhibits an anther-specific expression pattern in the transcriptome data, which was 

verified by semi-quantitative RT-PCR (Figure 3 in II). Further RNA in situ hybridization 

experiments showed that GTKPR1 presents the highly consistent precise expression pattern 

observed also for AtTKPR1 in developing anthers. Both of these genes are exclusively 

expressed in the tapetum, starting from the meiosis stage when the tapetum is first visible 
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until the microspore stage when the tapetum degenerates, showing strongest expression at 

the microspore stage (Figure 3 in II). The highly conserved tapetum-specific expression 

pattern suggests that GTKPR1 may play similar functions as AtTKPR1. To investigate its 

function in sporopollenin biosynthesis, we made transgenic gerbera lines with gene-specific 

suppression of GTKPR1. Similar male-sterile phenotypes as previously reported in 

Arabidopsis tkpr1 null mutants and partial mutants were observed in these GTKPR1 

downregulated lines. The severely and moderately downregulated lines showed sterile 

anthers, while the mildly downregulated lines grew normal anthers but failed to release 

pollen grains normally (Figure S1 in II). By applying pollen vitality assay and SEM analysis, 

we showed that the severely downregulated lines produce completely aborted pollen grains 

with distorted pollen wall, and over 60% of pollen grains produced by the moderately and 

milder downregulated lines were dead and showed a degree of exine damage (Figure 4 in 

II). These observations support that GTKPR1 is involved in sporopollenin biosynthesis 

(Figure 5A), and its function is very crucial in sustaining the fertility of plants. 

Although GRED1 and GRED2 are non-anther-specific orthologues of AtTKPR2, in the 

anther both of them are specifically expressed in the tapetum at the microspore stage (Figure 

3 in II), a consistent expression pattern with AtTKPR2. No other TKPR2-like gene was found 

in the gerbera transcriptome data. These observations indicate that GRED1 and GRED2 

may still work in sporopollenin biosynthesis. To investigate their functions in pollen wall 

formation, we analyzed the phenotypes of the pollen grains produced by the gerbera GRED1 

and GRED2 RNAi downregulated lines. Although these downregulated lines grew normal 

anthers, we showed that the GRED1/GRED2 cross-downregulated lines produced 10% to 

30% dead pollen grains that showed similar mild exine defects as previously reported in 

Arabidopsis tkpr2 mutants (Figure 4 in II). This suggests that GRED1 and GRED2 are still 

involved in sporopollenin biosynthesis despite that they play crucial roles in defense-related 

gerberin/parasorboside biosynthesis (Figure 5). The role of GRED1 and GRED2 are minor, 

in contrast to GTKPR1’s indispensable role in gerbera pollen wall formation, similar to the 

situation in Arabidopsis.  

4.2.2 Gerbera TKPRs: functional conservation with minor differentiation  

Consistent with the wide occurrence of sporopollenin, extensive evidence has demonstrated 

that sporopollenin biosynthesis is a highly evolutionally conserved metabolic pathway in land 

plants (De Azevedo Souza et al., 2009; Dobritsa et al., 2009; Grienenberger et al., 2010; 

Kim et al., 2010). Compared with that most sporopollenin biosynthesis associated enzymes 

have been characterized in diverse species playing conserved functions in sporopollenin 

biosynthesis, TKPR2 orthologues have not been characterized before in other species 

except in Arabidopsis.  
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In this work, we showed that gerbera has a single anther-specific AtTKPR1 orthologue 

GTKPR1 and two non-anther-specific AtTKPR2 orthologues GRED1 and GRED2. 

Expression of GTKPR1 in Arabidopsis tkpr1 mutants driven by the native promoter of 

AtTKPR1 completely restored the exine defects and fertility (Figure 5 in II), suggesting that 

GTKPR1 is functionally conserved. Despite that GRED1 and GRED2 were shown to 

catalyze a crucial step in the defense-related parasorboside biosynthesis in gerbera, we 

showed that they still play minor TKPR functions in gerbera sporopollenin biosynthesis. This 

suggests that the duplicate TKPR2s have functionally diversified in gerbera. Specifically, 

GRED1 and GRED2 have been recruited from the ancient sporopollenin biosynthesis to 

defense-related polyketide biosynthesis. We also showed that expression of AtTKPR2,  

GRED1 or GRED2 driven by AtTKPR1 native promoter failed to restore the fertility of 

Arabidopsis tkpr1 mutant (Figure 5 in II). These observations indicate that TKPR1 and 

TKPR2 are functionally differentiated even in Arabidopsis, although they have been proved 

to catalyze similar enzymatic functions in vitro (Grienenberger et al., 2010).  

