
 

 

ABSTRACT 

STIFF, MICHAEL ROY. Coenzyme Q10 Biosynthesis in Plants: Is the Polyprenyltransferase 

an Appropriate Gene Target for the Increased Production of CoQ? (Under the direction of 

David A. Danehower). 

 

 

Coenzyme Q10, CoQ10, is a valuable compound found in all organisms that perform oxidative 

phosphorylation. Its function and biosynthesis have been well studied in model systems such 

as E. coli and yeast; however, these are less well understood in plants where CoQ10 

participates in a number of other cellular functions such as „alternative‟ electron transport 

associated with the plant response to oxidative stress. CoQ10 biosynthesis in plants shares 

many similarities with other systems based on gene homology and accumulated biosynthetic 

intermediates. Understanding CoQ10 biosynthesis and its metabolic engineering in plants is 

increasingly important due to its use in treating heart and other diseases and its use as an 

antioxidant in both cosmetics and nutraceuticals. This work reviews the various known and 

postulated biological functions, the biosynthesis, and the metabolic engineering of CoQ10 in 

plants. A reliable HPLC-UV method for the routine quantification of CoQ10 in tobacco leaves 

which allowed for the description of the occurrence of CoQ10 within a leaf, at different stalk 

positions of the tobacco plant, and through time in a greenhouse is described. Further, 

haploid genotypes of burley and flue-cured tobaccos, TN90LC and NC55, respectively, were 

transformed via Agrobacterium-mediated transformation with the gene encoding the 

Arabidopsis thaliana 4-hydroxybenzoate polyprenyl diphosphate transferase. Individual T0 

transgenic plants were identified as having increased CoQ10 content. A transgenic line from 

from self-fertilized, doubled haploid progeny was identified from each NC55 and TN90LC 

with increased CoQ10 content, 60% and a 40%, respectively, due to a statistically significant 

genotype effect. Transgenic lines with improved CoQ10 showed an apparent ability to recover 

from increasing NaCl stress better than non-transgenics. The transgenics recovered equally as 

well as non-transgenic tissue culture-derived tobaccos also identified as having increased 

CoQ10. The transgenic DH1 NC55 line with increased CoQ10 displayed no difference in an 

isoprenoid profile when monitoring chloroplast-derived isoprenoids by LC-APCI-MS/MS.  
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Chapter 1 

BIOLOGICAL FUNCTION, BIOSYNTHESIS, AND METABOLIC ENGINEERING 

OF CoQ IN PLANTS 

 

 

Introduction 

 

Coenzyme Q, CoQ, is a biomolecule first isolated by Festenstein and others (1955) from 

various animal tissues. Also known as ubiquinone, its molecular structure (Fig. 1.1) was later 

determined to be 2,3-dimethoxy-5-methyl-6-decaprenyl-1,4-benzoquinone (Fahmy and 

others 1958; Lester and others 1958; Wolf and others 1958). CoQ was subsequently isolated 

from a number of different organisms across several genera. The structure of CoQ in these 

organisms varies according to the number of isoprenyl subunits on the polyisoprenyl (or 

polyprenyl) side chain at the 6 position of the quinone ring. The number of polyprenyl units 

in the side chain is species specific and noted with a subscript. For example, Agrobacterium 

tumefaciens, humans, and tobacco produce CoQ10; rats and Arabidopsis produce CoQ9; and 

yeast produce CoQ6. The isolation of CoQ from plants was first reported by Crane and Lester 

(1958) along with the related molecule plastoquinone. CoQ has been shown to take part in a 

growing number of biological functions in many organisms in addition to its well known 

participation in mitochondrial energy metabolism in eukaryotes. CoQ10 has been used in 

many therapeutic applications including the treatment of human CoQ10 deficiency, heart 

disease, the supplementation of lowered CoQ10 levels in patients taking 3-hydroxy-

methylglutaryl-coenzyme A reductase, HMGR, inhibitors to lower their cholesterol, and 

neurodegenerative disorders (reviewed by Turunen and others 2004). Because of CoQ‟s 

apparent array of biological functions and growing use in a multitude of therapies, interest in 

and demand for the molecule is likely to increase making the study of CoQ and the search for 

novel sources of the molecule a significant research goal. 

A number of excellent reviews have been written about CoQ‟s biological function,  
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biosynthesis, and bioproduction; however, these reviews often focus on only a few biological 

functions. Although previous reviews have been thorough in their discussion of CoQ with 

regards to well-studied prokaryotic systems (reviewed by Kawamukai 2002; Soballe and 

Poole 1999) and eukaryotic systems, especially yeast, rats, and humans, data have only 

recently become available to suggest analogous and novel functions for CoQ in plants. In this 

review, biological function, biosynthesis, and bioproduction, especially through metabolic 

engineering, of CoQ is discussed with special emphasis on plants. 

 

 

Biological Functions of CoQ in Plants 

 

Mitochondrial Respiratory Chain 

 

CoQ was first reported to be associated with the mitochondrial respiratory chain in beef heart 

mitochondria (Crane and others 1957). The role of CoQ in the mitochondrial respiratory 

chain in a range of organisms has been well studied since that time. CoQ in plant 

mitochondria has been recently reviewed (Affourtit and others 2001). Briefly, CoQ 

participates in the phosphorylating respiratory chain, composed of Complexes I, II, III, IV, 

and V, and the „alternative‟ or nonphosphorylating respiratory chain, composed of NAD(P)H 

dehydrogenases on either side of the inner mitochondrial membrane and the alternative 

oxidase (AOX) on the matrix face. The phosphorylating respiratory chain takes advantage of 

CoQ as a soluble component of the inner mitochondrial membrane transferring electrons 

from  Complex I and Complex II to oxidized CoQ, ubiquinone. Reduced CoQ, ubiquinol, can 

next transfer the electrons to Complex III where electrons continue through the remainder of 

the oxidative phosphorylation chain leading to the formation of ATP. The NAD(P)H 

dehydrogenases can transfer electrons from NADH or NAD(P)H to oxidized CoQ for 

participation in substrate level phosphorylation in conjunction with AOX, and also 

participates in the minimization of reactive oxygen species (ROS) in conjunction with the 

plant uncoupling mitochondrial protein, PUMP, (reviewed by Juszczuk and Rychter 2003; 
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Fernie and others 2004; Arnhodlt-Schmitt and others 2006). CoQ‟s utility for the PUMP 

relates to the ability of the ubiquinol pool to render PUMP insensitive to purine nucleotide 

inhibition allowing for uncoupling of the respiratory chain from phosphorylation when the 

CoQ pool is highly reduced (Navet and others 2005; Vercesi and others 2007).   

Additional functions of CoQ within the mitochondrial respiratory chain have been 

hypothesized regarding interaction with AOX. These include participation in NADH 

recycling for producing carbon skeletons for biosynthesis from the TCA cycle, a role in 

photorespiration, and cellular redox regulation if participating with the malate valve 

(reviewed by Fernie and others 2004). Finally, complexes I, III, IV, and V of the 

phosphorylating respiratory chain appear to be able to aggregate into supercomplexes of 

varying combinations in vivo providing the mitochondrion the ability to channel electrons 

tightly among the complexes via CoQ (reviewed Eubel and others 2004). Reviewers have 

suggested that the CoQ pool may provide added stability to the supercomplexes in addition to 

its more recognized redox role (Genova and others 2005; Littarru and Tiano 2007). 

 

Cellular Antioxidant 

 

Antioxidant properties of CoQ in membranes have been extensively reviewed since they 

were described by Mellors and Tappel (1966). A few excellent examples are Bentinger and 

others 2007, James and others 2004, and Turunen and others 2004. Briefly, an antioxidant is 

a molecule that protects against oxidative damage produced by ROS such as superoxide, 

H2O2, hydroxyl radical, and lipid peroxyl radicals. Ubiquinol is the form of CoQ considered 

to be the major antioxidant form. It can protect the cell from oxidative damage by directly 

interacting with lipid peroxides and other ROS within the membrane and indirectly by 

recycling another lipid-soluble antioxidant, α-tocopherol. Ubiquinol has been shown to be 

involved in recycling ascorbate in mammals and yeast; however, it is unclear how important 

this function is in plants (see the following section “Plasma Membrane Redox System”). 

Ubiquinol has been shown to be protective against oxidation of proteins and DNA in addition 

to protection against lipid peroxidation. Many reviewers focus on CoQ‟s antioxidant 
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properties with regards to animal systems, yeast, or in vitro systems; however, the chemical 

properties of CoQ and the biomolecules it protects from oxidative damage are ubiquitous in 

living systems making CoQ‟s antioxidant function in plants almost certain. 

 

Plasma Membrane Redox System, PMRS 

 

The plant plasma membrane redox system, PMRS, is thought to serve a variety of functions 

including the regulation of cytosolic NAD
+
/NADH ratio; regulation of plasma membrane 

potential; regeneration of extracellular ascorbate; and the production of H2O2 for intracellular 

signalling. These functions and the role of quinones in the plant PMRS have been reviewed 

(Rubinstein and Luster 1993; Ly and Lawen 2003; Morré 2004; Turunen and others 2004). 

Briefly, internal and external NAD(P)H and NADH oxidases appear to be able to transfer an 

electron from these substrates to a quinone pool within the plasma membrane making the 

electron deliverable to a reducible substrate on the opposite side of the plasma membrane. In 

mammals, these oxidoreductases can create the ubisemiquinone radical that can interact 

directly with lipid and α-tocopherol radicals to break lipid radical chain reactions and 

regenerate α-tocopherol, respectively. In mammals and yeast, plasma membrane ubiquinol 

appears to serve as a pool of intermediate reductant for NADH: AFR oxidoreductase to 

recycle ascorbate free radical, AFR, to the soluble antioxidant ascorbate (Arroyo and others 

2004). Although it would seem likely given the utility of the molecule in similar redox 

reactions in other cellular membranes, the importance of CoQ for the PMRS in plants is 

unknown. In fact, Rubinstein and Luster (1993) point out that despite the ability of the plant 

plasma membrane to reduce CoQ, the function of NADH: ferricyanide and NADH: 

cytochrome c reductases in cotton roots and NADH: ferricyanide and NADH: AFR 

reductases in maize roots are independent of quinone reduction. Morré (2004) makes a 

similar observation regarding ferric reductases in plants. Vitamin K, a naphthoquinone, has 

also been suggested as a more likely quinone component of the PMRS rather than CoQ based 

on the detection of higher levels of this quinone than CoQ in the plant plasma membrane, the 

use of PMRS inhibition by vitamin K-like oxidoreductase inhibitors, and the ability of 
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vitamin K3 to function as the quinone reductant for components of the PMRS (Lüthje and 

others 1997; Lüthje and others 1998; Bérci and Møller 2000; Lochner and others 2003). 

Recently, the production of superoxide, associated with the oxidative burst response to 

abiotic and biotic stress, has been shown to be dependent on the reduction of naphthoquinone 

by a plasma membrane quinone reductase from soybean (Schopfer and others 2008). This is 

illuminating in the search for ROS-producing mechanisms at the plasma membrane; 

however, these researchers also found that ubiquinone analogs, specifically UQ0, could also 

be reduced, in fact at a much higher rate than the naphthoquinones tested, suggesting that if 

present in appreciable amounts CoQ may be a preferable substrate albeit not for the purpose 

of superoxide production as none was produced in the benzoquinone reduction reactions 

tested. A clearer picture could be made with data about quinone levels in more plant species‟ 

plasma membranes and if quinone-extracted plasma membranes with re-introduced CoQ or 

vitamin K could be compared for PMRS activity.  

 

Mitochondrial Permeability Transition Pore, PTP  

 

The Mitochondrial Permeability Transition Pore, PTP, is a pore that forms in areas where the 

inner and outer mitochondrial membranes meet. The PTP opens in response to, among other 

signals, ROS and high Ca
2+

 concentration to allow solutes less than 1.5 kDa to pass freely 

between the matrix and the intermembrane space, effectively uncoupling oxidative 

phosphorylation and causing the mitochondrion to swell. Pore formation is an early part of 

both necrotic death and apoptosis in animals. The proposed molecular mechanism for PTP 

and its components in humans and models have been recently reviewed (Leung and 

Halestrap 2008). Leung and Halestrap point out that the opening of the PTP can be inhibited 

by CoQ analogs UQ0 and a compound they call “R0 68-3400" by interacting with two 

proposed components of the PTP: adenine nucleotide translocase, ANT, and mitochondrial 

phosphate carrier, PiC. CoQ2 (denoted by the authors as Ub10 for the number of carbons in 

the two-prenyl unit side chain) has been shown to be another inhibitor of PTP opening in rat 

liver mitochondria becoming an inducer at double the inhibitory concentration used by the 
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researchers (Walter and others 2002). The authors hypothesized the existence of a quinone 

active site. Later work attributes the ability of a CoQ analog to inhibit PTP opening in human 

cell lines to ROS scavenging around Complex III of the mitochondrial respiratory chain 

(Armstrong and others 2003), but research using rabbit corneal keratocyte cell cultures 

indicates that CoQ10 inhibits apoptosis in this system in a manner separate from ROS 

scavenging (Papucci and others 2003). CoQ10 was able to inhibit apoptosis in cells producing 

high levels of UVC radiation-induced ROS in addition to a panel of apoptosis inducing 

agents independent, in their system, of ROS formation. Apoptosis was inhibited by 

hampering mitochondrial events that lead to PTP opening such as mitochondrial membrane 

depolarization, cytochrome c release, and caspase 9 activity. As ROS have been implicated in 

apoptosis, it is possible that CoQ functions as both ROS scavenger and membrane potential 

preservative when applied exogenously to prevent apoptosis. 

Plants possess the same components of the PTP and exhibit similar mitochondrial 

permeability transition during apoptosis-like programmed cell death in response to abiotic 

and biotic stresses (Amirsadeghi and others 2007; Sweetlove and others 2007; Reape and 

others 2008). If endogenous CoQ has any in vivo effect or interaction with the PTP in other 

eukaryotes, it is possible that CoQ within the plant mitochondrial membrane might act 

similarly. 

