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          The shikimate pathway connects primary metabolism with the biosynthesis of the 

three aromatic amino acids (phenylalanine, tyrosine and tryptophan), which are essential 

protein building blocks. This pathway also provides precursors for a wide array of plant 

secondary metabolites with adaptive functions in plant adaptation and defense. The third 

and fourth steps of the shikimate pathway (the conversion of shikimate from 3-

dehydroquinate via 3-dehydroshikimate) are catalyzed by a bi-functional enzyme called 

3-dehydroquinate dehydratase/shikimate dehydrogenase (DQD/SDH). DQD/SDHs have 

been biochemically characterized in a few plant species including Arabidopsis thaliana, 

Solanum lycopersicum and Nicotiana tabacum. The embryo-lethal phenotype of 

Arabidopsis null mutants lacking DQD/SDH highlights a critical role of shikimate in 

primary metabolism. Quinate shares high structural similarity with shikimate and is an 

important secondary metabolite present in many plant species. Quinate and its derivatives 

(e.g. chlorogenic acid) serve important functions in plant defense due to their astringent 

(i.e. bitterness) and antimicrobial properties. Quinate can be derived from 3-

dehydroquinate, and this reaction is catalyzed by quinate dehydrogense (QDH), the 

reaction mechanism of which resembles that of SDH. With a functional genomics 
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approach, I demonstrated that two of the five poplar putative DQD/SDHs (Poptr1 and 

Poptr5, poplar DQD/SDH1 and 2) have exclusive specificity for shikimate, while the 

other three (Poptr2 to Poptr4, poplar QDH1 to 3) are involved in quinate biosynthesis. 

Phylogenetic reconstruction of the DQD/SDH/QDH superfamily has identified two 

distinct clades in seed plants that may act preferentially on either shikimate or quinate, 

whereas lineages that have diverged prior to the angiosperm/gymnosperm split, only have 

a single copy DQD/SDH. An evolutionary analysis was carried out, and the sequence of 

the immediate pre-duplication ancestral DQD/SDH (>300MYA) was estimated and 

reconstructed. Protein structure modelling and in vitro biochemical characterization of 

the ancestral recombinant protein was performed along with some extant members of this 

family (pre-duplication representatives: Rhodopirellula baltica (Rhoba), Chlamydomonas 

reinhardtii (Chlre), Physcomitrella patens (Phypa) and Selaginella moellendorffii 

(Selmo); post-duplication species: Pinus taeda (Pinta1 & Pinta2) and Populus 

trichocarpa (Poptr1 & Poptr3). Together, the results indicate that quinate biosynthetic 

activity was gained prior to duplication and remained low until it became beneficial and 

favored by selection. The optimization of quinate biosynthetic activity was at the expense 

of losing some primary shikimate biosynthetic function creating a pleiotropic conflict. 

This was then resolved by gene duplication and further specialization leading to genes 

encoding specialized enzymes (either SDH or QDH). Diversification of the 

DQD/SDH/QDH superfamily likely occurred through sub-functionalization via a 

mechanism described as “Escape from Adaptive Conflict.” 
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Chapter 1 Introduction 
 

1.1 Land plant evolution and adaptation  

        The history of plant evolution is marked by innovations that have led to increasing 

levels of complexity. Colonization of the land by plants is one of the most significant 

evolutionary events in plant history. From there, fast radiations took place that resulted in 

the diversity of photosynthetic organisms (plants in particular) we see today. These 

innovations are of great importance in shaping the modern terrestrial ecosystem as well 

as allowing adaptive traits to be gained by plants living in a specific habitat. The 

evolution of these traits help plants thrive in their environments and become more 

successful compared with their ancestors.  

1.1.1 A brief overview of land plant evolution 

       The Viridiplantae (green lineages) contains two major evolutionary groups: 

chlorophyta (green algae) and streptophyta (charophytes and embryophytes) (Figure 1.1). 

With different molecular clock methods, the separation of these two evolutionary 

lineages has been dated back to 1,200-725 MYA (Delaux et al., 2012; Floyd and 

Bowman, 2007). It is suggested that land plants (embryophytes) have evolved from 

multi-cellular freshwater green algae, which are closely related to the extant charophyte 

group (Pires and Dolan, 2012; Lewis and McCourt, 2004, Lemieux et al., 2007; Delaux 

et al., 2012). The charophytic ancestry of land plants is supported by phylogenetic studies 

and some biochemical and structural characters shared by charophytes and land plants 

(e.g. cell division via a phragmoplast, lignin-like material in charophytic placenta, the  
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Figure 1.1: Evolution of the plant kingdom with significant innovations (green). 
The plant kingdom can be subdivided into three groups: glaucophytes (fresh water algae), 
rhodophytes (red algae) and the green lineage (Viridiplantae) including chlorophytes 
(green algae), charophytes and embyrophytes (land plants). Pictures of sample species 
from each group are shown on the right. The estimated dates of some nodes are in purple. 
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Sources of the pictures in Figure 1.1:  
 
Zantedeschia aethiopica http://www.prlog.org/10175218-less-stress-planning-weddings-
with-fabulous-personalized-uniquely-designed-wedding-accessories.html 
Amborella trichopoda  
http://blogkarinaj.blogspot.ca/2011/01/la-clave-para-desentranar-el-origen-de.html 
Pinus taeda 
http://www.wildflower.org/collections/printable_QR_main.php?collection=NC 
Athyrium filix femina 
http://winemaking.jackkeller.net/request213.asp 
Selaginella moellendorffi  
http://genome.jgi-psf.org/Selmo1/Selmo1.home.html 
Physcomitrella patens 
http://genome.jgi-psf.org/Phypa1_1/Phypa1_1.home.html 
Nitella tenuissima 
http://www.kranswieren.nl/N.%20tenuissima.foto.html 
Chlamydomonas reinhardtii 
https://ncma.bigelow.org/files/strains/CCMP222_Chlamydomonas_CCMP222_d.jpg 
Cyanidioschyzon merolae 
http://en.wikipedia.org/wiki/Cyanidioschyzon_merolae 
Glaucocystis nostochinearum 
http://fmp.conncoll.edu/Silicasecchidisk/Pics/Other%20Algae/Blue_Green%20jpegs/Gla
ucocystis1.jpg 
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presence of sporopollenin, etc.) (Delaux et al., 2012; Becker and Marin, 2009). Based on 

fossil records, the emergence of land plants, a key evolutionary event, occurred about 

480-430 MYA (Delaux et al., 2012; Strother et al., 1996; Wellman et al., 2003; Tomescu 

et al., 2009). From this point on, land plant community further diversified to form the 

current complex terrestrial ecosystem. The discovery of fossil spore tetrads, which are 

also the oldest paleoecological evidence from land plants, suggests that the first land 

plant was closely related to extant liverworts (Wellman et al., 2003; Pires and Dolan, 

2012). The basal position of liverworts in land plants is further supported by 

phylogenomic analyses with sequences from bryophytes (liverworts, mosses and 

hornworts) and vascular plants (Qiu, 2008). Liverworts, along with mosses and 

hornworts, form the non-vascular group, which is characterized by the lack of vascular 

tissues, true roots and true leaves. Both gametophyte and sporophyte generations are 

present in bryophytes’ life cycles with gametophyte phase being dominant (Delaux et al., 

2012). The sporophyte is largely dependent on the gametophyte. Due to the lack of 

vascular (water conducting) tissues and an indispensible role of water in spore 

production, the presence of most bryophytes is restricted to damper places (Pires and 

Dolan, 2012). Vascular plants only came to appear about 425 MYA (Gensel, 2008). 

During the Devonian period, land plant diversity was increased dramatically. 

Specializations and adaptations (e.g. the presence of highly specialized organs, 

sporophyte-dominant life cycle, water-independent reproduction, etc.) have been made to 

allow successful colonization of the terrestrial (drier) ecosystem by land plants. Around 

300 MYA, the earth was covered by ferns, lycophytes and horsetails (Pires and Dolan, 

2012). Gymnosperms also appeared during that period and then became dominant 
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between 260-70 MYA (Taylor et al., 2009; Pires and Dolan, 2012). Major groups of 

angiosperms appeared during the early Cretaceous period and became dominant in terms 

of species diversity since the late Cretaceous period (100-65 MYA) (Pires and Dolan, 

2012).  

1.1.2 Plant terrestrialization and adaptation 

        Colonization of the terrestrial environment by land plants was an essential step 

towards the formation of modern terrestrial ecosystem. However, it was not an easy 

process. The early land environment was rather harsh. The ancestors of land plants had to 

face many challenges during their transition from the aquatic environment to land 

(Kenrick and Crane, 1997; Delaux et al., 2012; Emiliani et al., 2009; Lowry et al., 1980), 

which included desiccation, extreme temperatures and temperature variations, UV 

irradiation, loss of support, attacks by microbes from the soil and air, etc. These 

challenges drove the accumulation of adaptive traits, which favored plant 

terrestrialization and contributed to successful conquest of the terrestrial environment by 

land plants.  

1.1.2.1 Morphological aspects 

       Life cycles of land plants are characterized by two distinct generations: a sexual 

haploid gametophyte phase and an asexual diploid sporophyte phase. It is suggested by 

phylogenetic analyses that the gametophyte phase was inherited by land plants from their 

algal ancestor while the sporophyte evolved from a dependant of the gametophyte to a 

physiologically independent organism during the evolution of land plants (Kenrick and 

Crane, 1997; Pires and Dolan, 2012). Gametophytes were reduced during this process, 
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and this was coupled by organ differentiation in sporophytes. The appearance of highly 

specialized organs enabled plants to better adapt to the complex terrestrial environments. 

Humidity is relatively low in the earth atmosphere, which has led to increased chance of 

desiccation for colonizing plants. In order to adapt to the dry environment, land plants 

have evolved a distinct structure, a thin waxy covering (cuticle), which serves as a 

physical barrier against water loss. This layer also protects plants against xenobiotics and 

microbial infection. A cuticle is present in most extant land plants but is absent from 

green algae (Delaux et al., 2012), which further illustrates its importance to terrestrial 

plants. In response to the desiccating terrestrial environment, land plants including many 

bryophytes have evolved some water conducting structures (e.g. hydrome in mosses). 

Increase in organismal complexity and size coincided with the evolution of vascular 

tissue with thickened cells walls. Deposition of lignin within the vascular tissue leads to 

extra strength, which allows long-distance water transport (Popper et al., 2011). The 

presence of strengthened vascular tissue allows plants to grow upward against gravity as 

well as high-pressure water transport from roots to the top of a plant. Land plants have 

also developed specialized epidermal structures (stomata), which play a key role in 

preventing water loss via evapotranspiration and regulating carbon dioxide uptake for 

photosynthesis (Haworth et al., 2011). By doing this, stomata help maintain a constant 

internal environment within a leaf. Stomatal structures were found to be highly conserved 

across extant plant species, which suggested a critical role of stomata in plant 

terrestrialization and adaptation (Edwards et al., 1998).  Colonization of the terrestrial 

environments by land plants required specialized organs involved in plant anchorage to a 

substrate as well as absorption of water and mineral nutrients from the surrounding 
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environments (Pires and Dolan, 2012; Delaux et al., 2012). Root-like structures (rhizoids) 

were already present in early land plants (bryophytes). However, true rooting system only 

came to existence later in land plant evolution. In addition, symbiotic relationships were 

established between plant roots and the underground microbial community. These 

interactions facilitate the uptakes of water and nutrients, which are essential to plant 

overall fitness and successful adaptation to the terrestrial environments.  

1.1.2.2 Genetic aspects 

        Plant genomes were subject to numerous local gene duplications as well as many 

whole-genome duplications. Genomic studies on a diverse set of plants suggests that 

most, if not all, seed plants have a polyploid ancestry (Beike and Rensing, 2010; 

Vandepoele et al., 2003; Blanc and Wolfe, 2004; Cui et al., 2006). It is interesting that 

there has been an increased number of genome doubling events occurring independently 

during the Cretaceous-Tertiary period (65 MYA), which was marked by massive species 

extinction followed by radiation (Fawcett et al., 2009). Frequent fixation of 

polyploidization events among land plants during that period suggests that whole-genome 

duplications may provide an advantage during the extinction event to allow plants to 

better and faster adapt to the changing environments (Pires and Dolan, 2012; Delaux et 

al., 2012; Rensing et al., 2008). Whole-genome duplication, or gene duplications in 

general, is found to be responsible for the expansion of some gene families with 

regulatory roles in gene transcription, signal transduction as well as development (Sterck 

et al., 2007; Pires and Dolan, 2012). It is estimated that 90 percent of transcription factors 

in Arabidopsis were created within the last 150 million years via gene duplication events 

(Maere et al., 2005). Almost all the transcription factor classes found in angiosperms are 
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already present in early land plants (i.e. extant bryophytes) (Pires and Dolan, 2012), but 

only a small number of these are found in green algae (Riano-Pachon et al., 2008; 

Richardt et al., 2007). This suggests that the number of transcription factor gene families 

was increased in the early stage of land plant evolution. Although basal land plants and 

angiosperms share similar number of transcription factor gene families, the sizes of these 

families are quite different. Bryophytes have much smaller gene family sizes compared 

with angiosperms (Richardt et al., 2007). Again, the evolution of these gene families may 

be driven by frequent gene duplication events, whole-genome duplications in particular. 

This has led to the regulatory diversity observed in land plants, which may allow them to 

adapt and acclimate to environmental changes during and after land colonization.  

1.1.2.3 Biochemical aspects (plant secondary metabolism) 

      The ancestors of land plants faced many challenges during the water-to-land 

transition. Being sessile, plants are not able to escape from stresses the same way as 

animals can. Instead, plants have evolved alternative strategies to deal with challenges 

imposed by the surrounding environments and to allow them to thrive even under 

extreme conditions. One such strategy is to produce and release various chemical 

compounds (plant secondary metabolites) with potentially protective and defensive roles. 

It appears that biochemical innovations and metabolic modifications have played crucial 

roles in plant adaptation to the stressful terrestrial environments. 

1.2 Plant secondary metabolism 

        Across all species, plants are able to produce over 200,000 secondary metabolites 

with relatively low molecular weights, which fall into three major classes: 
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phenylpropanoids, terpenoids, and nitrogen containing compounds. These compounds 

were considered to be metabolic wastes or detoxification products with no direct effect 

on plant growth or development for a long period of time (Hartmann, 2007). The 

functional aspects of plant secondary metabolites were largely neglected due to their non-

essential roles to plant cellular survival. However, the significance of having these 

compounds in plants has been revisited, and the adaptive role of these compounds in 

chemical ecology has been put front and centre. 

1.2.1 Roles of plant secondary metabolites in coping with abiotic stresses 

        Since moving onto land, plants are subject to high UV radiation, which could 

potentially lead to DNA damage, and subsequently reduced primary productivity and low 

survival rates (Popper et al., 2011). In order to cope with UV stress, land plants have 

evolved sunscreening mechanisms by producing phenolic compounds (such as flavonols 

and sinapoyl esters), which absorb light within the UV-B region. These compounds serve 

as filters that protect land plants from being damaged by high level UV radiation in the 

terrestrial environment (Agati et al., 2011; Emiliani et al., 2013). Flavonols also function 

as free radical scavengers with a potential role in excess photoenergy dissipation and UV 

response (Agati et al., 2009).  

        In the aquatic habitat, thalli of macroalgae are supported by buoyancy and there is 

no need for additional strength. Successful colonization of land by plants was constrained 

by challenges imposed by the terrestrial environments including gravity and water 

limitation.  The ability of vascular plants to produce and deposit the phenolic polymer 

lignin within secondary cell walls provides adaptive advantages during plant 
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terrestrialization by increasing plant strength and water transport efficiency (Popper et 

al., 2011). These traits also allow plants to grow taller, which reduces the possibility of 

being shaded and subsequently leads to increased primary productivity.  

1.2.2 Plant secondary metabolites as defensive compounds 

        Plant secondary metabolites are suggested to have important ecological functions, 

which allow plants to compete and to survive in the changing environments. Plants are 

constantly challenged by pathogens. In response, plants have evolved several survival 

strategies during evolution, which include reinforcement of cell walls, activation of 

defense genes, the production of reactive oxygen species as well as the biosynthesis of 

antimicrobial chemicals (phytoalexins) (Ahuja et al., 2011). The concept of phytoalexin 

was introduced about 70 years ago. It was based on the experimental evidence that potato 

tuber tissues with previous exposure to an incompatible P. infestans stain demonstrated 

induced resistance to a compatible strain ( Ahuja et al., 2011 refering toMuller and 

Borger, 1940). The induced production of a phytoalexin with anti-fungal activity was 

thought to be responsible for triggering the defense response, which protected plants 

against subsequent infection by the compatible stain. This long-term resistance (or 

systemic acquired resistance) involves communications between infected tissues and 

uninfected tissues facilitated by signaling molecules such as salicylic acid and jasmonic 

acid (Durrant and Dong, 2004). The reception of those signaling molecules causes global 

responses in a plant including the induction of genes encoding phytoalexin biosynthesis. 

Much recent efforts have been made to identify potential phytoalexins in different plant 

species and to elucidate the production and regulation of these compounds. A large 

number of phytoalexins have been characterized including some alkaloids, terpenoids, 
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indolic glucosinolates, indoles, and polyphenols (Ahuja et al., 2011; Astani et al., 2010, 

Bednarek et al., 2009; Tsuji et al., 1992; Timperio et al., 2012). It is worth mentioning 

that the production of these compounds is induced upon microbial infection and serves as 

one fundamental defense mechanism against viruses, bacteria and fungi.  

        Interactions between plants and herbivores have also been intensively studied to 

determine the role of plant secondary metabolites in both constitutive and induced plant 

defenses against herbivores (Wimp et al., 2005; Newton et al., 2009). In response to 

herbivory, induced plant defense via plant secondary metabolites may have negative 

effects on the survival rate of herbivores (Agrawal, 2000; Poelman et al., 2010) either 

directly by killing/repelling (De Moraes et al., 2001), or indirectly by attracting predators 

and parasitoids of the herbivores (Schnee et al., 2006). Some plant secondary metabolites 

have toxic effects on herbivores including tissue damages and cyst induction, which can 

potentially lead to death (Iason, 2005). For example, pyrrolizidine alkaloids (PAs) are 

constitutive plant defense compounds against mammalian herbivores. PAs can be 

degraded in the guts of cattle to form pyrrols, which are highly toxic and can cause severe 

liver damage (Mattocks, 1986; Macel, 2011). There has been ample evidence supporting 

the role of volatile compounds in attracting herbivore enemies. For example, several 

terpenes (including linalool) can be produced by birch trees (Betula pubescens) upon 

infestation by caterpillars of Epirrita. autumnata (autumnal moth). The emission of these 

compounds can attract passerine birds that feed on the caterpillars (Mäntylä et al., 2008).  
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1.2.3 Plant secondary metabolites as signaling molecules in chemical ecology 

        Plant secondary metabolites also serve as signaling molecules with a role in 

mediating plant-animal interactions. Most plants are able to produce flowers and/or fruits 

of multiple colors, which are created by pigments. Pigments are molecules with the 

ability to reflect light of specific wavelengths. By doing so, pigments create colors 

(Grotewold, 2006), which function as visual signals in attracting animal pollinators and 

seed dispersers (Miller et al., 2001). Plant color pigments fall into four major groups: 

tetrapyrroles (chlorophylls), carotenoids, flavonoids (anthocyanins, flavones, flavonols) 

and betalains, which are responsible for color variations observed in nature (Miller et al., 

2001). In addition to visual cues, many pollinators are able to locate a flower by its scent. 

The scent signal emitted by a host plant contains a complex blend of volatile compounds 

including terpenoids, aliphatic compounds and benzenoids, and variations in chemical 

composition can be used by plants to attract their specific mutualistic insects for 

pollination (Hossaert-McKey et al., 2010).  

        A role of plant secondary metabolites in mediating symbiotic interaction has also 

been identified. Experimental evidence suggests that legumes can produce and secrete 

specific flavonoids that function as signaling molecules in promoting the production of 

Nod factors in bacteria, which is critical to nodule formation during rhizobial symbiosis 

(Fisher and Long, 1992).  

1.2.4 The role of plant secondary metabolites in mediating plant-plant interactions 

       Some plant secondary metabolites are also involved in mediating plant-plant 

interactions. Positive interactions between plants involve chemicals exuded from the 
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roots of one plant that can increase herbivore resistance in its neighboring plants (Bais et 

al., 2006). Aboveground, volatile compounds (terpenes and green leaf volatiles) released 

by one damaged plant are involved in the priming of defense response in undamaged 

leaves of the same plant or neighboring plants, which have not experienced pathogen 

attacks (Dudareva et al., 2007; Unsicker et al., 2009). Resource competition leads to 

negative interactions between plants, and allelopathy is one mechanism through which a 

plant is able to defeat its competitors. Phytotoxins such as coumarin can be produced and 

released by one plant in order to reduce the growth and survival of susceptible 

neighboring plants, which can lead to increased resource availability (Bais et al., 2006). 

The ability to produce allelopathic chemicals has become a major contributing factor to 

the remarkable invasive success of some exotic species, which have been causing severe 

economic problems and threatening ecological and biological diversity and integrity in 

North America (Callaway and Aschehoug, 2000, Grotkopp et al., 2002, Bais et al., 

2003). 

1.2.5 Medicinal use of plant secondary metabolites  

        There has been an increasing interest in using plant secondary metabolites as novel 

medical drugs, flavors and industrial materials. Historically, people were highly 

dependent on plants and animal parts for their survival and disease healing. Some of 

these traditional medicines have been tested and indeed proven to have medicinal 

functions. Plants can produce a diverse range of chemicals and have always been 

recognized as a rich source of bioactive compounds, which can be used either directly as 

drugs or indirectly as a basis for synthetic drugs (Hanson, 2003). For example, quinones 

(e.g. aloe-emodin, juglone, β-lapachol, plumbagin, shikonin, and thymoquinone), which 
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are plant-derived secondary metabolites, demonstrate pharmacological activities with 

anti-cancer properties (Lu et al., 2013). Taxol (Paclitaxel), another plant-derived anti-

cancer drug, is one of the most effective drugs used to treat breast cancer (Malik et al., 

2011). Much research has been dedicated to discovering drugs from plant natural 

products. According to a recent assessment, 60% of anti-cancer drugs are shown to be of 

a natural origin, and 75% of the drugs used to cure infectious diseases are structurally 

derived from plant natural products (Newman et al., 2003). 

1.2.6 Characteristics of plant secondary metabolites and evolution of plant 

secondary metabolism 

          Plants are able to produce a large array of plant secondary metabolites, which 

demonstrate an amazing chemical and structural diversity (Pichersky and Gang, 2000; De 

Luca and St Pierre, 2000). Notably, such diversity is derived from a much smaller set of 

compounds containing just a few core sets of structures, which are often intermediates or 

derivatives of primary metabolism.  Although some plant secondary metabolites are 

wide-spread across the plant kingdom, most secondary metabolites appear to be restricted 

to a certain taxonomic group. For example, alkaloids are only metabolized in 10-15% of 

vascular plant species (Haslam, 1994). Unlike primary metabolism, the production of 

plant secondary metabolites is not a constitutive process but is limited to specific organs 

or developmental stages and may be induced by environmental cues (Hartmann, 1996; 

Haslam, 1994). Regarding the origin of plant secondary metabolic genes, which create 

such diversity, multiple mechanisms have been put forward. For example, an extensive 

phylogeny of phenylalanine ammonia lyase (PAL), the enzyme catalyzing the first step of 

the phenylpropanoid pathway, suggests that the ancestor of land plants acquired a PAL 
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via horizontal gene transfer (HGT) from symbiotic soil bacteria (Emiliani et al., 2009). 

More widespread, there has also been evidence suggesting that genes recruited from 

primary metabolic pathways may be involved in generating such diversity. A 

comparative genomic study of aquatic algae, Physcomitrella patens and vascular plants 

suggests that most plant gene families are highly conserved. The major groups of land 

plants have not invented many new gene families, but largely maintained the basic 

genetic toolbox inherited from their ancestors. However, lineage-specific variations in 

gene family size are obvious across the plant kingdom (Rensing et al., 2008, Flagel and 

Wendel, 2009). In addition, some gene families contain both primary and secondary 

metabolic genes (e.g. O-methyltransferases, cytochrome-P450-dependent 

monooxygenases, etc) (Lupien et al., 1999; Wang and Pichersky, 1999). Along with the 

fact that many plant secondary metabolites share core structural units derived from 

primary metabolism, this indicates that the metabolic diversity does not arise from the 

creation or acquisition of a new set of genes but instead by duplication of existing 

metabolic genes followed by innovation or specialization events (Flagel and Wendel, 

2009). Gene duplication, which has been proposed as a central mechanism for gene 

functional diversification and adaptation, thus plays a crucial role in shaping the diversity 

in plant secondary metabolism. 

1.3 Plant secondary metabolites derived from aromatic amino acids 

         The aromatic amino acids phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) 

are essential to animal diets, which serve as basic protein building blocks. Besides their 

role in protein biosynthesis, these three aromatic amino acids also function as precursors 

of a large variety of secondary metabolites in plants, which play critical roles in plant  
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Figure 1.2: Plant natural products derived from chorismate (the end product of the 
shikimate pathway) and the three aromatic amino acids (phenylalanine Phe, 
tyrosine Tyr and tryptophan Trp). 
The shikimate pathway converts E4P (erythrose-4-phosphate) and PEP 
(phosphoenolpyruvate) into chorismate via 7 reactions, and chorismate is a common 
precursor for the biosynthesis of Phe, Try, Trp and some plant natural products (blue).  
Phe (green), Try (pink) and Trp (yellow) are further converted to a wide array of pivotal 
plant natural products which play important adaptive roles in plant development and 
defense. Some of these plant-derived chemicals are also essential to human diet and 
health (e.g. vitamins).  
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development, reproduction and defense (Figure 1.2) (Herrmann and Weaver, 1999; 

Weaver and Herrmann, 1997; Maeda and Dudareva, 2012; Dewick, 1995). Trp serves as 

a precursor of a large array of plant natural products including alkaloids, some 

phytoalexin, indoles, glucosinolates as well as the phytohormone auxin (Gunatilaka, 

2008; Kroymann, 2011; Gibson et al., 1972; Radwanski and Last, 1995; Sanchez-Vallet, 

2010). Tyr is involved in metabolizing alkaloids, cyanogenic glycosides, and the color 

pigments betalains (Kutchan, 1995, Koch et al., 1995; Dewick, 1995). Phe, being the 

largest carbon sink among the three aromatic amino acids, is a common precursor of a 

large group of chemicals collectively called phenolic compounds, which include the C6-

C1 benzenoids and the C6-C3 phenylpropanoids, as well as their derivatives (Maeda and 

Dudareva, 2012; Vogt, 2010). 

1.3.1 Phenylpropanoids  

         Phenylpropanoids, and more generally most phenolic compounds, are derived from 

phenylalanine. These compounds contain at least one benzenol ring in their chemical 

structures as a distinguishing characteristic. Phenylpropanoids have been investigated 

extensively for their important roles as protective and defensive compounds against both 

abiotic and biotic stresses, as signaling molecules in mediating plant defense, and as 

major structural components in plants (Vogt, 2010). These compounds can be involved in 

plant defense against pathogen (Dixon and Paiva, 1995) and herbivores (Felton et al., 

1999). Plants can produce a large array of phenylpropanoids in response to abiotic 

stresses, such as drought, wounding (Bernards and Lewis, 1992), UV irradiation (Lois, 

1994) and low temperature (Christie et al., 1994). Some phenylpropanoids also have 

important functions in chemical ecology including roles in attracting pollinators and seed 



 

 

19
dispersers (Nishida et al., 2004; Weisshaar and Jenkins, 1998). Phenylpropanoid-based 

polymers, such as lignin and tannin, contribute substantially to the strength and 

robustness of tree species towards challenges imposed by their enemies and changing 

environments.  

          Phenylpropanoids are synthesized via the phenylpropanoid pathway. Enzymatic 

steps of this pathway are comparably well understood and documented in numerous 

species. The phenylpropanoid pathway converts phenylalanine, an end product of the 

shikimate pathway, to cinnamic acid by the action of phenylalanine ammonia lyase 

(PAL) (Figure 1.3) (Dixon and Paiva, 1995; Vogt, 2010). p-Coumaric acid is derived 

from cinnamic acid through a hydroxylation reaction catalyzed by cinnamate 4-

hydroxylase (C4H), and is further converted into p-coumaroyl-CoA by 4-coumarate 

coenzyme A ligase (4CL). p-Coumaroyl-CoA is considered to be the central intermediate 

of the phenylpropanoid pathway. Further derivatization and modification of this 

intermediate contributes to the great diversity observed in this group of compounds.  

1.3.1.1 Lignin 

          Among all phenolic compounds produced in plants, lignin, a complex polymer 

formed largely from p-coumaryl (H), coniferyl (G), and sinapyl (S) monolignols (Boerjan 

et al., 2003), is quantitatively the major carbon sink from the shikimate pathway. It 

accounts for 30% of the world’s biomass, and it is the second most abundant biopolymer 

on earth (Weng and Chapple, 2010; Vogt, 2010). Lignin is deposited most abundantly in 

secondary cell walls in vascular plants, and it makes up about one third of the wood dry 

mass. It provides structural rigidity to the plant body which allows erect growth and high- 
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Figure 1.3: The lignin and chlorogenic acid biosynthetic pathway. 
This pathway starts with phenylalanine and converts it into p-Coumaroyl CoA (an 
important intermediate of this pathway) via three steps. From there, three types of 
monolignols and chlorogenic acid (green) are being produced. Monolignols further 
polymerize to form the three subunits of lignins: hydroxyphenyl lignin (pink), guaicyl 
lignin (purple) and syringyl lignin (blue).  
 
Abbreviations: 
4CL: 4-coumarate-CoA ligase; C3'H: p-Coumaroyl-CoA 3'-hydroxylase; C3H: 4-
hydroxycinnamate 3-hydroxylase; C4H: Cinnamate 4-hydroxylase; CAD: Cinnamyl 
alcohol dehydrogenase; CCoA-OMT: Caffeoyl-coenzyme A O-methyltransferase; CCR: 
Cinnamoyl-CoA reductase; COMT: Caffeic acid 3-O-methyltransferase; F5H: Ferulate 
5-hydroxylase; HCT: Hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl 
transferase; OMT: O-methyltransferase; PAL: Phenylalanine ammonia-lyase  
  



 

 

22
tension water transport (Weng and Chapple, 2010). Lignin also plays a very important 

role in plant defense against herbivores and pathogens (Campbell and Sederoff, 1996). 

The biosynthesis of lignin monomers involves several hydroxylation and methylation 

steps of the aromatic ring and reduction of the propanoic acid moiety to the respective 

alcohols. It is suggested that rate-limiting steps regulating carbon flow into the lignin 

pathway are catalyzed by a series of hydroxylase encoded by genes from the cytochrome 

P450 monooxygenase family (C4H, C’3H, and F5H; Figure 1.3) (Vogt, 2010; Weng and 

Chapple, 2010). After being synthesized, monolignols are translocated to the cell walls of 

vascular tissue, where they are polymerized to form lignin (Vanholme et al., 2008). 

Lignin biosynthesis is a very complex process. Most of the knowledge has been derived 

from the study of enzymes involved in monolignol biosynthesis. However, some of the 

later steps (translocation and polymerization) have not been well demonstrated.  

          Global warming and pollution resulting from the burning of fossil fuels have been 

of great public concerns and have raised a particular interest in replacing the current fuel 

system with renewable and cleaner biofuels from plants (Chapple et al., 2007). It has 

been suggested that lignin quantity and composition are two factors that largely 

determine wood properties and have major impacts on pulping efficiency as well as 

biofuel production (Li at el., 2003). High lignin content hinders the access to and the 

degradation of polysaccharides (cellulose) in cell walls, which subsequently leads to 

lower fermentation rate of sugars to ethanol, a major product of fermentation based 

biofuel production. In order to overcome these difficulties, numerous of studies have 

been dedicated to gain better understanding of the lignin biosynthesis and its regulatory 
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processes in the hope of reducing energy costs as well as increasing yield in pulping and 

biofuel production (Boudet et al.; 2003; Ragauskas et al., 2006; Chen and Dixon, 2007).  

1.3.1.2 Chlorogenic acid 

        Plants are able to produce tremendous amounts of non-lignin phenylpropanoids, 

among which chlorogenic acid (Figure 1.3) is of particular interest in the context of this 

study. Chlorogenic acids refer to a group of esters of hydroxycinnamic acids and quinate 

while the term chlorogenic acid is used specifically for an ester of caffeic acid and 

quinate (3-O-caffeoylquinic acid). The phenylpropanoid moiety of chlorogenic acid is an 

intermediate of the phenylpropanoid metabolism and quinate is a derivative of shikimate 

or 3-dehydroquinate. Thus, these two moieties derived from the end product and the 

intermediates of the shikimate pathway. Chlorogenic acid has been widely used as a 

nutraceutical with effects on preventing cancer development and lowering risk of 

acquiring cardiovascular diseases and type II diabetes (Morton et al., 2000; Laranjinha et 

al., 1994, Sawa et al., 1999; Paynter et al., 2006). In addition, due to its antioxidant 

properties, chlorogenic acid is also used in many other fields, e.g. as food additives and in 

the cosmetic industry.  

        Chlorogenic acid is produced in many lineages across the plant kingdom, but as 

expected for secondary metabolites, is not detectable in all species (Petersen et al., 2009). 

Notably, there appears to be no evidence for the existence of chlorogenic acid in the plant 

model system Arabidopsis thaliana. In contrast, chlorogenic acid accumulates to high 

levels in some plant species such as coffee, tobacco and poplar (Farah et al., 2008). As a 

naturally occurring phenolic compound in plants, chlorogenic acid also plays important 
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roles in plant adaptation and defense. Furthermore, its constituents can be re-mobilized to 

form other phenolic compounds with more complex structures including lignin, tannin, 

etc. (Boerjan et al., 2008, Tsai et al., 2006). Chlorogenic acid also plays roles in 

protecting plants against oxidative stresses (excess photoenergy) by acting as a direct 

scavenger of free radicals and a reducing agent for guaiacol peroxidase (Grace and 

Logan, 2000). Early research demonstrated that transgenic tobacco plants with 

suppressed levels of phenylalanine ammonia-lyase (PAL) had low levels of chlorogenic 

acid production and subsequently showed more rapid lesion development compared with 

wild type plants after being exposed to virulent fungal pathogen (Maher et al., 1994). 