 

 

 

Figure 5.  Updated sporopollenin and gerberin/parasorboside biosynthetic pathways in 

gerbera. (A) GTKPR1, GRED1 and GRED2 are involved in sporopollenin biosynthesis in the 

tapetum of gerbera anthers. (B) GRED1 and GRED2 catalyze the second reduction on the 

pathway to parasorboside in gerbera. GASCL, gerbera anther specific chalcone synthase; 

GTKPR1, gerbera tetraketide α-pyrone reductase 1; GRED, gerbera reductase; G2PS1, gerbera 

2-pyrone synthase 1; PKR, unknown reductase; GA, gerberin aglycone; PA, parasorboside 

aglycone.  
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4.2.3 Functional diversification of PKRs: an evolutionary mechanism underlying 

chemical diversity of plant polyketides 

Plants are completely sterile when losing functions of TKPR1 but still fertile without 

expression of TKPR2 (Grienenberger et al., 2010; Wang et al., 2013). TKPR1 is apparently 

much more important than TKPR2 in sporopollenin biosynthesis. By searching the latest 

transcriptome data of several model plants, we found that TKPR1s always present in a single 

copy expressed in the male reproductive organ, while TKPR2s sometimes appear as 

duplicate enzymes with broader expression patterns, like in soybean and polar (Figure 2 in 

II). This suggests that the predominant TKPR1 is functionally conserved in land plant 

evolution, while the minor TKPR2 could have differentiated novel functions through gene 

duplication. 

Plants have adapted to changing environments by producing a remarkable diversity of 

secondary metabolites. The diversification of plant secondary metabolism is believed to be 

a result of gene duplication events followed by functionally differentiation events (Moghe & 

Last, 2015). The large plant type III PKS superfamily enzymes have been demonstrated to 

be derived from FAS and acquired functional diversity through gene duplication and mutation 

events (Jenke-Kodama et al., 2008; Xie et al., 2016; Yonekura-Sakakibara et al., 2019). 

TKPR1s and TKPR2s are two subfamilies of the highly variable SDR108E subfamily of the 

plant SDR superfamily, which harbors many characterized plant secondary metabolite 

biosynthesis associated reductases like the DFR and ANR in flavonoid biosynthesis, and 

cinnamoyl-CoA reductase (CCR) in lignin biosynthesis (Moummou et al., 2012). Apparently, 

similar to plant PKSs, functionally diversification of PKRs through duplication and mutation 

is another evolutionary mechanism underlying the diversity of plant polyketides. The PKSA/B 

clade, PKS in sporopollenin biosynthesis, is one of the two early clades of plant PKSs 

presented before the divergence of Bryophytes and Tracheophytes (Naake et al., 2021). 

Consistently, TKPR2 appeared later than TKPR1, but earlier than DFR, ANR, CCR, etc. in 

evolution history (Moummou et al., 2012). This supports the possibility that TKPR2 has been 

recruited from the ancient sporopollenin biosynthesis to defense-related PKS pathways not 

only in gerbera but maybe also in other plants. Recruitment of conserved genes to perform 

new functions within secondary metabolism largely contributes to the environmental 

adaption of plants.  

4.3 Developing a highly efficient DFR expression system and advanced DFR 

assay for determination of DFR substrate preferences (III) 

Substrate specificities of DFRs have been shown to be responsible for the cultivar-specific 

pigmentation of gerbera as well as the absence of natural orange petunia. However, the 
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underlying molecular mechanism is still uncovered. In this work, to solve the two major 

technical challenges in the investigation of DFR substrate specificity, we developed a highly 

efficient protein expression system and refined the classical BuOH-HCl assay. 

4.3.1 Developing a highly efficient DFR expression system 

In this work, we used the hypertranslatable vector pEAQ-HT (Sainsbury et al., 2009) to 

express three gerbera DFR alleles (GDFR1-1, GDFR1-2 and GDFR1-3) in N. benthamiana 

via the Agro-infiltration method (Bashandy et al., 2015a), and harvested remarkably high 

yields of heterologous His-tagged DFRs from the infiltrated tobacco leaves (Figure 9.1 in III). 

The produced DFRs can be easily purified from the crude extracts of the infiltrated tobacco 

leaves using the general His-tagged protein purification method (Figure 9.1 in III). More 

remarkably, we showed that even the unpurified crude protein extracts showed high DFR 

activities and sustained consistent substrate preferences as the purified enzymes (Figure 

9.2-9.3 in III).This newly developed DFR expression system is simple and highly efficient, 

provides powerful tools for the investigation of DFRs' substrate specificity. It is also a great 

option for the preparation of all kinds of proteins for enzymatic studies or other work. Using 

this system, we also have successfully made GRED1 and GRED2, two ‘trouble’ proteins that 

are difficult to make using the E.coli expression system, for in vitro enzyme assays (see 

methods in I). This largely promoted the elucidation of the reduction steps of parasorboside 

biosynthesis.  

4.3.2 Refining the classical BuOH-HCl assay into a reliable and robust assay for 

determination of DFR substrate preferences 

The traditional colorimetric BuOH-HCl assay is widely applied to assay of DFR activities to 

monomeric leucoanthocyanidins. However, with this method it is hard to accurate quantify 

the consumption of different substrates or the amounts of generated leucoanthocyanindins. 