 

Cell Signaling and Gene Expression  

 

CoQ function in cell signaling has been proposed to occur indirectly by the production of 

ROS such as H2O2, which can act as a messenger to activate certain transcription factors to 

affect gene expression in animals (reviewed by Crane 2001). CoQ10 administration has lead 

to differences in gene transcription and protein expression compared to patients receiving 

placebo (reviewed Linnane and Eastwood 2004). CoQ has also been suggested to be involved 

in gene expression connected to anti-inflammatory response in humans (Döring and others 

2007). In that study, information about CoQ10-inducible genes was used in computer analysis 

of CoQ literature and transcription factor binding sites to determine this functional 
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connection in silico. Although further work to determine an in vivo connection of CoQ10 to 

anti-inflammatory response gene expression is needed, the possibility of direct influence on 

gene expression by CoQ is an open question. That CoQ can referee cell signaling and gene 

expression in plants similarly to the indirect manner in animals seems likely.  

In plants as in animals, over-reduction of the mitochondrial respiratory chain leads to 

O2˙ production by the ubisemiquinone radical form of CoQ within Complexes I and III in 

response to both biotic and abiotic stress (Amirsadeghi and others 2007; Sweetlove and 

others 2007). The O2˙ can dismutate into H2O2 spontaneously or via superoxide dismutase. 

H2O2 is able to travel to other compartments of the cell as a signal molecule. Molecules 

activated by mitochondrial ROS include uncoupling protein, UCP, and genes apparently 

regulated by mitochondrial dysfunction, which is dependent on CoQ, including AOX 

(reviewed Sweetlove and others 2007). Although plants contain an „alternative‟ or 

nonphosphorylating respiratory chain as discussed above, it has been suggested that over-

reduction of the respiratory pathway beyond the ability of the alternative pathway to 

compensate can lead to the accumulation of ROS as a signal for apoptosis-like programmed 

cell death. ROS are produced at several sites in the plant cell beyond mitochondria including 

chloroplasts, peroxisomes, and, under stress, the plasma membrane. The importance of the 

contribution of CoQ to signaling ROS within the cell likely depends on the importance of 

ROS signaling from the mitochondria compared to these other cellular compartments as it is 

unknown to what extent CoQ participates in any function in these other compartments in the 

plant cell. 

 Other evidence suggesting the possibility of CoQ as a signal molecule in plants 

comes from work on CoQ‟s ability to induce systemic resistance to tobacco mosaic virus, 

TMV, in tobacco. Rozhnova and Gerashchenkov (2006) applied 10
-8

 M CoQ10 to 

hypersensitive tobacco variety Samsun NN to induce systemic viral resistance to TMV. 

Systemic viral resistance was determined by reduced number of lesions and TMV titer in 

CoQ10 treated individuals compared to untreated controls. They found that abscisic acid 

levels remained lower and indoleacetic acid levels remained higher in CoQ10 treated, TMV 

infected individuals compared to TMV infected individuals with no CoQ10 treatment. These 
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hormone changes were accompanied by an increase in cytokinin in both CoQ10 treated and 

untreated TMV infected groups which revealed an overall increase in cytokinin relative to 

abscisic acid and indoleacetic acid in the individuals with induced systemic viral resistance. 

These researchers have further determined that the systemic viral resistance induced by 

CoQ10, as well as arachidonic acid and vitamin E, may do so via a different cellular 

mechanism from TMV-induced systemic resistance as seen in differences in protein 

expression between TMV- and CoQ10-induced resistant tobaccos (Rozhnova and others 

2007). An example of this differential expression was shown in differences in 

phytohemagglutinin, lectin, activity in upper leaves between TMV- and CoQ10-induced 

systemically resistant tobaccos seven days after inoculation with TMV (Rozhnova and 

Gerashchenkov 2008). Specifically, although both treatments implicate lectins in the 

induction of systemic TMV resistance, after seven days the CoQ10-induced systemic TMV 

resistance showed two- to nearly eight-fold reduction in phytohemagglutinin activity 

compared to systemic resistance via TMV induction. 

It is unclear whether CoQ10 is serving as an antioxidant to alter ROS signaling which 

could then alter hormone status, for instance, by affecting abscisic acid production (reviewed 

Quan and others 2008). Treatment of Solanum nigrum with Phytophthora derived elicitor has 

been shown to increase levels of plastoquinone, a CoQ analog functioning primarily in 

chloroplast photosynthetic electron transport, for the proposed purpose of increasing 

antioxidant capacity in the plant cell upon pathogen attack (Maciejewska and others 2002). It 

may be that the concentration of CoQ used by Rozhnova and Gerashchenkov mimics this 

change in plastoquinone to affect ROS signalling; however, this would require the CoQ that 

was applied to the leaf surface to traverse the cuticle, cell walls, and cellular membranes to 

then insert itself into endomembranes. A direct recognition of the molecule seems just as 

likely and worth researching. What is certain is that CoQ, whether directly or indirectly, is 

able to signal a significant cellular response resulting in induced systemic plant viral 

resistance. 
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Branched-chain Amino Acid Catabolism 

 

Plants possess the machinery for de novo synthesis and catabolism of the branched-chain 

amino acids leucine, isoleucine, and valine. While these amino acids can be catabolized in 

peroxisomes, they are also broken down in the mitochondrion (reviewed Sweetlove and 

others 2007). In Arabidopsis, leucine in the mitochondrial matrix is enzymatically converted 

to isovaleryl-CoA which is subsequently reduced by isovaleryl-CoA dehydrogenase, IVD, to 

3-methylcrotonyl-CoA. IVD transfers an electron to the electron transfer flavoprotein, 

ETFαβ, which then passes the electron to the electron transfer flavoprotein: ubiquinone 

oxidoreductase, ETFQ0, on the matrix face of the inner mitochondrial membrane. CoQ in the 

inner mitochondrial membrane serves as the final electron acceptor for this model of 

branched-chain amino acid break down (Ishizaki and others 2006a). The ETF (Ishizaki and 

others 2006a) and ETFQ0 (Ishizaki and others 2005, 2006b) have been characterized in 

Arabidopsis.  

 

Glycerol-3-Phosphate Shuttle 

 

A mitochondrial glycerol-3-phosphate dehydrogenase, FAD-GPDH, has been identified in 

Arabidopsis (Shen and others 2003) and the green algae Dunaliella salina (Yang and others 

2007). This enzyme catalyzes the oxidation of glycerol-3-phosphate from the cytosol to 

dihydroxy acetone, DHAP, on the intermembrane face of the inner mitochondrial membrane. 

This dehydrogenase has been proposed to participate in a glycerol-3-phosphate shuttle that 

transfers reducing equivalents from the cytosol to the mitochondrial matrix. Shen and others 

(2006) have identified an Arabidopsis cytosolic GPDH that oxidizes NADH to reduce DHAP 

to glycerol-3-phosphate which can then pass through the outer mitochondrial membrane for 

oxidation by FAD-GPDH. In the glycerol-3-phosphate shuttle model, the oxidation of 

glycerol-3-phosphate results in the reduction of CoQ within the inner mitochondrial 

membrane for participation in either phosphorylating or nonphosphorylating electron 

transport. Since the proposed glycerol-3-phosphate shuttle bypasses Complexes I and II, the 
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O2˙ generators of the mitochondrion, this could be another mechanism in which CoQ 

participates that contributes to the regulation of oxidative stress. Shen and others further 

found that the absence of the cytosolic GPDH leads to a failure to induce AOX activity even 

in the presence of increased oxidative stress in the cell indicating that more than oxidative 

stress signals are required to increase AOX activity. This is supported by the known 

activation of AOX by increasing the pool of reduced CoQ (Hoefnagel and Wiskich 1998) 

which would be accomplished by a functional glycerol-3-phosphate shuttle. 

 

Mitochondrial Dihydroorotate Dehydrogenase 

 

Pyrimidine biosynthesis produces uridine and cytosine nucleotides in plants as well as in 

other organisms via six enzymatic steps leading to uridine monophosphate. The fourth 

enzymatic step is the oxidation of dihydroorotate to orotate by dihydroorotate 

dehydrogenase, DHODH, which has been shown to localize to the intermembrane face of the 

inner mitochondrial membrane in plants (reviewed Zrenner and others 2006). For examples, 

mitochondrial DHODH has been characterized in Arabidopsis (Ullrich and others 2002) as 

well as Nicotiana tabacum and Solanum tuberosum (Geirmann and others 2002; Shröeder 

and others 2005). CoQ in the inner mitochondrial membrane facilitates the transfer of an 

electron from dihydroorotate to NAD
+
.  

 

 CoQ is important for the normal function of the plant cell, especially in managing 

electron transfer reactions and the management of oxidative stress. Many biological functions 

appear to be similar to those seen in animals such as participation in mitochondrial energy 

metabolism, membrane soluble antioxidant, branched-chain amino acid catabolism, and 

pyrimidine biosynthesis. CoQ interaction with the mitochondrial PTP and a glycerol-3-

phosphate shuttle may also be important conserved functions among plants and animals. A 

significant difference may be in the utility of CoQ in electron transfer in extra-mitochondrial 

membranes such as the plasma membrane. The difference appears to draw from the 

participation of other quinones such as vitamin K in plasma membrane electron transfer. 
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Indeed, plants produce de novo a number of quinones that animals do not such as vitamin K, 

tocopherols, and plastoquinone all of which can perform similar redox chemistry to CoQ. 

These quinones are found in different compartments of the plant cell possibly as a form of 

functional specialization, e.g., vitamin K in the plasma membrane, plastoquinone in the 

chloroplast, and CoQ in the mitochondrion.  

 A clear understanding of how CoQ functions in the plant cell could provide 

significant insight into improving agronomic performance of crop plants and/or the 

nutritional content of food crops through the manipulation of CoQ in situ via traditional 

breeding or metabolic engineering techniques. Metabolic engineering provides a method for 

altering the biochemistry of a plant for human benefit, but it requires a clear understanding of 

the biosynthesis of the metabolic target. In the next section, the biosynthesis of CoQ in plants 

is reviewed with attention to its resemblance to the eukaryotic CoQ biosynthesis model. 

 

 

CoQ Biosynthesis in Plants 

 

 CoQ is the product of two distinct biosynthetic pathways that converge at the 

condensation of its long lipophilic side chain from the isoprenoid pathway with the skeleton 

of its ring structure from the phenylpropanoid pathway. The subsequent steps toward the 

final ubiquinone product are well conserved among all organisms, although metabolic 

sources of the earliest precursors, compartmentalization, and the reaction order can be 

contrasted between prokaryotes and the best studied eukaryotes. For reviews see Meganathan 

2001 and Kawamukai 2002 who focus on prokaryotes and Olson and Rudney 1983, 

Szkopińska 2000, Rodríguez-Aguilera and others 2003, Bouvier and others 2005, and Tran 

and others 2007 who focus on eukaryotes. Plants appear to possess components of both 

prokaryotic and eukaryotic CoQ pathways. In this section, current knowledge on the 

biosynthesis of CoQ in plants is reviewed. 

 In general, CoQ biosynthesis in plants has been hypothesized to follow the same steps 

as those described for yeast, the model organism for eukaryotic CoQ biosynthesis. This is 
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supported by sequence similarity among described CoQ biosynthesis genes in yeast, 

Arabidopsis, and Oryza sativa, as well as the ability of the plants‟ cDNA to complement  

 

 

  

Figure 1.1  CoQ Biosynthesis. The model of CoQ biosynthesis in eukaryotes is shown with the contrasting 

steps from the prokaryotic model backed by gray. Much of the work to describe components of CoQ 

biosynthesis in plants is based on homology with yeast genes with known function. Where possible, the plant 

component of CoQ biosynthesis and the yeast homologue are named. Each step has been characterized in 

prokaryotes, but is not shown here. 4HB, 4-hydroxy-benzoate; n, the number of isoprenyl units in the 

polyisoprenyl chain; a, putative gene sequence exists but has not been experimentally verified; b, LC-MS/MS 

data supports the presence of the protein in mitochondria. 
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function in yeast CoQ biosynthesis mutants (Kawamukai 2002; Tran and others 2007). The 

biosynthesis of CoQ is illustrated in Figure 1.1. All of the intermediates typically referred to 

as “quinone” have been shown in their reduced form in (Fig. 1.1) to illustrate the form likely 

most favored during biosynthesis. An overview of CoQ biosynthesis includes the production 

of polyprenyl diphosphate from isopentenyl diphosphate, IPP, and 4-hydroxybenzoate, 4HB, 

from tyrosine or phenylalanine. These are attached by a polyprenyltransferase likely located 

within the mitochondria to form 3-polyprenyl-4-hydroxybenzoate, whose ring structure is 

subsequently decorated by seven more enzymatic reactions before producing CoQ. The 

subsequent reactions include decarboxylation, three hydroxylations, two O-methylations, and 

one C-methylation. The nomenclature for intermediates in CoQ biosynthesis, in particular for 

positional numbering of substituents around the ring, changes as the fundamental ring 

structure changes, e.g., benzoate, phenol, or 1,4-benzoquinone. This review remains 

consistent with the previous 50 years of literature in the nomenclature used. 