Negative effects of chlorogenic acid on insect herbivores are also apparent (Beninger et 

al., 2004, Jassib, 2003, Dowd and Vega, 1996). The anti-herbivory property of 

chlorogenic acid relies on the ability of its derivative (chlorogenoquinone: an 

electrophilic molecule with high binding affinity towards amino groups of amino acids or 

proteins) to bind free amino acids and small peptides, which can potentially reduce the 

bioavailability of amino acids and small proteins. This can subsequently lead to 

starvation and reduction in herbivore fitness (Leiss et al., 2009). Finally, chlorogenic acid 

is claimed to have negative effects on the growth of bacteria, fungi and virus (Sung and 

Lee, 2010; Lou et al., 2005; Hoover et al., 1998; Ma et al., 2007; De Sotillo et al., 1998). 

1.4 The shikimate pathway 

         All phenylpropanoids contain a core structure derived from the upstream pathway, 

which is commonly referred to as the shikimate pathway. The shikimate pathway 

connects primary metabolism with the biosynthesis of the three aromatic amino acids 

(Phe, Try and Trp) (Herrmann and Weaver, 1999; Maeda and Dudareva, 2012; Dewick, 
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1995). This pathway has only been found in microorganisms and plants, but is absent in 

animals (Roberts et al., 1998; Herrmann and Weaver, 1999). Bacteria and fungi primarily 

synthesize the three aromatic amino acids as essential protein building blocks. However, 

in plants, these three amino acids also serve as precursors of a large number of secondary 

metabolites with critical roles in plant survival and adaptation (see above; Hermann, 

1995; Weaver and Herrmann, 1997, Herrmann and Weaver, 1999). It is estimated that 

over 30% of photosynthetically fixed carbon is directed through the shikimate pathway 

largely to plant secondary metabolism. Due to the absence of the shikimate pathway from 

animals, the three aromatic amino acids, which are the end products of this pathway, are 

essential to animal diets. It also makes this pathway a target for herbicides, live vaccines, 

antibiotics and anti-infectious drugs (Steinrucken and Amrhein, 1980; O’Callaghan et al., 

1988; Zhang et al., 2005).  

1.4.1 The seven enzymatic steps of the shikimate pathway 

        The shikimate pathway (Figure 1.4) begins with phosphoenolpyruvate (PEP) and 

erythrose-4-phosphate (E4P), and consists of seven enzymatic steps leading to the 

production of chorismate, which is a common precursor of the three aromatic amino 

acids. The first committed step of the shikimate pathway is the aldol condensation of PEP 

and E4P giving rise to 3-deoxy-D-Arabino-heptulosonate 7-phosphate (DAHP) and 

inorganic phosphate. This reaction is catalyzed by DAHP synthase (Herrmann and 

Weaver, 1999; Maeda and Dudareva, 2012; Dewick, 1995). Based on sequence and 

structural analysis, DAHP synthases fall into two distinct groups sharing only 10% 

protein sequence similarity (Dewick, 1995; Maeda and Dudareva, 2012). Type I  
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Figure 1.4: The shikimate pathway and its downstream aromatic amino acid 
pathways. 
The shikimate pathway starts with PEP (from the glycolysis pathway) and E4P (from the 
pentose phosphate pathway) and converts these into chorimate (blue) via 7-step reactions. 
Chorismate is further converted into either anthranilate, a precursor of the tryptophan 
biosynthetic pathway, or prephenate, which can be then converted into phenylalanine and 
tyrosine (Maeda and Dudareva, 2013).  
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Abbreviations: 
ADT: Arogenate dehydratase; A-KG: α-ketoglutarate; APT: Anthranilate 
phosphoribosyltransferase; AS: Anthranilate synthase; CdRP: 1-(o-
carboxyphenylamino)-1-deoxy-ribulose 5-phosphate; CM: Chorismate mutase; CS: 
Chorismate synthase; DAHP: 3-deoxy-d-arabino-heptulosonate 7-phosphate; DQD: 3-
dehydroquinate dehydratase; DQS: 3-dehydroquinate synthase; EPSP: 5-
enolpyruvylshikimate 3-phosphate; G3P: Glyceraldehyde 3-phosphate; Gln: Glutamine; 
Glu: Glutamate; HPP-AT: 4-hydroxyphenylpyruvate aminotransferase; IGPS: Indole-3-
glycerol phosphate synthase; PAI: Phosphoribosylanthranilate isomerase; PDH: 
Prephenate dehydrogenase; PDT: Prephenate dehydratase; Pi: Inorganic phosphate; 
PPA-AT: Prephenate aminotransferase; PPi: Inorganic diphosphate; PPY-AT: 
Phenylpyruvate aminotransferase; PRPP: Phosphoribosyl pyrophosphate; SDH: 
Shikimate dehydrogenase; Ser: Serine; SK: Shikimate kinase; TS: Tryptophan synthase 
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isozymes contain enzymes from bacteria (Escherichia coli) and fungi (Saccharomyces 

cerevisiae; Neurospora crassa) (Herrmann and Weaver, 1999; Dewick, 1995; Kunzler et  

al., 1992; Paravicini et al., 1988; Paravicini et al., 1989) while Type II DAHP synthases 

are found mainly in plants and some bacterial species including Streptomyces rimosus 

and Mycobacterium tuberculosis (Stuart and Hunter, 1993; Webby et al., 2005). 3-

dehydroquinate synthase (DQS) catalyzes the second step of the shikimate pathway, 

which is the conversion of 3-dehydroquinate from DAHP via a sequence of reactions 

including alcohol oxidization, phosphate elimination, carbonyl reduction and aldol 

condensation (Dewick, 1995; Maeda and Dudareva, 2012; Bender et al., 1989). The third 

step of the shikimate pathway (dehydration of 3-dehydroquinate to 3-dehydroshikimate) 

is catalyzed by 3-dehydroquinate dehydratase (DQD). DQDs are differentiated by 

reaction mechanisms into two types: type I and II, which catalyze the syn- and anti-

elimination of water, respectively (Shneier et al., 1993; Maeda and Dudareva, 2012). The 

fourth step of the shikimate pathway (reduction of 3-dehydroshikimate to shikimate) is 

catalyzed by an NADP-dependent shikimate dehydrogenase (SDH, AroE). Shikimate 

kinase (SK) catalyzes the fifth reaction of the shikimate pathway, which is the 

phosphorylation of shikimate to produce shikimate 3-phosphate using ATP (Whipp and 

Pittard, 1995; Maeda and Dudareva, 2012; Fucile et al., 2008; Fucile et al., 2011; Kasai 

et al., 2005). 5-Enolpyruvylshikimate 3-phosphate (EPSP) synthase catalyzes the sixth 

step of the shikimate pathway, which is the condensation of shikimate 3-phosphate and 

PEP to yield EPSP and inorganic phosphate. EPSP synthase is the primary target of the 

broad spectrum herbicide glyphosate, which acts as a competitive inhibitor with respect 

to phosphoenolpyruvate (Herrmann and Weaver, 1999). Glyphosate-tolerant crop plants 
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carrying genes encoding glyphosate-insensitive EPSP synthase (from either 

Agrobacterium tumefaciens or Petunia hybrida) have been successfully generated and are 

commercially used extensively (i.e. ‘RoundUp Ready’ crops). Chorismate synthase (CS) 

catalyzes the last step of the shikimate pathway, which is the elimination of phosphate 

from EPSP to produce chorismate. Although the overall reaction is redox neutral, reduced 

flavin is required, which functions as a transient electron donor in the phosphate 

elimination reaction. There are indeed two types of CS enzymes separated by their ability 

to reduce flavin (Maclean and Ali, 2003; Quevillon-Cheruel et al., 2004; Schaller et al., 

1991). 

          The seven enzymes of the shikimate pathway are organized differently in different 

lineages. In bacteria, the seven steps are catalyzed by separate monofunctional enzymes. 

In contrast, steps two to six are catalyzed by a pentafunctional enzyme complex (AROM) 

in fungi. Similar to bacteria, most of the shikimate pathway enzymes in plants are 

monofunctional, but the third and fourth steps (conversion of 3-dehydroquinate to 

shikimate via 3-dehydroshikimate) are catalyzed by a bifunctional enzyme named 

dehydroquinate dehydratase/shikimate dehydrogenase (DQD/SDH). 

1.4.2 Regulation of the shikimate pathway 

      Although the shikimate pathway is present in different domains of life, enzymes 

involved in this pathway are quite distinct in terms of modes of regulatory mechanism. 

As the enzyme catalyzing the first step of the shikimate pathway, DAHP synthase is 

likely to be a target for regulation of carbon flow into this pathway. In E. coli (or bacteria 

in general), there are three DAHP synthase isoforms, which demonstrate different 
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sensitivities towards feedback inhibition by the three aromatic amino acids. However, 

most plant DAHP synthases are not inhibited by aromatic amino acids with only a few 

exceptions (e.g. maize and pea) (Maeda and Dudareva, 2012). In Arabidopsis, there are 

two DAHP synthases, which are differently expressed and regulated. One of the two 

isoforms is constitutively expressed while the other is highly induced by wounding and 

pathogen infection (Keith et al., 1991). It was also found that the application of jasmonic 

acid can lead to an induction of genes encoding DAHP synthase in Arabidopsis plants 

(Devoto et al., 2005; Maeda and Dudareva, 2012). Tomato QDS is preferentially 

expressed in roots and is induced by the treatment with an elicitor in suspension culture 

(Bischoff et al., 1996). Spinach SK is regulated by energy charge (ATP, ADP and AMP 

concentrations) (Schmidt et al., 1990), which suggests that SK may be involved in 

maintaining a balance between cellular energy production and the energetic cost of the 

shikimate pathway. The Arabidopsis genome encodes two SKs. AtSK1 is extremely 

thermally stable while AtSK2 can be inactivated at 37 ºC. The appearance of a thermal-

stable SK in Arabidopsis is thought to be an adaptive trait that allows maintaining flux 

through the shikimate pathway under heat stress (Fucile et al., 2011). Plant cDNAs 

encoding EPSP synthases have been isolated from a few plant species (Klee et al., 1987; 

Gasser and Klee, 1990; Gasser et al., 1988; Shah et al., 1986). It seems that EPSP 

synthases are expressed constitutively at low levels, and their expressions are tissue 

specific and developmentally regulated. Plant CSs were found to be differentially 

expressed in various parts of plants and in response to fungal elicitation (Gorlach et al., 

1995; Gorlach et al., 1994; Gorlach et al., 1993; Braun et al., 1996). In microorganisms, 

regulations of the shikimate pathway enzymes are most likely to occur post-
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transcriptionally via feedback inhibition. However, the shikimate pathway in plants is 

most likely to be regulated at the transcriptional level in response to both biotic 

(wounding, herbivory and pathogen infection) and abiotic (light intensities, nitrogen and 

amino acid starvation, etc.) stresses.  

1.4.3 Subcellular localization of the shikimate pathway 

          It is suggested that plastids contain a complete set of enzymes involved in the 

shikimate pathway (Bickel et al., 1978; Bagge and Larsson, 1986; Benesova and Bode, 

1992; Homeyer and Schultz, 1988; Mousdale and Coggins, 1985; Mousdale and Coggins, 

1986; Klee et al., 1987; Schmidt et al., 1992). Based on sequence analysis, many 

shikimate pathway enzymes have extensions at their N-terminuses, which encode 

potential chloroplast targeting peptides (cTPs).  The plastidial localization of the 

complete shikimate pathway is further supported by experimental evidence including 

detection of enzymatic activities in the plastidial fractions of plant extracts, detection of 

radio-labeled aromatic amino acids in isolated chloroplasts fed with labeled precursors 

(e.g. PEP), GFP (green fluorescent protein) fusion protein experiments and protein import 

assays (Maede and Dudareva, 2012; Ding et al., 2007; Della-Cioppa et al., 1986; Kasai et 

al., 2005; Zhao et al., 2002). Identification of cytosolic isoforms for some shikimate 

pathway enzymes (DAHP synthase, DQD/SDH and EPSP synthase) has led to the debate 

on whether or not another set or at least a subset of the shikimate pathway enzymes are 

present outside of plastids. The shikimate pathway plays critical roles in both protein 

biosynthesis (primary metabolism) and providing precursors for the biosynthesis of 

downstream secondary metabolites. This leads to the proposal of a dual pathway 

hypothesis that the plastidial shikimate pathway is responsible for the production of 
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amino acids for protein production, while the shikimate pathway located in the cytosol is 

responsible for the production of precursors of secondary metabolites, which may be 

involved in plant defense (Herrmann, 1995; Weaver and Herrmann, 1997; Schmid and 

Amrhein, 1995). This hypothesis was further supported by the discovery that genes 

encoding Arabidopsis cytosolic DAHP synthase are induced by wounding and pathogen 

infection (Keith et al., 1991; Maede and Dudareva, 2012) and that all arogenate 

dehydrogenase and arogenate dehydratase isoforms, which catalyze the ultimate steps of 

tyrosine and phenylalanine biosynthesis, respectively, are located solely in plastids 

(Rippert et al., 2009). Although cytosolic isoforms of some shikimate pathway have been 

identified, it still remains unclear if a whole set of shikimate pathway enzymes are 

present in the cytosol.  

1.5 Shikimate biosynthesis 

       Shikimate is a central intermediate of the shikimate pathway. Shikimate biosynthesis, 

as a part of primary metabolism, is essential. This is highlighted by the embryo lethal 

phenotype of an Arabidopsis mutant (emb3004) lacking the shikimate biosynthetic gene 

3-dehydroquinate dehydratase/shikimate dehydrogenase (DQD/SDH) (Meinke et al., 

2008). This implies that shikimate biosynthetic activity has been maintained by strong 

purifying selection pressure during plant evolution. Besides an absolute need of shikimate 

in aromatic amino acid biosynthesis for protein production, shikimate is required both as 

a precursor and as a cofactor in caffeoyl-CoA synthesis, which is the first committed step 

of G- and S-monolignol biosynthesis in the phenylpropanoid pathway (Boerjan et al., 

2008). For this, shikimate may function as a negative regulator to ensure sufficient 
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carbon flow into protein biosynthesis (primary metabolism) by limiting the biosynthesis 

of G- and S-lignin when cellular shikimate concentration is relatively low.  

           The shikimate pathway contains many branches, and almost all the intermediates 

of this pathway are potential branch points leading to other metabolic pathways 

(secondary metabolism) (Bentley and Haslam, 1990). Shikimate may function as a 

branch point leading to the biosynthesis of cyclohexane carboxylates (e.g. ansatrienin and 

asukamycin) in bacteria, which are antibiotics with potential anticancer properties 

(Bentley and Haslam, 1990). The CoA-ester of cyclohexane carboxylate also functions as 

a potential starting material for the elongation of polyketides, which can be further 

derivatized and modified into bioactive secondary metabolites (Bentley and Haslam, 

1990). In addition, shikimate can also be esterified with hydroxycinnamic acids to form 

hydroxycinnamoyl shikimate, one of which is an intermediate of the lignin biosynthetic 

pathway while others may serve roles in plant chemical ecology.   

1.5.1 3-Dehydroquinate dehydratase/shikimate dehydrogenase (DQD/SDH) 

          In plants, shikimate biosynthesis from 3-dehydroquinate via 3-dehydroshikimate 

(Fig. 1.5) is catalyzed by the bifunctional DQD/SDH structurally resembling a fusion 

protein of the two distinct enzymes found in bacteria (AroD: DQD and AroE: SDH). 

DQD/SDHs have been functionally characterized in a few plant species including 

Arabidopsis thaliana (Arabidopsis; Singh and Christendat, 2006), Solanum lycopersicum 

(tomato; Bischoff et al., 2001) and Nicotiana tabacum (tobacco; Bonner and Jenson, 

1994; Ding et al., 2007). The crystal structure of Arabidopsis DQD/SDH has been 

established, which allows identification of key amino acid residues involved in catalysis 
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and substrate binding of the DQD and SDH domains (Singh and Christendat, 2006). The 

two active sites of Arabidopsis DQD/SDH are localized in close proximity, allowing 

efficient channeling of 3-dehydroshikimate (the product of DQD and the substrate for 

SDH) from the DQD domain to the SDH domain, which is essential to efficient SDH 

activity (Singh and Christendat, 2006). It was also found that SDH activity is much 

higher than DQD activity (Ding et al., 2007), which ensures directional carbon flow 

through the shikimate pathway. Arabidopsis only contains one DQD/SDH, while most 

other plants contain multiple family members. For example, tobacco contains at least two 

isoforms (NtDQD/SDH 1 and 2). NtDQD/SDH1 is localized to chloroplasts. In contrast, 

NtDQD/SDH2 is localized to the cytosol, and its SDH activity is largely reduced in 

comparison with NtDQD/SDH1. The role of the cytosolic DQD/SDH in tobacco remains 

unknown, but it was suggested that this enzyme might be involved in a similar reaction 

with a different substrate (Ding et al., 2007).       

1.6 Quinate biosynthesis and the shikimate/quinate cycle 

         Quinate, which shares high structural similarity with shikimate, is widely 

distributed across the plant kingdom, particularly in gymnosperms as well as herbaceous 

and woody angiosperms (Yoshida et al., 1995; Boudet, 1973). Quinate concentration can 

reach up to 14% of leaf dry mass in the developing tissues of some plant species 

(Leuschner et al., 1995; Ossipov et al., 2000). In addition, quinate esters with 

phenylpropanoid acids (i.e. chlorogenic acids) are also common and widespread (see 

above). The distribution of quinate exhibits tissue specificity and seasonal fluctuation 

(Osipov and Shein 1986; Marsh et al., 2009). Quinate accumulates to high levels (10-

14%) in actively growing needles of some coniferous species such as Pinus sylvestris and 
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Larix sibirica but levels drop off as needles mature in later season (Ossipov et al., 1995). 

In contrast, the concentration of quinate in vascular tissues (developing xylem) is 

extremely low (0.5%), and this is the place where phenolic compounds, lignin in 

particular, are synthesized (Ossipov et al., 1995). It was found that quinate can be 

transported in phloem (Gora et al., 1994). Together, this suggests that quinate may 

function as a mobile carbon source for the biosynthesis of a large number of phenolic 

compounds including lignin: Quinate accumulates in early growing season in leaves as a 

result of high photosynthetic activity, and it is later mobilized to increase or maintain 

phenylalanine production to satisfy the demands for phenolic compounds (Ossipov and 

Shein 1986). The role of quinate in the production of phenolic compounds is further 

supported by the discovery of an increased level of quinate in the leaf phloem sap of 

beech seedlings in response to herbivory. It is speculated to act as a transported precursor 

of procyanidins, which are defense-related phenolic compounds in beech (Gora et al., 

1994). Quinate may also have a role in modulating osmotic potential during the 

development of tolerance against drought (Gebre et al., 1997). Finally, as described 

above, quinate can be esterified with caffeic acid and other hydroxycinnamates to form 

chlorogenic acids, which serve defensive and adaptive roles in plants (Grace and Logan, 

2000). Quinate, together with its derivatives (e.g. chlorogenic acids), is also responsible 

for bitterness and astringency in plants and plant extracts such as coffee (Vaast et al., 

2006). 

1.6.1 Quinate biosynthesis 

       Quinate catabolism has been well studied in bacteria and fungi, where quinate is 

utilized as a carbon source. In bacteria, quinate can be channeled back to the shikimate 
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pathway and used for aromatic amino acid production. This reaction is catalyzed by 

shikimate/quinate dehydrogenase (YdiB). However, quinate metabolism in plants 

remains largely unknown. There has been some older evidence supporting the idea that 

quinate functions as a reserve compound of the shikimate pathway that can be derived 

from the intermediates of the shikimate pathway (Minamikawa et al., 1969; Yoshida, 

1969; Boudet, 1980; Gamborg, 1967, Weinstein et al., 1961; Goldschmidt and Quimby, 

1964). Based on a 14C-labeled substrate feeding assay, an alternative pathway responsible 

for quinate biosynthesis, independent of the shikimate pathway, was proposed. It is based 

on the observation that more 14C-labeled quinate was detected when using 14C-labeled 

glucose 6-phosphate as a substrate compared with using 14C-labeled 3-dehydroquinate 

(Boudet, 1980). However, this pathway has not been further investigated. Quinate can 

also be derived from the intermediates of the shikimate pathway by three enzymes. 

Quinate may be converted from 3-dehydroshikimate via 3-dehydroquinate by a 

bifunctional enzyme 3-dehydroquinate dehydratase/quinate dehydrogenase (DQD/QDH). 

This is supported by the purification of a DQD/QDH from corn seedlings (Graziana et 

al., 1980). Quinate can also be formed in a single-step reaction from either 3-

dehydroquinate or shikimate catalyzed by quinate dehydrogenase (QDH) and quinate 

dehydratase (QD; also referred to as quinate hydrolyase, QH), respectively (Figure 1.5) 

(Herrmann, 1995). Both reactions have only been characterized biochemically. Genes 

encoding these two enzymes have not been identified to date.  

1.6.1.1 Quinate dehydrogenase (QDH) 

         Quinate dehydrogenase (QDH) catalyzes the NAD(P)-dependent oxidation of 

quinate to 3-dehydroquinate, and its reaction mechanism resembles that of SDH  
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Figure 1.5: Schematic view of the shikimate/quinate cycle. 
The conversion of shikimate from 3-dehydroquinate via 3-dehydroshikimate is catalyzed 
by a bi-functional enzyme: 3-deydroquinate dehydratase/shikimate dehydrogenase 
(DQD/SDH). Quinate can be synthesized from both 3-dehydroquinate and shikimate, and 
these two reactions are catalyzed by (quinate dehydrogenase) QDH and (quinate 
dehydratase) QD, respectively. 
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catalyzing the fourth step of the shikimate pathway (Figure 1.5). QDH enzymes have 

been partially purified and functionally characterized in a few plant species including 

corn, carrot, mung bean, pea and some coniferous species (Gamborg, 1966; Boudet, 

1980, Kang and Scheibe, 1993; Ossipov et al., 1995; Ossipov et al., 2000; Minamikawa, 

1977; Refeno et al., 1982; Graziana and Boudet, 1983). It was suggested that QDH from 

carrot suspension culture is activated by phosphorylation (Refeno et al., 1982). Later, a 

Ca2+ and calmodulin-dependent kinase was identified to be responsible for the 

phosphorylation (activation) of QDH from carrot (Ranjeva et al., 1983). However, these 

enzymatic properties appear to be specific to carrot since QDH from mung bean sprouts 

does not respond to NaF (a phosphatase inhibitor, which promotes phosphorylation) or 

Ca2+ (Kang and Scheibe, 1993). Variations in cofactor preference are also observed 

across different plant species. QDHs from angiosperms such as bean, pea, carrot and corn 

prefer NAD as a cofactor (Kang and Scheibe, 1993; Minamikawa, 1977, Refeno et al., 

1982; Graziana and Boudet, 1983), while QDHs from gymnosperms (Larix sibirica, 

Pinus taeda) are more specific for NADP (Ossipov et al., 1995; Ossipov et al., 2000). A 

plastidial localization is suggested for QDH from mung bean (Kang and Scheibe, 1993). 

However, subcellular localizations of QDHs from other plant species remain largely 

enigmatic.  

1.6.1.2 Quinate dehydratase (QD) 

         Quinate dehydratase (QD) can also be involved in quinate biosynthesis. It catalyzes 

the hydration of shikimate to form quinate. The reaction mechanism of QD resembles 

that of DQD, the third enzyme of the shikimate pathway (Figure 1.5). This reaction has 

been observed in mung bean plants (Minamikawa, 1977), and it has only been partially 
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purified from pea roots (Leuschner et al., 1995). A localization study suggested that QD 

from pea is localized to plastids.  

1.7 Molecular evolutionary models 

        Some evidence suggests that the 3-dehydroquinate dehydratase/shikimate 

dehydrogenase (DQD/SDH) superfamily contains members involved in both shikimate 

and quinate biosynthesis. Based on biochemical data from partly purified enzyme 

fractions, some members of this family have exclusive specificity towards shikimate 

(Ding et al., 2007, Singh and Chritendat, 2006), while some have been experimentally 

proven to be able to take both shikimate and quinate as substrates (suggesting gene 

sharing of both functions) (Ossipov et al., 2000; Lindner et al., 2005). These suggest that 

genes involved in quinate metabolism (secondary metabolism) may have evolved from 

shikimate biosynthetic (primary metabolism) genes via gene duplication. Gene 

duplication has been proposed as a central mechanism for gene functional diversification 

and adaptation, which plays important roles in shaping the diversity in plant secondary 

metabolism. After gene duplication, functional variations between duplicated genes can 

arise in different ways, which include accumulation of mutations leading to the gain of a 

new function, separation and optimization of ancestral functions and changes in gene 

dosages (Conant and Wolfe, 2008). 

1.7.1 Neofunctionalization 

        The process of neofunctionalization starts with a gene duplication event, which 

gives rise to two functionally redundant copies performing exactly the same function as 

their ancestor. Functional redundancy might lead to relaxed selection constraint on one of 
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the two daughter duplicates, which allows a new function to be gained. In the meanwhile, 

purifying selection acts on the other copy which conserves the original function. 

Assuming the novel function is advantageous, duplicate fixation can occur and the new 

function is then fixed in a population (Conant and Wolfe, 2008; Innan and Kondrashov, 

2010; Hughes, 1994). An example of functional innovation after gene duplication is 

provided by the study of two Arabidopsis CYP98 genes (CYP98A8 and CYP98A9) 

(Matsuno et al., 2009). Protein sequence analysis demonstrates that CYP98A8 and 

CYP98A9 share about 50% similarity with CYP98A3 (C3’H), which was previously 

shown to catalyze a meta-hydroxylation reaction in lignin biosynthesis. It was then 

suggested by an evolutionary study that CYP98A3, CYP98A8 and CYP98A9 may have 

evolved from a common ancestor, and that CYP98A8 and CYP98A9 have evolved 

recently under positive selection (Matsuno et al., 2009).  Both CYP98A8 and CYP98A9 

are expressed predominantly in inflorescence tips, young flower buds, and stamen 

whereas CYP98A3 is highly expressed in roots, stems and flowers. UPLC-MS/MS 

analysis of the CYP98A8/9 overexpression and knock-out mutant plants indicates that 

these two genes may be involved in metabolizing N1, N5-di(hydroxyferuloyl)-N10-

sinapoylspermidine, which is known to exist only in pollen and may play a role in pollen 

formation. The gain of the new function and new expression profiles is likely to be a 

recent evolutionary event, which has occurred after gene duplication.  

1.7.2 Subfunctionalization 

       Subfunctionalization, in contrast, begins with the presence of a multi-functional 

ancestor. Upon gene duplication, these multiple functions are subdivided and fixed 

separately among daughter duplicates (Conant and Wolfe, 2008; Innan and Kondrashov, 
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2010; Force et al., 1999). It has to be kept in mind that subfunctionalization is a rather 

general idea that covers a diverse range of mechanisms.  

1.7.2.1 Duplication, Degeneration, Complementation (DDC) model 

       In DDC, a special case of subfunctionalization, neutral mutations accumulate after 

gene duplication independently among the duplicated copies. This results in the removal 

of different subsets of original functions in different daughter duplicates (degeneration). 

The loss of a subset of functions in one daughter duplicate is however complemented by 

the presence of this subset of functions in another duplicated copy (complementation). By 

working together, the ancestral task can still be accomplished by several enzymes 

encoded by functionally specialized genes instead of one multi-functional enzyme (Hahn, 

2009; Conant and Wolfe, 2008). The DDC model has been found to be responsible for 

functional diversification in a few cases (Force et al., 1999, Huminieki and Wolfe, 2004, 

Semon and Wolfe, 2008). It is noteworthy that DDC does not involve optimization of the 

original functions, but describes solely a redistribution of functions present in one gene 

originally onto two daughter copies. 

1.7.2.2 Escape from Adaptive Conflict (EAC) model 

       EAC has been proposed to be an alternative model, in which the ancestor gained a 

new function while maintaining the old function at the same time; thereby a multi-

functional ancestor emerges. If the two functions compete with each other (e.g. they both 

employ the same active site of the encoded protein), any optimization of one function 

will be at the expense of the other. This creates opposing selection pressure (adaptive 

conflict) and results in both functions being sub-optimal. This pleiotropic conflict can 
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only be resolved after gene duplication. Each of the daughter duplicates evolves 

independently and becomes specialized in one of the two original functions (Sikosek et 

al., 2012; Des Marais and Rausher, 2008; Huang et al., 2012). Being different from 

DDC, the daughter duplicates undergo adaptive changes (non-neutral mutation) after 

gene duplication to allow functional specialization and optimization (Conant and Wolfe, 

2008). An example of functional diversification via EAC was proposed by Des Marais 

and Rausher (2012), who worked with dihydrofavonol reductase enzymes in morning 

glories. They suggested in their paper that two consecutive gene duplication events have 

occurred giving rise to three genes. Strong positive selection was detected before the 

second duplication, and enzymes encoded by genes derived from this duplication have 

largely lost the ancestral functions. In contrast, the enzyme encoded by the third gene, 

which has diverged before the second duplication, demonstrated optimized ancestral 

functions. They argued in their paper that the three genes have diverged into two distinct 

functional groups with one being specialized for the ancestral functions and the other two 

being specialized for other function, which was not defined or tested in their study. Since 

the second function has not been identified, it is impossible to demonstrate that this 

function is also present in the ancestor. As a result, whether or not this gene family has 

evolved via EAC is still questionable.  

1.7.3 Dosage effects 

         In this model, gene duplication occurs after a secondary function is gained by a 

gene and becomes beneficial. Gene duplication can provide an immediate advantage by 

increasing the protein level (dosage), which may compensate for the low efficiency of the 

novel function (Soskine and Tawfik, 2010). As a result, duplicated copies are preserved 
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by selection in a population. In some cases, mutations accumulate later among duplicates, 

which may lead to an optimization of the second function or the gain of another function 

in addition to the two original functions. The dosage selection model served as a basis for 

a new model named the Innovation, Amplification, Divergence (IAD) model (Soskine 

and Tawfik, 2010; Conant and Wolfe, 2008).  

1.7.3.1 Innovation, Amplification, Divergence (IAD) model 

        Before duplication, the ancestral gene has a promiscuous side activity in addition to 

its original function (innovation). This secondary function may later become beneficial to 

the host and is then favoured by natural selection to increase its copy numbers by 

(multiple) gene duplication(s) (amplification).  Besides the dosage effect resulted from 

increased amplification frequency driven by selection, this may also lead to relaxed 

constraints to maintain the original function in the additional copies. These copies are 

free to accumulate mutations that could improve the novel function. Once one copy is 

able to show significant improvement of the new function, selection pressure on the other 

extra copies to optimize the new function is relaxed leaving one copy responsible for all 

of the new function in the end (Bergthorsson et al., 2007; Nasvall et al., 2012). Due to the 

requirement of frequent amplification by IAD, this model was originally proposed for 

microbes, and most of the supporting evidence is from bacteria. It still remains open if 

this model can be used to describe functional innovations in more complex organisms 

like plants.   
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1.8 Populus trichocarpa as a model tree species 

        Populus trichocarpa was the first tree species that had its genome completely 

sequenced (Tuskan et al., 2006), and it was chosen as a model tree species for several 

reasons: it has a relatively small genome size (423Mb); it has a rapid growth rate and can 

reach reproductive maturity in four to six years; it is relatively easy to propagate; there is 

a large collection of genomic resources and well-established molecular toolbox available 

(Jansson and Douglas, 2007). Poplar trees (including aspens and cottonwoods) are found 

widespread across the northern hemisphere and are a major component of the Canadian 

boreal forest. They are of great importance, both ecologically and economically. They 

provide a shelter and food sources for a large number of wildlife (Stettler et al., 2006). In 

addition, poplar trees have been identified as a promising feedstock for pulping and 

biofuel production owing to their high growth rates and high cellulose/lignin ratios 

(Sannigrahi and Ragauskas, 2010). Poplars are also known to produce and accumulate a 

wide array of plant secondary metabolites (especially phenolic compounds) including 

phenolic glycosides, condensed tannins and hydroxycinnamoyl esters (e.g. chlorogenic 

acids), which makes poplar an excellent system to study plant secondary metabolism.  

1.9 Objectives 

         Our knowledge of the shikimate pathway and its regulation has been inferred 

largely from microbial studies. However, this pathway has not been as comprehensively 

studied and understood in plants. The third and fourth steps of the shikimate pathway 

(shikimate biosynthesis) are catalyzed by the bifunctional enzyme DQD/SDH, which has 

only been molecularly characterized in a few plant species. Quinate shares high structural 
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similarity with shikimate and is a typical defense-related secondary metabolite present in 

many plant species. Quinate can be derived from 3-dehydroquinate and shikimate by 

quinate dehydrogense (QDH) and quinate dehydratase (QD). Reaction mechanisms of 

QDH and QD resemble that of SDH and DQD, respectively, but no genes have been 

identified encoding these functions. The P. trichocarpa genome encodes five putative 

DQD/SDHs named Poptr1 to Poptr5 here (Hamberger et al., 2006). The annotation of 

these five genes is based on sequence analysis, and the functionalities of enzymes 

encoded by these five genes have not been experimentally proven. The first objective of 

this project was to functionally characterize the five annotated DQD/SDHs from 

poplar and to determine if any of these are  potentially involved in quinate 

biosynthesis (QDH and/or QD). Due to similarities in the reaction mechanisms, I 

hypothesized that some of the five putative poplar DQD/SDH genes indeed encode QDH 

and/or QD activities. To test this hypothesis, a reverse biochemistry approach was 

followed, where the cDNAs of the five putative DQD/SDHs from poplar were expressed 

in E.coli allowing biochemical characterization of their substrate preferences (Chapter 2). 

Shikimate plays biologically divergent roles in both protein production and 

phenylpropanoid / lignin biosynthesis. I therefore hypothesized that genes encoding 

poplar DQD/SDH are differentially expressed. Some isoforms may be constitutively 

expressed in nonlignified tissues (specific to amino acid production for protein 

biosynthesis) while others may be expressed principally in lignified tissues and specific 

to lignin biosynthesis. QDH and QD encoding genes are predicted to be highly expressed 

in plant leaf and bark tissues due to their roles in quinate and chlorogenic acid synthesis 

(i.e. tissues where chlorogenic acids accumulates). The expression patterns of poplar 
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DQD/SDHs and QDHs as well as the co-expressed genes were characterized by 

compiling and analyzing public large-scale Affymetrix microarray data (Chapter 2). It 

has been shown that shikimate biosynthesis is localized to plastids, while the subcellular 

localization of quinate biosynthesis remains largely unknown. Subcellular localizations of 

poplar DQD/SDHs and QDHs were tested by transient transformation assays using 

fluorescent protein-fusion (Chapter 3). 