This makes it not reliable for determination of DFR substrate preferences. Using crude 

extracts of three gerbera DFRs prepared from the newly highly efficient system, we revised 

the traditional BuOH-HCl assay into a reliable and robust assay targeting to determination 

of DFR substrate preferences. 

We first established a standard DFR assay by optimization of buffer, pH, reaction time and 

dihydroflavonol concentration (Figure 9.2-9.3 in III). In order to make the BuOH-HCl become 

reliable for assay of different leucoanthocyanindins, we conducted a series of extraction of 

stopped standard assays and calculated the regression relationships of extraction efficiency 

against extraction steps for each leucoanthocyanidin (Figure 9.2 in III). The calculated 

specific correction factors for two extraction steps of each generated leucoanthocyanidin are 

available to compensate for the variance in extractability. Moreover, we quantified the 
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consumption of substrates by determining the remaining substrates with HPLC. By plotting 

the consumed substrates against the absorbance, we got the molar absorptivities of the 

butanoylated anthocyanidins from the slopes of the generated linear regression lines (Figure 

9.4 in III). The absorbance values therefore were converted to consumed substrates in µM 

(Figure 9.4 in III). We also evaluated the regression relationships of HPLC measured sum 

peak areas and absorbance values of the BuOH-HCl assay corresponding to each 

butanoylated product, for the simplified assay provided with all three substrates 

simultaneously (Figure 9.5 in III). This allows commensuration of simplified mixed substrate 

assay by HPLC to single substrate assay by BuOH-HCl. 

4.3.3 Substrate profiles of different DFRs 

Distinguished substrate specificity of gerbera GDFR1-1, GDFR1-2 and GDFR1-3, petunia 

DFR A and maize DFR A1 are responsible for the specific color patterns of gerbera cultivar 

‘Regina’ (GDFR1-1/GDFR1-2) and ‘President’ (GDFR1-3/GDFR1-3), non-transgenic 

petunia cultivar V26, and orange engineered petunia cultivar ‘African Sunset’. In this work, 

we applied the refined BuOH-HCl assay to determine the substrate consumption patterns of 

the five DFRs prepared from the newly developed high efficient system and petal extracts 

from the above gerbera and petunia cultivars. We showed that the substrate preference 

patterns of DFRs in petal extracts were consistent with the heterologously produced 

enzymes in single substrate assays. GDFR1-1, GDFR1-2 and 'Regina' petal extracts 

showed a strong preference for DHK and low activities with DHQ and DHM. GDFR1-3 and 

‘President’ petal extracts showed similar high activities to all the three substrates. Petunia 

DFRA and V26 petal extracts seldom used DHK and preferred to use DHM than DHQ. Maize 

A1 shows the highest activities to DHK and relatively lower activities with DHQ and DHM, 

while the petal extracts of the ‘African Sunset’, transgenic orange petunia proved to be 

transferred with Maize A1, showed a combination of profiles of the maize A1 and petunia 

DFRA. However, the enzymes’ activities of using DHK were largely inhibited when the three 

substrates were provided simultaneously. 
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5. CONCLUSION AND PROSPECTS 

In this thesis, we investigated the PKR catalyzed tailoring steps in three polyketide 

biosynthetic pathways in gerbera.  

Firstly, we identified and characterized two PKRs, GRED1 and GRED2, in the defense-

related gerberin/parasorboside biosynthesis in gerbera. We showed that PKRs act on linear 

triketide intermediate prior to lactonization, suggesting an updated pathway to the formation 

of gerberin and parasorboside. We showed that type I, II and III PKS initiated pathways 

share similar tailoring strategies. This investigation not only elucidates a crucial tailoring step 

in the important gerbera PKS pathway but also provides information for the investigations of 

unsolved tailoring steps in some other plant PKS pathways.  

Secondly, we showed that GRED1 and GRED2 are the minor TKPRs and GTKPR1 is the 

predominant TKPR in gerbera sporopollenin biosynthesis. GRED1 and GRED2 are recruited 

from the ancient sporopollenin biosynthesis to defense-related parasorboside biosynthesis 

in gerbera. This is a typical example of how plants achieve secondary metabolism innovation 

through recruitment of conserved genes to perform new functions to adapt to the changing 

environments during evolution. We also showed the predominant TKPR1 is functionally 

conserved in land plant evolution, which makes TKPR1s excellent targets for engineering 

male-sterile plants in breeding.  

Moreover, we established a highly efficient DFR expression system and refined the 

traditional BuOH-HCl assay into a reliable and robust assay for the determination of DFR 

substrate preferences. These powerful tools successfully overcame the two major technical 

challenges that hinder the investigation of DFR substrate specificities. The newly developed 

system has been being applied to investigate which amino acids are responsible for the 

substrate specificity of gerbera DFRs (ongoing project in our group). This simple and highly 

efficient protein expression system is also a great tool for the preparation of other proteins 

in enzymatic studies.  

Taken together, our data not only benefits elucidation of the biosynthetic mechanisms of 

important gerbera polyketides but also provides useful information for understanding the 

evolutionary mechanism underlying plant secondary metabolism diversification.    
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