 

4-Hydroxybenzoate Synthesis 

 

4-Hydroxybenzoate, 4HB, is the biosynthetic precursor to the benzoquinone ring of CoQ. Rat 

cells appear to use the essential amino acids tyrosine and phenylalanine as precursors to 4HB 

with preference for tyrosine (Olson 1965; Gold and Olson 1965). This is likely to be the 

model for mammals. Yeast can use chorismate, as do prokaryotes like E. coli, in addition to 

tyrosine (Goewert and Sippel 1978). Chorismate, an intermediate of the shikimate pathway, 

is a precursor to the aromatic amino acids, providing yeast the ability to bypass extra 

biosynthetic steps required for their biosynthesis. In plants, Whistance and others (1967) 

showed that 4HB was incorporated into CoQ in maize shoots and roots, Phaseolus vulgaris 

green leaves and cotyledons, and the green alga Ochromonas danica. Feeding experiments 

using [G-
14

C]shikimic acid, L-[U-
14

C]tyrosine, and L-[U-
14

C]phenylalanine led them to 

suggest that 4HB for CoQ in the plants they studied is derived from the aromatic amino acids 

via the shikimate pathway. They further found that plants and green algae can use cinnamic 
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acid and p-coumaric acid, biosynthetic intermediates from phenylalanine and tyrosine, 

respectively, to produce 4HB for CoQ synthesis (Threlfall and others 1970). Despite the 

presence of the shikimate pathway in plants (Herrmann and Weaver 1999), 4HB is likely 

produced via the general phenylpropanoid pathway from the aromatic amino acids, rather 

than from an intermediate prior to the aromatic amino acids, in Daucus cell cultures and 

hairy root cultures (Schnitzler and others 1992; Sircar and Mitra 2008, respectively), 

Lithospermum erythrorhizon (Yazaki and others 1991), and potato tubers (French and others 

1979). Sircar and Mitra (2009) have recently demonstrated that chemical inhibition of 

phenylalanine ammonia lyase and cinnamate-4-hydroxylase leads to a reduction in 4HB 

content in Daucus hairy root cultures. They also fed these cultures phenylalanine, p-coumaric 

acid, and p-hydroxybenzaldehyde and observed an increase in 4HB, with the greatest 

contribution coming from p-hydroxybenzaldehyde. The data supports the hypothesis that the 

major source of 4HB for CoQ biosynthesis in plants is likely phenylalanine. 

 

Polyprenyl Diphosphate Synthesis 

 

The medium-chain length, 30 to 50 carbons, trans-polyprenyl side chain of CoQ is produced 

by polyprenyl diphosphate synthase, PPPS. PPPS is a prenyltransferase that uses geranyl 

diphosphate, GPP, farnesyl diphosphate, FPP, and/or geranylgeranyl diphosphate, GGPP, in 

a series of IPP condensation reactions to produce the polyprenyl diphosphate of species-

specific length (reviewed Bouvier and others 2005). As described previously in this review, 

different species produce a predominant form of CoQ containing a particular number of 

isoprenyl units, e.g., S. cerevisiae makes CoQ6 while Arabidopsis makes CoQ9. The number 

of isoprenyl units is determined by the PPPS particular to the species as indicated by 

heterologous expression of various microbial PPPS in yeast deficient in the yeast hexaprenyl 

diphosphate synthase, HPPS, or E. coli deficient in octaprenyl diphosphate synthase, OPPS 

(Okada and others 1996; 1998). In addition to yeast (Ashby and Edwards 1990), other 

eukaryotic PPPS genes that have been characterized include the fission yeast 

Schizosaccharomyces pombe decaprenyl diphosphate synthase, DPPS (Suzuki and others 
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1993; Saiki and others 2003a); the zygomycete Mucor circinelloides solanesyl (nonaprenyl) 

diphosphate synthase, SPPS (Velayos and others 2004); SPPS from the cardiac pathogen 

Trypanosoma cruzi (Ferella and others 2006); human DPPS, and rat SPPS (Saiki and others 

2005). Finally, Caenorhabditis elegans SPPS was identified by sequence homology with 

yeast HPPS and functionally shown to be involved in CoQ synthesis by RNA interference 

repression in C. elegans and complementation in yeast (Rodríguez-Aguilera and others 

2003). All of the eukaryotic PPPS above have mitochondrial targeting signals in their 

predicted amino acid sequence. 

The mechanism of PPPS has been reviewed (Bouvier and others 2005). PPPS possess 

seven conserved regions including two that encode aspartate-rich domains. Both aspartate-

rich domains appear to use Mg
2+

 to coordinate the phosphate group of their prenyl substrates. 

The first aspartate-rich motif, FARM, binds the elongating polyprenyl diphosphate while the 

second aspartate-rich motif, SARM, binds IPP. Chain length appears to be determined by the 

amino acid residues preceding the FARM.  

Two SPPS from Arabidopsis, At-SPS1 and At-SPS2 (Hirooka and others 2003; Jun 

and others 2004), and one SPPS from Hevea brasiliensis, HbSDS (Phatthiya and others 2007) 

have been cloned and characterized. At-SPS2 protein localizes in the plastid while At-SPS1 

appears to localize to the endoplasmic reticulum, ER (Jun and others 2004; Hirooka and 

others 2005). Real-time PCR observation of mRNA expression indicated that transcripts of 

both isoforms were expressed more in the leaves than in roots, and, of the two, the ER 

localized At-SPS1 was expressed at more than double the level of At-SPS2 in leaves (Hirooka 

and others 2005). At-SPS2 encodes a targeting sequencing for transport of the protein to the 

plastid. The presence of two differentially localized SPPS in Arabidopsis likely allows for 

participation in separate SPPS functions allowing At-SPS2 to provide SPP for plastoquinone, 

PQ, biosynthesis. In fact, the predicted amino acid sequence of HbSDS possesses a plastid 

targeting sequence and is expressed at its highest amount according to real-time PCR 

observation of mRNA levels in the plant latex produced in a specialized plastid, the Frey-

Wyslling particle. HbSDS appears to be involved in PQ synthesis exclusively since H. 

brasiliensis produces CoQ10 rather than CoQ9 as observed in its mitochondria (Phatthiya and 
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others 2007). In contrast, At-SPS1 can provide SPP in the ER which may be transported to 

the mitochondria to produce the CoQ9 found in Arabidopsis mitochondria. ER-derived SPP 

could also be available for transport to the plastid for PQ biosynthesis, which may explain 

why there is so much more At-SPS1 transcription in leaves compared to At-SPS2. In addition 

to the intracellular localization data on At-SPS isoforms for ER or chloroplasts, there is 

biochemical evidence for PPPS activity within the mitochondria of several plant species. The 

isolated mitochondria of potato tubers, daffodil petals, and spinach leaves were shown to be 

able to use IPP to produce the CoQ polyprenyl chain in these plants (Lütke-Brinkhaus and 

others 1984). The isolated plant mitochondria studied produced farnesol, geraniol, and 

geranylgeraniol, as well as hydroxy-polyprenylbenzoates, polyprenylphenols, and hydroxy-

polyprenylphenols with the polyprenylations ranging from two to the native ten prenyl units. 

Their results indicate the presence of mitochondrial GPPS, FPPS, GGPPS, and even DPPS 

activities in these plant mitochondria. 

 Finally, the source of IPP in eukaryotes comes from the mevalonate pathway found in 

the cytosol. Plants possess both the cytosolic mevalonate pathway that uses mevalonate as a 

precursor to IPP and the plastidic non-mevalonate pathway that uses 1-deoxy-D-xylulose-5-

phosphate. Although there is evidence for communication between these cellular 

compartments (reviewed Bouvier and others 2005), the main source of IPP has been shown 

to be the mevalonate pathway in tobacco BY-2 cells (Disch and others 1998) suggesting that 

this may be true for plants in general. 

 

3-Polyprenyl-4-Hydroxybenzoate Synthesis 

 

The first completely dedicated step in CoQ biosynthesis is the condensation of 4HB with 

polyprenyl diphosphate to form 3-polyprenyl-4-hydroxybenzoate. This step is performed by 

the 4-hydroxybenzoate: polyprenyl diphosphate transferase, a.k.a. polyprenyltransferase or 

PPT. The PPT gene has been described in various eukaryotes. The eukaryotic gene has been 

identified in S. cerevisiae, called COQ2, (Ashby and others 1992); Sc. pombe (Uchida and 

others 2000); C. elegans (Rodríguez-Aguilera and others 2003); and humans (Forsgren and 
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others 2004). Gene function has been assessed by complementation in yeast mutants for ppt, 

and in the case of C. elegans RNAi. All of the known eukaryotic PPT has an N-terminal 

mitochondrial targeting peptide in their predicted amino acid sequence. 

In plants, only the Arabidopsis and rice homologues for COQ2 have been identified 

and characterized, AtPPT1 and OsPPT1, respectively (Okada and others 2004 and Ohara and 

others 2006, respectively). Two geranyl diphosphate: 4-hydroxybenzoate geranyltransferases, 

LePGT1 and LePGT2, involved in shikonin biosynthesis in Lithospermum erythrorhizon are 

closely related to the PPT in CoQ biosynthesis and have also been characterized (Yazaki and 

others 2002). Each of these PPT shares six transmembrane domains in their predicted amino 

acid sequence. They also share a putative polyprenyl diphosphate binding site also found in 

PPPS, NDXXD (Ashby and others 1990; Bouvier and others 2005), and another conserved 

amino acid sequence, GX(K/Y)STAL, not found in PPPS that had been proposed to be a 

putative 4HB binding site by Melzer and Heide (1994) while studying E. coli PPT. More 

recent work with the E. coli PPT has shown that the two predicted active sites in fact act as 

one active site for both substrates (Bräuer and others 2008). Eukaryotic PPT also share a 

conserved amino sequence not found in prokaryotic PPT, YDTIYAHQDK, the function of 

which has not been determined. Unlike the plant PPT functioning in CoQ biosynthesis, 

neither Lithospermum isoforms functioning in shikonin biosynthesis has a mitochondrial 

targeting polypeptide (Yazaki and others 2002).  

Casey and Threlfall (1978b) demonstrated a precursor-product relationship between 

3-hexaprenyl-4-hydroxybenzoate consumption and the production of 6-methoxy-2-

hexaprenylphenol, 5-demethoxyubiquinone-6, and CoQ6 in yeast. PPT activity has been 

observed to take place primarily in the mitochondria in S. cerevisiae and S. carlsbergensis, 

although some activity in other membranes could not be ruled out (Thomas and Threlfall 

1974). The PPTs implicated in CoQ biosynthesis are promiscuous regarding the polyprenyl 

diphosphate substrate; they transfer the polyprenyl chain of the polyprenyl diphosphate 

available in the cell to 4HB (see previous section on PPPS). For instance, OsPPT1 and COQ2 

can use GPP, FPP, and GGPP in addition to their typical nona- and hexaprenyl diphosphate 

substrates, respectively (Ohara and others 2006). In contrast, the Lithospermum LePGTs are 
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specific for GPP (Yazaki and others 2002). Taken together, the differences between 

mitochondrial targeting and specificity for polyprenyl diphosphate reflect specificity of 

function. LePGT activity is limited to microsomes where shikonin requires that only GPP be 

used for its biosynthesis whereas activity for the other PPT has been observed in 

mitochondria and the length of the polyprenyl chain on CoQ has no apparent effect on its 

function (see previous section on PPPS). Notably, both LePGTs are transcribed more in 

underground parts of the whole plant and in the dark, in accord with shikonin biosynthesis, 

while none of the other PPTs appear to have this feature. Yeast PPT as well as rice OsPPT1 

have been shown to require Mg
2+

 (Casey and Threlfall 1978a; Ohara and others 2006, 

respectively) as does UbiA, the PPT of E. coli (Melzer and Heide 1994). Due to the 

similarity of the putative polyprenyl diphosphate binding site in PPPS where Mg
2+

 

coordinates the phosphate group on the substrate, it is possible that Mg
2+

 is required for the 

same purpose in PPT. Structural data on PPT have not been published to date, so the actual 

mechanism behind the Mg
2+

 requirement is speculative.  

Functional evidence for PPT activity in plants was found by Griffiths and others 

(1967) in maize and barley. Lütke-Brinkhaus and others (1984) showed that isolated potato, 

daffodil, and spinach mitochondria all incorporated radio-labeled IPP to produce hydroxy-

polyprenylbenzoates with the prenyl side chain ranging from two to the native ten prenyl 

units. Their results indicate the presence of a highly promiscuous mitochondrial PPT capable 

of acting in CoQ biosynthesis in the plant tissues studied. These researchers elaborate on this 

work by feeding disrupted potato tuber mitochondria radio-labeled and non-labeled IPP, 

4HB, and S-adenosylmethionine, SAM, in various combinations (Lütke-Brinkhaus and 

Kleinig 1987). In nearly every combination of „hot‟ and „cold‟ substrate, the most abundant 

intermediate found to accumulate was 3-decaprenyl-4-hydroxybenzoate. The only 

experiment where this was not observed used only [
14

C]SAM, which agrees with both the 

prokaryotic and eukaryotic model for CoQ biosynthesis in having all methylation steps 

downstream of PPT activity. PPT activity has also been observed in germinated broad bean 

seeds (Thomas and Threlfall 1973; Casey and Threlfall 1978a).  
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PPT activity in plant mitochondria correlates with the highest concentration of CoQ 

residing in this compartment of the cell in the green algae Euglena gracilis (Threlfall and 

Goodwin 1964), maize, and barley (Griffiths and others 1967) as it does in other eukaryotes. 

In a later experiment with E. gracilis, PPT activity was associated with both mitochondrial 

and non-mitochondrial particulate fractions with the interpretation that some non-specific 

chloroplast PPT activity was being observed (Thomas and Threlfall 1975) which is possible. 

PPT activity in the mitochondria also places the machinery for CoQ biosynthesis in close 

proximity to the respiratory chain. However, in the case of maize shoots, CoQ was 

measurable in three of four cell fractions isolated making up 24.2%, 62.9%, 12.9%, and 0% 

of the chloroplasts, mitochondria, microsomes, and supernatant fractions, respectively. The 

researchers point out in their methods some contamination of mitochondria in the 

chloroplasts fraction and some chloroplasts in mitochondria fraction but do not report the 

extent of the contamination (Griffiths and others 1967). It is clear that CoQ is enriched in the 

mitochondria; however, the presence of CoQ in maize microsomes or even chloroplasts 

cannot be ruled out. This is pointed out because PPT activity has been observed in spinach 

within the ER-Golgi system (Osowska-Rogers and others 1994). PPT activity has been 

observed in the ER-Golgi system of rats as well (Kalén and others 1990) in addition to 

mitochondria (Momose and Rudney 1972). The apparent conflict between mitochondrial 

targeted PPT and the observation of PPT activity in multiple compartments challenges the 

conventional model for compartmentalization of CoQ biosynthesis. Although it is a very 

interesting subject, it is beyond the scope of this review and will be discussed in later work. 