        It has been widely accepted that gene duplications and divergence play important 

roles in generating evolutionary novelty and adaptation. Functional variations (shikimate 

and quinate biosynthetic activities) were observed in the DQD/SDH/QDH superfamily, 

and this suggests that genes involved in quinate metabolism (secondary metabolism) may 

have evolved from shikimate biosynthetic (primary metabolism) genes via gene 

duplication. The second objective of this work was to study diversification of the 

DQD/SDH/QDH gene family in the plant lineages and to pinpoint the evolutionary 

mechanism responsible for the functional diversity observed in this gene family. 

Towards this goal, the phylogenetic relationship of the DQD/SDH/QDH superfamily was 

reconstructed and used to identify signatures of positive selection and to reconstruct the 

protein sequence of the immediate pre-duplication ancestor. Biochemical properties of 

the reconstructed ancestral protein were determined together with enzymes from select 

extant members representing major systematic groups (i.e. pre-duplication enzymes from 

a bacterium, a green alga, a bryophyte, and a lycopod; as well as post-duplication 

isoforms from a gymnosperm and an angiosperm).  Combining the biochemical data with 

the evolutionary studies allowed pinpointing the evolution model through which 

functional diversity was created in the DQD/SDH/QDH gene superfamily (Chapter 4). 
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Chapter 2 Molecular characterization of quinate and shikimate 
biosynthesis in Populus trichocarpa 

 

2.1 Introduction 

      The shikimate pathway connects primary with secondary metabolism through the 

biosynthesis of the three aromatic amino acids: phenylalanine (Phe), tyrosine (Tyr) and 

tryptophan (Trp) (Floss, 1979; Herrmann, 1995a; Schmid and Amrhein, 1995). This 

pathway is present only in bacteria, fungi, apicomplexan parasites (Roberts et al., 1998) 

and plants (Tohge et al., 2013), but is not present in animals. In plants, more than 30% of 

all photosynthetically fixed carbon may be directed through the shikimate pathway 

(Maeda and Dudareva, 2012; Tohge et al., 2013). The absence of the shikimate pathway 

in animals makes the three aromatic amino acids (the end products of this pathway) 

essential to animal diets, and it also makes this pathway a primary target for herbicides 

(Steinrucken and Amrhein, 1980), live vaccines (O’Callaghan et al., 1988), antibiotics 

and anti-infectious drugs (Zhang et al., 2005). Microorganisms primarily synthesize the 

three aromatic amino acids as protein building blocks. However, in plants, these three 

amino acids and many intermediates of the shikimate pathway also serve as the 

precursors of a large variety of natural products (e.g. UV protectant, pigments, 

antioxidant, phytoalexins, lignin, etc.), which play important physiological and ecological 

roles in plants (Herrmann, 1995b; Herrmann and Weaver, 1999; Weaver and Herrmann, 

1997; Maeda and Dudareva, 2012; Dewick, 1995). Among all compounds derived from 

the shikimate pathway, lignin is quantitatively the largest carbon sink of this pathway. 

Lignin is a major component of plant secondary cell walls supporting erect growth and 
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long-distance water transport, and constitutes up to 35% of wood dry mass (Byrne and 

Nagle, 1997). It also functions in plant defense against herbivores and pathogens 

(Campbell and Sederoff, 1996). Global warming and pollution resulting from the burning 

of fossil fuels have been of great public concern and have raised a particular interest in 

replacing the current fossil fuel based system with new biofuels, many of which are 

derived from cellulose (Chapple et al., 2007). However, high lignin content and lignin 

composition (low S/G ratios) can hinder biofuel production and necessitate the 

pretreatment of lignocellulosic feedstock (Li at el., 2003; Ragauskas et al., 2006; Chen 

and Dixon, 2007). Poplar trees have been identified as a promising feedstock owing to its 

high growth rates and high cellulose/lignin ratio (Sannigrahi and Ragauskas, 2010).  

         The use of plant secondary metabolites by humans has a long history. Some have 

been used as dyes, flavours, fragrances, stimulants, poisons, as well as therapeutic drugs 

ever since early human history (Wink, 2009). Also in modern medicine, plant secondary 

metabolites derived from the shikimate pathway have been attracting lots of public and 

scientific attention for their roles in improving general health condition (e.g. the use of 

chlorogenic acid as an antioxidant nutraceutical).  

        The shikimate pathway consists of seven enzymatic steps starting with the 

condensation of phosphoenolpyruvate (PEP) and D-erythrose 4 phosphate (E4P) and 

ending with the production of chorismate, which is the last common precursor of Trp, Tyr 

and Phe (Herrmann and Weaver, 1999). Despite the presence of this pathway in different 

domains of life, enzymes involved in this pathway are quite distinct in terms of their 

protein sequences, molecular organizations and modes of regulatory mechanisms. In 

bacteria, the first enzyme 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) 
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synthase is regulated either through feedback inhibition or transcriptional regulation 

(Herrmann and Weaver, 1999). In plants, the whole pathway seems to be regulated 

primarily at the transcriptional level. It is responsive to light, developmental signals, 

abiotic stresses (e.g. nitrogen and amino acid starvation) and regulated by biotic stresses 

including wounding, herbivory and pathogen infection (Herrmann and Weaver, 1999). 

Enzymes of the shikimate pathway are also organized differently in different lineages. 

The seven steps are catalyzed by separate monofunctional enzymes in bacteria. In 

contrast, enzymes involved in the catalysis of steps two to six in fungi are fused into one 

single polypeptide encoded by a single pentafunctional AROM gene. In plants, most 

enzymes are encoded by distinct genes, but the conversion of 3-dehydroquinate to 

shikimate via 3-dehydroshikimate, representing the third and fourth steps of the shikimate 

pathway, is catalyzed by a bifunctional enzyme designated as 3-dehydroquinate 

dehydratase/shikimate dehydrogenase (DQD/SDH). Structurally, plant DQD/SDHs 

resemble fusion proteins with the N-terminal half housing the DQD domain and the C-

terminal half containing the SDH domain, each of which possesses a distinct active site. 

DQD/SDHs have been functionally characterized in a few plant species including 

Arabidopsis thaliana (Arabidopsis; Singh and Chritendat, 2006), Solanum lycopersicum 

(tomato; Bischoff et al., 2001) and Nicotiana tabacum (tobacco; Bonner and Jenson, 

1994; Ding et al., 2007). The DQD/SDH crystal structure from Arabidopsis allowed 

identification of some key amino acid residues involved in the catalytic activities of 

DQD/SDH (Singh and Christendat, 2006). In Populus trichocarpa, five putative 

DQD/SDH genes (here referred to as Poptr1 through Poptr5) have been identified based 
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on sequence similarity, but none of these has been characterized to date (Hamberger et 

al., 2006). 

         Not only the end products, but all intermediates of the shikimate pathway can be 

branch points leading to secondary metabolic processes (Bentley and Haslam, 1990). 

Among these, quinate, without being a direct intermediate, is formed in a single step 

reaction from either shikimate or 3-dehydroquinate. Quinate is widely distributed across 

the plant kingdom, and can accumulate to high levels in some plant species. For example, 

in the developing needles of larch and pine, its concentration can reach up to 14% of leaf 

dry weight (Bentley and Haslam, 1990; Ossipov et al., 1995). Chlorogenic acid, an ester 

of caffeic acid and quinate, is also known to accumulate to high levels in coffee and 

poplar trees, and it is gaining popularity due to its potential role in weight control and  

association with lower risk for type 2 diabetes and cardiovascular diseases (Morton et al., 

2000; Laranjinha et al., 1994, Sawa et al., 1999; Paynter et al., 2006). Quinate catabolism 

has been well studied in bacteria and fungi. In bacteria, quinate can be utilized as a 

carbon source and channeled back to the shikimate pathway by shikimate/quinate 

dehydrogenase (YdiB), an enzyme with affinities towards both shikimate and quinate 

(Lindner et al., 2005). In contrast, quinate metabolism in plant remains largely enigmatic. 

The interconversion of shikimate and quinate has been demonstrated biochemically, and 

an accessory role of quinate as a reserve compound that can be channeled back into the 

shikimate pathway has been proposed early on (Minamikawa et al., 1969; Yoshida, 1969; 

Boudet, 1980; Gamborg, 1967, Weinstein et al., 1961; Goldschmidt and Quimby, 1964). 

Later, quinate was shown to be the precursor of chlorogenic acid in plants, which may 

also serve as an intermediate and storage reserve of lignin biosynthesis (Maher et al., 
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1994; Hoffmann et al., 2004). Biochemical evidence suggests that quinate can be 

synthesized either from shikimate or from 3-dehydroquinate, which is the product and the 

substrate of DQD/SDH, respectively. Enzymes involved in those two processes are 

quinate dehydratase/hydrolyase (QD) and quinate dehydrogenase (QDH) (Figure 1.5) 

(Herrmann, 1995). These two enzymes have been (partially) purified and characterized in 

a few plant species including corn, carrot, mung bean, pea and some coniferous species 

(Gamborg, 1966; Boudet, 1980, Kang and Scheibe, 1993; Ossipov et al., 1995; Ossipov 

et al., 2000; Minamikawa, 1977, Refeno et al., 1982; Leuschner et al., 1995; Graziana 

and Boudet, 1983). However, genes encoding those two enzymes have not been 

identified to date. The reaction mechanisms and substrate structures of QDH and QH 

resemble that of SDH and DQD, respectively (Figure 1.5). SDH and QDH catalyze 

NAD(P)H-dependent reductions of a keto-group to an alcohol acting on 3-

dehydroshikimate and 3-dehydroquinate, respectively. Likewise, DQD and QD catalyze 

reversible water elimination reactions with 3-dehydroquinate and quinate, respectively. 

Due to similarities in reactions catalyzed and substrates utilized; and knowing that 

enzymes having both SDH and QDH activities exist in conifers (Lindner et al., 2005; 

Ossipov et al., 2000), I hypothesize that QDH and/or QD activities may be encoded by 

genes similar to DQD/SDH. 

2.2 Methods 

2.2.1 DQD/SDH protein sequence analyses and structure modeling 

    The five poplar putative DQD/SDH protein sequences (Poptr 1 to Poptr 5; Table 2.1; 

Hamberger et al., 2006) were retrieved from the Populus trichocarpa genome database  
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Table 2.1: DQD/SDH family members (plant DQD/SDHs and bacterial AroD, AroE and YdiB) included in amino acid 
sequence analysis. 
 

 Name Species Database Gene models 
EsccoAroE Escherichia coli W NCBI YP_006126142.1 
EsccoAroD Escherichia coli W NCBI YP_006124567.1 
EsccoYdiB Escherichia coli W NCBI YP_006124566.1 
Arath Arabidopsis thaliana NCBI NP_187286.1 
Solly Solanum lycopersicum NCBI NP_001234051.1 
Nicta1 Nicotiana tabacum NCBI gb|AAS90325.1 
Nicta2 Nicotiana tabacum NCBI gb|AAS90324.2 
Poptr1 Populus trichocarpa Phytozome Potri.010G019000.2 
Poptr2 Populus trichocarpa Phytozome Potri.013G029900.2 
Poptr3 Populus trichocarpa Phytozome Potri.005G043400.1 
Poptr4 Populus trichocarpa Phytozome Potri.014G135500.3 
Poptr5 Populus trichocarpa Phytozome Potri.013G029800.1 
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version 1.1 hosted at the Joint Genome Institute (Tuskan et al., 2006; JGI:  

http://genome.jgi.doe.gov/Poptr1_1/Poptr1_1.info.html). Sequence accuracy and gene 

annotations were assessed by comparison among different genome versions (1.1, 2.0 and 

3.0). Completeness of coding sequences was assessed by BLASTP (Basical Local 

Alignment Search Tool) searches against the Plant GDB transcript assembly database 

(http://www.plantgdb.org/prj/ESTCluster/progress.php?orderby=Version). Amino acid 

sequences of functionally characterized DQD/SDHs from Arabidopsis thaliana (Arath; 

Singh and Chritendat, 2006), Solanum lycopersicum (Solly; Bischoff et al., 2001) and 

Nicotiana tabacum (Nicta 1 and 2; Ding et al., 2007) were retrieved from GenBank at the 

NCBI (National Centre for Biotechnology Information: http://www.ncbi.nlm.nih.gov/). 

Escherichia coli (Escco) AroD (DQD), AroE (SDH) and YdiB (SDH/QDH) protein 

sequences were also retrieved from NCBI.  

     Multiple sequence alignment of the collected DQD/SDH amino acid sequences was 

performed using ClustalW implemented in BioEdit (Hall, 1999) 

(http://www.mbio.ncsu.edu/bioedit/bioedit.html). This alignment was split into two 

fragments to allow separate examination of DQD and SDH domains. Pairwise sequence 

similarity scores for both SDH and DQD domains were calculated separately and used to 

generate sequence similarity tables in BioEdit. The two alignments (containing either 

DQD or SDH) were also used to build Neighbor Joining (NJ) trees with Phylip3.69 

(Felsenstein, 1989).  

    The full-length protein alignment containing both DQD and SDH domains was 

manually trimmed to retain only amino acid residues involved in reaction catalysis, 

cofactor and substrate binding. The modified alignment was then subjected to creation of 

http://genome.jgi.doe.gov/Poptr1_1/Poptr1_1.info.html
http://www.plantgdb.org/prj/ESTCluster/progress.php?orderby=Version
http://www.ncbi.nlm.nih.gov/
http://www.mbio.ncsu.edu/bioedit/bioedit.html
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sequence logos using the ‘WebLogo’ tool found at http://weblogo.berkeley.edu/logo.cgi 

(Crooks et al, 2004). 

    3D protein structures of the five putative poplar DQD/SDHs (Poptr1 to Poptr5) were 

predicted using Phyre (http://www.sbg.bio.ic.ac.uk/~phyre/; Kelley and Sternberg, 2009). 

Model coordinates were generated using Arabidopsis DQD/SDH (Protein DataBase ID: 

c2o7qA; http://www.rcsb.org/pdb/home/home.do) coupled with either 3-

dehydroshikimate and tartrate or shikimate as a template, and aligned to the known 

Arabidopsis DQD/SDH structure. Pymol (http://www.pymol.org) was used to further 

examine and visualize the generated models. 

2.2.2 Cloning of the five DQD/SDH genes from Populus trichocarpa 

        In order to obtain full-length poplar DQD/SDH clones, total RNA was isolated from 

Populus trichocarpa Nisqually-1 plant tissues (leaf, bark, xylem and phloem tissues 

collected at University of Victoria) using the cetyltrimethylammonium bromide (CTAB) 

method as described (Haruta et al., 2001). Total RNA was then reverse transcribed into 

cDNAs using 5 µM oligo dT primer and 1 U reverse transcriptase (Invitrogen). The five 

putative poplar DQD/SDHs were amplified from the cDNA pool via PCR with USER 

(Uracil-Specific Excision Reagent) modified gene specific primers (Table 2.2). 

Proofreading Pfu Turbo Cx Hotstart DNA polymerase (Agilent) was used in PCR 

amplification (30 cycles, denaturation at 94 ºC for 30 s, annealing at 56 ºC for 30 s, 

extension at 72 ºC for 120 s). PCR amplicons were treated with USERTM enzyme mixture 

(New England Biolabs) and cloned into pQE30-USER-6xHis over-expression vectors 

(with His tag at the N terminus) separately following the standardized protocol (Geu-  

http://weblogo.berkeley.edu/logo.cgi
http://www.sbg.bio.ic.ac.uk/~phyre/;
http://www.rcsb.org/pdb/home/home.do
http://www.pymol.org
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Table 2.2: USER-modified (uracil-containing) PCR primer sets used to generate pQE30 over-expression constructs carrying 
the full-length coding sequences of Poptr1 to Poptr5.  
Start and stop codons are underlined, and extensions used for USER cloning are indicated in bold. 
 
  Forward primer Reverse primer 

Poptr1  5'-GGCTTAAUATGGATTCTGCAAGCAACGTCC-3' 5'-GGTTTAAUCTAGTACTTTGACATGATCTTCTGAAAGAGTTC-
3' 

Poptr2 5'-GGCTTAAUATGGGGCGTGCTGGGATC-3' 5'-GGTTTAAUTCAGAATTTGGCTAGAACAATCTCCC-3' 
Poptr3 5'-GGCTTAAUATGGGGAGTGTTGGAGTCCTGAC-3' 5'-GGTTTAAUTCAGAATTTGGCTAAAACAATCTCCC-3' 
Poptr4 5'-GGCTTAAUATGGCATTCAAGAACAACCTCTTAG-3' 5'-GGTTTAAUTCAAAATTGCTCCAAGACAAGC-3' 
Poptr5 5'-GGCTTAAUATGGATCTCCAAAGCGCTG-3' 5'-GGTTTAAUTTATGTATTCCTTGCTAACACATCTCTAAT-3' 
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Figure 2.1: Overview of the USER cloning technique. 
A vector containing the USER cassette (upper left corner) was digested with PacI and 
Nt.BbvCI to generate linearized vector with 8 nt single-stranded extensions at both ends. 
A PCR reaction was carried out with USER-modified primers by the PfuTurbo Cx 
Hotstart DNA polymerase. PCR amplicons were treated with USER enzyme mixture and 
mixed with the linearized vector. Reaction mixture was incubated at 37°C for 20min 
followed by incubation at25°C for another 20 min. The products were used for bacterial 
transformation without ligation. Nt.BbvCI recognition sites are marked in pink, PacI 
recognition sites are marked in light blue. Yellow and green colors mark single base 
differences between the two extensions, which are important in directional cloning 
(modified from Halkier et al., 2006). 
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Flores et al., 2007; Figure 2.1). The final constructs were verified by DNA sequencing. A 

pQE30 construct carrying cDNA of a glycosyltransferase (GT) (kindly provided by Dr. 

Vasko Veljanovski; Veljanovski and Constabel, 2013) was used for the subsequent 

experiments as a negative control.  

2.2.3 Production and purification of poplar putative DQD/SDH recombinant 

proteins 

        Over-expression constructs carrying the five putative poplar DQD/SDH coding 

sequences were transferred into the M15 E. coli competent cells by electroporation to 

allow the expression of recombinant proteins in a bacterial system. Experimental 

conditions including temperature, isopropylthio-β-galactoside (IPTG) concentration and 

induction time were optimized to yield high levels of soluble recombinant protein 

expression. For each set of conditions tested, samples were retained and the abundance of 

recombinant proteins in each sample was assessed by SDS-PAGE and western blot with 

the SuperSignal® West HisProbeTM Kit (Thermo Scientific) following the manufacturer’s 

instruction. The set of conditions yielding the highest amounts of soluble recombinant 

proteins were used for subsequent enzyme experiments: 5 mL of LB broth containing 

selective antibiotics (100 mg/L ampicillin and 25 mg/L kanamycin) was inoculated with a 

bacterial colony containing the right construct and grown at 37 °C overnight with 

shaking. The main culture (50 mL) was inoculated with the pre-culture next morning and 

grown until OD600 = 0.6, and then IPTG was added to a final concentration of 0.06 mM. 

Protein production was carried out at 19 °C with shaking for 16 hours. E. coli cells were 

harvested by centrifugation at 4000 x g for 20 min and the cell pellet was stored at -80°C 

for later use. 
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          6xHis-tagged recombinant proteins were extracted and purified under native 

condition using Nickel-NTA agarose (Qiagen) (Figure 2.2). A frozen cell pellet was 

resuspended in 4 mL of lysis buffer (50 mM NaH2PO3, 300 mM NaCl, and 10 mM 

imidazole, NaOH, pH 8, 1 mg/ml lysozyme) and incubated on ice for 1 hr. The mixture 

was further lysed using a sonicator followed by centrifugation at 10000 x g for 30 min at 

4°C. The supernatant was incubated with 1 mL of 50% Nickel-NTA agarose (Qiagen) on 

ice for 1 hr with shaking. The lysate-NTA slurry was loaded onto a column and washed 

twice with wash buffer without imidazole (50 mM NaH2PO4, 300 mM NaCl, NaOH, pH 

8) and three times with buffer containing imidazole (50 mM NaH2PO4, 300 mM NaCl, 20 

mM imidazole, NaOH, pH 8) before elution (with 50 mM NaH2PO3, 300 mM NaCl, and 

250 mM imidazole, NaOH, pH 8). Protein concentration was determined by Bradford 

assay (Bradford, 1976) using BSA as a standard. 

         Denaturing SDS-PAGE was performed to assess the purity of recombinant proteins. 

Boiled protein samples were loaded on a 12% polyacrylamide gel and separated at 20 mA 

for 45 min. Proteins were transferred from the gel to PVDF membrane (Millipore) by 

electroblotting at 30 volts overnight at 4 °C. 6xHis-tagged proteins were detected by 

chemiluminescence using the SuperSignal® West HisProbeTM Kit (Thermo Scientific) 

following the manufacturer’s instruction. 

2.2.4 Measurement of dehydrogenase activities using spectrophotometry 

          Dehydrogenase activities of the recombinant proteins with shikimate (SDH) and 

quinate (QDH) were determined photometrically by measuring NADPH or NADH 

production at 340 nm (Ding et al., 2007). An appropriate amount of purified 6xHis- 
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Figure 2.2: Schematic overview of recombinant protein (Poptr1 to Poptr5) 
production, extraction and purification. 
Over-expression constructs carrying the five putative poplar DQD/SDH (Poptr1 to 
Poptr5) coding sequences (derived from USER cloning) were introduced into E.coli 
(strain M15) through electroporation. Transformed bacteria were plated on LB plates 
with selective antibiotic (100 mg/L ampicillin and 25 mg/L kanamycin) and incubated at 
37 °C overnight. Colonies containing desired construct are verified by colony PCR and 
used to inoculate 5 mL LB broth containing selective antibiotics. This pre-culture was 
grown at 37 °C overnight with vigorous shaking. A 50 mL culture was then inoculated 
with the pre-culture and grown at 37 °C until OD600 = 0.6, and isopropylthio-β-
galactoside (IPTG) was added to a final concentration of 0.06 mM. Protein production 
was carried out at 19 °C with shaking for 16 hours. Cells were harvested by 
centrifugation at 4000 x G for 20 min and the cell pellet was used for protein purification. 
6xHis-tagged recombinant proteins were extracted and affinity-purified under native 
condition using Nickel-NTA agarose (Qiagen). The cell pellet was resuspended in 4 mL 
of lysis buffer (50 mM NaH2PO3, 300 mM NaCl, 10mM imidazole, and 1 mg/ml 
lysozyme) and incubated on ice for 1 hr. The mixture was further lysed using a sonicator 
followed by centrifugation at 10000 x G for 30 min at 4 °C. The supernatant was 
incubated with 1 ml of 50% Nickel-NTA agarose suspension on ice for 1hr with 
moderate shaking. The lysate-NTA slurry was loaded onto a polypropylene column and 
washed twice with wash buffer without imidazole (50 mM NaH2PO3, 300 mM NaCl, and 
250 mM) and subsequently three time with buffer containing imidazole (with 50 mM 
NaH2PO3, 300 mM NaCl, and 250 mM imidazole).  Purified proteins were eluted with 
elution buffer (with 50 mM NaH2PO3, 300 mM NaCl, and 250 mM imidazole). 
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tagged protein (0.01-0.05 mg) was mixed with 750 µl of reaction buffer (100 mM Trizma 

base, HCl, pH 8) and 100 µl of 2 mM NADP+ or 50 µl of 5 mM NAD+ at room 

temperature. Reaction was initiated by adding 100 µl of 10 mM shikimate or 100 mM 

quinate. Absorbance changes at 340 nm were measured and recorded every 10s for the 

first one minute and every minute for the following 4 min. Both shikimate and quinate 

dehydroganse activities as a function of pH were determined using different buffer 

systems: NaCH3CO2-CH3CO2H buffer solutions (pH 4 and 5), K3PO4-H3PO4 buffer (pH 

6, 7 and 7.5), Trizma base-HCl buffer (pH 8 and 8.5), and NaHCO3-NaOH buffer (pH 9, 

10 and 11) (Diaz and Merino, 1996). The experimental procedure was the same as 

described above. 

         Kinetic properties (Vmax and Km values) of each enzyme with its preferred 

substrate (shikimate for Poptr1 and Poptr5, quinate for Poptr2 and Poptr3) were 

determined at the optimal pH (pH8.5) using at least 12 concentrations of shikimate 

(ranging from 0.5-1000 μM) and quinate (50-2000 μM). Changes in absorbance were 

converted to enzyme activities (μM･s-1･mg-1) using the equation A=cєl, where A is 

absorbance, c is cofactor concentration, є is NADPH extinction coefficient (6.2×103 L･

mol-1･cm-1) and l is the length of light path (1cm). Three replicates (independent protein 

purifications) were carried out for each reaction to assess the accuracy of this experiment, 

and means were calculated using Excel (Microsoft). Kinetic data of each enzyme were 

plotted and fitted to the Michaelis-Menten model using plotting and curve-fitting tools 

implemented in MATLAB. Maximal velocity values (Vmax) and Michaelis-Menten 

constants (Km) were estimated. Confidence of curve fitting (i.e. 95% confidence bounds, 
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R-square values and root mean square error) was also assessed with MATLAB. Enzyme 

substrate specificities were calculates by dividing Vmax by Km. 

2.2.5 Measurement of dehydratase activities and confirmation of dehydrogenase 

activities using high performance liquid chromatography (HPLC) 

        Due to the reversibility of the shikimate/quinate cycle (Figure 1.5), possible 

multifunctionality of the enzymes analyzed, and variations in co-factor requirements, a 

systematic experimental design was developed to cover all four presumed functions of 

the five putative poplar DQD/SDHs. Recombinant proteins were incubated in reaction 

buffer at pH 8.5 with different combinations of substrates and cofactors as shown in 

Table 2.3. To test for reversible dehydratase activities (DQD and QD), the standard 

reaction mixture consists of purified recombinant protein, pH 8.5 buffer and 3-

dehydroquinate, 3-dehydroshikimate, shikimate or quinate without addition of a cofactor. 

The standard reaction mixture of a dehydrogenase enzyme assay contains enzyme, buffer, 

cofactor and substrate as above. Thirty min incubation time at room temperature was 

allowed. Upon incubation, reaction mixtures were filtered through a 0.22 μm filter and 

loaded onto an Aminex HPX-87H organic acid analysis column (300X7.8 mm I.D.; 9 μm 

particle diameter) (Mousdale and Coggins, 1985, Givry et al., 2007) and separated on an 

Ultimate 3000 HPLC system with a diode array detector (Dionex). Products were 

separated using an isocratic elution system (10 mM H2SO4) over a 40 min period with a 

flow rate of 0.4 ml/min. A control set of assays were prepared with boiled enzymes, 

which were used as negative controls. Reduction in peak area representing substrates or 

increase in peak area representing products was indicative of enzymatic activities. 
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Table 2.3: Experimental design used to test for dehydratase and dehydrogenase activities with HPLC. 
Reactions tested for are given in the first column, and the substrates and cofactors included are indicated by an ‘X’. NAD+ or NADH 
were used for Poptr 2 and Poptr3, NADP+ and NADPH for Poptr1 and Poptr5. SA: shikimate; QA: quinate; DSA: 3-
dehydroshikimate; DQA: 3-dehydroquinate. 
 

 

 
 
  

Reaction tested  SA QA DSA DQA NAD+ or NADP+ NADH or NADPH 
QA->DQA->(DSA)  X   X  
QA->SA  X     
DQA->QA->(SA)       X   X 
DQA->DSA    X   
SA->DSA->(DQA) X    X  
SA->QA X      
DSA->SA->(QA)   X   X 
DSA->DQA     X       
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2.2.6 Poplar DQD/SDH and QDH expression profiling and co-expression analyses 

based on combined Affymetrix microarray expression data 

      All publicly available poplar Affymetrix microarray data (GeneChip® Poplar 

Genome Array) were retrieved from ArrayExpress and GEO (Gene Expression Omnibus) 

at NCBI on July 4th-5th, 2012. This collection of microarray data consists of 43 diverse 

experiment series with a total of 748 array hybridizations covering 17 poplar species. 

Microarray raw expression data were normalized using the MAS5 algorithm (sc=500) 

implemented in R (Gautier et al., 2003; Toufighi et al., 2005). Normalized expression 

data were then divided into three groups (organs and tissues, treatments, and transgenic) 

based on their sample annotations.  Log2-transformed expression values were used for the 

‘organ’ dataset while log2 ratios compared to controls were calculated for the ‘treatment’ 

and ‘transgenic’ groups. From this normalized expression data matrix, expression data 

were extracted to generate expression profiles of the five poplar genes of interest across 

different tissue types and treatments. E-northerns were created using HeatMapper (an 

online tool provided by BAR; Toufighi et al., 2005). 

   Normalized data were also used for a co-expression analysis using the “Expression 

Angler” algorithm also implemented at BAR (Toufighi et al., 2005). Pairwise Pearson 

correlation coefficients (PCC) between genes of interest (poplar DQD/SDHs and QDHs) 

and all other genes were calculated across each dataset, and only the top 25 co-expressed 

genes were retained. 
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2.3 Results 

2.3.1 Sequence diversity in the DQD/SDH superfamily 

         The poplar genome contains five genes, which share sequence similarity with 

functionally characterized DQD/SDHs, and these five genes were annotated as poplar 

DHQD/SDH1 through DHQD/SDH5 (Poptr1 to Poptr5) (Hamberger et al., 2006). 

Protein sequences encoded by the five genes were aligned with functionally characterized 

DQD/SDHs from Arabidopsis, tobacco and tomato (Figure 2.3). There was a high degree 

of sequence conservation throughout the entire sequences, and several key amino acids 

(Singh and Christendat, 2006) essential for substrate binding and catalysis were highly 

conserved as well. Sequence similarity comparisons of these proteins with characterized 

plant enzymes indicated that Poptr1 and Poptr5 share high sequence identity with 

characterized proteins ranging from 56% to 78% for Poptr1 and from 47% to 66% for 

Poptr5. Poptr1 and 5 share relatively high sequence identity (61% for the N-terminal 

DQD domain and 66% for the C-terminal SDH domain) with each other. In contrast, 

Poptr2, Poptr3, and Poptr4 show lower sequence similarities with functionally 

characterized proteins ranging from 24% to 44% (Table 2.4). Protein sequence NJ 

(neighbor joining) trees further highlighted that poplar Poptr1 and Poptr5 are more 

similar to characterized DQD/SDH proteins than Poptr2, Poptr3, and Poptr4. This 

suggests that poplar Poptr1 and Poptr5 are likely to encode true DQD/SDH activities 

while Poptr2, Poptr3, and Poptr4 define a DQD/SDH like group and are potentially 

involved in catalyzing reactions that are similar to DQD/SDH, perhaps using a different 

substrate. All five poplar proteins have comparable low similarities to bacterial SDH 

(AroE) and SDH/QDH (YdiB), but all plant  
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Figure 2.3: Alignment of Populus trichocarpa DQD/SDHs (Poptr1 to Poptr5) with 
functionally characterized plant DQD/SDHs (Arabidopsis thaliana: Arath, Nicotiana 
tabacum: Nicta1-2, Solanum lycopersicum: Solly), and Escherichia coli AroD (DQD), 
AroE (SDH) and YdiB (S/QDH). 
This alignment was generated using ClustalW (Bioedit). The two functional domains 
(DQD and SDH) are highlighted in pink and light blue, respectively. Residues with >70% 
similarity are shaded. Amino acid residues potentially involved in catalysis or substrate 
binding are indicated by arrows. 
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Table 2.4: DQD/SDH protein sequence similarity tables generated with Bioedit. 
The top right triangle gives similarities in the SDH domain of the proteins while the lower left triangle gives similarities in the DQD 
portion. Neighbor Joining trees were produced using the same alignments with Phylip3.69 and placed on the left side (DQD) and top 
(SDH) of their corresponding tables. Sequences included are DQD/SDHs from Arabidopsis (Arath), tomato (Solly), tobacco (Nicta1-
2), poplar (poptr1-5), E. coli (Escco) AroD, AroE and YdiB. 
 

EsccoA roD

Poptr4

Nict a2

Poptr2

Poptr3

Poptr5

Poptr1

So lly

Nict a1

Arath

Seq->
Escco 
AroD      Poptr4    Nicta2    Poptr2    Poptr3    Poptr5    Poptr1    Solly     Nicta1    Arath     

Escco 
AroE      

Escco 
YdiB      

EsccoAroD      ID -- -- -- -- -- -- -- -- -- -- --
Poptr4    0.182 ID 0.684 0.647 0.658 0.528 0.582 0.575 0.5 0.578 0.258 0.301
Nicta2    0.202 0.408 ID 0.776 0.78 0.501 0.539 0.521 0.435 0.556 0.224 0.298
Poptr2    0.212 0.395 0.612 ID 0.903 0.501 0.521 0.517 0.45 0.535 0.229 0.291
Poptr3    0.2 0.404 0.612 0.848 ID 0.501 0.528 0.524 0.453 0.535 0.229 0.278
Poptr5    0.231 0.351 0.384 0.453 0.465 ID 0.664 0.655 0.557 0.606 0.234 0.295
Poptr1    0.238 0.328 0.384 0.45 0.453 0.613 ID 0.784 0.639 0.736 0.25 0.288
Solly     0.226 0.308 0.363 0.431 0.42 0.591 0.669 ID 0.736 0.708 0.242 0.297
Nicta1    0.242 0.332 0.385 0.458 0.446 0.612 0.722 0.832 ID 0.552 0.212 0.248
Arath     0.197 0.246 0.322 0.362 0.359 0.468 0.552 0.475 0.509 ID 0.276 0.296
EsccoAroE      -- -- -- -- -- -- -- -- -- -- ID 0.25
EsccoYdiB      -- -- -- -- -- -- -- -- -- -- -- ID
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SDHs are more similar to bacterial YdiB (25-30% similarity) than to AroE (21-28%). 

2.3.2 Protein structure modeling of poplar DQD/SDHs 

        Protein function is strongly associated with its structure, and changes in structure 

can lead to diversification in protein function (e.g. enzymatic activity). 3D protein 

structures of the five putative poplar DQD/SDHs were modeled based on the known 

structural data of the Arabidopsis DQD/SDH protein (Singh and Christendat, 2006; Singh 

and Christendat, 2007) using the structure prediction tool Phyre. Reliable prediction of a 

protein structure can typically be achieved if it shares sufficient sequence similarity with 

the known structure. As seen in the primary sequence similarity comparison, Poptr 1 and 

Poptr5 share higher sequence similarities with the Arabidopsis DQD/SDH (than members 

from the like group. While Poptr2, Poptr3 and Poptr4 (members from the DQD/SDH like 

group) are more divergent, but were expected to be similar enough to allow determination 

of reliable structure models. Indeed, for all five sequences, 489 residues (over 91% of the 

sequence) were modeled with 100% confidence using the Arabidopsis template.  