 

First Hydroxylation: Hydroxylation of 3-Polyprenyl-4-Hydroxybenzoate 

 

CoQ biosynthesis in prokaryotes and eukaryotes appear to diverge after the production of 3-

polyprenyl-4-hydroxybenzoate. In prokaryotes, the next step has been shown to be the 

decarboxylation of 3-polyprenyl-4-hydroxybenzoate to produce 2-polyprenylphenol 

(reviewed by Meganathan 2001; Kawamukai 2002). In yeast, however, the first 

hydroxylation has been shown to occur before decarboxylation. Goewert and others (1977; 
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1981a) reported the accumulation of 3,4-dihydroxy-5-polyprenylbenzoate as an intermediate 

in a yeast mutant deficient in CoQ biosynthesis indicating that the hydroxylation of 3-

polyprenyl-4-hydroxybenzoate can occur prior to decarboxylation. They also report 

unpublished work from their lab demonstrating that 3-nonaprenyl-4-hydroxybenzoate[7-
14

C] 

could not be enzymatically decarboxylated, and yeast methionine auxotrophs accumulated 

the 3,4-dihydroxybenzoate intermediate. The 3,4-dihydroxy-5-polyprenylbenzoate 

intermediate has also been observed in wild type yeast accumulating in response to high 

levels of sucrose (Sippel and others 1983) marking this as a possible point of regulation for 

CoQ biosynthesis. The 2-polyprenylphenol intermediate of prokaryotes has been specifically 

sought but not detected in mouse tissues and rat liver by other researchers (Nilsson and 

others 1968 and Nowicki and others 1972; Trumpower and others 1974, respectively). This 

hydroxylase appears to be a cytochrome P450 monooxygenase (Olson and Rudney 1983). 

 In contrast to the prevailing eukaryotic model, decarboxylation rather than 

hydroxylation of 3-nonaprenyl-4-hydroxybenzoate has been proposed as the next 

biosynthetic step in rat liver mitochondria resembling CoQ biosynthesis in prokaryotes 

(Kang and others 1991; 1992). Kang and others first observed this after providing rat liver 

mitochondria with p-hydroxy[U-
14

C]benzoate, solanesyl diphosphate, and S-adenosyl-L-

methionine followed by inhibition of the methylation reaction by replacing S-adenosyl-L-

methionine with S-adenosyl-L-homocysteine. 3-nonaprenyl-4-hydroxybenzoate and three 

unknown compounds were isolated. One of the compounds was identified as 6-hydroxy-2-

nonaprenylphenol by comparison of retention time by HPLC to a chemical standard and by 

direct probe field-desorption mass spectrometry. No 3,4-dihydroxy-5-nonaprenylbenzoate 

was observed, and 6-hydroxy-2-nonaprenylphenol was successfully used as substrate to 

produce CoQ9. The authors elaborate on this work in a later study in which they use a pulse-

chase experiment with the same reactants used previously. They demonstrate an apparent 

precursor-product relationship between the depletion of the combined radioactivity of one of 

their unknown intermediates and 6-hydroxy-2-nonaprenylphenol with a concurrent increase 

in radioactivity of CoQ9. They observed no such relationship with 3-nonaprenyl-4-

hydroxybenzoate incubated with sonicated rat liver mitochondria. They show that sonicated 
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mitochondria are unable to use 3-nonaprenyl-4-hydroxybenzoate as substrate. It is possible 

that given the evidence for a multi-subunit complex composed of all of the downstream 

enzymes (reviewed by Tran and others 2007) the sonication could destabilize the proposed 

enzyme complex leading to a failure to acquire 3-nonaprenyl-4-hydroxybenzoate as a 

substrate. Kang and others assumed the first hydroxylation by a cytochrome P450 system 

which is unaffected by sonication. They reasoned that since the next step from 3-nonaprenyl-

4-hydroxybenzoate is disrupted by sonication, the only option is decarboxylation to produce 

the decarboxylated intermediate. However, Goewert and others (1981a) report that 3,4-

dihydroxy-5-nonaprenylbenzoate is very labile so that this intermediate was not observed by 

Kang and others may be due to a difference in extraction procedures. The contrasting 

observations of CoQ biosynthesis in eukaryotes pose an exciting question as to how CoQ 

biosynthesis proceeds from here in plants. 

As described earlier Lütke-Brinkhaus and others (1984) observed polyprenyl-

hydroxybenzoates, polyprenyl-phenols, and polyprenyl-hydroxyphenols in various plant 

mitochondria. The authors fed intact and French press-disrupted mitochondria from potato 

tubers, and French press-disrupted mitochondria from spinach leaves and daffodil flowers 

either [1-
14

C]IPP or 4-[
14

C]HB. Disrupted mitochondria of potato tubers, spinach leaves, and 

daffodil flowers fed [1-
14

C]IPP accumulated a large amount of what the authors describe as 

hydroxyprenylbenzoic acids like 3-polyprenyl-4-hydroxybenzoate and small amounts of 

prenyl alcohols of various lengths which should be expected since IPP can be used by a 

number of polyprenyl synthases. Most interesting was the comparison of disrupted potato 

tubers fed 4-[
14

C]HB where 100.0% of the recovered radioactivity was incorporated into 

hydroxyprenylbenzoic acids divided between one having decaprenyl side chain and another 

with a tetraprenyl side chain. Intact potato tubers fed [1-
14

C]IPP by comparison accumulated 

neither of these compounds and accumulated 48.4% of the recovered radioactivity in tri- and 

diprenylphenols with an additional 12.9% of mixed penta- to nonaprenyl phenols, penta- to 

nonaprenyl benzoic acids, and quinones. These results appear to support the observations of 

Kang and others when working with intact and sonicated rat liver mitochondria. Elaborating 

on their previous work, Lütke-Brinkhaus and Kleinig (1987) fed isolated French press-
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disrupted potato tuber mitochondria radio-labeled and non-labeled IPP, 4HB, and S-

adenosylmethionine, SAM, in various combinations. The most abundant intermediate 

observed was 3-decaprenyl-4-hydroxybenzoate in experiments where only [1-
14

C]IPP and 

4HB (71%) or IPP and 4-[
14

C]HB (100%) were used in the absence of SAM.. In experiments 

in which [1-
14

C]IPP, 4HB, and SAM were used, the recovered radioactivity was incorporated 

nearly evenly into polyprenols, 3-decaprenyl-4-hydroxybenzoate, and methoxy-3-

decaprenyl-4-hydroxybenzoate (13.5%, 15%, and 11.7% respectively), followed by 2-

decaprenylphenols and 6-hydroxy-2-decaprenylphenol (5.1% and 5.9%, respectively), and 

finally a series of hydroxy- methoxy- prenylphenols (1.5% to 3.1%). In experiments in which 

IPP, 4-[
14

C]4HB, and SAM were used all of the recovered radioactivity is distributed 

between 3-decaprenyl-4-hydroxybenzoate, and methoxy-3-decaprenyl-4-hydroxybenzoate. 

When IPP, 4HB, and [
14

C]SAM is used, as expected the only products observed are a 

methylated, methoxy-3-decaprenyl-4-hydroxybenzoate the most abundant followed by 

methoxy-2-decaprenylphenol. Clearly, these results indicate that 3-decaprenyl-4-

hydroxybenzoate can serve as substrate for the subsequent hydroxylation then methylation in 

plants. The hydroxylation and methylation would be quick and the decarboxylation step 

would be limiting causing the methoxy-3-decaprenyl-4-hydroxybenzoate to pool. This would 

make the intermediates observed in the [1-
14

C]IPP, 4HB, and SAM experiment the result of 

non-specific reactions. The high ratio of [1-
14

C]IPP to 4HB (10:1) or SAM-donated methyl 

groups (10:1 or 5:1) could make it possible to observe especially low abundance products 

that were unobservable when using the other labeled substrates. It is unclear whether 

intermediates labeled solely with [1-
14

C]IPP would exist in vivo in the potato tuber 

mitochondria. However, if these data are interpreted as the Kang and others data, then the 

disrupted mitochondria are unable to use 3-decaprenyl-4-hydroxybenzoate efficiently 

because the disruption has nearly completely knocked out the decarboxylation step typically 

associated with the prokaryotic model. The reactions observed in the [1-
14

C]IPP, 4HB, and 

SAM experiment would be the result of a mixture of nonspecific and typical biosynthetic 

reactions limited by the loss of 3-decaprenyl-4-hydroxybenzoate as a substrate. 

Unfortunately, non-disrupted mitochondria were not used in the follow-up study so a clear 
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interpretation of reaction order is difficult. Threlfall and Whistance (1970) sought to 

determine whether plants accumulated polyprenyl phenols as CoQ precursors. They 

examined cells of the alga E. gracilis, etiolated maize shoots, lettuce leaves, chicory, 

Cucumis melo and Cucumis sativus fruit, leek, Brussels sprout leaves, and green pepper 

shoots and were unable to find 2-polyprenylphenol or 6-methoxy-2-polyprenylphenol when 

plants were fed p-hydroxy[U-
14

C]benzoic acid. This could support that decarboxylation does 

not occur prior to other ring alterations as proposed by the eukaryotic model for CoQ 

biosynthesis. Conclusive evidence supporting the hydroxylation of 3-decaprenyl-4-

hydroxybenzoate as the next step in plants requires more investigation.  

Although genes encoding the enzymes involved in subsequent hydroxylation 

reactions in eukaryotic CoQ biosynthesis have been identified (see sections „Second 

Hydroxylation: Hydroxylation of 6-Methoxy-2-Polyprenylphenol‟ and „Third 

Hydroxylation:5-demethoxyubiquinone hydroxylase‟), neither the gene nor the enzyme 

involved in the first hydroxylation, the conversion of 3-polyprenyl-4-hydroxybenzoate to 3,4-

dihydroxy-5-polyprenylbenzoate, have been described. 

 

O-Methyltransferase of 3,4-dihydroxy-5-polyprenylbenzoate and 5-demethylubiquinone 

 

The eukaryotic model describes O-methylation occurs before decarboxylation. As shown 

previously, Goewert and others (1977; 1981a) noted that inhibition of S-adenosyl 

methyltransferases in their yeast mutant blocked for methionine synthesis accumulated 3,4-

dihydroxy-5-polyprenylbenzoate indicating this was a precursor to the first O-methylation. 

This group later identified 3-methoxy-4-hydroxy-5-hexprenylbenzoate as a CoQ intermediate 

in mutant yeast mitochondria (Goewert and others 1978) as well as wild type yeast and rat 

mitochondria (Goewert and others 1981b). 

 The gene for O-methyltransferase has been described for S. cerevisiae, designated 

COQ3 (Clarke and others 1991). Yeast COQ3 was determined to encode a predicted amino 

acid sequence containing a targeting signal to the mitochondrial matrix, a motif common to 

methyltransferases that use S-adenosylmethionine, and positions near the C-terminus that 
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may be targets for serine/threonine protein kinases. The possible sites of phosphorylation are 

significant because this enzymatic step in yeast may be regulated by cAMP-dependent 

phosphorylation in response to high sucrose concentration (Sippel and others 1983). 

Homologues of COQ3 have subsequently been described in rat, human, and C. elegans, 

(Marbois and others 1994a; Jonassen and Clarke 2000; Rodríguez-Aguilera and others 2003; 

respectively). Rat COQ3 was found to be a single copy gene and cDNA probes hybridized 

with genomic DNA from mouse, chicken, rabbit, cow, and dog suggesting that the DNA 

sequence for COQ3 is highly conserved among mammals and birds (Marbois and others 

1994b). Each of the sequenced coq3 homologues complements coq3-deleted yeast mutants 

and encodes a mitochondrial targeting sequence, four motifs associated with 

methyltransferases that use S-adenosylmethionine as the methyl donor, and a putative CoQ 

metabolite binding site in the predicted amino acid sequence (Jonassen and Clarke 2000). 

Jonassen and Clarke suggested that the reaction mechanism is likely the same as that 

described for catechol O-methyltransferase, COMT, based on amino acid sequence similarity 

of human and yeast homologues with rat COMT.  

The activity of the first O-methyltransferase is localized to the inner mitochondrial 

membrane in rats (Olson and Rudney 1983), which agrees with the occurrence of 

mitochondrial targeting sequences in the predicted amino acid sequences of all eukaryotic 

homologues studied to date. Enzyme activity in yeast mitochondria is specifically associated 

with the matrix side of the inner mitochondrial membrane and can use 3,4-dihydroxy-5-

polyprenylbenzoate as substrate (Shepherd and others 1996). Casey and Threlfall (1978b) 

demonstrate a relationship between 3-hexaprenyl-4-hydroxybenzoate consumption and the 

production of 6-methoxy-2-hexaprenylphenol, 5-demethoxyubiquinone-6, and CoQ6 in yeast 

indicating that the first O-methylation is an early step. 

Coq3 homologues of yeast, rat, and E. coli have also been shown to use farnesylated 

5-demethylubiquinone to perform the second O-methylation (Poon and others 1999) as has 

human Coq3 (Jonassen and Clarke 2000) to complete CoQ biosynthesis. The 5-

demethylubiquinone-9 intermediate has been isolated from rat liver mitochondria and 
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requires NADH to produce the reduced, hydroquinone form for the second O-

methyltransferase activity to be present (Houser and Olson 1974; 1977). 

 In plants, the A. thaliana cDNA for the homologue AtCOQ3 has been described and 

functionally expressed in yeast coq3-deficient mutants (Avelange-Macherel and Joyard 

1998). The predicted amino acid sequence shows all of the same characteristics described for 

the other known eukaryotic COQ3 homologues (Avelange-Macherel and Joyard 1998; 

Jonassen and Clarke 2000). The AtCOQ3 predicted amino acid sequence showed no 

membrane spanning regions which is similar to what was reported for the yeast homologue 

which functions on the matrix face of the inner mitochondrial membrane. Western blots of 

pea mitochondrial membranes using antibodies raised against a recombinant AtCOQ3 

indicate the enzyme‟s association with the inner mitochondrial membrane, further supporting  

localization of plant Coq3 similar to that of the yeast homologue. No activity studies or 

substrate-specificity studies have been preformed for AtCOQ3; however, given the 

similarities among the other eukaryotic Coq3 homologues substrate usage is likely to be the 

same. This protein may also function in the final O-methylation step of CoQ biosynthesis, the 

conversion of 5-demethylubiquinone to CoQ. 

Decarboxylation may occur prior to this step as discussed above in „First 

Hydroxylation: Hydroxylation of 3-Polyprenyl-4-Hydroxybenzoate‟. 6-hydroxy-2-

nonaprenylphenol was identified in rat liver mitochondria and shown to be incorporated into 

CoQ9 (Kang and others 1991; 1992). These researchers were unable to isolate 3,4-dihydroxy-

5-nonaprenylbenzoate leading them to propose that decarboxylation is followed by O-

methylation in rat mitochondria in contrast to the yeast-derived reaction sequence where O-

methylation occurs first. That 6-hydroxy-2-nonaprenylphenol can be converted to CoQ9 by 

isolated rat liver mitochondria agrees with the evidence that rat, yeast and human Coq3 can 

use a decarboxylated substrate when expressed in isolated yeast mitochondria (Poon and 

others 1999; Jonassen and Clarke 2000). In vitro, the O-methyltransferase appears to have 

broad substrate specificity, but preference appears to be for the carboxylated substrates. An 

alternative to having two possible pathways at this point in CoQ biosynthesis in rat is that the 
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order for enzymatic reactions may not be important in vivo, although more study is 

necessary.  

 

Decarboxylation of 3-Methoxy-4-hydroxy-5-polyprenylbenzoate 

 

As discussed in the previous sections, „First Hydroxylation of 3-Polyprenyl-4-

Hydroxybenzoate‟ and „O-Methyltransferase of 3,4-dihydroxy-5-polyprenylbenzoate and 5-

demethylubiquinone‟ the eukaryotic model for CoQ biosynthesis places the decarboxylation 

subsequent to enzymatic polyprenylation, the first hydroxylation, and the first O-methylation. 

This is divergent from the prokaryotic model which describes decarboxylation immediately 

subsequent to polyprenylation of 4-hydroxybenzoate. Some evidence in work with rat liver 

mitochondria suggests that CoQ biosynthesis, at least in rats, could resemble the prokaryotic 

model (Kang and others 1991; 1992). The intermediate 6-methoxy-2-nonaprenylphenol was 

clearly identified and shown to be incorporated in vivo into CoQ in rat liver (Dialameh and 

others 1972; Nowicki and others 1972) indicating the decarboxylation certainly occurs before 

the hydroxylation and O-methylation para to the polyprenyl chain and before hydroxylation 

in the position of the carboxyl group. The observation of downstream intermediates further 

clarifies the order in which decarboxylation occurs. 5-demethoxyubiquinone has been shown 

to be synthesized and used by S. cerevisiae and Phycomyces blakesleeanus also supporting 

that the hydroxylation and subsequent methylation para to the polyprenyl chain occur after 

decarboxylation in fungi (Law and others 1971). This intermediate also accumulates in S. 

carlsbergensis and is associated primarily within the mitochondria (Law and Threlfall 1972) 

suggesting that CoQ biosynthesis might be the same within the Saccharomyces genus. An 

interesting finding is that Aspergillus flavus, a mold fungus, accumulates CoQ intermediates 

similar to those in E. coli, in particular 2-polyprenylphenol, (Law and others 1971) 

suggesting that some eukaryotes may have retained the prokaryotic CoQ biosynthesis 

pathway possibly representing CoQ biosynthesis before the evolutionary divergence that 

appears to have occurred in the currently understood eukaryotic model.  5-
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demethoxyubiquinone-9 has also been isolated from rat liver and shown to be an 

intermediate in CoQ biosynthesis in the rat (Trumpower and others 1972).  

There is no information regarding the enzyme that catalyzes decarboxylation of any 

CoQ precursor or any gene involved in this step in eukaryotes, so little can be said about the 

decarboxylation step in plants. The hypothesis that decarboxylation occurs early in plants is 

based on the similarity of other steps among plants and other eukaryotes. The exact point at 

which it occurs in plants is unclear. As discussed in „First Hydroxylation: Hydroxylation of 

3-Polyprenyl-4-Hydroxybenzoate‟ above, Lütke-Brinkhaus and Kleinig (1987) fed isolated 

disrupted potato tuber mitochondria radio-labeled and non-labeled IPP, 4HB, and S-

adenosylmethionine, SAM, in various combinations. The observation of the methoxy-4-

hydroxy-5-decaprenylbenzoate as an accumulating intermediate indicates that 

decarboxylation can occur after the addition of the first hydroxylation and subsequent O-

methylation of the hydroxyl group in disrupted potato tuber mitochondria as has been 

proposed for intact yeast mitochondria. If the 3-methoxy-4-hydroxy-5-decaprenylbenzoate 

can be observed in vivo and if this product can be transformed by plant mitochondria into 

CoQ, then the decarboxylation step would seem to occur in plants as has been proposed in 

yeast and other eukaryotes. More work is required to validate this hypothesis.  

 

Second Hydroxylation: Hydroxylation of 6-Methoxy-2-Polyprenylphenol 

 

The observation of 5-demethoxyubiquinone in rat liver and yeast (Trumpower and others 

1972) suggests the hydroxylation para to the phenolic hydroxyl group occurs before the 

hydroxylation para to the polyprenyl chain in eukaryotes.  

  The yeast COQ6 gene has been identified and shown to restore coq6 mutant yeast 

growth on non-fermentable media (Gin and others 2003). The predicted amino acid sequence 

encoded by COQ6 shares similarity to three motifs found in aromatic flavin-dependent 

monooxygenases for ADP-binding, NAD(P)H/FAD recognition, and binding of the ribityl 

portion of FAD. COQ6 encodes a predicted amino acid sequence with an N-terminal 

mitochondrial targeting signal, and the protein was shown to localize to the matrix face of the 
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inner mitochondrial membrane. The protein has not been functionally confirmed as the 

hydroxylase at this step in yeast CoQ biosynthesis, so its placement here is speculative. 

Placement of Coq6 function after decarboxylation is based on 1) 21% and 24% amino acid 

sequence identity with E. coli genes involved in the second and third hydroxylation steps of 

the E. coli CoQ analog CoQ8 and 2) the characterization of COQ7 as the gene involved in the 

third hydroxylation step in yeast possibly ruling out COQ6 as sharing this function (see 

below, „Third Hydroxylation: 5-demethoxyubiquinone hydroxylase‟). Gin and others point 

out that Coq6 could even function in the first hydroxylation to produce 3,4-dihydroxy-5-

hexaprenylbenzoate, but likely did not press the point due to the Coq6 sequence identity to 

the E. coli enzymes involved in the later hydroxylations. Although apparent homologues to 

COQ6 exist in human, mouse, and fruit fly that share the three motifs described above (Gin 

and others 2003), the only other homologue in eukaryotes that has been examined indirectly 

for function in CoQ biosynthesis is from C. elegans (Rodríguez-Aguilera and others 2003). 

Silencing of the C. elegans coq6 gene using RNAi reduced the amount of CoQ in the 

nematode indicating that the gene functions in CoQ biosynthesis; however, no insight into 

exactly how it functions was provided.  

In plants, a methoxy-2-decaprenylphenol product has been isolated in radio-labeled 

feeding studies of disrupted potato tuber mitochondria as have a methoxy-methyl-2-

decaprenylphenol, methoxy-hydroxy-decaprenylphenol, and a methoxy-dihydroxy-

decaprenylphenol (Lütke-Brinkhaus and Kleinig 1987), but the importance of any of these 

products as real intermediates in CoQ biosynthesis in plants or as side reactions of the in 

vitro experimental conditions has yet to be examined. An open reading frame, ORF, at the 

At3g24200 gene locus in Arabidopsis is apparently homologous to yeast COQ6 (Kawamukai 

2002), but the Arabidopsis gene has not been experimentally verified. The second 

hydroxylation in eukaryotic CoQ biosynthesis is an open field for study in plants and other 

eukaryotic systems. 
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C-Methyltransferase 

 

The observation of 6-methoxy-2-polyprenylphenol in yeast mitochondria (Casey and 

Threlfall 1978) and its conversion to CoQ in rat liver (Dialameh and others 1972; Nowicki 

and others 1972) indicates C-methylation comes after decarboxylation in rats. The 

observation of 5-demethoxyubiquinone in rat liver and yeast (Trumpower and others 1972) 

suggests C-methylation occurs before the final hydroxylation para to the polyprenyl chain in 

eukaryotes. 

The nuclear encoded gene involved in the C-methylation step was identified by 

screening a yeast genomic DNA library for the ability to restore growth of a coq5 deficient 

strain on nonfermentable medium (Barkovich and others 1997; Dibrov and others 1997) and 

is designated COQ5. The isolated gene could restore growth on nonfermentable media in an 

E. coli mutant deficient for the C-methyltransferase step. The predicted amino acid sequence 

contains an N-terminal mitochondrial targeting sequence and three motifs associated with S-

adenosylmethionine, SAM, binding in other SAM-dependent methyltransferases. Western 

blots originally indicated that the protein localized to the mitochondrial matrix (Dibrov and 

others 1997), but the enzyme was later determined to be associated with the matrix face of 

the inner mitochondrial membrane (Baba and others 2004). C-methyltransferase activity was 

demonstrated by the conversion of farnesylated analog of 6-methoxy-2-polyprenyl-1,4-

benzoquinol to the farnesylated analog of 5-demethoxyubiquinone in mitochondria isolated 

from wild type yeast and coq5 null mutants harboring recombinant COQ5. Transferase 

activity required NADH likely to keep 6-methoxy-2-polyprenyl-1,4-benzoquinol in the 

reduced form of the hydroquinone (Barkovich and others 1997). 

 Evidence for the C-methyltransferase in plants comes from limited work in 

Arabidopsis. An ORF at the At5g57300 gene locus in Arabidopsis is homologous to yeast 

COQ5 (Kawamukai 2002; Lange and Ghassemian 2003). A mitochondrial protein 

orthologous to Coq5 was identified by LC-MS/MS of the Arabidopsis mitochondrial 

proteome (Supplemental Table 1 within Heazlewood and others 2004). This identified the 

protein encoded by the At5g57300 gene locus as localized in the mitochondria. In fact, 
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earlier work used Arabidopsis mitochondrial proteins from 2D-PAGE followed by matrix-

assisted laser desorption ionization-time of flight mass spectrometry fingerprinting (Millar 

and others 2001) identify this protein. They analyzed the predicted amino acid sequence from 

the ORF of At5g57300 to further predict the sub-localization as the mitochondrial matrix, 

which agrees fairly well with experimental data for yeast Coq5 that places the protein on the 

matrix face of the inner mitochondrial membrane. Further work to confirm the function of 

the ORF at the At5g57300 gene locus as the C-methyltransferase involved in CoQ 

biosynthesis in Arabidopsis will include cloning of the ORF followed by functional 

complementation of a coq5 null mutant yeast with this gene. Demonstration of the 

conversion of 6-methoxy-2-polyprenyl-1,4-benzoquinol to 5-demethoxyubiquinone by the 

gene product will also be required. At this point, however, there is good evidence that plants 

possess a homologue to COQ5. 

 

Third Hydroxylation: 5-demethoxyubiquinone hydroxylase  

 

The observation of 5-demethoxyubiquinone in S. cerevisiae (Law and others 1971; 

Trumpower and others 1972; Casey and Threlfall 1978), Phycomyces blakesleeanus (Law 

and others 1971) and the mitochondria of S. carlsbergensis, A. flavus (Law and Threlfall 

1972), and rat liver (Trumpower and others 1972) indicate that the third hydroxylation 

reaction in CoQ biosynthesis, the hydroxylation para to the polyprenyl chain, occurs near the 

completion of CoQ biosynthesis and may be a rate limiting step in eukaryotes. Trumpower 

and others (1972) demonstrated 5-demethoxyubiquinone-9 is converted to CoQ9 in perfused 

rat liver. Law and others (1971) demonstrated the conversion of 5-demethoxyubiquinones to 

their corresponding CoQ by S. cerevisiae, P. blakesleeanus, and A. flavus. Both groups 

provide strong evidence for the conservation of this biosynthetic step in eukaryotes. 

The gene involved in the hydroxylation of 5-demethoxyubiquinone, designated 

COQ7, has been identified in yeast (Marbois and Clarke 1996; Jonassen and others 1998), C. 

elegans (also Clk-1, Ewbank and others 1997), rat (Jonassen and others 1996), mouse, and 

human (Vajo and others 1999) by functional complementation in coq7 mutant yeast or C. 
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elegans in the case of mouse COQ7 (Takahishi and others 2001). RNAi technology has also 

been used to confirm the participation of Clk-1 in CoQ biosynthesis in C. elegans 

(Rodríguez-Aguilera and others 2003). Although they have all been localized to the inner 

mitochondrial membrane, yeast, rat, and human homologues do not have the predicted N-

terminal amino acid sequences for mitochondrial targeting while the mouse homologue does. 