2.3.2.1 3-dehydroquinate dehydratase (DQD) 

         The N-terminal DQD domain encompasses the first 316 amino acids of the 

Arabidopsis protein. Analysis of the active sites of the Arabidopsis DQD domain by 

Singh and Christendat (2006) have revealed that Lys241 and His214 are the major 

catalytic groups in this domain: Lys241 forms a Schiff base intermediate with the 

carbonyl group of 3-dehydroquinate during reaction while His214 helps modulate the 

formation and breakdown of this Schiff base intermediate. In addition, Arg279 serves as 

the key binding site for DQA, and some other residues (Glu124, Met271, Phe291 and 
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Gln304) are involved in properly orienting and positioning the substrate (Singh and 

Christendat, 2006). The corresponding amino acids were found to be divergent between 

the DQD and DQD-like groups, but were highly conserved within each group. Again, 

Poptr1 and 5 share most of these amino acid residues with the Arabidopsis DQD 

template, further supporting DQD function being conserved in Poptr1 and 5. In contrast, 

major differences were observed between the Arabidopsis DQD and the DQD domains of 

Poptr2, Poptr3 and Poptr4. For example, the binding group Arg279 in Arabidopsis is 

replaced by a Gln in Poptr2, while Lys241, which is involved in the formation of Schiff 

base intermediate, is still present, His214, which functions as a modulator of the Schiff 

base formation step, is replaced by a Tyr in Poptr2, Poptr3, and Poptr4 (Figure 2.4 and 

Figure 2.5, Appendix A). The replacement of His by Tyr in Poptr2, Poptr3, and Poptr4 

suggests a loss of DQD function in these enzymes. However, the conservation of Tyr 

within the DQD-like group may be an indication of a distinct function performed by 

Poptr2, Poptr3, and Poptr4.  

2.3.2.2 Shikimate dehydrogenase (SDH) 

      The SDH domain spans amino acids 328 to 588 at the C-terminus of the Arabidopsis 

protein. Key amino acid residues required for SDH function have been previously 

identified in Arabidopsis: Lys385 and Asp423 are likely to play an important role in 

catalysis, and Ser336, Ser338 and Try550 are involved in interacting with the C1 

carboxylate (Singh and Christendat, 2006). The two catalytic sites were found to be 

highly conserved across all the examined models. This may be an indication that the 

same basic catalytic capacity is probably maintained across all five enzymes. However, 

variations at the substrate binding sites were observed between members from the SDH 



 

 

71

 
Figure 2.4: Weblogos generated with key amino acid residues of previously 
characterized DQD/SDHs (from Arabidopsis, tobacco, tomato) and the five putative 
poplar DQD/SDHs (Poptr1 to Poptr5), which are potentially involved in reaction 
catalysis (C), substrate binding (SB) or cofactor binding (CB). 
Sites are numbered based on their relative positions in the Arabidopsis DQD/SDH 
structure. Images were produced using the ‘WebLogo’ tool found at http:// 
weblogo.berkeley.edu/ logo.cgi. 
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 Arath DQD 

 Poptr1 DQD 

 Poptr2 DQD 

 
 
Figure 2.5: Active site structure models of the DQD domains of Poptr1 and Poptr2 
in comparison to the known DQD/SDH structure from Arabidopsis. 
DQD active sites are each shown as stick models (left) and as surface models (right). The 
actual structure from Arabidopsis (Arath) is shown in green. The model for Poptr1, 
belonging to the DQD/SDH group, is shown in yellow, and the model for Poptr2, 
belonging to the DQD/SDH-like group, is shown in blue. Amino acids differing from the 
Arabidopsis structure are indicated by arrows. Structure models of Poptr3 to Poptr5 are 
shown in Appendix A.  
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and SDH-like groups.  A key amino acid residue (Ser338 in Arabidopsis) involved in 

interacting with the C1 carboxylate group of the substrate was found to be replaced by 

Gly in Poptr2, Poptr3 and Poptr4 (Figure 2.4 and Figure 2.6, Appendix A). The 

shortening of the side chain results in the weakening of hydrogen bonds, which leads to 

the appearance of an extra pocket in the active site. This allows more bulky substrates to 

fit in. Quinate, which has an additional hydroxyl group at the C1 position when compared 

with the conventional substrate shikimate, would be a good fit. In addition, a Gly residue 

exchanged for Thr381 in Arabidopsis was found to be highly conserved in the SDH-like 

group, and this Thr is replaced by Ser in the bacterial YdiB enzymes with affinities 

towards both shikimate and quinate (Singh and Christendat, 2006). Taken together, the 

two changes to Gly from Ser338 and Thr381 may define recognition of quinate as an 

alternative substrate for Poptr2, Poptr3 and Poptr4.  

2.3.3 Enzymatic characterization of poplar DQD/SDH family members 

Full-length cDNA fragments encoding the five putative poplar DQD/SDHs were PCR 

amplified and cloned into pQE30 expression vectors. Constructs were validated by DNA 

sequencing, and no difference was observed compared to the poplar genome v3.0 gene 

models. The five clones were introduced into E. coli to allow the expression of 

recombinant proteins. Experimental procedures were optimized to allow sufficient 

soluble proteins to be produced. His-tagged versions of the native proteins were purified 

using affinity chromatography. For four out of the five members, sufficient amounts of 

soluble recombinant proteins were purified. Only for Poptr4, no soluble recombinant 

protein was yielded despite further optimization attempts. It was therefore not included in 

further examination. Recombinant proteins (Poptr1, Poptr2, Poptr3 and Poptr5) were 
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Figure 2.6: Active site structure models of the SDH domains of Poptr1 and Poptr2 
in comparison to the known DQD/SDH structure from Arabidopsis. 
SDH active sites are each shown as stick models (left) and as surface models (right). The 
actual structure from Arabidopsis (Arath) is shown in green. The model for Poptr1, 
belonging to the DQD/SDH group, is shown in yellow, and the model for Poptr2, 
belonging to the DQD/SDH-like group, is shown in blue. Amino acids differing from the 
Arabidopsis structure are indicated by arrows. Structure models of Poptr3 to Poptr5 are 
shown in Appendix A. 
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Figure 2.7: SDS-PAGE gel and Western blot analyses of purified proteins (Poptr1-3, 
Poptr5 and GT). 
Recombinant DQD/SDHs (putative) from poplar (Poptr1 to Poptr5) were purified from E. 
coli through Ni-NTA affinity chromatography and separated on a polyacrylamide gel (top, 
stained with coomassie) followed by Western blotting and detection of His-tagged 
proteins using a HisProbe fused to horseradish peroxidase (bottom). 
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assessed with SDS-PAGE and only a single band was apparent after Coomassie staining 

for each poplar putative DQD/SDH (Figure 2.7). Molecular weights of the expressed 

proteins were as expected (ranging from 56 to 58 kDa). Western blotting was performed 

to assess the quality of protein purification, and again, only a single band of the expected 

size was observed for each enzyme. This indicates that no degradation has happened 

during purification steps. The obtained full-length proteins were used for subsequent 

enzyme assays.  

2.3.3.1 Photometric measurement of dehydrogenase activities 

     Dehydrogenase activities of the recombinant proteins with shikimate (SDH) and 

quinate (QDH) were determined photometrically by measuring NADH or NADPH 

production at 340 nm. Under saturating conditions, Poptr1 and Poptr5 displayed strong 

activities with shikimate but no detectable activity with quinate, thus confirming SDH 

activity (Figure 2.8). In terms of co-factor requirements, maximal enzyme activities were 

observed when NADP+ was used as a cofactor, and activities dropped dramatically when 

replacing NADP+ with NAD+. In contrast, Poptr2 and Poptr3 could act on both substrates 

but displayed a much higher preference for quinate compared to shikimate. Only residual 

activities were observed when shikimate was used as a substrate. This shows that Poptr2 

and Poptr3 may encode QDH. Additionally, Poptr2 and Poptr3 appeared to be specific 

for NAD+ since activities for both shikimate and quinate were reduced when NADP+ was 

used as a cofactor. To validate that no endogenous E. coli SDH or QDH were co-purified, 

an unrelated protein of the same size (a glycosyl transferase family protein from poplar) 

was purified in parallel, which resulted in no SDH or QDH activity (Figure 2.7 and 

Figure 2.8). 
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Figure 2.8: Enzyme activities of recombinant Poptr1, Poptr2, Poptr3 and Poptr5 at 
saturating substrate concentrations (1 mM shikimate or 10 mM quinate). 
Cofactor (NADPH or NADH) formation was measured spectrophotometrically at 340 nm 
for 4 min. A purified glycosyl transferase family protein (GT) was used as a negative 
control showing that no endogenous E. coli SDH or QDH were co-purified. 
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2.3.3.2 Determination of dehydratase activities and confirmation of dehydrogenase 

activities using HPLC 

     Traditionally, SDH (QDH) activities are determined by measuring NADPH or 

NADH formation during the dehydrogenation of shikimate (or quinate) to form 3-

dehydroshikimate (or 3-dehydroquinate). This is justified when only one type of reaction 

is present (SDH or QDH). However, the situation is more complex if an enzyme has both 

SDH and QDH activity and/or additional dehydratase activity (either with quinate, i.e. 

QD or with 3-dehydroquinate, i.e. DQD). For example, co-factor consumption when 

using quinate as a substrate can be due to QDH activity (as assumed), but it can also be 

due to a combined QD and SDH activity. Vice versa, apparent SDH activity with 

shikimate could also be due to combined QD and QDH activities (Figure 1.5). Thus, 

theoretically Poptr2 and Poptr3 may not have QDH activity, but QD and SDH activities 

instead. Inversely, it could theoretically also be possible that an apparent SDH activity 

observed with shikimate is instead due to combined QD and QDH activities. To 

distinguish between these possibilities and to validate the photometric assay results, 

recombinant enzymes were mixed with different combinations of substrates and 

cofactors, and reaction products were assessed by HPLC (Figure 2.9, Table 2.5, 

Appendix B).  

     HPLC analysis confirmed the bi-functionality of Poptr1 and Poptr5: they were able 

to catalyze the production of shikimate from 3-dehydroquinate via 3-dehydroshikimate. 

Also the reverse reactions could be catalyzed by the same enzyme. Neither enzyme was 

able to use quinate as a substrate in the presence or absence of a cofactor (i.e. no apparent 

QD or QDH activity). This confirmed the specificity of Poptr1 and 5 towards shikimate  
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Figure 2.9: HPLC elution profiles of enzyme assays catalyzed by recombinant 
poplar DQD/SDH1 (Poptr1, top) and QDH1 (Poptr2, bottom). 
Substrates, products, and cofactors were separated using HPLC equipped with a diode 
array detector. Poptr1 enzyme incubated with 3-dehydroquinate (DQA) and NADPH 
resulted in the formation of shikimate (SA) and 3-dehydroshikimate (DSA), confirming 
DQD/SDH activity. Poptr2 was incubated with quinate (QA) and NAD+ resulting in the 
formation of 3-dehydroquinate (DQA) and 3-dehydroshikimate (DSA), confirming 
DQD/QDH activity. Boiled enzymes were used in control experiments. Additional HPLC 
results from a systematic evaluation of all four anticipated activities (Table 2.5) are 
shown in Appendix B.  
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Table 2.5: Enzymatic activities of poplar recombinant DQD/SDHs (Poptr1 and 
Poptr5) and QDHs (Poptr2 and Poptr3) determined with HPLC. 
Substrates and cofactor were used at saturating concentrations and are given in the first 
two columns, which are followed by the possible reactions and enzymatic activities 
hypothesized. Products (SA: shikimate; QA: quinate; DSA: 3- dehydroshikimate; DQA: 
3-dehydroquinate) identified based on authentic standards through HPLC analysis from 
the given substrate (first column) are indicated as ‘+’, compounds not detectable are 
indicated as ‘-’. 
 

DQA DSA SA QA

DQA NADPH DQA à QA --> SA(QDH, QD);
DQA à DSA à SA (DQD, SDH)

DQA - DQA à DSA (DQD) + - - DQD
DSA NADPH DSA à SA à QA (SDH, QD);

DSA à DQA à QA (DQD, QDH)
DSA - DSA à DQA (DQD) + - - DQD
SA NADP+ SA à DSA à DQA (SDH, QDH);

SA à QA à DQA(QD, QDH)
SA - SA à QA (QD) - - - No QD
QA NADP+ QA à DQA à DSA (QDH, DQD)

QA à SA à DSA (QD, SDH)

QA - QA à SA (QD) - - - No QD

DQA NADH DQA à QA à SA (QDH, QD);
DQA à DSA à SA (DQD, SDH)

DQA - DQA à DSA (DQD) + - - DQD
DSA NADH DSA à SA à QA (SDH, QD);

DSA à DQA à QA (DQD, QDH)
DSA - DSA à DQA (DQD) + - - DQD
SA NAD+ SA à DSA à DQA (SDH, DQD);

SA à QA à DQA (QD, QDH)
SA - SA à QA (QD) - - - No QD
QA NAD+ QA àDQA à DSA (QDH, DQD)

QA àSA à DSA (QD, SDH)

QA - QA à SA (QD) - - - No QD

+ +

Substrate used Cofactor used Possible reactions (enzyme activity)
Products formed

        Poptr1 and Poptr5

Enzyme activity detectable

+ + -

+ + -

-

SDH No QD

SDH No QD

No QD

DQD No QDH

DQD No QDH

DQD SDH No QDH

No QD QDH

- - - No QD

- DQD SDH No QD

No QDH

         Poptr2 and Poptr3

+ - + DQD

+ + - DQD SDH No QD

+ +

QDH+ + - DQD No QD

 
Note: based on photometric assay results, Poptr1 and Poptr5 prefer NADP as a cofactor while Poptr2 and 3 
demonstrated higher activities with NAD. Enzymatic activity of each enzyme was tested in the presence of 
its preferred cofactor with HPLC.
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biosynthesis via 3-dehydroshikimate only. HPLC results also confirmed that Poptr2 and 

Poptr3 were able to act on quinate to produce 3-dehydroquinate using NAD+ as a 

cofactor, confirming that the photometric assays indeed measured QDH activity. Also 

SDH activity was detectable, but it was significantly lower when compared to QDH 

activity. In the absence of a cofactor, no conversion of quinate to shikimate was observed 

for either of the two enzymes (i.e. Poptr2 and Poptr3 do not have QD activity). In 

contrast, both Poptr2 and 3 maintained DQD activity, but at a very low rate. Thus it 

appeared that rather than gaining QD activity, the DQD activity was maintained, but the 

low levels of activities suggests that they might be in the process of losing this activity. 

2.3.3.3 Determination of optimal pH condition 

      The apparent absence of QD activity allowed me to distinguish SDH and QDH 

activities quantitatively using spectrophotometry. pH optima were determined for both 

SDH and QDH reactions using different buffer systems ranging from pH 5 to 11. Both 

types of reactions had similar pH optima with all enzymes displaying high activity under 

basic conditions. The optimal pH for all reactions was determined to be between 8.5 and 

9.5, and activities dropped quickly when the pH was shifted from the optimal pH (Figure 

2.10).  

2.3.3.4 Kinetic analyses of Poplar SDHs and QDHs 

       Saturation kinetics of each enzyme were determined at various substrate 

concentrations in triplicates using saturating amounts of cofactor (NADP+ for SDHs and 

NAD+ for QDHs) under optimal assay conditions (Figure 2.11, Table 2.6). Enzymes 

exhibited typical Michealis-Menten kinetics, and Km and Vmax values were determined  
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Figure 2.10: Enzymatic activities of poplar recombinant DQD/SDHs (Poptr1 and 
Poptr5) and QDHs (Poptr2 and Poptr3) as a function of pH. 
Enzyme activities were determined spectrophotometrically with substrate concentration 
of 100 µM. Shikimate was used as a substrate for Poptr1 and Poptr5 while quinate was 
used for Poptr2 and Poptr3. Relative Activities (the maximal activity of a given enzyme 
was set to 100%) at pH ranging from 5 to 11 were determined and used to generate pH 
curves using Curve Fitting Toolbox™ implemented in MATLAB assuming Gaussian 
distribution. 
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Figure 2.11: Kinetic analysis of poplar recombinant DQD/SDHs (Poptr1 and 
Poptr5) and QDHs (Poptr2 and Poptr3). 
Either shikimate (DQD/SDHs) or quinate (QDHs) was used as a substrate with at least 12 
concentrations of substrate (ranging from 0.5 to 2000 µM). The preferred cofactor was 
kept at saturating concentrations. Kinetic data were averaged across three replicates, 
plotted and curve-fitted to the Michaelis-Menten (non-linear) model with Curve Fitting 
Toolbox™ implemented in MATLAB. 
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Table 2.6: Kinetic properties of poplar recombinant DQD/SDHs (Poptr1 and Poptr5) and QDHs (Poptr2 and Poptr3). 
Either shikimate (DQD/SDHs) or quinate (QDHs) was used as a substrate with at least 12 concentrations of substrate (ranging from 
0.5 to 2000 µM). The preferred cofactor was kept at saturating concentrations. Vmax and Km values were estimated based on non-
linear fitting to the Michaelis-Menten model using Curve Fitting Toolbox™ implemented in MATLAB. Vmax and Km values 
represent averages of 3 independent replicates. Confidence of curve fitting (i.e. 95% confidence bounds, R2 values and root mean 
square error (RMSE)) was assessed with MATLAB. Enzyme substrate specificities were calculates by dividing Vmax by Km. 

  
Vmax Vmax 95%  Km Km 95%  

R2 RMSE Vmax/Km (μM.s-1.mg-1) confidence bounds (μM) confidence bounds 
Poptr1 (DQD/SDH1) 323.1 311.9 334.3 223.1 198.6 247.5 1.00 6.95 1.45 
Poptr5 (DQD/SDH2) 70.0 60.9 79.0 345.8 249.7 442.0 0.99 1.99 0.20 
Poptr2 (QDH1) 67.0 63.4 70.5 334.4 287.4 381.5 1.00 1.24 0.20 
Poptr3 (QDH2) 73.8 69.0 78.5 321.3 265.9 376.6 0.99 1.67 0.23 
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using a non-linear regression model (Michealis-Menten model). For Poptr1, recombinant 

enzyme showed a relatively high affinity (Km=223.1 µM) and high enzyme activity 

(Vmax=323.1 μM･s-1･mg-1) towards shikimate. In comparison, Poptr5 showed lower 

shikimate affinity (Km=345.8 µM) and lower maximal activity (Vmax=67.0 μM･s-1･mg-

1) than Poptr1. Using quinate as a substrate, Poptr2 and Poptr3 showed similar kinetic 

properties (Km=334.4 µM and 321.3 µM, Vmax=67.0 μM･s-1･mg-1 and 73.8 μM･s-1･

mg–1, respectively). Determination of Km and Vmax for Poptr2 and Poptr3 with 

shikimate was not feasible because activities with shikimate were undetectable at 

substrate concentration of less than 100 µM.  Based on these enzymatic properties, I 

assigned the names DQD/SDH1 and DQD/SDH2 to Poptr1 and Poptr5, and QDH1 and 

QDH2 to Poptr2 and Poptr3, respectively. Poptr4 was assigned the name QDH3 owing to 

its higher similarity to QDHs than to SDHs.  

2.3.4 Expression profiling of Poplar DQD/SDHs and QDHs using combined 

Affymetrix microarray data 

        To assess expression profiles of Poplar DQD/SDHs and QDHs across different 

organs as well as their induction in response to environmental stimuli and genetic 

modifications, publicly available poplar Affymetrix microarray data (748 hybridizations) 

were retrieved, normalized, and grouped into organ-specific samples, treatments 

(compared to the respective controls), and mutant (transgenics) vs. wildtype comparisons. 

Processed data were extracted from each group to generate expression profiles of 

DQD/SDHs and QDHs. DQD/SDH1 (Poptr1) is constitutively expressed (at a moderate 

level) across a wide range of tissues, and it is highly expressed in reproductive organs and  
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Figure 2.12: Organ-specific expression of poplar DQD/SDHs and QDHs (A), and 
their responses to changing environmental factors (B) and to genetic modifications 
(C). 
Publicly available large-scale Affymetrix microarray expression data for any Populus 
species were compiled, normalized, and grouped based on experiment annotations. Log-
transformed expression ratios (A: Organ-specific expression data are shown relative to 
the mean expression of the respective gene across all experiments; B and C: treatment 
and mutant expression data relative to the respective control experiments) were 
visualized as heatmaps. 
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actively growing tissues, such as shoot apices and leaf primordia (Figure 2.12A). In 

contrast, DQD/SDH2 (Poptr5) was found to be expressed to high levels in lignified 

tissues, while its expression in most other tissue types are negligible. Both QDH 1 and 2 

(Poptr2 and Poptr3) were found to be highly expressed in roots. QDH2 is in addition 

highly expressed in vascular tissues and reproductive organs. QDH3 (Poptr4) showed a 

distinct expression pattern. Its expression was found predominantly in leaves, bark and 

seedlings. Quinate and its derivatives are known to accumulate to high levels in leaves 

and bark. Thus, its expression pattern suggests a potential role of QDH3 in the production 

of quinate and quinate derivatives in leaves even though this could not be proven 

biochemically due to difficulties in producing recombinant protein. QDQ/SDHs and 

QDHs respond differently to environmental stresses and genetic modifications (Figure 

2.12B and C). The expression of DQD/SDH1 is induced by water limitation especially in 

cotyledons and stomata, while the other genes do not seem to be influenced by water 

shortage. QDH1 showed high sensitivity towards light condition and temperature 

changes, and its expression was induced by cold temperature at night.  Most interestingly, 

QDH3 showed a marked response to wounding and fungal infection, and its expression 

level was also increased in plants over-expressing a transcription factor involved in plant 

defense (WRKY23). This suggests an important defensive role of QDH3.  

2.3.5 Co-expression analysis using combined Affymetrix microarray data 

         Genes encoding the same biochemical function may have distinct physiological 

functions, and this can be inferred by differential expressions of different isoforms. On 

the other hand, genes encoding different enzymatic functions, but acting in the same 

metabolic or physiological pathway may show similar gene expression patterns and 
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response profiles. In other words, co-expressed genes are likely to be involved in the 

same physiological process. To further correlate distinct gene functions of DQD/SDHs 

and QDHs with their physiological roles, a co-expression analysis was carried out using 

Pearson correlation analysis with Affymetrix microarray expression data. The top 25 co-

expressed genes were retained (Figure 2.13, Appendix C). DQD/SDH1 was found to be 

co-expressed with three shikimate pathway genes (DHAP synthase (annotated as 2-

dehydro-3-deoxyphosphoheptonate aldolase in Figure 2.13), EPSP synthase and 

chorismate mutase), three tRNA synthetases including a phenylalanyl-tRNA synthetase, 

and a putative chaperonin involved in protein folding, which suggests its role in aromatic 

amino acid biosynthesis destined for protein production (primary metabolism). In 

contrast, results for the other four genes were less informative. A large number of the co-

expressed genes encode hypothetical proteins with unknown function, preventing 

immediate interpretations.  

2.4 Discussion 

        The present work demonstrated that the poplar DQD/SDH family has diverged into 

two groups with one being specific for shikimate (SDHs) and the other being specific for 

quinate (QDHs). This is one of the rare examples of having both primary (SDH) and 

secondary (QDH) functions present in a comparably small family. The three poplar 

QDHs were originally annotated as DQD/SDHs due to fact that they share significant 

sequence similarity with previously characterized DQD/SDHs. More careful sequence 

comparison with functionally characterized DQD/SDHs revealed that QDHs are indeed 

distinct, and this was validated by molecular modeling and in vitro enzymatic analysis. 

Moreover, DQD/SDHs and QDHs showed different expression patterns and stress 
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Figure 2.13: Identification of genes that are co-expressed with DQD/SDH1 by doing co-expression analysis with large-scale 
microarray expression data (A: organ-specific; B: treatment; C: transgenic). 
Normalized microarray expression data were subject to co-expression analysis using the ‘ExpressionAngler’ algorithm. Pairwise 
Pearson correlation coefficients between a gene of interest and all other genes were calculated across each dataset, and the top 25 
genes (r > 0.5) were retained. See Appendix C for lists of genes which are co-expressed with DQD/SDH2 and QDH1-3. 
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responses, which suggests different physiological and ecological roles of these two 

enzymes in plants.  

2.4.1 Determination of key amino acid residues involved in substrate discrimination 

    Conservation of key amino acid residues between poplar QDHs and Arabidopsis 

SDH domain was assessed by modeling the active sites from these enzymes. Comparison 

revealed two distinct sites which were specific for QDHs. Ser338, which has been 

previously identified to be essential to proper function of SDH in Arabidopsis (Singh and 

Christendat, 2006), is replaced by Gly in all Poplar QDHs. It has been experimentally 

proven that mutations at this position in Arabidopsis SDH domain could lead to reduction 

in reaction rate (Singh and Christendat, 2006). The same Ser-to-Gly replacement has also 

been found in one of the two tobacco DQD/SDH isoforms (NtDQD/SDH2), and 

NtDQD/SDH2 has been found to have reduced SDH activity compared to NtDQD/SDH1 

(Ding et al., 2007). The ability of NtDQD/SDH2 to use quinate as a substrate was not 

tested in their study, but it was proposed that “the preferred substrate of the enzyme in 

vivo is in fact a derivative of shikimate exhibiting a larger functional group at the C1 

position” (Ding et al., 2007), essentially describing quinate. Protein modeling also 

highlighted the importance of this replacement to QDH activity. This Ser-to-Gly 

conversion has led to the appearance of extra space around the C1 position, which allows 

quinate to fit in. All these together suggest an indispensable role of this Gly residue to 

QDH activity. Beside Ser338, one more site was found to be different between poplar 

QDHs and Arabidopsis SDH: Thr381 (Arabidopsis) is changed to Gly in all QDHs. The 

role of this residue in catalysis has not been well documented. However, it is noted that 

this Thr residue is replaced by Ser in YdiB and SDH-like enzymes (Singh and 
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Christendat, 2006), which are able to take both shikimate and quinate as substrates. Both 

Gly and Ser have relatively smaller side groups than Thr, and this allows more space to 

accommodate quinate. It seems likely that Thr has to be changed to a smaller amino acid 

in order for QDH activity to be gained, possibly by accommodating quinate’s less planar 

cyclohenane ring chair or twist-boat conformation compared to the more planar half-

chair cyclohexene conformation of shikimate. The replacement of Thr by Gly may not be 

absolutely necessary for the gain of this function. However, it is apparently important for 

QDH activity to be optimized since poplar QDHs with Gly prefer quinate greatly over 

shikimate as a substrate whereas YdiB having a Ser at this position accepts both quinate 

and shikimate. It will be interesting to see the effect if Thr is converted into Ala, which is 

also a small amino acid lacking a hydroxyl group in the side chain (similar to Gly).  

2.4.2 Functional characterization of DQD/SDHs and QDHs in poplar 

        Enzymatic properties of recombinant poplar DQD/SDHs and QDHs were assessed. 

The observed Km(shikimate) values for poplar SDHs were 223.1 µM (DQD/SDH1) and 

345.8 µM (DQD/SDH2). These values are within the Km(shikimate) range of functionally 

characterized SDHs (Tobacco1: 130+15µM; Arabidopsis: 685+36µM; English walnut: 

860µM; Pinus taeda: 700 µM and 800 µM) (Singh and Chritendat, 2006; Muir et al., 

2001; Ding et al., 2007; Ossipov et al., 2000).  Poptr2 and Poptr3 (QDH1 and QDH2) 

showed smaller Km(quinate) values (334.4 µM and 321.3 µM) when comparing with the 

Km values of previously characterized (i.e partially purified) QDHs ranging from 1.84 

mM to 3.6 mM (Ossipov et al., 1995; Kang and Scheibe, 1993; Ossipov et al., 2000). In 

other words, Poplar QDHs showed much higher affinities towards quinate. This may be 
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an indication that they have been more optimized for quinate biosynthesis. Both SDHs 

and QDHs shared similar optimal pH (between 8.5 and 9.5), which was consistent with 

the pH range seen in tobacco (9.0-9.4) (Ding et al., 2007). NADP+ is preferred by 

tobacco SDHs as a cofactor. The same preference was observed for poplar SDHs. 

However, variations in cofactor preference have been reported for QDHs.  QDHs from 

bacteria and plant such as beans and corns (angiosperms) use NAD preferentially as a 

cofactor (Minamikawa, 1970; Graziana et al., 1980; Kang and Scheibe, 1993). In 

contrast, QDHs from gymnosperms prefer NADP (Ossipov and Shein, 1986). Thus, it 

was not surprising that poplar QDHs preferred NAD over NADP as a cofactor. SDH 

activity has been primarily found in chloroplast, where photosynthesis takes place. 

NADPH is generated during photosynthetic steps and ready to be used by SDH as a 

cofactor. In contrast, the location of QDH activity remains unclear. There have been 

some speculations on where QDHs are localized. However, inconsistency exists and 

experimental evidences are scarce. The possibility of having different isozymes localized 

to different subcellular compartments remains high. This may help explain the variations 

in cofactor preference observed for plant QDHs, which is largely dependent on the 

availability of a certain cofactor in a specific subcellular compartment.  

2.4.3 Association of SDH and QDH activities 

     In bacteria, there are two types of SDHs: one can react with only shikimate (AroE) 

while the other is able to take both shikimate and quinate as substrates at similar rates 

(YdiB) (Michel et al., 2003). Based on sequence similarity analysis, both plant SDHs and 

QDHs are more closely related to bacterial YdiB (sequence identity scores ranging from 

0.25-0.30) than AroE (scores ranging from 0.21-0.28) (Table 2.4) although scores are low 
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in general. Thus, it is tempting to speculate that plants may have inherited both activities 

initially, at least to some extent. However, one of the two functions may not be 

experimentally apparent or biologically significant. SDH and QDH activities have been 

measured in a few plant species. In some plant species, the activities of SDH and QDH 

are encoded by two separate enzymes (Marsh et al., 2009; Graziana et al., 1980) while 

these two activities can be present in a single enzyme in some coniferous species 

(Ossipov et al., 2000). However, in the latter case, it remains unclear if the two activities 

are encoded by one enzyme with two functional domains or one protein with dual 

substrate specificities. In this work, two poplar QDHs were presented with residual SDH 

activity, and sequence analysis and protein modeling supported these two as enzymes 

with dual substrate specificities. Enzymes which can act on both shikimate and quinate 

equally have only been found in coniferous species, which appear to have relatively slow 

evolution rate (Buschiazzo et al., 2012).  In contrast, most angiosperms have specialized 

SDHs or QDHs. Since gymnosperms have evolved at a lower rate than angiosperms, they 

would probably represent the ancestral situation better. Taken together, this suggests that 

the common ancestor of seed plants probably had both activities in one enzyme. After 

gene duplication, angiosperms have evolved fast enough to allow gene duplicates to be 

specialized in one of the two original functions while slowly-evolving gymnosperms may 

still be in the process of optimizing either function.  

2.4.4 Absence of QD activity 

         Previous work has demonstrated that quinate can be taken up by intact leucoplasts 

from pea roots and shuffled to the shikimate pathway for aromatic amino acid 

biosynthesis (Leuschner and Schultz, 1991).  An enzyme (quinate dehydratase/hydrolyase 
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QD) catalyzing the direct conversion of shikimate from quinate has been isolated and 

characterized from pea root by the same group (Leuschner et al., 1991; Schmidt et 

al.,1991). The reaction mechanism of QD resembles that of DQD. Poplar QDHs (Poptr2, 

Poptr3 and Poptr4) contain domains that are similar to DQD. As a result, a hypothesis 

was made that QD activity may be encoded by the DQD-like domain in poplar QDHs. In 

vitro enzyme assays rejected this hypothesis. DQD activity was maintained in QDHs at 

extremely low levels. However, QD activity has not been gained since shikimate cannot 

be converted into quinate or vice versa. It remains possible that QD activity is encoded by 

a different gene, which shares no similarity with DQD. More work needs to be done to 

biochemically characterize QD in poplar if it is present. The presence of residual DQD 

activity in poplar QDHs suggests that it may be in the process of losing it. However, this 

is not accompanied by the gain of QD activity. Instead, it may have gained an alternative 

activity, which was not tested here. However, it still remains possible that the presence of 

the DQD-like domains in poplar QDHs is only for structural reasons.  

2.4.5 Organ specific expression of poplar DQD/SDHs and QDHs 

      The divergent biological roles of shikimate as a precursor in both primary metabolism 

(e.g. protein biosynthesis) and secondary metabolism (e.g. lignin biosynthesis) suggest 

that genes encoding the same biochemical function may have different physiological 

roles. This can be indicated by differential expression of the isoforms: one isoforms may 

be constitutively expressed in all tissues (specific to aromatic amino acid production for 

protein biosynthesis) while others may be predominantly expressed in tissues undergoing 

secondary cell wall biogenesis such as developing xylem (specific to lignin biosynthesis). 

Likewise, QDH isoforms may be preferentially expressed in leaf or bark tissue due to 
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their roles in quinate and chlorogenic acid synthesis (chlorogenic acid accumulates in 

poplar leaves and barks). Expression profiling based on large-scale microarray data 

revealed that DQD/SDH1 was constitutively expressed across different tissues with 

highest expressed in actively growing tissues. Along with co-expression analysis result, it 

suggests that DQD/SDH1 is involved in housekeeping primary function (protein 

production). DQD/SDH2 was found to be highly expressed in vascular tissues, which 

suggests a role in lignin biosynthesis. However, this was not further supported by co-

expression analysis. DQD/SDH2 was not found to be co-expressed with gene involved in 

monolignol biosynthesis. QDH1 and 2 were preferentially expressed in roots. Some 

shikimate pathway enzymes are expressed at high levels in roots (Weaver and Herrmann, 

1997), and a role of shikimate-derived compounds was suggested in creating and 

maintaining the rhizospheric microbial community (Phillips et al.,1994). In contrast, the 

presence of quinate and its derivatives in roots has not been well studied and documented. 

However, the high expression of quinate specific genes in roots does indicate a role of 

quinate-derived compounds in underground tissues. QDH3 was found to be expressed 

predominantly in leaves, bark and seedlings suggesting that QDH3 may be responsible 

for the production of quinate and its derivatives in plants. Unfortunately, the expression 

of recombinant QDH3 in bacterial system proved to be unsuccessful, which made in vitro 

determination of the biochemical properties of this enzyme impossible. This may be 

attributed to the fact that plants and bacteria have different preferences on codons 

encoding the same amino acid; plant proteins may not be properly expressed due to the 

lack of a specific codon in the bacterial system. Future work may include trying to 
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express this protein in a eukaryotic system, and study of recombinant QDH3 will provide 

more insight into both biological and physiological roles of this enzyme.  