Yeast and mouse Coq7 have further been determined to be localized specifically to the 

matrix face of the inner mitochondrial membrane (reviewed Tran and Clarke 2007 and Jiang 

and others 2001, respectively), although uniquely the mouse homologue does not appear to 

require membrane potential to localize. Evidence for COQ7 encoding the appropriate 

monooxygenase comes from studies of accumulating intermediates in coq7 mutants and 

complementation studies. Stenmark and others (2001) identified regions in Coq7 as di-iron 

ligand binding sites by amino acid sequence alignments of human, C. elegans, yeast, and two 

bacterial COQ7 homologues. They restored CoQ biosynthesis in ubiF mutant E. coli with the 

bacterial COQ7 homologues and proposed a model for the active site. Another group used E. 

coli UbiF to complement both null and point mutation coq7 yeast mutants to produce CoQ6 

(Tran and others 2006) while Clk-1 was used to successfully complement E. coli ubiF 

mutants (Adachi and others 2003). Another eukaryotic COQ7 gene, from 

Schizosaccharomyces pombe, was tested for complementation of an ubiF E. coli mutant but 

failed to restore this gene function. The authors suggested that the Sc. pombe Coq7 may have 

been unable to complement function due to the proposed requirement for the formation of a 

multi-subunit complex of CoQ biosynthesis enzymes in yeast (reviewed Tran and Clarke 

2007). 

 The isolation of 5-demethoxyubiquinone has not been reported for any plant. It has 

been reported that there is no known homologous sequence for yeast COQ7 in Arabidopsis 

(Lange and Ghassemian 2003). However, a BLAST search (Altschul and others 1997) using 

the prokaryotic UbiF gene revealed shared identity with the predicted amino acid sequences 

encoded by three Arabidopsis mRNAs: At3g24200, CTF2B, and CTF2A at 30%, 23%, and 

23%, respectively (GenBank accession numbers NM_001035681, NM_128526, and 

NM_129121, respectively). All three are annotated in GenBank as monooxygenases based on 
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the presence of predicted amino acid motifs homologous to motifs in proteins of known 

function for aromatic ring hydroxylation. At3g24200 has been suggested to be homologous 

to COQ6 (Kawamukai 2002), but its function has not been experimentally confirmed. CTF2A 

was predicted to localize to the mitochondria based on subcellular localization prediction 

software TargetP (Emanuelsson and others 2000) and CELLO (Yu and others 2006), or the 

chloroplast based on WoLF PSORT (Horton and others 2007) while CTF2B was predicted to 

localize to the mitochondria based on TargetP and CELLO, the nucleus based on CELLO, or 

the chloroplast based on WoLF PSORT. Cloning and functional complementation of the 

appropriate yeast null mutant as well as a demonstration that the proteins encoded by these 

sequences can use the appropriate substrate is necessary to confirm whether they participate 

in CoQ biosynthesis in plants. Berthold and Stenmark (2003) report from a personal 

communication they received that an hydroxylase homologous to UbiF has been cloned. It is 

possible that the third hydroxylation step in plants is divergent from the eukaryotic model, 

but not enough is known about this step in plants to make that assertion at this time. 

 

Second O-Methyltransferase: The Final Step 

 

As described above in „O-Methyltransferase of 3,4-dihydroxy-5-polyprenylbenzoate and 5-

demethylubiquinone‟, the final step in CoQ biosynthesis is the second O-methyltransferase 

and is encoded by the same gene in Arabidopsis as the first O-methylation, AtCOQ3.  

 

Other Components 

 

Work on CoQ biosynthesis in yeast has revealed a handful of uncharacterized genes that are 

involved in CoQ biosynthesis. These include COQ4, COQ8, and COQ9 (reviewed Tran and 

Clarke 2007). Those reviewers describe present evidence for a multi-subunit complex where 

the interaction of Coq2 through Coq7 is required for proper functioning of CoQ biosynthesis.  

The yeast COQ4 was identified by complementation of coq4 mutant yeast. Coq4 is 

located at the matrix face of the inner mitochondrial membrane, but no enzyme activity has 
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been demonstrated for it. The amino acid sequence appears to be conserved in eukaryotes 

with apparent homologues in Sc. pombe, C. elegans, Drosophila melanogaster, human 

(Belogrudov and others 2001), mouse, and Danio rerio (Casarin and others 2008). The 

human orthologue has been found in two protein isoforms, one cytosolic/nuclear and one 

mitochondrial. The mitochondrial human Coq4 can functionally complement coq4 null yeast 

mutants (Casarin and others 2008). An ORF at the At2g03690 gene locus in Arabidopsis is 

an apparent homologue as well (Belogrudov and others 2001; Kawamukai 2002; Lange and 

Ghassemian 2003). The function of Coq4 appears primarily to stabilize the other protein 

components of CoQ biosynthesis.  

  The yeast COQ8 was identified by complementation of coq8 mutant yeast and found 

to be the same as ABC1 (Do and others 2001). ABC1 was found to complement coq8 mutants 

and COQ8 was found to complement abc1 mutants while supplementation of the growth 

media with CoQ6 could complement both. The phenotype for both mutants is an inability to 

grow on nonfermentable media. The ABC1At from an Arabidopsis cDNA library was shown 

to partially complement abc1 mutant yeast growth on nonfermentable media by Cardazzo 

and others (1998). The ABC1At is constitutively expressed in all plant tissues examined and 

the amino acid sequence encodes a predicted N-terminal mitochondrial targeting sequence. 

Highly similar predicted amino acid sequences were identified in eukaryotes including Sc. 

pombe, C. elegans, mouse, and human. The Sc. pombe ABC1 has also been shown to 

partially complement abc1 mutant yeast growth on nonfermentable media (Bonnefoy and 

others 1996), and abc1Sp mutant Sc. pombe has been shown to be CoQ deficient (Saiki and 

others 2003b). Silencing of COQ8 in C. elegans by RNAi reduced the amount of CoQ 

produced in the nematode (Rodríguez-Aguilera and others 2003). Although restoration of 

CoQ biosynthesis was not tested for ABC1At complemented yeast, this gene seems a likely 

candidate for COQ8 and another tool for the elucidation of the role for this gene in 

eukaryotic CoQ biosynthesis. Coq8 was proposed to be a protein kinase involved in 

regulation of CoQ biosynthesis based on the existence of motifs common to protein kinases 

(Leonard and others 1998), but this function has yet to be tested experimentally.  
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Yeast COQ9 was identified by complementation of coq9 mutant yeast, and the Coq9 

protein was shown to localize to the matrix face of the inner mitochondrial membrane 

(Johnson and others 2005). One coq9 point mutation could be rescued by COQ8 suggesting 

some interaction or conserved function between the two proteins, although attempts to 

demonstrate a stable interaction of the proteins was unsuccessful. An enzymatic function for 

Coq9 has not been demonstrated, although it may have a role in stabilizing Coq3, Coq4, 

Coq6, and Coq7 and directly interacts with Coq5 (Hsieh and others 2007). An Arabidopsis 

coding sequence (GenBank accession NM_101772) has been annotated as coding for a 

domain homologous to Coq9. The predicted amino acid sequence has only 17% identity with 

yeast Coq9 when predicted amino acid sequences were subjected to BLASTP for two 

sequences (Altschul and others 1997). This Arabidopsis sequence has yet to be tested 

experimentally. 

 Finally, yeast and human COQ10 were identified by complementation of coq10 

mutant yeast (Barros and others 2005), which can grow, although slowly, on nonfermentable 

media. Uniquely, coq10 mutants produce wild type amounts of CoQ indicating that it is not 

involved in CoQ biosynthesis. Barros and others propose that Coq10 channels CoQ from the 

point of biosynthesis to the respiratory chain based on structural similarity of the predicted 

protein to proteins belonging to the START superfamily, a large group of proteins involved 

in lipid binding and transport. There are no known or proposed plant homologues for yeast 

COQ10. 

 

 The biosynthesis of CoQ in plants appears to follow the eukaryotic model based on 

the observation of the same intermediates and the presence of homologous genes among 

other eukaryotes studied and plants. Table 1.1 compares the intermediates in CoQ 

biosynthesis found in prokaryotes and eukaryotes, especially yeast and rat as discussed 

above. Although there have not been many CoQ intermediates isolated from plants, the most 

reliably accumulating intermediates in the in vitro experiments described above are found 

only in eukaryotes. More compelling support comes from our ability to determine the genetic 

components of plant CoQ biosynthesis by using homology to yeast CoQ genes (Fig. 1.1). 
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That plants appear to produce CoQ similarly to other eukaryotes is likely of little surprise, 

but a clear understanding of CoQ biosynthesis in plants is a significant step forward in our 

ability to manipulate CoQ in planta for engineering of particular CoQ functions. For 

example, manipulating CoQ biosynthesis through metabolic engineering could allow for 

improved resistance to oxidative stress to improve agronomic performance of crop plants. 

Responsible alteration of CoQ biosynthesis could also lead to the development of CoQ10 

enriched functional foods which could benefit human health. In the next section, efforts to 

improve CoQ content in plants are reviewed. 

 

 

Table 1.1  Comparison of CoQ Intermediates in Prokaryotes, Eukaryotes, and Plants. All of the intermediates in 

CoQ biosynthesis have been identified in prokaryotes and in the best studied eukaryotes. They have not been 

identified in plants, although appreciable amounts of an intermediate found in eukaryotes but not in prokaryotes 

have been seen to accumulate in in vitro experiments. 
a
, Typically isolated as a quinone and named thus, the 

actual substrate intermediate is more likely reduced within the membrane during biosynthesis. They are shown 

in their reduced forms in Figure 1. 
b
, based on  most reproducible in vitro accumulation of radio-labeled 

intermediate (Lütke-Brinkhaus and others 1987). 

CoQ Intermediate 
Present in 

Prokaryotes 

Present in 

Eukaryotes 

Present in 

Plants 

4-hydroxybenzoate X X X 

polyprenyl diphosphate X X X 

3-polyprenyl-4-hydroxybenzoate X X X 

2-polyprenylphenol X   

2-polyprenyl-6-hydroxyphenol X   

3,4-dihydroxy-5-polyprenylbenzoate  X  

3-methoxy-4-hydroxy-5-polyprenylbenzoate  X X
b 

6-methoxy-2-polyprenylphenol X X  

3-polyprenyl-5-methoxy-1,4-benzoquinone
a
 X X  

5-demethoxyubiquinone
a
 X X  

5-demethylubiquinone
a
 X X  
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Metabolic Engineering of CoQ in Plants 

 

CoQ10 production in both prokaryotes and eukaryotes has attracted attention for many years, 

but research has only recently resurged in plants. CoQ appears to have diverse functions in 

plants including energy metabolism, participation in biosynthetic reactions, cellular 

signaling, and oxidative stress management. The ability to influence these functions makes 

CoQ a worthy target for improving crop performance. For example, it may be possible to 

improve plant responses to oxidative stress by altering CoQ biosynthesis. CoQ10 has also 

become a popular dietary supplement due to its ability to act as a lipid-soluble antioxidant, 

efficacy in treating heart disease, and utility for supplementing decreased CoQ10 in people 

taking statin drugs to decrease cholesterol. Emerging evidence also suggests that it may be 

useful in the treatment of neurodegenerative disorders such as Alzheimer‟s disease (Turunen 

and others 2004). Demand for this medicinal appears certain to increase making the 

development of novel and diverse sources of CoQ10 an important goal. Currently, most 

commercially available CoQ10 is produced by yeast fermentation and chemical synthesis. 

One problem with both production methods is scalability. Chemical synthesis is often 

expensive and results in environmentally harmful waste products. The financial and 

environmental expense of synthetic production methods make plants an attractive alternative 

source of CoQ10. The primary downside to using plants as a source of CoQ10 is yield. The 

growing availability of information on CoQ biosynthesis in plants makes metabolic 

engineering of this pathway a possibility. Through metabolic engineering, CoQ function in 

plants may be directed to improve crop performance and/or improve the amount of CoQ10 a 

plant can yield. Past and present work to improve sources of CoQ10 is reviewed below with 

attention to metabolic engineering of plants.  

 

Efforts to improve sources of CoQ10 

 

Efforts to improve sources of CoQ10 include chemical syntheses, microbial bioproduction 

and plant bioproduction. Many chemical syntheses of CoQ10 have been proposed. These 
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methods have been suggested to be too low yielding and/or to be environmentally harmful 

(Choi and others 2005). The most recent method makes use of six chemical steps when using 

solanesol, a.k.a. nonaprenol, as the reactant for the polyprenyl side chain to produce CoQ9 

although with the ability to apply it to making CoQ10 (Bovicelli and others 2008). These 

researchers note that they make use of relatively mild reaction conditions to reduce the 

impact of their method on the environment. Many recent chemical syntheses make use of 

solanesol as the key reactant providing the polyprenyl side chain. Solanesol itself is a plant 

natural product, largely derived from tobacco leaves. Further synthetic prenylation of 

solanesol is required to produce CoQ10, however. Although retrieving a key reactant for the 

chemical synthesis of CoQ10 from a biological source potentially reduces the amount of 

synthetic steps, the cost of the bioproduction of solanesol is unavoidable. If the entire CoQ10 

molecule could be isolated through bioproduction, then the environmental impact and costs 

of chemical synthesis could be completely removed. 

Cluis and others (2007) review the production of CoQ10 in highly efficient microbial 

systems by selection, mutagenesis, and metabolic engineering. They propose that a 

commercially successful fermentation system should be able to produce 500 mg CoQ10/L and 

report one strain of Rhodobacter sphaeroides KY-8598 produced by mutagenesis and an A. 

tumefaciens strain metabolically engineered with improved isoprenoid pathway flux that 

reach this benchmark. More recent work in microbial CoQ10 production through metabolic 

engineering includes the over-expression of the Sc. pombe 4-hydroxybenzoate: polyprenyl 

diphosphate transferase, PPT, and optimization of fermentation parameters (Zhang and others 

2007a). Although this resulted in a 3-fold increase in CoQ10 compared to untransformed Sc. 

pombe, the resulting 23 mg CoQ10/L production does not approach the benchmark proposed 

by Cluis and others. Work with recombinant A. tumefaciens over-expressing decaprenyl 

diphosphate synthase and the E. coli PPT and chorismate pyruvate-lyase improved CoQ10 

production 88.9% in microaerobic fed-batch cultures, but at 30.8 mg CoQ10/L the 

recombinant organism still does not perform as well as organisms produced by mutagenesis 

(Zhang and others 2007b). Although current commercial sources include yeast fermentation, 



38 

 

this approach requires expensive facilities to both grow the organism and perform the CoQ10 

extraction and work continues to reach the benchmark proposed by Cluis and others. 

Another source of CoQ10 could come from plants selected or altered for the capability 

of highly increased CoQ10 biosynthesis. Ikeda and others (1976) investigated CoQ10 

production by plant cell cultures of carrot, tomato, lettuce, Datura tatula and tobacco BY-2 

cells. This work found that tobacco cells could produce 360 μg CoQ10/g d.w. which was 

more than a third more CoQ10 than the next highest plant cell culture tested, Datura tatula. 

Later work showed that rice cell cultures can produce CoQ9 at levels well over 600 μg/g d.w. 

(Ikeda and Kagei 1979). Tobacco cell culture strains that produce 15 mg CoQ10/L, 1890 μg 

CoQ10/g d.w., by a cell cloning technique were developed from BY-2 cells (Matsumoto and 

others 1981). The high CoQ10 producing BY-2 cell lines appear to produce more CoQ10 due a 

greater number of mitochondria or higher mitochondrial volume compared to the original 

BY-2 cells (Ikeda and others 1981). One problem with CoQ production in plant cell cultures 

produced in this manner appears to be reaching the 500 mg CoQ10/L benchmark proposed by 

Cluis and others. Further improvement of CoQ10 in plant cell cultures may be anticipated as 

the field of plant metabolic engineering moves forward. Work from this perspective has in 

fact been performed. 

Metabolic engineering of plants for increased CoQ content can be done in two ways. 

The first is increasing the amount precursor molecules available for CoQ biosynthesis within 

the plant cell. The second is overcoming a downstream rate limiting step. There have been a 

number of studies on isoprenoid biosynthesis in plants which include the alteration of both 

the cytosolic mevalonate, MVA, and the plastidic non-MVA pathways which produce IPP in 

those respective compartments. Modifying either pathway could alter CoQ biosynthesis by 

increasing distal precursors such as IPP. A problem with increasing precursor pools too distal 

from the target product is the possibility of altering the biosynthesis of other secondary 

metabolites that draw from the same precursor pool. MVA is a common precursor to all 

cytosolic isoprenoids, so increasing MVA could lead to an increase in many isoprenoids 

resulting in myriad unknown effects within the plant. This situation complicates the specific 

study of the effect of improved CoQ content within the plant and is undesirable. For this 
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reason, the effect of engineering the MVA and non-MVA pathways on CoQ biosynthesis is 

beyond the scope of this review. The improvement of the amount of more proximal 

precursors to CoQ such as 4-hydroxybenzoate, 4HB, and decaprenyl diphosphate, DPP, is a 

better approach as it decreases the likelihood of affecting too many intersecting metabolic 

pathways.  

The amount of 4HB in plants has been increased for other research goals. In 

particular, 4HB content has been improved in chloroplasts by transforming N. tabacum cv. 

Petit Havana using nuclear encoded E. coli ubiC fused to a plastid targeting signal (Siebert 

and others 1996) and by direct transformation of the tobacco chloroplasts with ubiC under 

the transcriptional control of a light-inducible promoter (Viitanen and others 2004). The E. 

coli ubiC encodes the enzyme chorismate pyruvate-lyase, CPL, which converts chorismate to 

4HB in many bacteria and yeast. CPL is not found in plants and its expression within the 

chloroplast can short-cut the native 4HB biosynthesis steps that normally go through 

phenylalanine. Both groups were able to improve 4HB content in the chloroplast. The excess 

4HB was observed as conjugates to glucose. Since 4HB was sequestered within the 

chloroplast, 4HB was likely not more available for CoQ biosynthesis, so it likely did not lead 

to higher levels of CoQ. In contrast, Sommer and Heide (1998) expressed ubiC in the cytosol 

of tobacco plant cells and observed the formation of 4HB in the cytosol. The research goals 

for these projects did not include the improvement of CoQ content in plants, so CoQ content 

was not measured; however, the demonstration of increased levels of the 4HB precursor, 

specifically within the cytosol, suggests that it could be more available for the formation of 

CoQ and lead to higher CoQ content than wild type. Another strategy to improve the 

availability of proximal CoQ precursor metabolites in plants has been to increase the amount 

of DPP in the plant. Rice naturally makes CoQ9, a CoQ form that has nine isoprenyl units. 

The decaprenyl diphosphate synthase, ddsA, from Gluconobacter suboxydans was used to 

successfully make DPP for the production of CoQ10 in rice grains (Takahashi and others 

2006). The expression of the mitochondria-targeted DdsA replaced CoQ9 with CoQ10,, and 

increased the total CoQ content 2-3 fold in transgenic seeds over wild type seeds.   
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The second strategy for improving CoQ content in plants is to overcome downstream 

rate limiting steps. A benefit of this method is that it “pulls” precursor metabolites through 

the pathway rather than allowing them to pool. In the most ideal situation, only the target 

pathway is affected with the caveat that the engineering does not put too much strain on a 

precursor pool shared with other secondary metabolites or that a feedback mechanism does 

not influence biosynthesis of the target metabolite (or other metabolites). The conjugation of 

4HB to DPP has often been considered a rate limiting step in CoQ10 biosynthesis and is 

carried out by the enzyme 4HB: polyprenyltransferase, PPT. To overcome this possible rate 

limiting step, researchers have produced transgenic plants expressing heterologous PPT. The 

E. coli PPT gene, ubiA, was expressed in N. tabacum cv. Petit Havana SR1 with targeting to 

the endoplasmic reticulum, ER (Boehm and others 2000). UbiA enzyme activity was 

increased 120-fold in tobaccos transformed with ubiA constructs containing both N- and C-

terminal ER-targeting sequences under the transcriptional control of the 35S promoter 

compared to tobaccos expressing ubiA without ER-targeting sequences, but no difference in 

CoQ10 content was seen between the ER-targeted UbiA and non-transgenic tobaccos. They 

did not report comparison of CoQ10 content among any of their other high UbiA activity 

transgenics compared to wild type. They proposed that the lack of increased CoQ10 content in 

their transgenics was due to expression of the enzyme in the ER rather than the mitochondria, 

considered the in vivo location of CoQ biosynthesis. Ohara and others (2004) used the yeast 

PPT gene, coq2, for the heterologous expression of PPT in the ER and the mitochondria of 

tobacco. They were able to increase CoQ10 production in tobacco leaves two-fold with 

mitochondria-targeted PPT and six-fold with ER-targeted PPT, ~15 ng/mg d.w. and ~30 

ng/mg d.w., respectively. CoQ10 was highest in all cases in the mitochondria regardless of the 

compartment in which Coq2 protein was directed. They also found that increased CoQ10 

content conveyed oxidative stress tolerance when plants were challenged with methyl 

viologen or high NaCl concentration, e.g., 300 mM NaCl. That ER-targeted yeast PPT can 

improve mitochondrial CoQ content suggests a transport mechanism for the enzymatic 

reaction product 3-decaprenyl-4-hydroxybenzoate or some intermediate up through CoQ10 

from outside the mitochondrion to the inner mitochondrial membrane in plants. This 
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contradicts the results of Boehm and others that showed no improvement in CoQ content 

when bacterial PPT was expressed in the ER. The reasons for the contradiction are unclear. 

One possibility is that the heterologously expressed bacterial protein may have been 

processed post-translationally such that their in vivo activity did not reflect the activity 

observed in the in vitro assays while the eukaryotic yeast protein, if receiving post-

translational modification, was not altered in the same way. Another explanation may be 

differences between the two model tobacco cultivars used. Boehm and others used cv. Petit 

Havana while Ohara and others used Samsun NN. Both groups used Agrobacterium-

mediated transformation of tobacco cell cultures and regenerated plants from those cell 

cultures. It may be possible that the successful improvement of CoQ10 using yeast PPT may 

have actually been from the selection of a cell culture that had increased number of 

mitochondria/mitochondrial cell volume in much the same manner the BY-2 tobacco cell 

culture with increased CoQ10 content was selected. This might provide an alternate 

explanation to why when PPT activity increased in the ER, CoQ10 content increased more in 

the mitochondria; the CoQ10 content improvement would be due to more mitochondrial 

membranes rather than a transport mechanism for ER-derived 3-decaprenyl-4-

hydroxybenzoate or other CoQ10 precursors. Finally, there may have been a metabolic 

feedback mechanism that was not overcome in Petit Havana and/or the cell culture selected 

by Boehm and others but was overcome in Samsun NN and/or the cell culture selected by 

Ohara and others 

 

Future Research  

 

Future research in CoQ10 function, biosynthesis, and bioproduction in plants could prove 

important to scientific understanding, agronomic performance, and human health. Although 

CoQ biosynthesis appears very similar among eukaryotes, there is a great deal still to be 

learned about CoQ biosynthesis in plants. The function of CoQ in the plant cell as an 

antioxidant and its importance to oxidative stress management could lead to traditional and 

molecular breeding strategies that make use of CoQ to improve crop response to oxidative 
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stress brought on by both biotic and abiotic stresses. The increasing importance of CoQ10 as a 

medicine/nutraceutical makes improving sources of CoQ significant for human health. Plants 

could provide a good source of the molecule. In all of the above examples of CoQ 

improvement or the improvement of precursors usable for CoQ biosynthesis in plants, all but 

one used model tobacco cultivars which produce low biomass and perform poorly in the 

field. The one that does not use a model tobacco cultivar uses rice (Takahashi and others 

2006) and is a good example of the use of a real crop for the bioproduction of CoQ10. A more 

useful crop for the bioproduction of CoQ10 will likely produce higher biomass than rice.  

The work described in the following chapters focuses on the development of tools for 

the analysis of CoQ in plants and improving CoQ10 content in elite Nicotiana tabacum 

cultivars of both burley and flue-cured tobacco varieties that will be immediately available 

for tobacco breeding programs. We feel that using these tobaccos will provide higher 

biomass for the extraction of CoQ10 and a bioreactor that is more readily scalable by 

increasing field size than the facilities required for microbial production of CoQ10. These 

plants should also provide a window into the effect of increased CoQ10 on the plant in the 

field against various environmental stressors that lead to oxidative stress  
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Chapter 2 

ANALYSIS OF COQ10 IN CULTIVATED TOBACCO BY A HIGH PERFORMANCE 

LIQUID CHROMATOGRAPHY-ULTRAVIOLET METHOD 

 

 

Introduction 

 

 Coenzyme Q, CoQ, is a lipid soluble quinone with multiple cellular functions. It can 

be found in every organism that undergoes oxidative phosphorylation and is an integral part 

of mitochondrial energy production and a membrane soluble antioxidant. CoQ may have a 

role in apoptosis by interaction with the Mitochondrial Permeability Transition Pore, PTP, in 

humans (Leung and Halestrap 2008), pyrimidine biosynthesis (Zrenner and others 2006), and 

branched chain amino acid catabolism (Ishizaki and others 2006a, 2006b). In plants, CoQ 

also functions in conjunction with the alternative oxidase, AOX, to manage oxidative stress 

and may be involved in cellular signaling during the induction of systemic resistance to 

tobacco mosaic virus, TMV, in tobacco (Rozhnova and Gerashchenkov 2006; Rozhnova and 

Gerashchenkov 2008; Rozhnova and others 2007). 

CoQ10 has become a popular vitamin supplement and a treatment for heart disease as 

well as the object of study in the treatment of a number of other diseases such as Parkinson‟s 

and Alzheimer‟s (Turunen and others 2004). It has also been a favorite lipid soluble 

antioxidant in cosmetics (Borekova and others 2008).  

The biological, medicinal, and commercial significance of CoQ make the study of 

CoQ biosynthesis important. Indeed, CoQ biosynthesis is well studied in E. coli (Kawamukai 

2002), (Soballe and Poole 1999) and yeast (Tran and Clarke 2007); however, it is little 

understood in plants. The development of fast and reliable tools for the analysis of CoQ10 is 

necessary to promote a better understanding of its various biological functions, study its 

biosynthesis, and evaluate novel sources. Although there are many tools for CoQ analysis of 

microbial and animal sources, these tools have been particularly limited for the analysis of 

plant materials. 
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This work describes the development of a rapid method for the extraction and routine 

analysis of coenzyme Q10 in green leaf tissue of cultivated Nicotiana tabacum (tobacco) 

using HPLC-UV. The method was used to illustrate the occurrence of CoQ10 in Nicotiana 

tabacum cv. KY14 at different leaf positions on the stalk and over time in N. tabacum cv. 

NC55 and cv. TN90LC grown in a greenhouse. This method may be useful in the analysis of 

CoQ10 in other green leaves. 

 

 

Materials and Methods 

 

 Plant Materials 

 

The seed for the tobacco cultivars NC55 and TN90LC were generously donated by Dr. 

Ramsey Lewis from the Department of Crop Science, NCSU. Seed for the tobacco cultivar 

KY14 was derived from seed stock from the lab of Dr. Arthur K. Weissinger. The different 

cultivars were used to give a broader view of CoQ10 content cultivated tobacco. 

 

Growth Conditions for Plants and CoQ10 Sampling Plan by Experiment 

 

CoQ10 and Leaf Position  A small population of KY14 (n = 5) was grown in the greenhouse 

under ambient temperature and 16 h daylength. They were watered once per day and given 

20-20-20 N-P-K liquid fertilizer (350 ppm N) once per week. The plants were sampled after 

14 weeks in the greenhouse when they were all at full flowering. 