2.4.6 Response of poplar DQD/SDHs and QDHs to environmental stresses 

     The shikimate pathway serves as a bridge connecting primary carbohydrate 

metabolism with the production of the three aromatic amino acids, which are precursors 

of plant secondary metabolites playing adaptive and protective roles in plants. As plants 

thrive through challenges posed by changing environment, their demands for shikimate-

derived compounds also change (Weaver and Herrmann, 1997). It is evident that 

enzymes catalyzing the shikimate pathway are strongly influenced by environmental 

factors including light, temperature, pathogens, wounding and nitrogen availability. 

Although the mechanism has not been well understood, the production of DAHP synthase 

(the first enzyme of the shikimate pathway) has been found to be induced in response to 

nitrogen starvation. In addition, light is an important factor that influences the expression 

of shikimate pathway genes. Expression levels of the shikimate pathway enzymes are 

also affected by biotic stresses. In response to wounding, potato is able to produce more 

active DAHP synthase proteins which results in an increase in total enzyme activity 

(Dyer et al., 1989). DAHP synthase was also shown to have a remarked response to 

fungal elicitors in Arabidopsis (Keith et al., 1991). In this study, stress profiles of poplar 

DQD/SDHs and QDHs in response to wounding and fungal elicitors were assessed using 

extensive microarray expression data. Both DQD/SDHs and QDHs showed response to 

some levels, but QDH3 was the only one which can respond markedly to both wounding 

and fungal infection. It was demonstrated previously in this work that QDH3 is 

preferentially expressed in leaves, supporting its role in the production of quinate and its 
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derivatives (e.g. chlorogenic acids) in leaves. Chlorogenic acids have been claimed to 

have both anti-microbial (Desotillo et al., 1998) and anti-fungal activities (Ma et al., 

2007). Early work has shown that transgenic tobacco plants with suppressed levels of 

phenylalanine ammonia-lyase (PAL) show low levels of chlorogenate production and 

subsequently more rapid lesion development than wildtype plants after being exposed to 

virulent fungal pathogen (Maher et al., 1994). Additionally, quinate is also found to 

accumulate to a high level in immature fruits (of Amelanchier alnifolia), and its 

concentration drops gradually during the ripening process. This suggests a role of quinate 

in maintaining the astringency in immature fruits, which is necessary in protecting young 

fruits against herbivory (Rogiers and Knowles, 1997). QDH3, which is potentially 

involved in quinate biosynthesis, may therefore be important in plant defense. This is 

supported by the induction of this gene by wounding and fungal infection. Moreover, the 

expression of QDH3 was found to be induced in poplar plants over-expressing WRKY23, 

a transcription factor involved in the regulation of plant defense to pathogens and abiotic 

stresses (Rushton et al., 2010). Together this suggests an important role of QDH3 in plant 

defense. 

       In conclusion, it was demonstrated in this study that some of the previously 

annotated DQD/SDHs in poplar are indeed QDHs. It is also the first time that plant 

QDHs have been cloned and functionally characterized. Despite similarities in reaction 

mechanism and substrate structure, individual DQD/SDH and QDH isoforms are distinct 

in terms of their expression patterns and stress profiles, which may be a reflection of 

different physiological functions. DQD/SDH1and 2 are likely involved in functions 

(protein production and lignin biosynthesis) that are essential to plant survival, while 
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QDHs are more likely related to plant adaptation and defense (secondary metabolism). 

There has been evidence supporting that genes of plant secondary metabolism are derived 

from primary metabolic genes (Pichersky and Gang, 2000), and here we are presenting an 

example of it with QDHs (secondary metabolism) being derived from DQD/SDHs 

(primary metabolism). However, additional investigation is necessary to provide insight 

into the evolutionary history of both shikimate and quinate biosynthesis. 
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Chapter 3 Subcellular Localization of Poplar  
DQD/SDHs and QDHs 

 

3.1 Introduction 

         Plant cells contain distinct subcellular compartments (organelles) which are 

responsible for specialized functions including photosynthesis, energy generation, amino 

acid biosynthesis, etc. The majority of proteins present in different organelles are 

encoded by the nuclear genome and synthesized as precursor proteins in the cytoplasm. 

Protein precursors contain targeting signals, which are crucial for correct sorting of these 

proteins to their appropriate subcellular destinations (Della-Cioppa et al., 1987). There 

are two types of signaling peptides depending on their positions in a protein: terminal 

signaling peptides and internal signaling peptides (Lytovchenko et al., 2013; Nilsson et 

al., 2001). Signaling sequences are recognized by receptor proteins localized on the 

surface membrane of the destination organelles, and specific protein complexes enable 

these proteins to travel through membranes. Delivery of proteins may be coupled with 

protein translation (co-translational translocation; e.g. proteins localized to rough 

endoplasmic reticulum) or occur after translation (post-translational translocation; 

proteins with other localizations) (Della-Cioppa et al., 1987).  

         The chloroplast is an organelle that is found in plants and some other eukaryotic 

organisms, and it plays indispensible roles in many plant metabolic processes including 

photosynthesis and biosynthesis of many important metabolites such as carbohydrates, 

lipids and amino acids (Smeekens et al., 1990). It has been well accepted that 

chloroplasts have evolved from cyanobateria through endosynbiosis. Chloroplasts are 
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semi-autonomous organelles that possess their own genome. However, the number of 

genes encoded in the plastid genome has been reduced dramatically in the course of plant 

evolution. Many genes have been transferred from the plastid genome to their host 

nuclear genome (Bhushan et al., 2006; Li and Chiu, 2010; Bruce, 2000). Over 90% of the 

proteins present in chloroplasts are encoded in the host nucleus. The nuclear-encoded 

plastidial proteins are synthesized in the cytoplasm as precursor proteins containing N-

terminal transit peptides (chloroplast targeting peptides: cTPs), which facilitate protein 

transport into chloroplasts (von Heijne et al., 1989; Emanuelsson and von Heijne, 2001; 

Zhang and Glaser, 2002; Shi and Theg, 2013). After being imported, cTPs are cleaved off 

by proteases inside chloroplasts to produce mature proteins. Import of proteins into 

chloroplasts is a highly regulated process, which includes several steps: phosphorylation 

of a specific serine or threonine residue in the cTP region, the formation of a hetero-

oligmeric guidance complex, the recognition of cTPs by the translocase complexes 

located in the outer and inner membranes of plastids (TOC and TIC) (Glaser and Soll, 

2004; Jarvis and Robinson, 2004) and translocation through the TOC and TIC complexes 

(Soll and Schleiff, 2004; Keegstra and Froehlich, 1999; Jarvis and Soll, 2001; 

Waegemann and Soll, 1996; May and Soll, 2000). Early work has been devoted to 

determine conserved “homology blocks” in cTPs. However, unlike signaling peptides 

targeting proteins to other organelles, cTPs do not have a highly conserved sequence 

motif. One study suggests that Arabidopsis cTPs can be subdivided into at least seven 

groups with distinct sequence motifs (Lee et al., 2008). Although attempts to identify 

conserved motifs in cTPs have proven to be unsuccessful, studies of amino acid 

composition of cTPs revealed that they contain a large number of hydrophobic and 
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positively charged amino acids but low abundance of acidic amino acids (Zhang and 

Glaser, 2002; von Heijne et al., 1989; Gavel and von Heijne, 1990). In addition, cTPs are 

found to share a three-domain structure composed of an N-terminal segment with 

uncharged amino acids, a central segment lacking acidic amino acids, and a C-terminal 

part involved in the formation of amphiphilic β strand (Gavel and von Heijne, 1990). 

Also, a loosely defined cTP sequence motif ((Val/Ile)-X-(Ala/Cys)lAla) was reported by 

the same group with a relatively low matching rate (9/32) (Gavel and von Heijne, 1990).  

          A complete set of enzymes involved in the shikimate pathway have been 

demonstrated to be located in plastids (Bickel et al., 1978; Bagge and Larsson, 1986; 

Benesova and Bode, 1992; Homeyer and Schultz, 1988; Mousdale and Coggins, 1985; 

Mousdale and Coggins, 1986). However, most of the available evidence is based on 

detection of enzymatic activities in plastidial fractions of plant extracts or detection of 

radio-labeled aromatic amino acids in isolated chloroplasts fed with labeled precursors 

(e.g. PEP). There have only been a few shikimate pathway enzymes with their plastidial 

localizations confirmed with GFP (green fluorescent protein) fusion protein experiments 

or protein import assays (Maede and Dudareva, 2012; Ding et al., 2007; Della-Cioppa et 

al., 1986; Kasai et al., 2005; Zhao et al., 2002).  

        There has been a debate on whether or not there is a second set of shikimate 

(aromatic amino acid biosynthesis) pathway enzymes present outside of plastids. This is 

supported by the identification of cytosolic isoforms for some shikimate pathway 

enzymes including DAHP synthase, DQD/SDH and EPSP synthase (Schmid and 

Amrhein, 1995, Ding et al., 2007; Feierabend and Brassel, 1977). Recent research has 

demonstrated that chorismate mutase (CM) is present in both plastids and the cytosol, but 
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all arogenate dehydrogenase (ADH) and arogenate dehydratase (ADT) isoforms, which 

catalyze the ultimate steps of tyrosine and phenylalanine biosynthesis, respectively, are 

localized to plastids in Arabidopsis (Rippert et al., 2009). This excludes the possibility of 

having tyrosine and phenylalanine synthesized in the cytosol. Given that the shikimate 

pathway plays divergent roles in protein production as well as the biosynthesis of plant 

secondary metabolites, a dual-pathway hypothesis was proposed that the plastidial 

shikimate pathway is responsible for the production of amino acids for protein 

production, while the shikimate pathway located in the cytosol is responsible for the 

production of precursors of secondary metabolites, which may be involved in plant 

defense (Herrmann, 1995; Weaver and Herrmann, 1997; Schmid and Amrhein, 1995). 

Consistently, two DAHP synthase isoforms have been identified in Arabidopsis with one 

being localized in chloroplasts and the other being cytosolic (Keith et al., 1991). These 

two isoforms are differentially expressed and regulated. The plastidial isoform is 

constitutively expressed, and this suggests that this enzyme may be involved in primary 

function (protein biosynthesis). The cytosolic isoform is highly induced by wounding and 

pathogen infection suggesting a role in plant secondary metabolism (Keith et al., 1991; 

Maede and Dudareva, 2012). Despite the identification of cytosolic isoforms for some of 

the shikimate pathway enzymes, it still remains unclear if a whole set of the shikimate 

pathway enzymes are present in the cytosol.  

         Determination of protein subcellular localization is essential to understanding 

protein function. Here, a question regarding the subcellular localizations of poplar 

DQD/SDHs and QDHs was addressed using both online prediction tools and YFP 

(yellow fluorescent protein) fusion proteins. It has been shown previously that shikimate 
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biosynthesis is localized to plastids (Bickel et al., 1978; Herrmann and Weaver, 1999; 

Maeda and Dudareva, 2012), while the subcellular localization of quinate biosynthesis 

remains unclear. With its substrates (3-dehydroquinate) being produced in plastids and its 

derivatives (e.g. chlorogenic acids) localized to the cytosol, QDH activity is most likely 

to be found in either one of these two compartments. Based on subcellular localization 

prediction and sequence analysis, it was hypothesized that DQD/SDH1 is localized to 

chloroplasts while the others (DQD/SDH2, QDH1 through QDH3) are more likely to be 

localized to the cytosol due to the lack of clear targeting signals. Localization studies with 

recombinant YFP fusion proteins failed to support the plastidial localization of 

DQD/SDH1. All DQD/SDHs were found to be localized to the cytosol, which was 

unexpected since the plastidial localization of the shikimate pathway has been well 

established. This may be attributed to several factors including the use of heterologous 

transformation systems (i.e. tobacco, Arabidopsis and onion instead of poplar), erroneous 

gene annotation, or the presence of additional genes. Nevertheless, my data suggest that 

both poplar DQD/SDHs are indeed localized to the cytosol based on consistent results 

provided by the three transformation systems (tobacco, Arabidopsis and onion) and the 

two delivery methods (agroinfiltration and particle bombardment) employed. Also, all 

threepoplar QDHs were found to be localized to the cytosol, which is consistent with the 

hypothesis. Further studies including genome sequence analysis and transient expression 

using a different method or a different system will provide more insight into the potential 

localizations of poplar DQD/SDHs and QDHs in a cell.  
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3.2 Methods 

3.2.1 N-terminal sequence analysis of DQD/SDHs (from Arabidopsis, tobacco and 

poplar) and QDHs (from poplar) 

         A multiple sequence alignment was generated using Bioedit with DQD/SDH and 

QDH protein sequences from Arabidopsis, tobacco and poplar. This alignment was 

trimmed to allow maintaining of only the N-terminal regions of all sequences. Glu124 (in 

Arabidopsis and the alignment) was chosen as the cut point because it had been 

previously identified as a key substrate binding site of the DQD domain in Arabidopsis 

and must therefore be maintained in the mature protein. A potential cTP cleavage site 

should be located within the upstream region of Glu124. The N-terminal regions of all 

proteins were examined manually for the presence of possible targeting signals, cTPs in 

particular.  

3.2.2 Subcellular localization prediction of poplar QDQ/SDHs and QDHs with 

online tools 

       To infer the potential subcellular compartments where poplar DQD/SDHs and QDHs 

may reside, the full length amino acid sequences of these five proteins were subjected to 

localization prediction using the following online tools: 

TargetP (http://www.cbs.dtu.dk/services/TargetP/; Emanuelsson et al., 2007) 

ChloroP (http://www.cbs.dtu.dk/services/ChloroP/, Emanuelsson et al., 1999), 

WolfPsort (http://wolfpsort.seq.cbrc.jp/; Horton et al., 2007),  

Plant-mPloc (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/; Chou and shen, 2010),  

BaCeILo (http://gpcr.biocomp.unibo.it/bacello/; Pierleoni et al., 2007),  

http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/ChloroP/
http://wolfpsort.seq.cbrc.jp/
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
http://gpcr.biocomp.unibo.it/bacello/


 

 

107
CELLO (http://cello.life.nctu.edu.tw/; Yu et al., 2006)  

and MultiLoc2 (http://abi.inf.uni-tuebingen.de/Services/MultiLoc2; Blum et al., 2009).  

Subcellular localizations of Arabidopsis and tobacco DQD/SDHs have been 

experimentally proven (Rutschow et al., 2007; Ding et al., 2007). Therefore, these 

sequences were included in the prediction test to assess the accuracy of these online 

prediction tools. 

3.2.3 Molecular cloning and generation of YFP fusion constructs 

         To generate YFP fusion constructs (Figure 3.1), the coding sequences of poplar 

DQD/SDHs and QDHs were amplified from their corresponding pQE30 over-expression 

constructs using USER-modified gene specific primers (reverse primers were modified to 

allow the removal of stop codons) (Table 3.1). Proofreading Pfu Turbo Cx Hotstart DNA 

polymerase (Agilent) was used in PCR amplification (30 cycles, denaturation at 94 ºC for 

30 sec, annealing at 56 ºC for 30 sec, extension at 72 ºC for 120 sec). PCR amplicons 

were then cloned into a USER modified plant over-expression binary vector with a YFP 

marker fused to the C terminus (pCAMBIA230035sUYFP) following the standardized 

USER cloning protocol (Geu-flores et al., 2007). Another set of constructs (Figure 3.1) 

containing only the N-terminal coding regions of poplar DQD/SDHs and QDHs were 

generated with another set of primers (Table 3.1) following the same experimental 

procedure. In addition, poplar polyphenol oxidase 11 (PPO11; Tran and Constabel, 

2012), which served as a plastidial marker, was cloned into the same expression vector 

system. The plasmid pCAMBIA230035sUYFP alone was used as a cytosolic marker. All 

constructs were verified by DNA sequencing.  

http://cello.life.nctu.edu.tw/
http://abi.inf.uni-tuebingen.de/Services/MultiLoc2


 

 

108

 
 
Figure 3.1: Illustration of the YFP fusion constructs (full-length and N-terminal 
only) used to determine the subcellular localizations of poplar DQD/SDHs and 
QDHs in transient transformation experiments (agroinfiltration and particle 
bombardment). 
The cytosolic (pCambia230035sUYFP) and plastidic marker 
(pCambia230035sUYFP::PPO11) constructs are also included. 
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Table 3.1: USER-modified primers used in the localization studies of poplar DQD/SDHs and QDHs. 
Two sets of YFP fusion constructs (5x2) carrying either the full-length or partial (N-terminal) coding sequences of poplar DQD/SDHs 
or QDHs were generated. A control construct carrying only N-terminal sequence of poplar polyphenol oxidase (PPO11) were 
generated and used as a plastidial marker in the localization studies.  USER extensions are in bold. Sizes of expected PCR products are 
also provided. 

Constructs Forward Primer (5'-3') Reverse Primer (5'-3') 
Expected PCR 
Product Size (bp) 

pCambia230035sUYFP:: 
DQD/SDH1 

GGCTTAAUATGGATTCTGCAAGC
AACGTCC 

GGTTTAAUCCGTACTTTGACATGATCT
TCTG 1634 

pCambia230035sUYFP:: 
DQD/SDH1t 

GGCTTAAUATGGATTCTGCAAGC
AACGTCC GGTTTAAUGCTAATCGAAGCGCATCC 357 

    pCambia230035sUYFP :: 
DQD/SDH2 

GGCTTAAUATGGATCTCCAAAGC
GCTG 

GGTTTAAUCCTGTATTCCTTGCTAACA
CATCTC 1572 

pCambia230035sUYFP :: 
DQD/SDH2t 

GGCTTAAUATGGATCTCCAAAGC
GCTG 

GGTTTAAUGCTCCAGTAGCTTGTATCC
TG 357 

    pCambia230035sUYFP :: 
QDH1 

GGCTTAAUATGGGGCGTGCTGGG
ATC 

GGTTTAAUCCGAATTTGGCTAGAACAA
TCT 1572 

pCambia230035sUYFP :: 
QDH1t 

GGCTTAAUATGGGGCGTGCTGGG
ATC 

GGTTTAAUCGTACCAGATCAGATGCAA
C 357 

    pCambia230035sUYFP :: 
QDH2 

GGCTTAAUATGGGGAGTGTTGGA
GTCCTGAC 

GGTTTAAUCCGAATTTGGCTAAAACAA
TCT 1530 

pCambia230035sUYFP :: 
QDH2t 

GGCTTAAUATGGGGAGTGTTGGA
GTCCTGAC GGTTTAAUCCACCATTCTGATGCTTGTT 462 

    pCambia230035sUYFP :: 
QDH3 

GGCTTAAUATGGCATTCAAGAAC
AACCTCTTA 

GGTTTAAUCCAAATTGCTCCAAGACAA
G 1581 

pCambia230035sUYFP :: 
QDH3t 

GGCTTAAUATGGCATTCAAGAAC
AACCTCTTA 

GGTTTAAUCCAGTAGACTGCATACAAG
CG 486 

    pCambia230035sUYFP :: 
PPO11 

GGCTTAAUATGGCCTATAACCTT
TCT GGTTTAAUAGGACATTGGCTTGCTGTG 522 
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3.2.4 Transient expression via agroinfiltration  

           The ten poplar constructs carrying genes of interest, along with the two control 

constructs (PPO11 construct and plasmid alone), were introduced into Agrobacterium 

tumefaciens strain GV3101. Transformed bacteria were verified by colony PCR and used 

to inoculate 12X5mL LB broth with selective antibiotics (25 mg/L gentamycin, 25 mg/L 

rifanpicin and 25 mg/L kanamycin). A. tumefaciens cultures were allowed to grow at 28 

°C overnight with vigorous shaking. Cells were then harvested by centrifugation at 5000 

x G for 15 min. Cell pellets were resuspended in MgCL2 solution (10 mM) containing 

200 μM acetosyringone to a final OD600 = 0.4-0.8. Resuspensions were incubated at 

room temperature for 2 hrs before being used to infiltrate intact young Nicotiana 

benthamiana leaves (referred to as ‘agroinfiltration’; Kopertekh and Schiemann, 2005). 

N. benthamiana plants had been maintained in a growth chamber for one month under 

short-day condition (16 hrs in dark and 8 hrs with light). Three days after infiltration, 

fluorescent signals due to the expressions of YFP fusion proteins were examined using 

spectral scanning confocal microscopy as described below. Two other plant systems 

including Arabidopsis (Wroblewski et al., 2005) and poplar were also used in the 

agroinfiltration experiments to test for the possibility of having proteins localized to 

different subcellular compartments in different organisms.  

3.2.5 Transient expression via particle bombardment 

     Gold microcarriers with a diameter of 0.7μm were coated with 1μg of plasmid DNA 

containing constructs of interest (as described above) following the manufacturers’ 

instruction (Biorad). DNA-coated gold particles were bombarded onto onion epidermal 
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cells using the Biorad He/PSD 1000 system at 900 psi with a shooting distance of 6 cm 

(Kikkert et al., 2005; Tran and Constabel, 2012).  Tissues were maintained on MS 

medium at room temperature in dark after particle bombardment to allow cell recovery 

and the expression of YFP fusion proteins. YFP signals were examined three days after 

bombardment.  

3.2.6 Detection of YFP signal with confocal microscopy 

         Transformed plant tissues were used to make wet mounts, and the subcellular 

localizations of poplar DQD/SDHs and QDHs were assessed by detecting YFP signals 

using a Nikon C1si spectral scanning confocal microscope at an excitation wavelength of 

488 nm. Plant materials were viewed with a 10X objective lens (dry, plan fluor) or a 60X 

objective lens (oil immersion, plan fluor) depending on sizes of transformed cells that 

were examined (i.e. 10X lens for onion cells and 60X for tobacco and Arabidopsis cells). 

Multiple cells as well as different cell types (mesophyll and epidermal cells) were viewed 

from the same sample to ensure the accuracy of these experiments, and imaging signals 

were processed by eliminating signals at wavelengths other than 525nm (emission 

wavelength of YFP) and 630nm (chlorophyll auto-fluorescence) with EZ-C1viewer.  

3.3 Results 

3.3.1 N-terminal sequence analysis revealed a potential cTP for poplar DQD/SDH1 

          The N-terminal regions of poplar DQD/SDHs and QDHs as well as Arabidopsis 

and tobacco DQD/SDHs were aligned and subjected to manual inspection for possible 

cTPs. Arabidopsis DQD/SDH, which is suggested to have a plastidial localization based 



 

 

112
on sequence analysis, has a long N-terminal extension (Figure 3.2). Tobacco isoform 1 

(Nicta DQD/SDH1), which has been experimentally proven to be plastidial (Ding et al., 

2007), has a much shorter cTP comparing with Arabidopsis DQD/SDH. No sequence 

conservation was observed between these two cTPs. Poplar DQD/SDH1 has an extension 

at its N terminus compared to the other four poplar isoforms, and it is about the same 

length as the tobacco cTP (isoform 1). However, it does not share sequence similarity 

with either Arabidopsis cTP or tobacco cTP. Over-representation of Alanine and Serine 

in this region, a distinct signature of cTPs (Zhang and Glaser, 2002), suggests that poplar 

DQD/SDH1 may be localized to plastids. Poplar QDH1 and QDH2 share high N-terminal 

sequence similarity with tobacco isoform 2 (Nicta DQD/SDH2), which had its cytosolic 

localization confirmed experimentally (Ding et al., 2007). This suggests a possible 

cytosolic localization for poplar QDH1 and QDH2. Also Poplar QDQ/SDH2 and QDH3 

do not present any obvious sequence features indicative of any type of signaling peptide, 

and it is thus likely that they are localized to the cytosol.  

3.3.2 Subcellular localization prediction with online tools 

       With rapid development of computing technologies and an increasing pool of 

proteins with known localizations, tools have been developed to predict the subcellular 

localization of a specific protein. Subcellular localizations of Arabidopsis, tobacco and 

poplar DQD/SDHs and QDHs were assessed with publicly available prediction tools 

designed for plant proteins (Table 3.2). Except for Arabidopsis DQD/SDH, no consistent 

results were obtained for the other proteins by different prediction tools. Notably, the 

experimentally proven plastidial localization of tobacco DQD/SDH1 was not supported 

by ‘ChloroP’, a tool designed for the prediction of chloroplast-targeting proteins with  
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Figure 3.2: Alignment of the N-terminal regions of Arabidopsis (Arath), tobacco (Nicta) and Poplar (Poptr) DQD/SDHs and 
QDHs. 
A multiple sequence alignment was generated using ClustalW implemented in Bioedit with DQD/SDH and QDH protein sequences 
from Arabidopsis, tobacco and poplar. This alignment was trimmed to allow maintaining of only the N-terminal regions of all 
sequences. Glu(E)124 in Arabidospsis (indicated by an arrow) has been experimentally proven to be a substrate binding site of the 
DQD domain, and cTP cleavage sites have to be located within the upstream region of this site (Glu124) if proteins are targeted to the 
chloroplast. 
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Table 3.2: Subcellular localization prediction of poplar DQD/SDHs and QDHs using online tools. 
Arabidopsis and tobacco DQD/SDHs (gray shaded) with their localizations well established were also included in the prediction study 
to assess the accuracy of these online tools. 

Prediction 
tool 

Arath 
DQD/SDH 

Nicta 
DQD/SDH1 

Nicta 
DQD/SDH2 

Poptr 
DQD/SDH1 

Poptr 
QDH1 

Poptr 
QDH2 

Poptr 
QDH3 

Poptr 
DQD/SDH2 

ChloroP chloroplast   chloroplast     
WolfPsort chloroplast cytoplasm chloroplast chloroplast chloroplast peroxisome chloroplast cytoplasm 
Plant-mPloc chloroplast chloroplast chloroplast cytoplasm mitochondria chloroplast chloroplast chloroplast 
BaCeILo chloroplast cytoplasm cytoplasm cytoplasm cytoplasm cytoplasm cytoplasm cytoplasm 
TargetP chloroplast  secretory 

pathway 
chloroplast mitochondria secretory 

pathway 
  

CELLO chloroplast cytoplasm cytoplasm cytoplasm mitochondria cytoplasm chloroplast cytoplasm 
MultiLoc2 chloroplast secretory 

pathway 
chloroplast chloroplast secretory 

pathway 
secretory 
pathway 

secretory 
pathway 

cytoplasm 
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high accuracy (Emanuelsson et al., 1999). Tobacco DQD/SDH1 was predicted to be 

localized to different subcellular compartments (i.e. chloroplast, cytoplasm, secretory 

pathway) by different tools and only ‘Plant-m-Ploc’ suggested a chloroplastic 

localization. Similarly, inconsistent results were observed for poplar DQD/SDHs and 

QDHs. It is worth mentioning that poplar DQD/SDH1 was predicted by ‘ChloroP’ to be 

plastidial, which is consistent with the hypothesis made based on manual N-terminal 

sequence analysis. The plastidial localization of poplar DQD/SDH1 was also predicted by 

other tools including ‘WolfPsort’, ‘TargetP’ and ‘MultiLoc2’. However, this was not 

supported by ‘Plant-mPloc’ (the only tool correctly predicting the plastidial localization 

of tobacco DQD/SDH1), ‘BaCeILo’ and ‘CELLO’. Due to the lack of consistency in 

these results, no strong hypotheses can be built in terms of the subcellular localizations of 

poplar DQD/SDHs and QDHs.  

3.3.3 Determination of subcellular localization by transient transformation of plant 

materials 

         Sequence analysis and localization prediction by computing tools failed to provide 

strong evidence on the potential subcellular compartments where poplar DQD/SDHs and 

QDHs may be localized. Therefore, transient transformation experiments (agroinfiltration 

and particle bombardment) involving a series of poplar DQD/SDH- and QDH-YFP 

fusion constructs were set up to determine the localizations of these proteins 

experimentally.  
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3.3.3.1 Transient expression of YFP fusion constructs in tobacco, Arabidopsis and 

poplar intact leaves by Agroinfiltration  

       Two sets of YFP fusion constructs (5x2) carrying either the full-length or partial (N-

terminal) coding sequences of poplar DQD/SDHs or QDHs were generated (Figure 3.1). 

Along with the plastidial marker (PPO11::YFP) and the cytosolic marker (YFP alone), 

these two sets of poplar fusion constructs were over-expressed under the control of 

CaMV 35S promoter in intact tobacco leaves by agroinfiltration. Three days after 

infiltration, YFP fluorescence was examined using confocal laser scanning microscopy. 

The two marker proteins (YFP only and PPO11::YFP) were sorted correctly to their 

designated organelles in both mesophyll and epidermal cells (Figure 3.3 and Figure 3.4). 

For leaves infiltrated with the ten poplar YFP fusion constructs, fluorescent signals were 

only detected in the cytosol regardless of cell types (mesophyll and epidermal cells) and 

regardless of whether the full length or the N-terminal parts of the poplar proteins were 

employed (Figure 3.3 shows results with the full length proteins in mesophyll cells, and 

Figure 3.4 shows the localization of the N-terminal fusion proteins in epidermal cells). 

This is contradictory to the hypothesis that at least poplar DQD/SDH1 is plastidial. To 

test for host effects, experiments were repeated with Arabidopsis leaves, but the same 

results were obtained: All poplar full length and N-terminal YFP fusion proteins were 

localized to the cytosol in epidermal cells, while the two marker proteins were found in 

the expected compartments (Figure 3.5 and Figure 3.6). Subsequently, it was attempted to 

introduce the twelve constructs into poplar leaves by agroinfiltration to allow the 

expression of YFP-fused poplar DQD/SDHs and QDHs in their native plant system. 

However, agroinfiltration of poplar leaves was proven to be unsuccessful, and no  
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Figure 3.3: Targeting of Poplar DQD/SDHs and QDHs (full-length protein) to the 
cytosol in tobacco leaves (mesophyll cells). 
Full-length YFP fusion constructs were over-expressed in tobacco leaves following 
agroinfiltration. Signals were assessed three days after infiltration with confocal laser 
microscopy. Marker proteins (YFP and PPO11+YFP) were sorted correctly to their 
destination organelles. Error bar = 10μm 
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Figure 3.4: Targeting of Poplar DQD/SDHs and QDHs (N-terminal regions only) to 
the cytosol in tobacco leaves (epidermal cells). 
YFP fusion constructs containing only the N-terminal regions were over-expressed in 
tobacco leaves following agroinfiltration. Signals were assessed three days after 
infiltration with confocal laser microscopy. Marker proteins (YFP and PPO11+YFP) 
were sorted correctly to their destination organelles. Error bar = 50μm 
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Figure 3.5: Targeting of Poplar DQD/SDHs and QDHs (full-length proteins) to the 
cytosol in Arabidopsis leaves (epidermal cells). 
Full-length YFP fusion constructs were over-expressed in Arabidopsis leaves following 
agroinfiltration. Signals were assessed three days after infiltration with confocal laser 
microscopy. Marker proteins (YFP and PPO11+YFP) were sorted correctly to their 
destination organelles. Error bar = 10μm 
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Figure 3.6: Targeting of Poplar DQD/SDHs and QDHs (N-terminal region only) to 
the cytosol in Arabidopsis leaves (epidermal cells). 
YFP fusion constructs containing only the N-terminal regions were over-expressed in 
Arabidopsis leaves following agroinfiltration. Signals were assessed three days after 
infiltration with confocal laser microscopy. Error bar = 10μm 
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fluorescent signals were observed three days after infiltration for any construct (not 

shown). 

3.3.3.2 Transient expression of YFP fusion constructs in onion epidermal cells by 

Particle bombardment 

      Agroinfiltration involves bacteria in facilitating the transfer of genetic material from a 

binary transformation vector to the plant host nuclei. In contrast, particle bombardment 

allows direct delivery of plasmids into a plant host without such a carrier. In this study, 

the ten poplar constructs alongside with the two markers were over-expressed in onion 

epidermal cells following delivery by particle bombardment. Again, fluorescent signals 

were monitored three days after bombardment using confocal laser scanning microscopy. 

Expression of the marker proteins (YFP only and PPO11+YFP) led fluorescence to the 

expected subcellular compartments (cytosol/nuclei and plastids, respectively) (Figure 

3.7). Thus, these markers are targeted to the expected compartments regardless of 

experimental setups. However, fluorescent signals were again only observed in the 

cytosol for all poplar DQD/SDHs and QDHs with some staining of nuclei in addition, and 

this is consistent with results obtained in the agroinfiltration experiments.  

3.4 Discussion 

         Based on N-terminal sequence analysis, a possible cTP was revealed for poplar 

DQD/SDH1. For poplar DQD/SDH2 and QDH1, QDH2, and QDH3, no clear signaling 

peptides could be identified, which suggested a cytosolic localization for all four proteins. 

Subcellular localization prediction with online tools failed to provide consistent results. 

However, transient transformation of plants with the YFP fusion constructs did not  
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Figure 3.7: Targeting of Poplar DQD/SDHs and QDHs to the cytosol of onion 
epidermal cells. 
YFP fusion constructs containing either complete coding regions or only the N-terminal 
regions of poplar DQD/SDHs and QDHs were over-expressed in onion epidermal cells 
following particle bombardment. Signals were assessed three days after confocal laser 
microscopy. Marker proteins (YFP and PPO11+YFP) were sorted correctly to their 
destination organelles. Error bar = 100μm. 
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support a plastidial localization of poplar DQD/SDH1; fluorescent signals were only 

observed in the cytosol for all poplar DQD/SDHs and QDHs regardless of experimental 

setups. These results are in obvious contradiction to the assumed locale of the shikimate 

pathway. 

3.4.1 Localization of the shikimate pathway enzymes (DQD/SDHs) 

        Extensive experimental evidence based on both subcellular fractionation and 

localization experiments conclusively supports the plastidial localizations of a full set of 

enzymes involved in the shikimate pathway (Bickel et al., 1978; Bagge and Larsson, 

1986; Benesova and Bode, 1992; Homeyer and Schultz, 1988; Mousdale and Coggins, 

1985; Mousdale and Coggins, 1986). It is still a matter of debate if some of these 

biochemical steps exist in addition outside of plastids.  A few localization studies 

demonstrated that some enzymes of the shikimate pathway (DAHP synthase, DQD/SDH 

and EPSP synthase) are present also in the cytosol (Schmid and Amrhein, 1995, Ding et 

al., 2007; Feierabend and Brassel, 1977; Rippert et al., 2009). For example, two DAHP 

synthases have been identified in Arabidopsis, and these two isoforms were found to be 

localized in different subcellular compartments (plastids and the cytosol) and to 

demonstrate differential gene expression profiles and stress responses. This is strong 

evidence supporting the dual-pathway hypothesis, which states that the shikimate 

pathway present in plastids is involved in primary metabolism (protein biosynthesis) 

while the cytosolic shikimate pathway is responsible for the production of precursors of 

secondary metabolites with indispensible roles in plant defense (Herrmann, 1995; 

Weaver and Herrmann, 1997; Schmid and Amrhein, 1995). This dual-pathway 

hypothesis suggests that enzyme isoforms with different physiological roles are 
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potentially localized to different subcellular compartments (i.e. primary metabolism in 

plastids and secondary metabolism in the cytosol). If this is true, the subcellular 

localization of a specific shikimate pathway enzyme can be inferred if its physiological 

function is known. Based on expression profiling results and co-expression analysis 

(Chapter 2), DQD/SDH1 is most likely involved in housekeeping primary function 

(protein production) while DQD/SDH2 is suggested to have a role in lignin biosynthesis 

(secondary metabolism). Therefore DQD/SDH1 was expected to be found in plastids 

while DQD/SDH2 may be localized to the cytosol. A plastidial localization of 

DQD/SDH1 was suggested by N-terminal sequence analysis since A possible chloroplast 

transit peptide was predicted for poplar DQD/SDH1.  However, ambiguous results were 

obtained by subcellular localization prediction analyses with a suite of prediction tools. 

Proteins were predicted to be localized to different subcellular compartments with 

different methods, and the plastidial localization of poplar DQD/SDH1 was rejected by 

some prediction methods. To test the subcellular localizations of poplar DQD/SDHs 

experimentally, two sets of binary constructs were created, which were transiently over-

expressed in different plant systems (tobacco, Arabidopsis, Poplar and onion) using 

different delivery technologies (agroinfiltration or particle bombardment). Except for 

poplar, for which transformation did not produce YFP fusion proteins, fluorescent signals 

were only detected in the cytosol with the other three established plant systems for both 

poplar DQD/SDH1 and DQD/SDH2, which was not expected given a large amount of 

experimental evidence supporting the plastidial localization of the shikimate pathway. 
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3.4.2 Localization of quinate biosynthesis (QDHs) 

           Quinate biosynthetic enzymes (QDH) have been partially purified and functionally 

characterized in a few plant species including corn, carrot, mung bean, pea and some 

coniferous species (Gamborg, 1966; Boudet, 1980, Kang and Scheibe, 1993; Ossipov et 

al., 1995; Ossipov et al., 2000; Minamikawa, 1977; Refeno et al., 1982; Graziana and 

Boudet, 1983). However, subcellular localization of QDH has not been well 

demonstrated. A single study suggested that QDH activity is localized in plastids in mung 

bean seedlings (Kang and Scheibe, 1993).  The subcellular localization of QDHs from 

other plant species, poplar in particular, remains unknown. Based on N-terminal sequence 

analysis and the localization studies, poplar QDHs are more likely to be localized in the 

cytosol. This refines my original hypothesis of having QDHs localized to either plastids 

or the cytosol.  

3.4.3 Difficulties in predicting plastid proteins 

         Subcellular localizations of Arabidopsis, tobacco and poplar DQD/SDHs and QDHs 

were assessed with various online prediction tools. Arabidopsis DQD/SDH has been 

suggested to be plastidial based on sequence analysis (Singh and Christendat, 2006) and 

was identified in a quantitative chloroplast proteome analysis (Rutschow et al., 2008). 

The localizations of tobacco DQD/SDH1 and isoform 2, which may encode a QDH, have 

been experimentally determined to be in chloroplasts and the cytosol, respectively (Ding 

et al., 2007). Localizations of the three proteins were predicted with an array of 

prediction tools, and results were used to assess the accuracy of these tools before using 

them to predict the potential subcellular localizations of Poplar DQD/SDHs and QDHs. 
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Arabidopsis DQD/SDH was predicted to be plastidial by all tools. However, variations 

did exist in the possible localizations of tobacco DQD/SDHs. Notably, tobacco 

DQD/SDH1 was not predicted by ‘ChloroP’ as a plastidial protein.  

         Although a few distinguishing features of chloroplast targeting peptides have been 

discovered (e.g. low content of acidic amino acid residues and over-representation of 

Serine and Alanine residues comparing with the mature protein), secondary structures of 

cTPs have not been well characterized, and sequence conservation is weak within the cTP 

region (Emanuelsson et al., 2000). These features of cTPs make it very difficult to predict 

plastidial proteins. In addition, prediction tools are designed using different methods (i.e. 

‘WolfPsort’ is based on amino acid composition of the first 20 residues at the N terminus 

whereas ‘ChloroP’ and ‘TargetP’, which integrates ‘ChloroP’ results in its prediction, are 

based on neural networks to detect transit signals and their cleavage sites) (Emanuelsson 

et al., 2007; Emanuelsson et al., 1999; Horton et al., 2007). Variations in prediction 

methods may help explain differences observed among the predicting results. Due to the 

inconsistency among these programs to predict the actual localizations of known 

DQD/SDHs, it is difficult to judge which tool is more suitable for predicting chloroplast 

targeting signals in the remainder (i.e. poplar DQD/SDHs and QDHs) and no definite 

conclusion can be drawn from these results in terms of the subcellular compartments 

where poplar DQD/SDHs and QDHs are localized.  

3.4.4 Protein import into chloroplast 

        Protein import into chloroplasts is a complex process, and this may help explain the 

possible miss-sorting of polar DQD/SDHs in non-native plant systems. Most plastidial 
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proteins are synthesized in the cytosol, and protein import starts with phosphorylation of 

a specific amino acid (Ser or Thr) within the cTP region of a precursor protein in the 

cytosol. Phosphorylation leads to the formation of a guidance complex and a distinct 

secondary structure of the presequence, which is important for signal recognition by the 

TOC complexes (Soll and Schleiff, 2004). Additionally, translocation of a plastidial 

protein through the TOC also involves recognitions of its cTP by a GTP-bound TOC34, a 

subunit of the TOC complex. Finally, translocations though the TIC is dependent on the 

redox potential of a specific protein, which can be sensed by the TIC complex (Hirohashi 

et al., 2007). The whole process involves multiple levels of recognition, which are 

essential for correct sorting of proteins into chloroplasts. Since cTPs are highly divergent 

in terms of their sequences, it is possible that recognition machineries are slightly 

different across species (e.g. a cTP from poplar may not be well recognized by the 

tobacco translocation complex). This may be one reason why fluorescent signals were 

observed in the cytosol as opposed to chloroplasts when the poplar DQD/SDH proteins 

were expressed in heterologous plant systems. It is also possible that the poplar 

DQD/SDH precursor proteins containing cTPs were modified by the non-native host 

post-translationally (i.e. degradation at the cTP region), which could also lead to miss-

sorting of a plastidial protein in a different plant system. To test this, the YFP fusion 

proteins of poplar DQD/SDHs and QDHs were over-expressed in a poplar system. 

Unfortunately, agroinfiltration of poplar with these poplar YFP fusion constructs was not 

successful likely due to various reasons including toughness of poplar leaves, 

agrobacterial strain, infiltration condition, etc. Extensive optimization work will be 



 

 

132
necessary to realize a successful infiltration procedure to allow proper transient 

expression of proteins in poplar.  

         The use of heterologous systems may be one possible reason for the inconsistency 

observed between current knowledge and the results of my localization study. However, 

it is worth mentioning that three different heterologous systems (tobacco, Arabidopsis 

and onion) were employed in the localization study. All three systems gave consistent 

results (i.e. fluorescent signals were only detected in the cytosol for all poplar constructs, 

while the plastidial marker construct yielded chloroplastic fluorescence in all three 

systems). Additionally, all three plant systems, tobacco in particular, have been 

extensively used to determine subcellullar localizations of proteins (including plastidial 

proteins) from a wide range of plant species including poplar (Tran and Constabel, 2012). 

The PPO11 construct, used as a plastidial marker in this study, is also a poplar protein 

and was sorted properly in the three plant systems employed. Together these may suggest 

that poplar DQD/SDHs, DQD/SDH1 in particular, may not be miss-sorted to the cytosol. 

Instead, these enzymes are indeed localized to the cytosol in poplar, which is not 

consistent with what is generally accepted. Notably, the plastidial localization of the 

shikimate pathway has only been well established in a few plant species, but no studies 

are available for poplar. Furthermore, most of the evidence is derived from subcellular 

fractionation studies. Therefore the possibility of having the shikimate pathway enzymes 

localized outside plastids in poplar cannot and should not be completely excluded based 

on our current understanding.  
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3.4.5 Mistakes in gene annotation? 

       The discrepancy between expectations and my localization experiment results could 

also be explained by errors in gene annotations, which may also explain the inconsistency 

observed in the localization prediction study. Genome annotation or identification of 

protein-coding genes is mainly realized by computational tools, which are susceptible to 

a considerable amount of errors due to the complexity of the task. In this case, the two 

poplar DQD/SDH gene models may not be correctly annotated, particularly DQD/SDH1. 

For example, it is possible that there is an upstream exon containing part of the 

chloroplast targeting sequence, which was not included in the current gene annotation. 

However, this is not likely given that the N-terminal extension of poplar DQD/SDH1 is 

about the same length as that of tobacco DQD/SDH1, which has a plastidial localization. 

In addition, there is no evidence suggesting the expression of a region upstream of Poptr1 

up to the previous gene based on publicly available RNAseq experiments and searches 

against transcript assembly databases (Plant GDB: http://www.plantgdb.org/). Another 

possibility is that additional genes encoding DQD/SDH may exist in the poplar genome, 

which has not been identified based on the current poplar genome annotations. However, 

TBLASTN searches against the third version of the poplar genome scaffolds returned no 

additional regions (annotated or not) sharing significant similarity with the full length 

DQD/SDH.  

3.4.6 Outlook: Alternative experimentally approaches  

          Traditionally, protein subcellular localization is assessed by isolating subcellular 

compartments through ultracentrifugation. The presence of a specific protein in a 

http://www.plantgdb.org/
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subcellular compartment is determined by enzyme activity assays or antibody 

immunodetection. Localizations of the majority of the shikimate pathway enzymes are 

identified through this method (Bagge and Larsson, 1986; Benesova and Bode, 1992; 

Homeyer and Schultz, 1988; Mousdale and Coggins, 1985). It is worth noticing that 

constraints exist in the preparation of pure subcellular fractions, and ensuring intactness 

and functional integrity of organelles can be challenging (Quail, 1979). Markers are 

always necessary to assess the purity of a subcellular fraction. Cell fractionation methods 

have been widely applied in the field of protein localization studies. However, it may not 

be applicable in this case. Poplar contains two DQD/SDHs and three QDHs with residual 

SDH activities, which makes it difficult to probe the final destination of a certain form 

based on the presence of a certain activity in a specific subcellular fraction (i.e. presence 

of SDH activity in chloroplasts does not prove the plastidial localization of DQD/SDHs 

since QDHs still maintain some SDH activity). Nevertheless, such experiments could 

show if DQD/SDH activity is actually present in chloroplasts in poplar, or if it is 

restricted to the cytosol as suggested by the apparent localizations of all five proteins to 

this compartment. Separation of Poplar DQD/SDHs and QDHs using immunodetection 

will not be easy either due to the requirement of five highly specific antibodies targeting 

each of the five proteins. It will be difficult to generate antibodies that are specific 

enough since some of the five proteins do share high sequence similarity (e.g. QDH2 and 

QDH1 share 88% sequence similarity). This issue can be overcome by working with 

plants over-expressing His-tagged version of a protein of interest followed by subcellular 

fractionation and immunodetection involving antibodies targeting His-tag. However, it 
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has to be kept in mind that the purity of fractions is essential to protein localization 

determination.  

        In vitro chloroplast import is another alternative experimental approach to test if a 

protein is localized to chloroplasts. This involves incubating isolated chloroplasts with 

radio-labeled precursor proteins. Proteins with potential cTPs can be properly imported, 

which is indicated by radioactivity observed within chloroplasts (Chua and Schmidt, 

1978; Highfield and Elis, 1978; Aronsson and Jarvis, 2011). Since poplar DQD/SDHs 

and QDHs have been hypothesized to be either plastidial or cytosolic, chloroplast import 

assay may be a good option in distinguishing plastidial proteins from cytosolic forms. 

However, pea, spinach and Arabidopsis are the three main plants commonly used in 

chloroplast import assay with well-established protocols. As mentioned previously, the 

cTP recognition complex may be species specific, and poplar protein may not be taken up 

properly by chloroplasts from a different plant system. As a result, optimization of the 

protocol is necessary to allow isolation of intact and physiologically active chloroplasts 

from poplar.  

          In conclusion, sequence analysis revealed a potential cTP for poplar DQD/SDH1. 

The plastidial localization of DQD/SDH1 was not supported by localization prediction 

with online tools, which provided ambiguous results. The YFP-based localization 

experiments suggested that poplar DQD/SDHs are localized to the cytosol. This 

contradicts our current understanding that the shikimate pathway is plastidial. However, 

cytosolic localizations of poplar DQD/SDHs were consistently suggested across all three 

heterologous systems (Arabidopsis, tobacco and onion) and two delivery methods 

(agroinfiltration and particle bombardment). The possibility of having poplar DQD/SDHs 
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localized outside of plastids should therefore not be excluded. Poplar QDHs were found 

in the cytosol, which is consistent with my hypothesis (poplar QDHs are localized to 

either plastids or the cytosol). As part of the future direction, the frequently updated 

poplar genomic and transcriptomic data should be continuously interrogated for the 

unlikely possibility of having additional genes encoding poplar DQD/SDHs or having 

additional upstream introns containing extended cTPs, which have not been annotated 

yet. In addition, transient expression using a homologous plant system (i.e. poplar) is 

necessary to determining the exact localizatoins of Poplar DQD/SDHs. Also, more work 

is required to validate the cytosolic localization of poplar QDHs. 
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Chapter 4 Escape from Adaptive Conflict: Evolution of quinate 
biosynthesis (secondary metabolism) from shikimate 

biosynthesis (primary metabolism) via gene duplication 
 

*Biochemical characterization of Rhoba, Chlre, Selmo, Anc122, Pinta1 and 2 was 
performed by Yuriko Carrington under my immediate supervision 

 

4.1 Introduction: 

          Plants are able to produce a broad array of chemicals with relatively low molecular 

weights, which are collectively called plant secondary metabolites, specialized 

compounds, or natural products (Hartmann, 2007). More than 200,000 diverse secondary 

metabolites are produced across the plant kingdom, but the functional aspects of plant 

secondary products were largely neglected because they were thought to have no direct 

effects on cellular survival as opposed to primary metabolites. Secondary metabolites 

were considered to be metabolic wastes or detoxification products for a long period of 

time (Hartmann, 2007). Only recently, ecological roles of secondary metabolites were 

recognized and appreciated as essential to maintaining plant fitness and allowing plants to 

respond to continuously changing environments. Plant secondary metabolites for example 

serve as defense compounds (against herbivores, bacteria, fungi and viruses), UV 

protectants and signaling molecules (e.g. in mediating plant-plant interactions as well as 

attracting pollinators, seed dispersers, or predators of herbivores) (Hatmenn, 2004; Wink, 

1988; Wallace, 2004; Bourgaud et al., 2001, Wink, 2003; Li et al., 2010; Schnee; 2006, 

Mäntylä et al., 2008). They are therefore crucial to plant survival and reproductive 

fitness. The ability of plants to produce secondary metabolites is likely an adaptive trait, 

and the diversity of plant secondary metabolism is largely shaped by selection pressure 
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imposed by ever-changing biotic and abiotic environments during plant evolution. With 

the advances in plant whole genome sequencing, it became obvious that many gene 

families encoding metabolic enzymes are largely expanded in plants and that continuous 

amplifications and retractions of these families are frequent (Pichersky and Gang, 2000). 

It thus appears that plant chemical diversity has evolved largely through continuous 

duplications and functional diversifications of a core set of catalysts creating novel 

substrate/product specificities (Ober, 2005). Furthermore, it became clear that many of 

these gene families contain members encoding either primary or secondary metabolic 

functions (Lupien et al., 1999; Wang and Pichersky, 1999; Essar et al., 1990), which 

suggests that plant secondary metabolism emerged from primary metabolism. However, 

the molecular mechanisms, through which primary metabolic genes have evolved to 

become involved in secondary metabolism, have not been well analyzed.  

          Phenylpropanoids compose a large group of plant secondary metabolites. These 

compounds are derived from phenylalanine, an end product of the shikimate pathway 

(primary metabolism) (Vogt, 2010). The shikimate pathway connects carbohydrate 

metabolism with the biosynthesis of the three aromatic amino acids (Phe, Try and Tyr), 

which are essential protein building blocks as well as precursors of a wide array of plant 

secondary metabolites (Floss, 1979; Herrmann, 1995a&b; Schmid and Amrhein, 1995; 

Herrmann and Weaver, 1999; Weaver and Herrmann, 1997). It has been estimated that 

over 30% of photosynthetically fixed carbon is reallocated through this pathway (Maeda 

and Dudareva, 2012; Tohge et al., 2013). Shikimate, the central intermediate and the 

name giver of the shikimate pathway, is therefore an important primary metabolite.  The 

indispensible role of shikimate in maintaining plant overall fitness is highlighted by the 
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embryo lethal phenotype of Arabidopsis null mutants (emb3004), which have their 

shikimate biosynthetic gene (3-dehydroquinate dehydratase/shikimate dehydrogenase: 

DQD/SDH) knocked out (Caruso et al., 2008). The lack of the ability of Arabidopsis 

mutant plants to survive exemplifies the strong selection pressure to maintain shikimate 

biosynthesis, a major component of primary metabolism. A lack of shikimate 

biosynthesis is also lethal in bacteria unless supplemented with aromatic amino acids 

(Pittard and Walace, 1966). In addition, organisms that lack the shikimate pathway (e.g. 

animals) must take up aromatic amino acids through diet to survive.  In plants, shikimate 

is also required as a precursor and a cofactor in caffeoyl-CoA synthesis, which is the first 

committed step of G- and S-monolignol biosynthesis in the phenylpropanoid pathway 

(Boerjan et al., 2008). Not only the end products, but also almost all intermediates of the 

shikimate pathway are potential branch points leading to secondary metabolic pathways 

(Bentley and Haslam, 1990). For example, shikimate may serve as a branch point leading 

to the biosynthesis of cyclohexane carboxylates such as ansatrenin and asukamycin 

(Bentley and Haslam, 1990), which are antibiotics with anticancer properties. The CoA-

ester of cyclohexane carboxylate also functions as a potential starting material for the 

elongation of polyketids, which can be further derivatized and modified into bioactive 

secondary metabolites (Bentley and Haslam, 1990). In addition, shikimate can be 

conjugated to various organic acids such as caffeic acid to form bioactive esters. 

           Quinate, a secondary metabolite sharing high structural similarity with shikimate, 

is also derived from the shikimate pathway intermediates. I have previously shown that 

quinate and shikimate biosyntheses are catalyzed by distinct members (DQD/SDHs and 

QDHs) of the same dehydrogenase family (Chapter 2). Quinate commonly appears as 
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free acid or esterified forms, which are widely distributed across the plant kingdom. The 

concentration of quinate can reach up to 14% of the leaf dry mass in developing tissues of 

some plant species (Leuschner et al., 1995; Ossipov et al., 2000). Despite its presence in 

many plant species, quinate metabolism in plants remained largely enigmatic. Being a 

derivative of quinate, chlorogenic acid (an ester of quinate and caffeic acid) is gaining 

popularity as a natural plant dietary antioxidant. It is widely used as a nutraceutical with 

effects on preventing cancer development and lowering the risk of acquiring 

cardiovascular diseases (Morton et al., 2000; Laranjinha et al., 1994, Sawa et al., 1999).  

As a naturally occurring phenolic compound found in many plant lineages, chlorogenic 

acid is also famous for its role in plant adaptation and defense. It is involved in 

responding to oxidative stresses (excess photoenergy) as both a direct free radical 

scavenger and a reducing substrate for guaiacol peroxidise (Grace and Logan, 2000). It is 

also clear that chlorogenoquinone, an oxidized form of chlorogenic acid, has the ability to 

bind free amino acids and small proteins. This reduces the bioavailability of amino acids 

and peptides and therefore results in starvation and fitness reduction of herbivores that 

ingest chlorogenic acid (Leiss et al., 2009). The harmful effects of chlorogenic acid have 

been reported in studies on different types of insect herbivores including caterpillar, 

leafbeetle, and leafhopper (Beninger et al., 2004, Jassib, 2003, Dowd and Vega, 1996). In 

addition to its negative effects on herbivores, chlorogenic acid is also known to have 

inhibitory effects on bacteria, fungi, as well as viruses (Sung and Lee, 2010; Lou et al., 

2005; Niggeweg et al., 2004; Hoover et al., 1998). 

         The ability to produce chlorogenic acid and other plant secondary metabolites is 

considered to be a defense strategy, which has been acquired by plants during evolution. 
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Plants live in a complex environment shared by other organisms including herbivores, 

parasites, and pathogens. As a result, plants are exposed to selection pressures borne by 

changes in the environment and other organisms. The magnitude and direction of 

selection is influenced by both biotic and abiotic factors (Agrawal, 2011), and is 

presumably driven by a continuing process referred to as the evolutionary arms race. For 

example, if plants evolve a new defense compound that allows them to deter damages by 

herbivores, this chemical will then quickly increase in abundance. Herbivores will in 

response evolve a counter adaptation to this novel chemical strategy to lower its 

effectiveness, which leads to increased selection pressure on plants to further optimize 

their defense strategies (Woll et al., 2013; Mithofer and Boland, 2012; Leimu et al., 

2012). According to this idea, the coevolving interactions between plants and herbivores 

have led to the step-by-step optimization of plant defense strategies and the formation of 

an increasingly complex and well-regulated chemical-based defense system (i.e. plant 

secondary metabolism) in plants. 

          Plant secondary metabolism is characterized by some distinguishing features 

including chemical and structural diversity and expression variations, both spatially and 

developmentally. Though some secondary metabolites appear wide-spread in plants (e.g. 

chlorogenic acid), most of these compounds are restricted to specific taxonomic groups. 

In addition, the production of many secondary metabolites is not constitutive but 

inducible by biotic and /or abiotic stresses (Hartmann, 1996; Haslam, 1994). Due to the 

chemical diversity of plant secondary metabolites, a large number of genes are expected 

to be present in plant genomes encoding enzymes responsible for the generation of those 

diverse structures and / or for regulating the expression patterns of these enzymes. 
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However, comparative genomic analyses suggest that plant gene families are highly 

conserved and that not many new gene families have been acquired in major clades of the 

plant lineages. In contrast, variation in family size does occur among different species 

(Rensing et al., 2008). It is therefore thought that the structural diversity of plant 

secondary metabolites results from modifications of a core set of chemicals containing 

key structural units, which are often intermediates of primary metabolism. All these 

together suggest that secondary metabolic diversity did not arise from the “creation” of a 

new set of genes but instead by duplication and/or specialization events of genes involved 

in primary metabolism (Flagel and Wendel, 2009). Gene duplication drives the 

recruitment of novel genes for plant secondary metabolism (Pichersky and Gang, 2000; 

Ober, 2005). By increasing the number of genes within a gene family, this provides 

plants with working materials for adaptive specializations to occur while maintaining the 

ancestral function. Gene duplication results in the relaxation of selection constraint on 

one of the duplicated copies and subsequently allows mutations to accumulate. In most 

cases, this will lead to a loss of function, but  it also can lead to either gain of a new 

biochemical function or a new expression pattern (neo-functionalization), or separation of 

multiple existing functions (sub-functionalization) (Hahn, 2009) of a gene product. In the 

latter case, a “gene sharing” stage is required prior to gene duplication: A secondary 

function is acquired while the original function is maintained (Hughes, 1994; Schwab, 

2002; Bergthorsson et al., 2007; Soskine and Tawfik, 2010). A pleiotropic conflict 

appears when the secondary function becomes beneficial, and more of the secondary 

function is required to better adapt to the changing environments.  This functional 

pleiotropy can only be resolved by gene duplication event followed by further evolution 



 

 

143
towards two genes encoding more specialized enzymes. This chain of events are known 

as the ‘Escape from Adaptive Conflict’ model (Hittinger and Carroll, 2007; Des Marais 

and Rausher, 2008; Conant and Wolfe, 2008; Innan and Konashov, 2010; Kroymann, 

2011; Sikosek et al., 2012). 

      The role of gene duplication and divergence as a major contributing factor to 

evolutionary novelty and adaptation is gaining an increasing amount of attention within 

the biological research community. However, experimental evidence is still scarce (Des 

Marais and Rausher, 2008). In this dissertation, the gene family of great interest is the 3-

dehydroquinate dehydratase/shikimate dehydrogenase/quinate dehydrogenase 

(DQD/SDH/QDH) superfamily with members encoding either shikimate or quinate 

biosynthetic activities. Some members of this family have exclusive specificity towards 

shikimate (Ding et al., 2007; chapter 2), while some have activity with both shikimate 

and quinate as substrates (gene sharing) (Ossipov et al., 2000). In addition, three out of 

the five poplar genes, which have been previously annotated as SDHs, instead encode 

quinate specific QDHs (Chapter 2). All these together suggest that genes involved in 

quinate metabolism (secondary metabolism) have evolved from shikimate biosynthetic 

(primary metabolism) genes via gene duplication. 

         The objective of this work was to elucidate the evolutionary and functional 

diversification of the DQD/SDH/QDH superfamily in the plant lineages by answering the 

following questions: When did the gain of quinate activity occur during plant evolution 

(prior to or after gene duplication)? What was the fate of the daughter duplicates after 

gene duplication? Did functional changes evolve under positive selection?  
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          Phylogenetic reconstruction of the DQD/SDH/QDH family with species covering 

the Viridiplantae lineage revealed two distinct clades in seed plants, which acted 

preferentially on either shikimate or quinate whereas lineages separated prior to the 

angiosperm/gymnosperm split only contain a single copy DQD/SDH. In addition, 

positive selection was detected on branches leading to both the SDH and the QDH clades. 

Ser338, Thr381 and Thr407, which may be involved in substrate binding of the SDH 

domain, were found to have evolved under positive selection at different time points of 

plant evolution. The sequence of the immediate pre-duplication ancestral DQD/SDH was 

estimated. Protein structures and biochemical properties of the ancestral recombinant 

protein (Anc122) and of enzymes from selected extant species (pre-duplication 

representatives: Rhodopirellula baltica (Rhoba), Chlamydomonas reinhardtii (Chlre), 

Physcomitrella patens (Phypa) and Selaginella moellendorffii (Selmo); after-duplication 

species: Pinus taeda (Pinta1 & Pinta2) and Populus trichocarpa (Poptr1 & Poptr3)) were 

determined. The results suggest that quinate biosynthetic activity was gained prior to 

gene duplication and remained low for a long period of time during plant evolution. 

When the need for quinate and its derivatives by plants as defense compounds increased, 

selection pressure acted to optimize quinate biosynthetic activity, which resulted in a 

pleiotropic conflict as this affected shikimate biosynthesis. This conflict was then solved 

by gene duplication just prior to the angiosperm/gymnosperm split followed by further 

optimization of the defense-related quinate biosynthetic function on one copy and “re-

specialization” of the essential shikimate biosynthetic activity on the other copy. Thus, it 

is most likely that this gene family has diversified through the “Escape from Adaptive 

Conflict” (EAC) model. 
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4.2 Methods 

4.2.1 Sequence analysis and phylogenetic reconstruction of the DQD/SDH/QDH 

superfamily 

       To assess the phylogenetic relationship among plant DQD/SDH homologues, I 

retrieved the amino acid sequence of functionally characterized Arabidopsis DQD/SDH 

from the Arabidopsis Information Resource (TAIR, http://arabidopsis.org) (Swarbreck et 

al., 2008) and used it as a query to perform BLASTp searches against various databases 

in order to identify DQD/SDH homologues from different plant species: NCBI non-

redundant protein database, Uniprot, and Phytozome v 9.1 comprising 41 plant genome 

assemblies. This sequence search returned 124 protein sequences from 61 species 

(Appendix D) covering bacteria, red algae, green algae and the four major land plant 

lineages (bryophytes, lycophytes, gymnosperms and angiosperms). 36 amino acid 

sequences including representatives from the major groups of the green lineages as well 

three bacterial sequences (outgroup) were used to generate a multiple sequence alignment 

using Dialign (http://mobyle.pasteur.fr/cgi-bin/portal.py#welcome). This was followed by 

manual adjustments with BioEdit (Hall, 1999) to allow the removal of poorly conserved 

regions. The edited alignment was then subjected to phylogenetic reconstruction using 

both the maximum likelihood method (Proml, PAM model) and the parsimony method 

(Protpars) implemented in Phylip v3.69 (Felsenstein, 1989). Branch confidence was 

assessed by bootstrapping with 100 replicates and applied to all trees. An extended 

phylogeny (Appendix E) was generated with the complete set of 124 amino acid 

sequences using the same approaches. 

http://arabidopsis.org
http://mobyle.pasteur.fr/cgi-bin/portal.py#welcome
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           The complete protein alignment (124 sequences) was manually trimmed. Only 

amino acid residues, which are potentially involved in reaction catalysis, substrate and 

cofactor binding of the S/QDH domains, were retained. This alignment was subdivided 

into seven alignments, each containing sequences from a defined sub-clade of the 

DQD/SDH/QDH family (bacteria, green algae, early land plants, gymnosperms 

DQD/SDHs & S/QDHs and angiosperms DQD/SDHs & QDHs). The seven modified 

alignments were then subjected to the creation of sequence logos using the ‘WebLogo’ 

tool found at http://weblogo.berkeley.edu/logo.cgi (Crooks et al, 2004). 

4.2.2 Determination of signatures of positive selection 

4.2.2.1 PAML (branch model) 

       To detect positive selection acting on a specific lineage, particularly branches leading 

to the DQD/SDH and the QDH clades, cDNA sequences corresponding to the 36 amino 

acid sequences included in the phylogeny study were aligned manually based on their 

protein alignment. This alignment was then manually adjusted to allow the exclusion of 

highly variable regions (5’ end and 3’end) and gaps shared by most of the sequences. The 

maximum likelihood tree (generated as described above) with branches of interest (i.e. 

branches subtending major lineages) labeled was used as an input tree for further 

analysis. ω ratios (rate of non-synonymous over rate of synonymous substitutions) for all 

labeled branches were estimated using the branch model (seqtype = 1, CodonFreq =2, 

clock = 0, model = 1, NSsites = 0, icode = 0, fix_kappa = 0, fix_omega = 0, fix_alpha = 

1, alpha = 0) (Yang, 2004) implemented in the Codeml program (Phylogenetic Analysis 

by Maximum Likelihood PAML v4.5). 

http://weblogo.berkeley.edu/logo.cgi
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4.2.2.2 Datamonkey (MEME and SLAC) 

           The branch model assumes that all sites in an alignment share one ω ratio. 

However, positive selection is frequently episodic (i.e. it only influences a few sites in an 

alignment or a subset of lineages). As a result, the branch model may not be the most 

appropriate method as it may not be able to identify episodic positive selection acting on 

a few sites when most of the other sites are subject to neutral or purifying selection. 

Positive selection was tested with a Mixed Effects Model of Evolution (MEME) method 

(Murrell et al., 2012) implemented in Datamonkey, a web-based suite of phylogenetic 

analysis tools (http://www.datamonkey.org/; Delport et al., 2010; Pond and Frost, 2005; 

Poon et al., 2009). MEME allows the ω ratio to vary across both sites and branches. The 

input alignment and the tree were prepared as described above, and were used to 

determine the most appropriate nucleotide substitution model using the automatic model 

selection tool (implemented in Datamonkey). With this model, sites subjected to episodic 

positive selection were identified based on the provided phylogeny with MEME. In 

addition, substitution map of each site was obtained using the Single Likelihood Ancestor 

Counting (SLAC) method (also implemented in Datamonkey; Pond and Frost, 2005). 

4.2.3 Ancestral reconstruction 

       To reconstruct the ancestral DQD/SDH/QDH protein sequences, an amino acid 

alignment with 110 full-length DQD/SDH and QDH protein sequences was generated 

using Dialign (14 sequences were removed from the original collection due to 

incompleteness). Manual adjustments were applied to this alignment with BioEdit to 

allow the removal of gaps and poorly conserved regions (e.g. N-terminal and C-terminal 

http://www.datamonkey.org/
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regions). Following this, a maximum likelihood phylogeny was performed. Subsequently, 

ancestral reconstructions were carried out based on this phylogeny using the Empirical 

Bayes (EB) method implemented in the Codeml program of the PAML package v 4.5 

(Yang et al., 2009) (runmode = 0, seqtype = 2, CodonFreq = 2, model = 2, NSsites = 0, 

iCode = 0, Mgene = 0, fix_kappa = 0, fix_omega = 0, fix_alpha = 1, alpha = 0, 

RateAncestor = 1). The sequence data of the immediate ancestral DQD/SDH prior to 

gene duplication (Anc122) (Appendix F) was extracted from the Codeml output files and 

then reverse-translated into DNA sequence with BioEdit. 

4.2.4 Protein molecular modeling 

         Protein structures of the ancestral DQD/SDH (Anc122) and selected extant 

members of the DQD/SDH family (i.e. representative pre-duplication species: R. baltica 

(Rhoba), C. reinhardtii (Chlre), P. patens (Phypa) and S. moellendorffii (Selmo); after-

duplication species: P. taeda (Pinta1&2) and P. trichocarpa (Poptr1&3)) were 

determined using Phyre (http://www.sbg.bio.ic.ac.uk/~phyre/; Kelley and Sternberg, 

2009). The 3D structure of Arabidopsis DQD/SDH (Protein DataBase ID: c2o7qA; 

http://www.rcsb.org/pdb/home/home.do) coupled with shikimate was used as a template 

to determine the model coordinates of proteins of interest. The generated models were 

further visualized and examined with Pymol (http://www.pymol.org). 

4.2.5 Subcloning and recombinant protein preparation 

         The protein coding sequences of all genes of interest (ancestral DQD/SDHs and 

some extant members of the DQD/SDH superfamily) were codon-optimized for bacterial 

expression and chemically synthesized by Genescript (Piscataway, NJ, USA). 

http://www.sbg.bio.ic.ac.uk/~phyre/;
http://www.rcsb.org/pdb/home/home.do
http://www.pymol.org
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Recombinant plasmids (pUC57) containing the coding sequences were obtained from 

Genescript. Cloning by restriction enzyme digest (BamHI & HindIII) was carried out to 

allow the transfer of DNA fragments from their carrier vector (pUC57) to pQE30 6xHis-

tagged over-expression vector. Constructs were validated by DNA sequencing (Operon) 

before being introduced into the E.coli expression system by electroporation. 

Transformed cells were plated onto LB agar plates with selective antibiotics (100 mg/L 

ampicillin and 25 mg/L kanamycin) and incubated at 37 °C overnight. Positive colonies 

verified by colony PCR with gene specific primers were used to inoculate 5mL LB pre-

cultures with antibiotics. Pre-cultures were incubated at 37 °C overnight with vigorous 

shaking and used to inoculate 50 mL main cultures the next morning. Incubation was 

continued until OD600 = 0.6, and then IPTG was added to a final concentration of 0.06 

mM. Protein induction was carried out at 19 °C with shaking for 16 hrs. Cells were 

harvested by centrifugation at 4000 x G for 20 min and cell pellets were frozen at -80ºC 

for later analysis. 

          6xHis-tagged recombinant proteins were extracted and purified under native 

condition using the Nickel-NTA agarose (Qiagen). Cell pellets were resuspended in 4 mL 

of the lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, NaOH, pH 8, 

1mg/mL lysozyme). Cells were chemically lysed on ice for 1 hr with gentle shaking, 

which was followed by mechanical disruption by sonication (6X10s bursts with 59s 

cooling interval between each burst). Cell lysates were centrifuged at 10,000 x g for 30 

min at 4°C. Soluble fractions were collected and transferred into purification columns. 1 

mL of 50% Ni-NTA agarose was added to each column, and mixtures were incubated on 

ice for 1 hr with gentle rocking. Column flow-through was released, and nonspecific 
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binding was minimized with wash buffers without (50 mM NaH2PO4, 300 mM NaCl, 

NaOH, pH 8) and then with imidazole (50 mM NaH2PO4, 300 mM NaCl, 20 mM 

imidazole, NaOH, pH 8). Purified proteins were eluted with 4X 0.5mL of the elution 

buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, NaOH, pH 8) and kept on 

ice for immediate use. 

        The purity of recombinant proteins was assessed by SDS-PAGE gel electrophoresis 

and western blotting. Protein samples were boiled and loaded on a 10% polyacrylamide 

gel. 50min at 200V was allowed for proper separation of protein bands. Proteins were 

visualized by staining with Gel Code® Blue Stain Reagent (Thermo Scientific). The 

transfer of proteins onto PVDF membranes (Millipore) was carried out by electroblotting 

at 100V for 60min. 6xHis tagged proteins were detected by chemiluminescence using the 

SuperSignal® West HisProbeTM Kit (Thermo Scientific) following the manufacturer’s 

instruction. 

4.2.6 Enzymatic properties of the ancestral and selected DQD/SDHs from extant 

plant species 

         Dehydrogenase activities of recombinant enzymes with shikimate (SDH) and 

quinate (QDH) were determined photometrically by measuring NADPH or NADH 

production at 340 nm with a spectrophotometer. 

4.2.6.1 Determination of enzyme substrate preference 

         Substrate preferences of the recombinant enzymes were determined by measuring 

enzyme activities with both shikimate (10 mM) and quinate (10 mM) at pH 8.5 (Trizma 

base-HCl buffer) and room temperature. Initial velocities (slopes) were calculated and 
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converted into the appropriate unit (µM s-1 mg-1) using equation A=cєl, where A is 

absorbance, c is cofactor concentration, є is NADPH extinction coefficient (6.2×103 L･

mol-1･cm-1) and l is the length of light path (1cm). Three replicates with enzymes from 

three independent purifications were carried out with each substrate for all enzymes, and 

averages and standard deviations were calculated and plotted with Microsoft Excel 2007. 

4.2.6.2 Kinetic properties 

         Enzymatic properties (Vmax and Km) of enzymes exhibiting high catalytic rates on 

shikimate (Rhoba, Chlre, Phypa, Selmo, Anc122, Pinta1, Pinta2, Poptr1) were 

determined using ten different concentrations of shikimate ranging from 0.05mM to 5mM 

while keeping cofactor at saturation. In addition, Vmax and Km values of Pinta2 and 

Poptr3 (quinate specific enzymes) with quinate were determined by varying the 

concentration of quinate (also from 0.05 mM to 5 mM). Initial velocities at each substrate 

concentration for each enzyme were calculated using the same method as described 

above. Three replicates were carried out, and means were calculated with Excel 2007. 

4.2.6.3 Data analysis 

        Kinetic data of each enzyme were plotted and curve-fitted to the Michaelis-Menten 

model using plotting and curve-fitting tools implemented in MATLAB. Maximal velocity 

values (Vmax) and Michaelis-Menten constants (Km) were estimated. Confidence of curve 

fitting (i.e. 95% confidence bounds, R-square values and root mean square error) was 

also assessed with MATLAB. Enzyme substrate specificities were calculates by dividing 

Km from Vmax. 
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4.3 Results:  

4.3.1 Sequence diversity in the DQD/SDH/QDH superfamily 

      Phylogenetic reconstruction of the DQD/SDH/QDH superfamily was performed with 

amino acid sequences from bacteria and the Viridiplantae lineages (Figure 4.1, Appendix 

E). Three planctomycete (bacteria) DQD/SDHs were included in the phylogeny study as 

an outgroup due to their close relatedness to the Plantae DQD/SDHs (Richards et al., 

2006). Bacteria and all non-seed plants (e.g. R. baltica, C. reinhardtii, P. patens and S. 

moellendorffii) with their genomes completely elucidated only have one DQD/SDH gene. 

In contrast, multiple DQD/SDHs (i.e. Poptr1 through 5, Pinta1&2) are present in seed 

plants, which have diverged into two clades. Both angiosperm and gymnosperm 

DQD/SDH isozymes are present in both clades, so it is most likely that a gene duplication 

event happened prior to the angiosperm/gymnosperm split in early plant evolution 

(Figure. 4.1). This was then followed by gene specialization/innovation event giving rise 

to two phylogenetically distinct clades. One of the two clades contains all characterized 

DQD/SDHs while the other defines a DQD/SDH-like clade with some members being 

recently characterized as QDHs (Chapter 2). It is noteworthy that the DQD/SDH-like 

clade does not include an Arabidopsis homologue. Quinate and its derivatives are not 

known to accumulate in Arabidopsis while they are present in all species represented in 

the DQD/SDH-like clade. It is therefore plausible to assume that the DQD/SDH-like 

clade is indeed a QDH clade. It was also noted that some angiosperms (especially 

monocots) are not present in the QDH clade.  
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Figure 4.1: Phylogenetic reconstruction of the DQD/SDH/QDH superfamily with 
amino acid sequences from bacteria (outgroup) and the green lineages. 
Tree topology was determined under both the maximum likelihood and the parsimony 
criteria with Phylip3.69. Branch confidence determined by 100 bootstrapping replicates 
using both methods are indicated on the tree (i.e. only values>50% are shown; values 
above the branch are generated with the maximum likelihood method while values below 
the branch are generated with the parsimony method).   
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Figure 4.1 abbreviations:  
Arath: Arabidopsis thaliana DQD/SDH; Blama: Blastopirellula marina DQD/SDH; 
Chlre: Chlamydomonas reinhardtii DQD/SDH; Jugre: Juglans regia DQD/SDH; 
Solly/Lyces: Solanum lycopersicum DQD/SDH; Micpu: Micromonas pusilla DQD/SDH; 
Nicta1: Nicotiana tabacum DQD/SDH1; Nicta2: Nicotiana tabacum DQD/SDH2; 
Orysa1: Oryza sativa DQD/SDH1; Orysa2: Oryza sativa DQD/SDH2; Orysa3: Oryza 
sativa DQD/SDH3; Phypa: Physcomitrella patens DQD/SDH; Picsi1: Picea sitchensis 
DQD/SDH1; Picsi2: Picea sitchensis DQD/SDH2; Pinta1: Pinus taeda DQD/SDH1; 
Pinta2: Pinus taeda DQD/SDH2; Plama: Planctomyces maris  DQD/SDH; Poptr1: 
Populus trichocarpa DQD/SDH1; Poptr2: Populus trichocarpa QDH1; Poptr3: Populus 
trichocarpa QDH2; Poptr4: Populus trichocarpa QDH3; Poptr5: Populus trichocarpa 
DQD/SDH2; Rhoba: Rhodopirellula baltica DQD/SDH; Ricco1: Ricinus communis 
DQD/SDH1; Ricco2: Ricinus communis DQD/SDH2; Ricco3: Ricinus communis 
DQD/SDH3; Ricco4: Ricinus communis DQD/SDH4; Ricco5: Ricinus communis 
DQD/SDH5; Selmo: Selaginella moellendorffii DQD/SDH; Sorbi1: Sorghum bicolor 
DQD/SDH1; Sorbi2: Sorghum bicolor DQD/SDH2; Vitvi1: Vitis vinifera DQD/SDH1; 
Vitvi2: Vitis vinifera DQD/SDH2; Vitvi3: Vitis vinifera DQD/SDH3; Vitvi4: Vitis 
vinifera DQD/SDH4; Volca: Volvox carteri f. nagariensis DQD/SDH 
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4.3.2 Sequence analysis and molecular modeling 

         Examination of the key amino acid residues of the S/QDH domain across different 

lineages revealed that the two dehydrogenase catalytic sites (Lys385 and Asp423 in 

Arabidopsis) are highly conserved across all SDHs and QDHs. However, variations in 

two main substrate binding sites (Ser338 and Thr381) were observed between different 

phylogenetic groups (Figure 4.2). This suggests that the ability to catalyze 

dehydrogenation reactions is maintained in all enzymes, while individual groups / clades 

may have distinct substrate preferences. All bacterial and green algal DQD/SDHs possess 

Ser (338) and Thr (381). However, the conversion of Ser (338) to Gly was observed in 

DQD/SDHs from early land plants (bryophytes and lycophytes). This leads to the 

appearance of an extra pocket in the active site, which potentially allows quinate to fit in 

(Figure 4.3, Chapter 2). This Ser (338) to Gly conversion was maintained in the 

gymnosperm DQD/SDH clade while Gly was converted back to Ser in the angiosperm 

DQD/SDH clade. Members in the QDH clade gained a second mutation (Thr (381) to 

Gly) while maintaining the first one (Ser to Gly). The second mutation has also led to the 

appearance of additional space within the reaction pocket, and this could subsequently 

result in further optimization of quinate activity by accommodating the less planar 

conformation of the hexene ring of quinate compared to the hexane ring of shikimate, 

where the double bond promotes a more planer conformation of the ring.  

      Conservation of the key amino acid residues involved in cofactor binding was also 

assessed through sequence analysis. The G motif (GXGGXX: Gly460, Gly462 and 

Gly463 in Arabidopsis), which binds to the pyrophosphate moiety of NADP(H) and 

NAD(H), was found to be highly conserved across all sequences analyzed (Figure 4.2).  
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Figure 4.2: Conservation of the key amino acids of the S/QDH domains within each 
major clade of the phylogeny. 
The protein sequence alignment used to generate the extended phylogeny (Appendix A) 
was trimmed to retain the key amino acid residues, which are potentially involved in 
reaction catalysis (C), substrate binding (SB) or cofactor binding (CB) based on the 
known protein structure of Arabidopsis DQD/SDH (Singh and Christendat, 2006; Singh 
and Christendat, 2007). This alignment was subdivided into seven alignments, each of 
which only contains sequences from a sub-lineage of the DQD/SDH/QDH family 
(bacteria, green algae, early land plants, gymnosperms DQD/SDHs & S/QDHs and 
angiosperms DQD/SDHs & QDHs). These seven alignments were used to generate 
sequence logos with the ‘WebLogo’ tool. Residues were labeled based on their relative 
positions in Arabidopsis DQD/SDH. Key substrate binding sites of the SDH domain 
(Ser338 and Thr381) are highlighted in gray color. DQD/SDH clade is highlighted in 
blue while QDH clade is highlighted in pink 
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Figure 4.3: Ancestral reconstruction and protein structure modeling. 
The amino acid sequence of the ancestral DQD/SDH (Anc122, prior to gene duplication) was 
reconstructed with PAML. Along with the DQD/SDHs and QDHs from selected extant plant 
species (R. baltica (Rhoba), C. reinhardtii (Chlre), P. patens (Phypa), S. moellendorffii 
(Selmo), P. taeda (Pinta1&2) and P. trichocarpa (Poptr1&3)), it was subjected to protein 
structure modeling using Arabidopsis DQD/SDH coupled with shikimate as a template. The 
impact of changes at key substrate binding sites (Ser338 and Thr 381 in Arabidopsis) is 
highlighted.  
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Conservation of the G motif suggests an critical role of cofactors (NADP(H) and 

NAD(H)) in reaction catalysis, and these key sites have been maintained by the action of 

purifying selection during plant evolution. Asn483, Arg484 and Thr485 in Arabidopsis 

constitute the NRT motif, which binds to the adenine phosphate and is commonly found 

in many NADP(H)-dependent dehydrogenases (Singh and Christendat, 2007). Sequence 

analysis revealed that Asn (483) and Arg (484) residues are highly conserved in major 

groups of the green lineages except for the angiosperms QDH clade. In some 

angiosperms QDHs, Asn (483, positively charged) and Arg (484, polar uncharged) were 

converted into negatively charged Asp and nonpolar Ile, respectively. This may explain 

the preference of (some) angiosperms QDHs for NAD(H), which lacks the phosphate at 

the adenine moiety, over NADP(H) as a cofactor. Thr (485, polar uncharged) residue was 

found to be specific to the angiosperm DQD/SDH clade and converted into Asn (polar 

uncharged) in other clades. Both Thr and Asn are poplar uncharged amino acids sharing 

similar structure, and the Thr-to-Asn conversion may therefore not change cofactor 

preference.  

4.3.3 Detection of positive selection 

       Selection types can be inferred by the ratio of non-synonymous substitution rate (dN) 

over synonymous substitution rate (dS). A dN/dS ratio (ω) significantly greater than 1 is 

an indication of positive selection while purifying selection can be inferred when the ratio 

is smaller than 1. An evolution analysis of the DQD/SDH/QDH superfamily was 

performed using three models (the branch model, MEME and SLAC). With the branch 

model (implemented in PAML), ω ratios across all labeled branches were modeled. 

Strong signature of positive selection was identified on branches at subtending the green 
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lineage, the DQD/SDH clade, as well as the QDH clade (Figure 4.4). Detection of 

positive selection on the branch subtending the green lineages suggests that enzyme 

optimization leading to more DQD/SDH activities (driven by increased organismal 

complexity) may have occurred to the ancestor of all green organisms after the 

divergence of green algae and bacteria. It could also be an indication that the gain of 

quinate biosynthetic activity (QDH) started at this time point. It is also worth noting that 

bacteria and plants belong to different domains of life, and the detection of positive 

selection on the branch leading to the green lineages could well be due to phylogenetic 

divergence (i.e. bacterial sequences are quite distinct from plant sequences). Notably, the 

branches leading to the DQD/SDH and the QDH clades have also evolved under positive 

selection, which suggests that adaptive changes have occurred in both clades shortly after 

duplication to allow members within each clade to become specialized in one of the two 

original functions (either DQD/SDH or QDH).  

           It is worth mentioning that the branch model is limiting as it assumes that ω ratio 

remains constant across all sites of a protein. Therefore, a second method (MEME), 

which allows ω ratio to vary across both lineages and sites, was included in this study to 

test for positive selection (Figure 4.5, Appendix G). In total, 38 sites were found to be 

under positive selection at different time points of plant evolution (List in Appendix G). 

Focusing on active sites, three sites (Ser338, Thr381 and Thr407) were found to have 

evolved under positive selection on at least one branch.  Ser338 and Thr381 have been 

previously identified as major substrate binding determinants of the SDH domain in 

Arabidopsis (Singh and Christendat, 2006; Singh and Christendat, 2007). In contrast, 

Thr407 does not interact with the substrate (shikimate) directly but is involved in  
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Figure 4.4: Detection of positive selection on pre-specified branches of the 
phylogeny. 
ω ratios (non-synonymous nucleotide substitution over synonymous substitution) were 
determined using the branch model implemented in PAML. Strong positive selection 
(ω>>1) was detected on branches (thick red) subtending the green lineage, the DQD/SDH 
(Pink) and the QDH clades (blue).  
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Figure 4.5: Detection of episodic diversifying selection pressure at sites Ser338 (left), Thr381 (middle) and Thr407 (right). 
A test for episodic positive selection was carried out with the MEME model implemented in Datamonkey. Branches that are under 
strong positive selection at these three sites are highlighted by red.  
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conformationally orienting Asn406, which is located proximal to the C4-hydroxyl (Singh 

and Christendat, 2007). For Ser338, positive selection was detected first at the branch 

defining all land plant sequences, where the Ser (338) is changed to Gly, and then on the 

branch defining the angiosperm SDH clade (where the Gly evolved back to Ser). In 

addition, positive selection was detected on the branch leading to the QDH clade at site 

Thr381, which was changed to Gly in the members of the QDH clade. For site Thr407, 

positive selection was detects on the branch leading to the true dicot DQD/SDH clade 

(Thr to Ser) as well as branches subtending some subgroups of the true dicot DQD/SDH 

clade.  

           These observations were further confirmed by substitution maps of these three 

sites obtained with SLAC (Figure 4.6). A non-synonymous substitution, which allowed 

the conversion of Ser (338) to Gly, was detected on the branch leading to the land plants. 

Gly was then converted back to Ser in the angiosperm DQD/SDH clade. In the QDH 

clade, the Ser (338) was kept, and in addition, the conversion of Thr (381) to Gly was 

observed on the branch leading to the QDH clade. In addition, Thr (407) to Ser 

conversion was observed on the branch defining the dicot DQD/SDH clade and further 

diversified within this clade.  

4.3.4 Enzymatic properties of the DQD/SDH/QDH superfamily members across the 

plant kingdom 

         To elucidate the potential mechanism through which the DQD/SDH/QDH 

superfamily has evolved during plant evolution, DQD/SDHs and QDHs from bacteria, 

selected extant plant species and the predicted ancestor of all seed plant S/QDHs were  
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Figure 4.6: Codon substitution maps of sites Ser338 (top), Thr381 (middle) and 
Thr407 (bottom). 
Substitution maps at these three sites were determined with the SLAC method 
implemented in Datamonkey. Tree branches are color-coded based on the type of 
substitutions as follows: yellow for both synonymous and non-synonymous substitutions, 
blue for only synonymous substitution, red for only non-synonymous substitution.  



 

 

167
expressed as recombinant proteins in E. coli (Figure 4.7). Purified enzymes were assayed 

for enzymatic activities with both shikimate and quinate at saturating concentrations 

(10mM). All enzymes exhibited activities with both shikimate and quinate to some extent 

with apparent differences in substrate preference (Figure 4.8). It was also noted that all 

pre-duplication isozymes demonstrated higher affinity towards shikimate compared with 

quinate. Specialized QDHs only came to existence after gene duplication (the 

angiosperm/gymnosperm split).  

4.3.4.1 QDH 

          QDH activity was observed in all enzymes included in this study, but to various 

degrees. It remained low in bacterial and green algal enzymes, and was continuously 

increasing during early land plant evolution (from Phypa to the pre-duplication ancestor). 

This suggests that minute QDH activity was present since the beginning of plant 

evolution. However, it might not be biological significant, and the presence of QDH 

activity can be explained by the fact that quinate is structurally similar to shikimate. 

Coinciding with the Ser (338) to Gly change, an increase in QDH activity was observed 

in Phypa DQD/SDH compared to the bacterial and green algal DQD/SDHs. QDH activity 

kept increasing from this point on and reached about 12% of the SDH activity in Anc122. 

After gene duplication, QDH activity decreased in the SDH clade. Pinta 1 and Poptr1 

exhibited primarily shikimate specific activities (i.e. encode DHQD/SDH) with minute 

quinate biosynthetic activity. In contrast, QDH activity was increased in the QDH clade, 

which coincided with the Thr (381) to Gly conversion. Poptr3 demonstrated high 

specificity towards quinate while maintaining residual shikimate biosynthetic activity. 

Pinta2, a member of the QDH clade, was able to take both shikimate and quinate as  
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Figure 4.7: SDS-PAGE gel (Top) and Western blot (Bottom) analyses of the purified 
proteins of ancestral DQD/SDH (Anc122) and selected DQD/SDH/QDH superfamily 
members (R. baltica DQD/SDH (Rhoba), C. reinhardtii DQD/SDH (Chlre), P. patens 
DQD/SDH (Phypa), S. moellendorffii DQD/SDH (Selmo), P. taeda DQD/SDH 
(Pinta1), P. taeda QDH (Pinta2), P. trichocarpa DQD/SDH1 (Poptr1) P. trichocarpa 
QDH2 (Poptr3)). 
Recombinant proteins were purified from E. coli through Ni-NTA affinity 
chromatography and separated on a polyacrylamide gel (top) followed by Western 
blotting and detection of His-tagged proteins using a HisProbe fused to horseradish 
peroxidase (bottom). 
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Figure 4.8: Enzymatic activities of the ancestral DQD/SDH (Anc122) and selected 
members of the DQD/SDH/QDH superfamily. 
 Substrate preferences of recombinant enzymes were determined with both shikimate 
(blue) and quinate (red) at saturating substrate concentrations (10mM). Enzyme 
specificities (Vmax/Km) were determined by varying substrate concentrations (10 
concentrations ranging from 0.05 mM to 5mM) while keeping cofactor at saturation. 
Enzyme activities were determined by measuring NADPH or NADP formation at 340nm, 
and three replicates were included for each assay.  
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substrates equally. The presence of a less specialized enzyme in conifers after duplication 

is consistent with the fact that gymnosperms have evolved at a lower rate than 

angiosperms. Pinta2 may still be in the process of losing SDH activity and becoming a 

specialized QDH. 

4.3.4.2 SDH 

      SDH activity is dominant in all pre-duplication DQD/SDH enzymes. There appears to 

be an initial increase in SDH activity during early land plant evolution with Phypa having 

much higher SDH activity and specificity (Km/Vmax) in comparison with bacterial and 

green algal DQD/SDHs. This suggests that the Ser (338)-to-Gly mutation did not 

interfere with the overall fitness (total dehydrogenase activity) of the enzyme (Phypa 

DQD/SDH). The increased level of SDH activity observed in early land plants may be 

driven by increased level of organismal complexity. Coinciding with the increase of 

QDH activity towards the pre-duplication ancestor, there appears to be a decrease in SDH 

specificity. After gene duplication, the SDH clade members increased their shikimate 

specificity again. For example, Poptr1, representing the angiosperm SDH clade with the 

Ser (338)-to-Gly conversion reversed and an additional Thr (407)-to-Cys mutation, has 

by far the highest shikimate specificity of all enzymes tested. The gymnosperm Pinta1 is 

characterized by increased shikimate specificity compared to the immediate pre-

duplication ancestor, but not to the extent seen in the angiosperm enzyme Poptr1. This 

could be explained by the lower rate of evolution observed in gymnosperms compared 

with angiosperms. 
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      All pre-duplication enzymes demonstrated activities with both shikimate and quinate, 

with shikimate biosynthetic activity being the dominant. Both SDH and QDH activities 

were optimized in early land plants, and this was supported by increased level of both 

activities in Phypa DQD/SDH in comparison to bacterial and green algal DQD/SDHs. A 

trend was also revealed that the increase of QDH activity was coupled with the reduction 

in SDH enzyme specificity (Km/Vmax). The ancestral protein showed a reduced level of 

SDH specificity but increased level of QDH activity compared to Phypa and Selmo 

DQD/SDHs. After gene duplication and further divergence, specialized SDHs and QDHs 

have evolved separately. Pinta 1 and Poptr1 exhibited primarily shikimate specific 

activities (i.e. encode DQD/SDH) with some quinate biosynthetic activity. In contrast, 

Poptr3 demonstrated specificity towards quinate while maintaining residual shikimate 

biosynthetic activity. Pinta2, a member of the QDH clade, was able to react with both 

shikimate and quinate equally suggesting that it may still be in the process of becoming 

specialized for QDH activity.  

4.4 Discussion 

             Phylogenetic reconstruction revealed that a key gene duplication just prior to the 

angiosperm / gymnosperm split  has led to the diversification of the DQD/SDH/QDH 

superfamily into two functionally distinct clades with one being specific to shikimate 

biosynthesis (primary metabolism) while the other being involved in quinate biosynthesis 

(secondary metabolism). Evolutionary analysis and functional characterization of the 

DQD/SDH and QDH enzymes from the immediate pre-duplication ancestral DQD/SDH 

and representative extant plant species across the green lineage suggested that functional 

evolution of the DQD/SDH/QDH superfamily was largely dependent on the existence of 
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a multi-functional ancestral DQD/SDH/QDH encoding both shikimate (SDH) and at least 

some quinate (QDH) biosynthetic activities. This apparently created opposing selection 

pressure preventing further optimization of quinate biosynthetic activity. Selection 

constrains were only relaxed after gene duplication to allow positive selection to act 

differently on the two duplicates. Ancestral functional variation was then refined to allow 

the appearance of genes encoding enzymes which are specialized in one of the two 

ancestral functions in different lineages.  

4.4.1 Evolution of DQD/SDH/QDH superfamily via Escape from Adaptive Conflict 

(EAC) 

         Gene duplication has been proposed as a central mechanism for gene functional 

diversification and adaptation with neo-functionalization and sub-functionalization being 

the two most general models. Under neo-functionalization, a gene is duplicated giving 

rise to two functionally redundant duplicates, one of which maintains the ancestral 

function. The relaxed selection pressure on the other daughter copy leads to accumulation 

of mutations leading to a novel function (Innan and Kondrashov, 2010). In contrast, sub-

functionalization states that mutations already accumulate in the original gene copy. This 

allows the appearance of multiple functions, which are subdivided after gene duplication 

(Innan and Kondrashov, 2010). Both models focus on the adaptive processes happening 

after gene duplication. Escape from Adaptive Conflict (EAC), a special case of sub-

functionalization, takes into accounts adaptive pressures both prior to and after gene 

duplication (Sikosek et al., 2012; Des Marais and Rausher, 2008; Huang et al., 2012).  

EAC describes the situation where mutations accumulate in the ancestral gene. This leads 

to the arising of a second function. However, optimization of this novel function results 
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in reduction of the original function. This creates an adaptive conflict as optimization of 

one function will be at the expense of the other. Only after duplication, each copy is free 

to specialize and to optimize one of the two original functions. There are two defining 

features of EAC, which are used to distinguish EAC from other models. Under EAC, 

functional trade-offs (between the original trait and the novel trait) are observed in the 

single-copy ancestral enzyme (i.e. the evolving function cannot be optimized without 

compromising the existing function) (Sikosek et al., 2012; Khersonsky and Tawfik, 

2010). Secondly, adaptive changes happen to both duplicates after gene duplication, 

which allows the separation and improvements of the two original functions in different 

duplicates (Des Marais and Rausher, 2008). 

4.4.1.1 Adaptive conflict exists prior to gene duplication 

      Evolutionary analysis of the DQD/SDH/QDH superfamily indicated that the single-

copy ancestral DQD/SDHs have experienced relaxed purifying selection (intermediate ω 

ratio: 0.0157 in the branch model) before gene duplication in early land plant history. 

This is coincident with the initial increase of quinate biosynthetic activity after plant 

terrestrialization (indicated by an increased QDH activity in the moss Phypa SDH 

compared with the green algal and bacterial enzymes).  Being involved in primary 

metabolism and thus necessary for cellular survival, mutations that lead to reduced 

shikimate biosynthetic function (original function) beyond a certain threshold should be 

penalized by decreased level of fitness (Sikosek et al., 2012). Consistently, purifying 

selection acted to maintain the existing shikimate function with some degree of freedom 

(indicated by slightly relaxed purifying selection). Nevertheless, this allowed the 

accumulation of mutations leading to increased quinate biosynthetic activity to some 
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extent, which could be beneficial to early land plants as quinate and its derivatives are 

involved in plant adaptation and defense.  It is important to note that the original 

shikimate function appears to have been compromised to some extent during this process 

(functional trade-offs). This was supported by functional characterization of DQD/SDHs 

from early land plants (Phypa and Selmo) and from the immediate pre-duplication 

ancestor. All three enzymes were able to take both shikimate and quinate as substrates 

with strong preference for shikimate, and relative activities with shikimate and quinate 

were negatively correlated. As quinate biosynthetic activity increased, enzyme specificity 

of these three enzymes towards shikimate decreased gradually. Giving the fact that the 

ability to produce both shikimate and quinate by plants is advantageous, an adaptive 

conflict appeared between specialization for shikimate or quinate biosynthetic activity 

(Figure 4.9).  Evolutionary analysis also identified a positively selected amino acid 

residue (Ser338 in Arabidopsis) in pre-duplication species, which is previously identified 

to be involved in substrate discrimination between shikimate and quinate (Chapter 2). 

The conversion of Ser338 to Gly was observed in Phypa, Selmo and Ancestral 

DQD/SDHs. this conversion was coincident with the elevated levels of quinate 

biosynthetic activities in all three enzymes compared with the bacterial and green algal 

DQD/SDHs. With the increased levels of quinate biosynthetic activity and compromised 

shikimate biosynthetic activity, an adaptive conflict came to appear.  

4.4.1.2 Resolution of adaptive conflict by gene duplication and gene function 

optimization 

       The adaptive conflict between shikimate and quinate biosynthetic activities was 

resolved by gene duplication and further specialization events. Gene duplication can  
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Figure 4.9: The EAC (Escape from Adaptive Conflict) model. 
The ancestral gene encodes a protein with primary shikimate (S: SDH, blue) and residual 
quinate (q: QDH, red) biosynthetic activities. An adaptive conflict arose when quinate 
biosynthetic activity became beneficial, and selection favored the optimization of this 
activity. This conflict was resolved by gene duplication followed by gene specializations, 
which resulted in two genes encoding enzymes specialized in either shikimate (S) or 
quinate (Q) biosynthetic activities. 
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consequently lead to an increase in protein concentration, which may compensate for the 

partial loss of the original function and the low efficiency of an actively evolving 

function, and thereby provide immediate advantage (Soskine and Tawfik, 2010). In 

addition, gene duplication also provides working material for gene functional adaptation 

and specialization to happen. Based on phylogenetic reconstruction of the 

DQD/SDH/QDH superfamily, it is most likely that gene duplication occurred prior to the 

separation of angiosperms and gymnosperms. After gene duplication, positive selection 

drove each gene duplicate to specialize. This was supported by the detection of positive 

selection (ω>>1) on the branches leading to the true DQD/SDH and the QDH clades. 

This result is also most compliant with the EAC model. During the EAC stage right after 

gene duplication, the ratios of non-synonymous substitution over synonymous 

substitution are expected to be greater than one due to the presence of adaptive changes 

(Sikosek et al., 2012; Innan and Kondrashov, 2010; Des Marais and Rausher, 2008).  

Following the separation of two functions, genes duplicates encoding specialized 

enzymes are constrained by weak purifying selection with ω ratios smaller than one 

(Innan and Kondrashov, 2010; Conant and Wolfe, 2009). Similar result was obtained in 

this study.  Isozymes from the true DQD/SDH clade (Pinta1 and Poptr1) and the QDH 

clade (Pinta2 and Poptr3) were subjected to biochemical assays to determine their 

preferred substrates. Pinta1 and Poptr1 preferred shikimate over quinate. Both enzymes 

demonstrated higher substrate specificity towards shikimate than the ancestor, which 

indicates that shikimate biosynthetic function has been optimized in members of the true 

DQD/SDH clade. In contrast, Poptr3 demonstrated high activity with quinate and 

extremely low activity on shikimate. In addition, activity on quinate is substantially 
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higher for Poptr3 (post-duplication copy) than for the ancestor and pre-duplication 

copies. Biochemically, Pinta2 represents an intermediate between the shikimate specific 

enzymes and enzymes specialized for quinate biosynthesis: It exhibited equal activities 

on both shikimate and quinate. This may be explained by the low evolutionary rate of 

gymnosperms (Buschiazzo et al., 2012), which would suggest that it is still being in the 

process of losing shikimate biosynthetic activity and becoming specialized on quinate. 

Together, the results suggest that optimization of gene functions occurred in both 

duplicates after gene duplication leading to specialized enzymes with one predominantly 

acting on shikimate and the other on quinate. The adaptive changes in different lineages 

can be best explained by EAC (Figure 4.9). Being consistent with the EAC model, a 

second positively selected site (Thr381in Arabidopsis) was identified, which has evolved 

to Gly in all QDHs. It is also notable that the Ser-to-Gly substitution occurred before 

gene duplication was reversed in angiosperm DQD/SDH clade leading to the highly 

shikimate specialized enzymes.  All these together suggest an important role of both 

Ser338 and Thr381 residues in substrate discrimination between shikimate and quinate. 

The gain of quinate activity appears to have already occurred after the Ser-to Gly 

conversion in early land plants. However, specialized QDH enzymes only came into 

existence when the second mutation was gained after gene duplication. Furthermore, 

positive selection was also detected on the branch subtending all dicot DQD/SDHs at site 

Thr407 (in Arabidopsis), which may also be involved in re-specialization of DQD/SDH 

enzymes in shikimate biosynthetic activities.  
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4.4.2 Secondary metabolic genes derived from primary metabolic genes    

           Plants are able to produce a large diversity of chemical compounds with relatively 

low molecular weights, and more than 200,000 chemicals have been elucidated 

(Pichersky and Gang, 2000; De Luca and St Pierre, 2000).  Only a small portion of these 

compounds are involved in primary metabolism, and they are also found to be highly 

conserved across different species.  The remainder is classified as secondary metabolites, 

which demonstrate an amazing structural diversity. There has been evidence supporting 

that such diversity is generated by genes recruited from primary metabolic pathway via 

gene duplication followed by divergence (Pichersky and Gang, 2000). The present work 

provides an example of having quinate biosynthetic genes (QDH, secondary metabolism) 

derived from shikimate biosynthetic genes (SDH), which are involved in primary 

metabolism. The ancestral DQD/SDH enzyme before gene duplication could already 

recognize both shikimate and quinate as substrates with stronger catalytic rate on 

shikimate. Only after gene duplication, both defense-related quinate biosynthetic function 

and essential shikimate biosynthetic activity were optimized independently on the two 

duplicated copies. A similar situation, where both primary and secondary pathway genes 

are present in the same gene family, has been reported in a few families including 

cytochrome-P450-dependent monooxygenases (Lupien et al., 1999), o-

methyltransferases (Wang and Pichersky, 1999), anthranilate synthases (Essar et al., 

1990), diterpene synthase (Keeling et al., 2010). However, most of these studies are 

limited to describing functional diversity observed within a gene family. The molecular 

evolutionary perspective was not interrogated in any detail and the mode of evolution that 

created functional variation within a family has not been elucidated. In my study, I 
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demonstrated that the diversification of the DQD/SDH/QDH superfamily likely occurred 

through sub-functionalization via a mechanism described as “Escape from Adaptive 

Conflict”. Due to the fact that EAC requires the presence of relaxed purifying selection 

prior to gene duplication to allow an adaptive conflict to appear, it is most likely to 

operate on gene families that are not directly involved in primary metabolism (essential 

to survival) (Sikosek et al., 2012).  However, quinate shares extremely high structural 

similarity with shikimate. A single non-silent mutation (Ser (338) to Gly) could already 

result in the gain of some quinate biosynthetic activity, and shikimate function was 

compromised to some extent but still sufficient to maintain overall fitness. The 

appearance of functional trade-offs before duplication has been identified as a defining 

feature of EAC. This further supports that the DQD/SDH/QDH superfamily has evolved 

via EAC. It is also worth mentioning that gene evolution is a continuous process.  Genes 

that have been recruited from primary metabolism for secondary metabolism may also 

serve as a pool for further recruitments of novel functions, which are potentially involved 

in another secondary metabolic pathway(Pichersky and Gang, 2000; Ober, 2005). It was 

noted in this study that Poptr 3 demonstrated higher catalytic rate with quinate than 

shikimate. However, its specificity towards quinate was lower compared to the bi-

functional enzyme Pinta2, which was not expected. This may suggest that ongoing 

specialization towards quinate coincides with a (temporal) general loss of overall 

dehydrogenase activity, which can be compensated by the presence of multiple isozymes 

resulted from recent gene duplication events (i.e. there are three QDHs in poplar). 
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4.4.3 The gain of quinate biosynthetic activity as an adaptive trait 

         Quinate and its derivatives, such as chlorogenic acid, are widely distributed in the 

plant kingdom (Petersen et al., 2009). Chlorogenic acid accumulates potentially as a 

defensive compound with anti-herbivore and anti-microbial properties (Leiss et al., 

2009). Chlorogenic acid and its isoforms may function as storage forms of the 

intermediates involved in lignin biosynthesis.  (Boerjan et al., 2008, Tsai et al., 2006) and 

have a potential role in photoenergy dissipation (Grace and Logan, 2000).  Chlorogenic 

acid is a hydroxycinnamyol ester of quinic acid. As a result, the production of quinate is 

essential to the biosynthesis of chlorogenic acid. Understanding the roles and 

distributions of chlorogenic acid and its isoforms in the plant kingdom will also provide 

more insight into the evolution of quinate biosynthesis by answering the following 

questions: when did the gain of quinate biosynthetic activity occur in nature? Why is the 

gain of quinate biosynthetic function beneficial?  

         Based on functional characterization of the DQD/SDH and QDH enzymes across 

the plant kingdom, it is clear that quinate biosynthetic function is present in the common 

ancestor of the green lineages. This is supported by the extraction of chlorogenic acid 

from two freshwater algae: Anabaena doliolum and Spongiochloris spongiosa 

(Onofrejova et al., 2010). However, quinate biosynthetic activity remained low in algae 

due to the fact that the aquatic environment is less complex than the terrestrial 

environment in terms of types of stresses (i.e. less UV light, less herbivory, etc.), and the 

demand for the production of secondary metabolites, chlorogenic acid in particular, is 

comparably low. The presence of chlorogenic acid or quinate derivatives in general has 

been reported in some species from all major groups of early land plants including 
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bryophytes (Jockovic et al., 2008; Erxleben et al., 2012; Montenegro et al., 2008), 

lycophytes (Lin et al., 2000) and ferns (Petersen et al., 2009). This is also consistent with 

the detection of quinate biosynthetic activities in P. patens (Phypa) and S. moellendorffii 

(Selmo). It was also noted that quinate activities of Phypa and Selmo were higher 

compared to the green algal DQD/SDH (Chlre). This could be explained by the fact that 

land plants were facing increasing challenges (i.e. UV light, gravity, herbivores, 

parasites, etc) during and after terrestrialization, and being able to produce defense-

related quinate derivatives was apparently advantageous in plant adaption to the 

terrestrial environments. It is evident that the diversity of plant secondary metabolites is 

largely shaped by environmental factors and interactions between plants and their 

enemies (Theis and Lerdau 2003).  The battle between plants and their enemies is the 

major driving force for evolution, which explains why there was an increasing demand on 

the production of quinate and its derivatives already prior to gene duplication. However, 

the optimization of quinate biosynthetic activity was coupled with partial loss of essential 

shikimate activity in the single-copy DQD/SDHs. High demand for quinate derivatives 

and functional conflict further drove selection towards specialized enzymes after gene 

duplication.   

4.4.4 The loss of quinate biosynthetic activity (QDH) in some plant species 

        Phylogenetic relationship among members of the DQD/SDH/QDH superfamily was 

reconstructed, and the lack of monocot and some herbaceous dicot (e.g. Arabidopsis) 

sequences in the QDH clade suggests that quinate biosynthetic activity may have been 

lost in some plant species during plant evolution. One chemical survey suggests that 

quinate are present in some monocot species at low levels but not in all monocots 
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analyzed (Yoshida et al., 1975). Monocots, which are able to produce quinate 

(derivatives), were not included in my phylogeny study due to the lack of sequence 

information. However, this still suggests that the loss of quinate biosynthetic activity is 

not at the group level (all monocots) but has only occurred multiple times at the family, 

genus, or species level. It was noted in this study that some of the specialized SDHs 

(Poptr1 and Pinta1) still maintained residual quinate biosynthetic activities. It remains 

possible that some of the monocot SDHs also maintain some QDH activities, which may 

be sufficient to be responsible for the production of quinate in these monocot species. 

However, a specialized QDH with residual SDH activity has been partially purified from 

corn seedlings (Graziana et al., 1980). This is not consistent with my phylogenetic 

reconstruction result, which placed all corn sequences in the true DQD/SDH clade. 

Although the corn genome is nearly complete, there remains the possibility of having 

genes encoding QDHs present in the un-sequenced part of the corn genome.   

           My work suggests that the gain of quinate biosynthetic activity was initiated by the 

evolutionary arm race between plants and their surrounding environments. The ability of 

plants to produce quinate and its derivatives was likely acquired as a defensive strategy in 

early plant evolution. In response to this, some plant enemies (e.g. herbivores) may have 

evolved a counter adaptation, which allows them to thrive even in the presence of 

defense-related quinate derivatives. The appearance of these specialists, which are less 

susceptible to quinate derivatives, may have made this quinate-based defense strategy 

less effective in some lineages / species and therefore less favored by selection. 

Consequently, this has led to the loss of quinate biosynthetic activity and potentially the 

gain of a new defense strategy in these species.  



 

 

183
4.4.5 Cofactor preference variations of plant DQD/SDHs and QDHs 

          It is well established that all plant SDHs prefer NADPH as a cofactor (Singh and 

Chritendat, 2006; Bischoff et al., 2001; Bonner and Jenson, 1994; Ding et al., 2007; 

Singh and Christendat, 2006; Singh and Christendat, 2007, chapter 2). In contrast, 

variations in cofactor preference were observed in QDHs across different plant lineages. 

QDHs from gymnosperms (L. sibirica) prefer NADP(H) (Ossipov et al., 1995), while   

QDHs from angiosperms such as mung bean, pea, carrot, corn, and poplar take NAD(H) 

as a cofactor (Kang and Scheibe, 1993; Minamikawa, 1977, Refeno et al., 1982; Graziana 

and Boudet, 1983, chapter 2). This is consistent with the finding that the NRT motif, a 

defining feature of all NADP(H)-dependent dehydrogenases, is absent from some 

angiosperm QDHs (i.e. the NRT motif is replaced by DID in some QDHs from 

angiosperms). Variations in cofactor preference between angiosperms SDHs and QDHs 

may allow highly-regulated carbon flow into either shikimate or quinate biosynthesis 

from their common precursor 3-dehydroquinate. Shikimate plays an important role in 

primary metabolism (protein production) while quinate is involved in plant secondary 

metabolism (e.g. defense). Shikimate and quinate biosynthetic enzymes (SDHs and 

QDHs) are derived from one multi-functional ancestor. Enzymes with specificity towards 

one of the two substrates (shikimate and quinate) came to appear after gene duplication 

and subsequent specialization events. Differences in cofactor preference allow further 

separation of these two functions and therefore independent biochemical regulation of 

these two activities in plants.  

         In conclusion, the present work provides the molecular mechanism of the 

recruitment of a secondary metabolic gene (QDH) from a gene involved in primary 
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metabolism (SDH). Quinate biosynthetic activity might have become beneficial early 

during plant terrestrialization, and was therefore favored by natural selection. However, 

this promiscuous function was optimized at the expense of losing some shikimate 

activity, which is essential to plant survival. This created a conflict preventing both 

functions from being optimal. Gene duplication and further specialization events resolved 

this conflict, and this was supported by the presence of specialized SDHs and QDHs in 

seed plants. The mode of evolution underlying functional diversification and divergence 

in the DQD/SDH/QDH superfamily can be best described by “Escape from Adaptive 

Conflict”. The ability to produce quinate and its derivatives (e.g. chlorogenic acid) by 

plants is thought to be driven by environmental changes and chemical arms race between 

plants and their enemies. In return, the gain of this function provides a significant 

selective advantage to allow them to better adapt to the changing environments and to 

defend themselves against biotic stresses. 
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Chapter 5 Conclusions and future directions 

 

          The major research work of this dissertation established the functional identity of 

DQD/SDHs (3-dehydroquinate dehydratse / shikimate dehydrogenase) in poplar, 

deciphered the genetic base of quinate biosynthesis via molecular characterization of 

QDHs (quinate dehydrogenase) and dissected the evolutionary mechanism that underpin 

the functional diversity of the DQD/SDH/QDH superfamily in the green lineages. Here, I 

will summarize these findings and discuss possible future research directions. 

5.1 Shikimate and quinate biosynthesis in Poplar 

          Shikimate, a precursor of aromatic amino acids, is synthesized by a bi-functional 

enzyme (DQD/SDH) from 3-dehydroquinate via 3-dehydroshikimate in plants. These two 

reactions represent the third and fourth steps of the shikimate pathway, which is a major 

component of plant primary metabolism. Quinate, a defense-related plant secondary 

metabolite, can be formed in a single step reaction from either 3-dehydroquinate or 

shikimate. The two enzymes involved are QDH and QD (quinate dehydratase). The 

reaction mechanisms of QD and QDH resemble that of DQD and SDH, respectively. As a 

result, I hypothesized that quinate biosynthesis might be catalyzed by enzymes similar to 

DQD and/or SDH.  

          There are five putative DQD/SDHs (Poptr1-5) encoded in the Poplar genome. 

Annotations of these five genes were largely based on sequence analysis, and no 

experimental evidence was available in terms of their functions. The main objective of 

Chapter 2 was to functionally characterize the five genes and to identify isoforms that are 
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potentially involved in quinate biosynthesis. Sequence similarity analysis of Poptr1 to 

Poptr5 and functionally characterized plant DQD/SDHs revealed two groups. Poptr1 and 

Poptr5 were grouped with characterized plant DQD/SDHs from Arabidopsis, tomato and 

tobacco (NtDQD/SDH1) while Poptr2, Poptr3, and Poptr4 formed a separate group with 

a putative tobacco DQD/SDH isoform 2, which has reduced SDH activity. A role of 

Poptr2 to Poptr4 in quinate biosynthesis was suggested by protein structure modeling 

because they both possess an extra pocket in the active site of the SDH domain that could 

accommodate quinate as a substrate. This was verified by in vitro biochemical assays 

with both shikimate and quinate. Poptr1 and 5 are true DQD/SDHs while Poptr2 and 3 

are indeed QDHs with only residual SDH activities. Thus, I have discovered here the 

molecular genetic basis of quinate biosynthesis in poplar. I showed that quinate and 

shikimate biosynthetic activities are encoded by distinct members of the same gene 

family (DQD/SDH/QDH superfamily) connecting plant primary metabolism tightly with 

the biosynthesis of specialized plant natural products (secondary metabolism). This 

permitted deciphering the molecular evolutionary history of this gene family. 

Identification of genes encoding QDHs allows further investigation of the roles of quinate 

and its derivatives in plant development and chemical ecology with reverse genetic 

approaches. This also enables quinate (and shikimate) biosynthesis in heterologous 

systems (e.g. bacteria), which potentially reduces the reliance on limited plant sources for 

the extraction of these valuable chiral starting molecules for (antiviral) drug production. 

Poptr4 was not included in the biochemical characterization due to difficulties in 

expressing recombinant protein in the bacterial system. Based on these enzymatic 

properties, Poptr1 and Poptr5 were re-named to DQD/SDH 1 and DQD/SDH2, and 
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Poptr2 and Poptr3 to DQH1 and QDH2, respectively. Poptr4 was assigned the name 

QDH3 owing to its higher similarity to QDHs than to SDHs. Biochemical 

characterization of QDH3 is necessary for complete characterization of the 

DQD/SDH/QDH family in poplar, which could be accomplished by recombinant protein 

expression in a different host system. 

5.2 Expression variations of Poplar DQD/SDHs and QDHs and co-expression 

analysis 

        Expression patterns of poplar DQD/SDHs and QDHs across different tissue types 

and their induction in response to environmental cues and genetic modifications were 

assessed by analyzing large-scale Affymetrix microarray expression data. Expression 

variations were observed among DQD/SDHs and QDHs, which are correlated with their 

functions and potential roles in both plant development and adaptive responses to 

stresses. DQD/SDH1 was found to be constitutively expressed at moderate levels across a 

wide range of tissues (organs) and highly expressed in actively growing cells and 

meristematic regions. This suggests that DQD/SDH1 is most likely involved in primary 

function (protein production), which was further supported by co-expression analysis 

(e.g. co-expression of DQD/SDH1 with some shikimate pathway genes and genes 

involved in loading amino acids onto tRNA). DQD/SDH2 is highly expressed in vascular 

tissues, which may indicate that DQD/SDH2 has a role in lignin biosynthesis. QDH1 and 

2 were found to be highly expressed in roots, which suggests a role of quinate and its 

derivatives in the rhizosphere. Though the functional characterization of QDH3 was 

proven unsuccessful, its predominant expression in leaves and its induction by wounding 

and fungal infection suggests that QDH3 may play an important role in plant defense, 
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which might be facilitated by the production of quinate and/or its derivatives (e.g. 

chlorogenic acid) in plants. QDH3’s defensive role was further supported by the 

increased expression level of QDH3 in plants over-expressing WRKY23, a transcription 

factor with a regulatory role in plant defense against both abiotic and biotic stress. Co-

expression analyses supported the role of DQD/SDH1 in primary metabolism, but were 

less efficient in pinpointing specific pathways or physiological functions for the 

remaining genes (DQD/SDH2, QDH1 to QDH3). The results of co-expression analysis 

can be further optimized by eliminating low-quality arrays from the expression data pool. 

Furthermore, it is noteworthy that the arrays were performed with multiple species within 

the genus Populus, and species-specific distributions of plant secondary metabolites were 

observed. Co-expression analyses may be interfered by distinct flows through the 

shikimate pathway in different species, and more careful dissection of the data set may be 

necessary to resolve this problem. 

5.3 Subcellular localizations of Poplar DQD/SDHs and QDHs 

         The main objective of Chapter 3 was to determine subcellular localizations of 

Poplar DQD/SDHs and QDHs. It has been shown in the literature that shikimate 

biosynthesis is localized to plastids, while QDHs are most likely to be found in either 

plastids or the cytosol. Based on N-terminal sequence analysis, DQD/SDH1 was the only 

member with a potential chloroplast targeting peptide. Others do not show clear target 

signals, and are thus likely to be localized to the cytosol. Subcellular localization 

prediction by online tools failed to provide consistent results. Transient transformation of 

plants with recombinant YFP fusion proteins (i.e. two delivery system: agroinfiltration 

and particle bombardment; three transformation systems: tobacco, Arabidopsis and 
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onion) did not support a plastidial localization of DQD/SDH1. Fluorescent signals were 

detected in the cytosol for all Poplar DQD/SDHs and QDHs, which was not expected. 

This could be attributed to several factors including the use of heterologous 

transformation systems, incomplete gene annotation, the presence of additional genes, 

etc.. However, it still remains possible that Poplar DQD/SDHs and QDHs are indeed 

localized to the cytosol based on consistent results provided by the three transformation 

systems and the two delivery methods employed. Further studies including more detailed 

genome sequence analysis (focusing on the upstream intergenic regions) and transient 

expression using a homologous system (i.e. poplar) and alternative methods may be 

necessary to determine the localizations of Poplar DQD/SDHs and QDHs in a cell.  

5.4 Evolution of the DQD/SDH/QDH superfamily 

          In Chapter 4, functional diversification of the DQD/SDH/QDH superfamily was 

studied. Biochemical characterization of DQD/SDHs and QDHs from the common 

ancestor of all seed plants and selected extant plant species revealed that quinate 

biosynthetic activity was present to minute amounts already in the common ancestor of 

the green lineages and remained low for a long period of time. Quinate biosynthetic 

function became beneficial and favored by selection during plant terrestrialization due to 

the role of quinate and its derivatives, such as chlorogenic acid, in plant defense and 

adaptation. Functional trade-offs were observed in early land plants, where a gradual 

increase in quinate activity coincided with a gradual decrease in shikimate specificity. 

This was also supported by the detection of relaxed purifying selection before gene 

duplication. Defense-related QDH function could not be optimized without 

compromising the essential shikimate biosynthetic activity. This adaptive conflict was 
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only resolved by gene duplication followed by specialization. Positive selection was 

detected on branches subtending the true DQD/SDH and QDH clades in the phylogeny. 

This suggested that adaptive changes occurred in both post-duplication groups, which 

gave rise to two groups of specialized genes encoding enzymes with one specific for 

shikimate biosynthesis (DQD/SDHs) and the other involved in quinate biosynthesis 

(QDHs). This was further supported by functional characterization of DQD/SDHs and 

QDHs from post-duplication species (i.e P. trichocarpa and P. taeda). Based on these 

results, it is most likely that the DQD/SDH/QDH superfamily has diversified via gene 

duplication through a mechanism described as “Escape from Adaptive Conflict” (EAC). 

Two key amino acid residues with roles in substrate discrimination (Ser338 and Thr381 

in Arabidopsis) were identified through positive selection analysis. A first mutation (Ser 

to Gly) was gained by the common ancestor of all land plants, which led to the 

appearance of functional trade-offs observed in this study. Specialized QDH only came to 

exist with the gain of a second mutation (Thr to Gly) after gene duplication, while the 

first mutation (Ser to Gly) was reversed in true SDHs leading to highly specialized 

enzymes for either function. A third site Thr407 was identified and may play a role in the 

optimization of shikimate biosynthetic function in the dicot DQD/SDH clade.  

5.5 Future directions 

         Overall, this dissertation demonstrated that QDH (a secondary metabolic gene) was 

recruited from DQD/SDH, a gene involved in primary metabolism, through EAC. This 

project also leaves possibilities for further investigation and extensions including: 
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• Arabidopsis has only one DQD/SDH, which has been functionally characterized, 

and homozygous null mutants in this gene (named emb3004) are known to be 

embryo lethal. The characterization of Poplar DQD/SDHs provides opportunities 

to test whether or not this lethal phenotype of Arabidopsis can be rescued by the 

introduction of Poplar DQD/SDH and if the residual DQD/SDH activity remained 

in QDHs is sufficient to do so. It also appears that Arabidopsis does not 

accumulate quinate or its derivatives such as chlorogenic acid. It will be 

interesting to investigate if Arabidopsis will gain the ability to produce quinate or 

its derivatives after being transformed with Poplar QDHs. 

• Regulation of the shikimate pathway has been well studied in microbes. However, 

its regulation in plants has not been well established. There has been some 

evidence supporting that plants regulates the shikimate pathway mainly at the 

transcriptional level. Many transcription factors have been isolated. Identification 

of additional transcription factors and their interactions with previously identified 

regulators may facilitate better understanding of the regulation of the shikimate 

pathway in plants.  

• Aromatic amino acids function as both protein building blocks and the precursors 

of plant secondary products. How carbon flow into these two sinks is regulated is 

still an open question. Identification of candidate genes with the same 

biochemical function but different physiological functions (i.e. poplar 

DQD/SDH1 and 2) allows deciphering the mode of action, possibly through 

protein-protein interactions with specific downstream proteins. 
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• Shikimate (and possibly quinate) plays important roles in the biosynthesis of 

lignin, which is a major hindrance in pulping and biofuel production. Targeting of 

this pathway may potentially increase the effectiveness of using poplar trees as a 

biofuel feedstock either by transgenic means or through marker-assisted tree 

breeding. 
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Appendix A: Predicted structure models of Poptr3, Poptr4 and Poptr5 
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Appendix B: HPLC elution profiles of enzyme assays catalyzed by recombinant 

DQD/SDHs (Poptr1 and Poptr5) and QDHs (Poptr2 and Poptr3) 
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Appendix C: Lists of genes that are coexpressed with DQD/SDH2 (Poptr5) and QDHs (Poptr2, Poptr3 and Poptr4) based on 

co-expression analysis with large-scale microarray expression data (A: organ-specific; B: treatment; C: transgenic) 

 



 

 

223

 



 

 

224

A B C

QDH3 (Poptr4)
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A B C

DQD/SDH2 (Poptr5)
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Appendix D: List of DQD/SDH and QDH protein sequences (from bacteria, red algae and major groups of the green lineages) 

that are included in phylogenetic analysis 

Names Database Accession  Species 
Bacteria    
Blama NCBI ZP_01093851.1 Blastopirellula marina DSM 3645 
Gemob NCBI ZP_02732082.1 Gemmata obscuriglobus UQM 2246 
Isopa NCBI YP_004177782.1 Isosphaera pallida ATCC 43644 
Pirst NCBI YP_003372532.1 Pirellula staleyi DSM 6068 
Plabr NCBI YP_004271124.1 Planctomyces brasiliensis DSM 5305 
PlaKSU NCBI ZP_10101094.1 planctomycete KSU-1 
Plali NCBI YP_003629868.1 Planctomyces limnophilus DSM 3776 
Plama NCBI ZP_01854559.1 Planctomyces maris DSM 8797 
Rhoba NCBI gb|EGF26198.1 Rhodopirellula baltica WH47 
Sinac NCBI ZP_09572955.1 Singulisphaera acidiphila DSM 18658 
Red Algae    
Cyame Cyanidioschyzon merolae 

Genome Project CMK269C Cyanidioschyzon merolae 

Green Algae   
Chlre NCBI XP_001694346.1 Chlamydomonas reinhardtii 
Chlva NCBI gb|EFN57759.1 Chlorella variabilis 
Cocsu NCBI gb|EIE23903.1 Coccomyxa subellipsoidea C-169 
Micpu NCBI XP_003055405.1 Micromonas pusilla CCMP1545 
Micsp NCBI XP_002507566.1 Micromonas sp. RCC299 
Ostlu NCBI XP_001420686.1 Ostreococcus lucimarinus CCE9901 
Ostta NCBI XP_003082412.1 Ostreococcus tauri 
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Volca NCBI XP_002952960.1 Volvox carteri f. nagariensis 
Bryophyte    
Phypa NCBI XP_001761240.1 Physcomitrella patens subsp. patens 
Lycophyte    
Selmo NCBI XP_002990348.1 Selaginella moellendorffii 
Gymnosperms   
Picgl1  Plant GDB  PUT-163a-Picea_glauca-21137 Picea glauca 
Picgl2 NCBI  ABK24375.1  Picea glauca 
Picsi1 NCBI gb|ABR16592.1 Picea sitchensis 
Picsi2 NCBI gb|ABK24375.1 Picea sitchensis 
Pinta1 TIGR Plant Transcript Assembly  TA6261_3352  Pinus taeda 
Pinta2  TIGR Plant Transcript Assembly  TA15690_3352  Pinus taeda 
Basal Angiosperms   
Ambtr1 Amborella Genome Database  lcl|evm_27.model.AmTr_v1.0_scaffold00057.123 Amborella trichopoda 
Ambtr2 Amborella Genome Database  lcl|evm_27.model.AmTr_v1.0_scaffold00057.124  Amborella trichopoda 
Ambtr3 Amborella Genome Database  lcl|evm_27.model.AmTr_v1.0_scaffold00057.122  Amborella trichopoda 
Monocots    
Bradi1 NCBI XP_003575813.1 Brachypodium distachyon 
Bradi2 NCBI XP_003567707.1 Brachypodium distachyon 
Horvu1 NCBI dbj|BAJ99066.1 Hordeum vulgare subsp. vulgare 
Horvu2 NCBI dbj|BAJ97275.1 Hordeum vulgare subsp. vulgare 
OrysaI1 NCBI gb|EEC69419.1 Oryza sativa Indica Group 
OrysaI2 NCBI gb|EEC70675.1 Oryza sativa Indica Group 
OrysaI3 NCBI gb|EAY74111.1 Oryza sativa Indica Group 
OrysaJ1 NCBI dbj|BAD61388.1 Oryza sativa Japonica Group 
OrysaJ2 NCBI gb|EEE53338.1 Oryza sativa Japonica Group 
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OrysaJ3 NCBI dbj|BAD61389.1 Oryza sativa Japonica Group 
Setit1 Phytozome Si021701m Setaria italica 
Setit2 Phytozome Si000995m Setaria italica 
Setit3 Phytozome Si021763m Setaria italica 
Sorbi1 NCBI XP_002443289.1 Sorghum bicolor 
Sorbi2 NCBI XP_002455659.1 Sorghum bicolor 
Sorbi3 NCBI XP_002443290.1 Sorghum bicolor 
Zeama1 NCBI gb|ACG40194.1 Zea mays 
Zeama2 NCBI NP_001152357.1 Zea mays 
Zeama3 NCBI NP_001140289.1 Zea mays 
Diocots    
Aquco1 Phytozome Aquca_017_00293.1 Aquilegia coerulea 
Aquco2 Phytozome Aquca_003_00904.1 Aquilegia coerulea 
Aquco3 Phytozome Aquca_017_00294.1 Aquilegia coerulea 
Aquco4 Phytozome Aquca_003_00901.1 Aquilegia coerulea 
Araly NCBI XP_002884573.1 Arabidopsis lyrata subsp. lyrata 
Arath NCBI NP_187286.1 Arabidopsis thaliana 
Brara1 Phytozome Bra040225 Brassica rapa 
Brara2 Phytozome Bra001195 Brassica rapa 
Brara3 Phytozome Bra020756 Brassica rapa 
Capru1 Phytozome Carubv10013287m Capsella rubella 
Capru2 Phytozome Carubv10013176m Capsella rubella 
Capru3 Phytozome Carubv10013429m Capsella rubella 
Carpa Phytozome evm.model.supercontig_16.98 Carica papaya 
Citcl1 Phytozome clementine0.9_007196m Citrus clementina 
Citcl2 Phytozome clementine0.9_007541m Citrus clementina 
Citcl3 Phytozome clementine0.9_007574m Citrus clementina 
Citcl4 Phytozome clementine0.9_009894m Citrus clementina 
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Citsi1 Phytozome orange1.1g009615m Citrus sinensis 
Citsi2 Phytozome orange1.1g010050m Citrus sinensis 
Citsi3 Phytozome orange1.1g010101m Citrus sinensis 
Citsi4 Phytozome orange1.1g012866m Citrus sinensis 
Cucsa1 Phytozome Cucsa.250300.3 Cucumis sativus 
Cucsa2 Phytozome Cucsa.101380.1 Cucumis sativus 
Dioka NCBI dbj|BAI40147.1 Diospyros kaki 
Eucgr1 Phytozome Eucgr.J00263.1 Eucalyptus grandis 
Eucgr2 Phytozome Eucgr.H04427.1 Eucalyptus grandis 
Eucgr3 Phytozome Eucgr.H04428.1 Eucalyptus grandis 
Eucgr4 Phytozome Eucgr.H01214.1 Eucalyptus grandis 
Eucgr5 Phytozome Eucgr.B01770.2 Eucalyptus grandis 
Fagsy NCBI gb|ABA54867.1 Fagus sylvatica 
Glyma1 NCBI XP_003516831.1 Glycine max 
Glyma2 NCBI XP_003556937.1 Glycine max 
Glyma3 NCBI XP_003555589.1 Glycine max 
Glyma4 NCBI XP_003520825.1 Glycine max 
Glyma5 NCBI XP_003554674.1 Glycine max 
Glyma6 NCBI XP_003535355.1 Glycine max 
Jugre NCBI gb|AAW65140.1 Juglans regia 
Linus1 Phytozome Lus10033981 Linum usitatissimum 
Linus2 Phytozome Lus10001725 Linum usitatissimum 
Maldo1 Phytozome MDP0000170005 Malus domestica 
Maldo2 Phytozome MDP0000176374 Malus domestica 
Maldo3 Phytozome MDP0000306786 Malus domestica 
Manes1 Phytozome cassava4.1_030256m Manihot esculenta 
Manes2 Phytozome cassava4.1_004545m Manihot esculenta 
Manes3 Phytozome cassava4.1_005332m Manihot esculenta 
Manes4 Phytozome cassava4.1_008122m Manihot esculenta 
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Medtr NCBI XP_003608198.1 Medicago truncatula 
Mimgu Phytozome mgv1a004563m Mimulus guttatus 
Nicta1 NCBI gb|AAS90325.1 Nicotiana tabacum 
Nicta2 NCBI gb|AAS90324.2 Nicotiana tabacum 
Phavu1 Phytozome Phvulv091013901m Phaseolus vulgaris 
Phavu2 Phytozome Phvulv091006763m Phaseolus vulgaris 
Phavu3 Phytozome Phvulv091001374m Phaseolus vulgaris 
Phavu4 Phytozome Phvulv091013701m Phaseolus vulgaris 
Pissa NCBI gi|7488788 Pisum sativum 
Poptr1 Phytozome Potri.010G019000.2 Populus trichocarpa 
Poptr2 Phytozome Potri.005G043400.1 Populus trichocarpa 
Poptr3 Phytozome Potri.014G135500.3 Populus trichocarpa 
Poptr4 Phytozome Potri.013G029800.1 Populus trichocarpa 
Poptr5 Phytozome Potri.013G029900.2 Populus trichocarpa 
Prupe1 Phytozome ppa004026m Prunus persica 
Prupe2 Phytozome ppa004515m Prunus persica 
Prupe3 Phytozome ppa004574m Prunus persica 
Ricco1 Ricinus communis Blast 29726.m003976 Ricinus communis 
Ricco2 Ricinus communis Blast 30128.m008684 Ricinus communis 
Ricco3 Ricinus communis Blast 30128.m008683 Ricinus communis 
Ricco4 Ricinus communis Blast 29647.m002035 Ricinus communis 
Ricco5 Ricinus communis Blast 32108.m008685 + 32108.m008686 Ricinus communis 
Solly/Lyces NCBI NP_001234051.1 Solanum lycopersicum 
Soltu NCBI gb|ADA57640.1 Solanum tuberosum 
Theha Phytozome Thhalv10020322m Thellungiella halophila 
Vitvi1 NCBI XP_002277395.2 Vitis vinifera 
Vitvi2 NCBI XP_002270188.1 Vitis vinifera 
Vitvi3 NCBI XP_002270232.1 Vitis vinifera 
Vitvi4 NCBI XP_002270055.1 Vitis vinifera 
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Appendix E: Extended phylogeny of DQD/SDHs and QDHs from bacteria, red algae 

and the plant kingdom 
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Appendix F: Protein sequence of the immediate pre-duplication ancestral 

DQD/SDH (Anc122) 
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Appendix G: Sites that are subject to episodic diversifying selection 

Codon Position** α β- Pr[β*=β-] β+ Pr[β=β+] p-value q-value 
99 0.633 0.000 0.969 37.774 0.031 0.007 0.422 
109 0.564 0.150 0.815 4.763 0.185 0.050 1.000 
117 0.536 0.146 0.848 606.179 0.152 0.006 0.439 
118 0.361 0.361 0.792 4.832 0.208 0.064 1.000 
131 0.596 0.228 0.902 10.949 0.098 0.085 1.000 
136 0.693 0.227 0.787 62.987 0.213 0.017 0.790 
141 0.634 0.000 0.596 3.982 0.404 0.001 0.197 
150 0.313 0.095 0.953 144.705 0.047 0.067 1.000 
161 0.644 0.000 0.961 3.967 0.039 0.096 1.000 
190 0.000 0.000 0.142 0.285 0.858 0.048 1.000 
193 0.471 0.049 0.618 2.037 0.382 0.097 1.000 
205 0.272 0.225 0.915 63.299 0.085 0.051 1.000 
231 0.570 0.000 0.700 3.866 0.300 0.021 0.879 
234 0.563 0.000 0.876 7.194 0.124 0.009 0.498 
262 0.806 0.160 0.913 17.805 0.087 0.063 1.000 
278 0.854 0.027 0.943 54.112 0.057 0.030 1.000 
338 0.632 0.032 0.966 348.310 0.034 0.002 0.261 
340 0.403 0.013 0.650 2.709 0.350 0.081 1.000 
380 0.312 0.031 0.962 78.805 0.038 0.002 0.224 
381 0.473 0.009 0.975 10.452 0.025 0.085 1.000 
400 0.313 0.024 0.770 4.081 0.230 0.034 1.000 
401 0.349 0.194 0.869 6.367 0.131 0.026 1.000 
407 1.094 0.000 0.953 1394.590 0.047 0.039 1.000 
425 0.258 0.196 0.930 231.662 0.070 0.043 1.000 
429 0.552 0.000 0.740 3.743 0.260 0.045 1.000 
443 0.326 0.000 0.739 4.260 0.261 0.001 0.343 
447 0.208 0.000 0.226 2.277 0.774 0.005 0.434 
497 0.752 0.000 0.925 4.911 0.075 0.080 1.000 
513 0.229 0.085 0.774 4.601 0.226 0.015 0.755 
515 0.470 0.000 0.923 1359.110 0.077 0.071 1.000 
517 0.494 0.000 0.983 20.340 0.017 0.087 1.000 
553 0.620 0.066 0.958 13.625 0.042 0.084 1.000 
564 0.524 0.000 0.618 2.400 0.382 0.029 1.000 
566 0.991 0.011 0.804 4.148 0.196 0.085 1.000 
594 0.324 0.081 0.736 1.921 0.264 0.087 1.000 
600 1.288 0.182 0.930 685.200 0.070 0.036 1.000 
*    Two categories of β: β-< α and β+ (unrestricted) 
** Relative positions in Arabidopsis DQD/SDH 