 

CoQ10 Over Time in Greenhouse  Small populations of NC55 and TN90LC (n = 11 for each) 

were grown in the greenhouse under the same watering, fertilization regime as described for 

section „CoQ10 and Leaf Position‟. The first leaf above 27 cm in length from leaf axil to leaf 

tip (usually 4-5 leaves from the first leaf at the apex measuring ~2.54 cm) was harvested and 

placed on ice to be weighed in the lab. Plants were sampled at 3, 4, 5, 6, 7, and 8 weeks.  
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CoQ10 Analysis by HPLC-UV 

 

Sample Preparation and Analysis  A 1 cm diameter (50-100 mg f.w.) leaf disc was sampled 

and the leaf veins were removed. The remaining lamina was weighed and placed into a 1.5 

mL microcentrifuge tube containing four 2.5 mm glass beads. The tubes were briefly placed 

into liquid nitrogen, and CoQ10 was extracted using a protocol adapted from Ohara and 

others (2004). Leaf tissue frozen in liquid N2 was homogenized twice for 5 sec. in a 

Silamat® S5 amalgamator (Ivoclar Vivadent, Inc.). One mL of 2-propanol was added, and 

the tube was inverted six times. The microcentrifuge tubes were shaken at 120 rpm for 30 

min. at room temperature on an orbital shaker. Microcentrifuge tubes were briefly vortexed 

then centrifuged at 10,000 x g for 15 min. at room temperature in an Eppendorf Centrifuge 

5415 C. The supernatant was then transferred to a clean, dry glass test tube and evaporated 

under N2 gas in a Reacti-Therm Heating and Stirring Module (Thermo Scientific) at 40°C. 

The residue was reconstituted in 1 mL 2-propanol and 350 μL was transferred to an HPLC 

sampling vial. HPLC-UV analysis was based on Mosca and others (2002) with some 

changes. A volume of 40 μL of the 2-propanol CoQ10 extract was injected onto a 

Phenomenex Luna C18(2) HPLC column (4.6 x 250 mm).  The isocratic HPLC mobile phase 

consisted of 65% ethanol: 35% methanol at a flow rate of 1.0 mL/min. for 28 min. The 

HPLC system consisted of an Hitachi L-6200A Intelligent Pump with a Waters 717Plus 

Autosampler. Detection was at 275 nm with a Waters™ 486 Tunable Absorbance Detector. 

Data collection and analysis was performed using the Perkin-Elmer TotalChrom Version 6.2 

data analysis system.  

 

Reduction of CoQ10 to CoQ10H2  Chemical standard of CoQ10 (Sigma; Avoca, Inc.) was 

subjected to chemical reduction to investigate the occurrence of CoQ10H2 in the CoQ10 plant 

extracts. The chemical reductants were sodium dithionite or NaBH4 (both from Sigma) as 

described previously (Lang and Packer 1987 or Rebrin and others 2004, respectively). The 

experiment was performed in duplicate for each chemical reductant. CoQ10 standard, 2.14 

mg, was dissolved in 1.0 mL dry ethanol, and 3.0 mL deionized H2O was added. Sodium 
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dithionite or NaBH4, 108 mg each, were added to their respective reaction mixtures and 

vortexed for 3 min. Reactions were incubated in the dark for 30 min. The reactions were 

extracted with 4.0 mL hexane using a 30 mL separatory funnel. If an emulsion formed, it was 

broken by the addition of 153.3 mg NaCl. The hexane layer was removed and washed with 

4.0 mL deionized H2O. The hexane layer was removed and dried under N2 gas in a Reacti-

Therm Heating and Stirring Module (Thermo Scientific) at 40°C. The residue was 

reconstituted in 1.0 mL dry 2-propanol. All samples were analyzed by HPLC-UV as 

described above at 275 nm and again at 290 nm. Samples were stored at 4°C for 21 h to 

allow CoQ10H2 to oxidize to CoQ10, and the HPLC-UV analysis was repeated at both 

wavelengths. 

 

CoQ10 Spiking Experiments  CoQ10 spiking experiments were performed to validate the 

CoQ10 analytical method. Three 1 cm leaf discs were sampled from the right of the midvein 

when observing the adaxial surface of the distal end of the ninth leaf from the apex of N. 

tabacum cv. KY14. Sampling took place after plant growth for 14 weeks in the greenhouse. 

The leaf discs were within 7.62 cm of the leaf tip. CoQ10 was extracted from each leaf disc as 

described above. Each CoQ10 extract was split into two 500 μL samples. The 500 μL samples 

were dried under N2 gas in a Reacti-Therm Heating and Stirring Module (Thermo Scientific) 

at 40°C. Three of the dried samples were reconstituted in 500 μL 2-propanol. To the other 

three samples 3.125 x 10
-4

 mg/mL CoQ10 standard was added and brought to a total volume 

of 500 μL. All samples were analyzed by HPLC-UV. 

 

CoQ10 within a Leaf  CoQ10 concentration within a tobacco leaf was investigated. Three 1 cm 

leaf discs were sampled from the left of the midvein when observing the upper surface of the 

leaf from the distal end of the ninth leaf from the apex of N. tabacum cv. KY14 plant. 

Sampling took place after plant growth for 14 weeks in the greenhouse. The leaf discs were 

within 7.62 cm of the leaf tip. These leaf discs were mirror images of the three leaf discs 

sampled for the CoQ10 spiking experiments. CoQ10 was extracted from each leaf disc as 
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described above and the CoQ10 content was compared to the CoQ10 content extracted from 

the non-spiked samples from the right side of the leaf. 

 

 

Results 

 

CoQ10 Analysis by HPLC-UV  

 

Figure 2.1 is an example chromatogram from HPLC-UV analysis indicating excellent 

resolution of CoQ10 from other lipophilic components of the 2-propanol extract at a retention 

time of 15.2 minutes based on comparison with the retention time of an analytical standard of 

CoQ10. 

 

 

 

 

              

 

Figure 2.1  HPLC-UV chromatogram of 1.25 x 10
-3

 mg/mL CoQ10 standard (blue) and CoQ10 extracted with 2-

propanol from untransformed TN90LC (black). A total of 40 μL of the 2-propanol CoQ10 extract was injected 

onto a Phenomenex Luna C18(2) HPLC column (250 mm x 4.6 mm).  The isocratic HPLC mobile phase 

consisted of 65% ethanol: 35% methanol at a flow rate of 1.0 mL/min. for 28 min. Detection was at 275 nm. 

Components 2, 3, 4, and 5 are β-carotene, phylloquinone, α- and δ- tocopherols, respectively. *Standard curve 

linearity is preserved up to this concentration R
2
 = 0.9992. 

 

CoQ102

3

45

CoQ10 standard curve: 

  0.158, 0.317, 0.634,  

  1.27, 2.54, 5.07, 10.14   

  μg/mL 

 

Typically observed    

  CoQ10 in tobacco  

  extracts: 0.40 μg/mL –  

  10.0 μg/mL* 

 

Intra-assay CV%  

1.25 μg/mL: 0.75% 

0.313 μg/mL: 5.09% 

 

Inter-assay CV% 

1.25 μg/mL: 1.10% 

0.313 μg/mL: 4.68% 

Retention Time (min.) 

Relative 

Abundance 
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 CoQ10 concentrations of the 2-propanol extracts of tobacco leaves ranged from 0.40 

μg CoQ10/mL – 10.0 μg CoQ10/mL. Repeatability and reproducibility of the method was 

assessed for injections made on the same day (intra-assay) and on different days (inter-

assay). They are reported as the coefficient of variation, CV%. The intra-assay CV% was 

0.75% and 5.09% for 1.25 μg CoQ10/mL and 0.313 μg CoQ10/mL, respectively. The inter-

assay CV% was 1.10% and 4.68% for 1.25 μg CoQ10/mL and 0.313 μg CoQ10/mL, 

respectively. This method is also able to qualitatively resolve β-carotene, phylloquinone, and 

α- and δ-tocopherols (Fig. 2.1 components 2, 3, and 4 and 5, respectively). 

 

CoQ10 Spiking and CoQ10 within the Tobacco Leaf 

 

CoQ10 spiking experiments were performed to validate the CoQ10 analytical method. Three 

leaf discs were sampled from the right of the midvein when observing the adaxial surface of 

the distal end of the ninth leaf from the apex of N. tabacum cv. KY14 after 14 weeks in the 

greenhouse. The average CoQ10 content of the leaf extracts with no CoQ10 added was 1.770 x 

10
-3

 mg/mL while the average CoQ10 content of leaf extracts with CoQ10 added was 2.078 x 

10
-3

 mg/mL. The observed difference was 3.076 x 10
-4

 mg/mL which agrees well with the 

expected difference of 3.125 x 10
-4

 mg/mL. This indicated that the method was reliably 

resolving CoQ10 at the observed retention time. 

 CoQ10 concentration within a tobacco leaf was investigated. Analysis revealed no 

significant difference in CoQ10 content on either side of the midvein or within 7.62 cm of the 

leaf tip. 

   

CoQ10 and CoQ10H2 Qualitative Identification 

 

The HPLC-UV method was evaluated for its ability to resolve oxidized CoQ10 and reduced 

CoQ10 (CoQ10H2). A chemical standard of CoQ10 was subjected to chemical reduction using 
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two separate methods. One used dithionite as a reducing agent and the other used sodium 

borohydride. Both treatments resulted in significant attenuation or total disappearance of the 

peak eluting at ~15.3 minutes for CoQ10 when analyzed with detection at 275 nm and was 

accompanied by the appearance of a new peak at ~10.0 minutes. When the treated samples 

were observed at 290 nm, the peak area for the peak at ~10.0 minutes increased compared to 

analysis at 275 nm as would be expected for CoQ10H2. The samples were re-analyzed via 

HPLC at 275 nm over 21 hr following the initial analysis. Analysis showed a decrease in the 

peak area for the peak at ~10.0 minutes compared to the initial analysis at 275 nm. This was 

accompanied by a concurrent increase in the peak area for CoQ10 compared to the initial 

analysis at 275 nm. This would be expected if the peak at ~10.0 minutes represented 

CoQ10H2. This peak is not present or indicates only trace amounts of CoQ10H2 in CoQ10 

extracts from tobacco following our extraction protocol, indicating that CoQ10 is fully 

oxidized during our extraction method. CoQ10H2 is well resolved from other components in 

our analytical method, suggesting that this method could be adapted for use under properly 

controlled conditions to measure the oxidation state of CoQ10 in plant tissues. 

 

CoQ10 and Leaf Stalk Position 

 

The HPLC-UV method was used to investigate the CoQ10 content at different leaf postions of 

cultivated tobacco in a population of five N. tabacum cv. KY14 plants after 14 weeks growth 

in the greenhouse. CoQ10 was extracted from one leaf disc from each plant and analyzed in 

triplicate. Figure 2.2 reveals that CoQ10 content increases from higher to lower leaf position 

down the stalk with the exception that it appears to stay relatively stable in leaves ranging 

from from the fifth to seventh stalk position from the floral bud. Note that the variation in 

CoQ10 content as indicated by increasing standard deviation increases as leaf position, length, 

and developmental age increases. The fourteenth leaf is a senescing leaf. 
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Figure 2.2  The CoQ10 content of KY14 from leaves of different leaf positions. Each CoQ10 value is the average 

from five individuals, three technical replicates from each individual. The amount CoQ10 in KY14 appears to 

increase as leaf size increases from lanceolate to fully expanded leaves. According to this small sample, the 

variation in CoQ10 content also appears to increase with leaf stalk position. Leaves were sampled after 14 weeks 

in the greenhouse. 
 

 

 

CoQ10 over Time in Greenhouse 

 

The results of our study of the correlation between whole plant age in the greenhouse and 

CoQ10 content for N. tabacum cv. TN90LC and NC55 are summarized in Figure 2.3. CoQ10 

content in NC55 decreases from three to four weeks then shows no apparent change from 

four weeks through six weeks before increasing at seven weeks and again at eight weeks. 

CoQ10 content in TN90LC increases from three to four weeks then shows no apparent change 

from four weeks through six weeks before increasing at seven and again at eight weeks. 

CoQ10 content in both cultivars appears to stay relatively the same level from four to six 

weeks and does not appear different from one another in this sampling time. 

18.69

34.98 38.59

82.68

0.00

20.00

40.00

60.00

80.00

100.00

120.00

Lanceolate 5th 7th 14th 

C
o

Q
1

0
(μ

g
/g

 f
.w

.)

Stalk Position from Floral Bud

Average CoQ10 (μg/g f.w.) in Leaves at Different Stalk Positions in Nicotiana

tabacum cv. KY14



74 

 

Figure 2.3  Average CoQ10 of NC55 and TN90LC Tobacco Sampled from 3 Through 8 Weeks in the 

Greenhouse. Leaves sampled were of similar length and 4-5
th

 leaf from the apex. CoQ10 content in either NC55 

or TN90LC appears to stay relatively the same level from four to six weeks then appears to increase through 

eight weeks. CoQ10 may be higher at three weeks in NC55 than from four to six weeks. CoQ10 may be lower at 

three weeks in TN90LC than from four to six weeks. CoQ10 content only appears different between NC55 and 

TN90LC when leaves are sampled at three and eight weeks. 
 

 

 

Discussion 

 

The HPLC method described here is robust and reproducible for the quantification of CoQ10 

in tobacco leaves. CoQ10 was well resolved within about 15 minutes. The analytical method 

was based on work by Mosca and others (2002) for CoQ10 analysis of blood. In this 

application the method was shown to also resolve other plant isoprenoids including 

phylloquinone and β-carotene based on retention time matching with chemical standards. The 

method reported here is similar to the method reported by Wagner and Wagner (1995) that 

resolves reduced CoQ10, CoQ10H2, from oxidized CoQ10 in non-green plant tissue. The work 

presented here appears to be the first use of a method like this for the analysis of reduced and 

oxidized CoQ10 from green tissue. The authors of the previous method cite a caution by 

Schindler and others (1984) that further purification is necessary to separate CoQ from other 

prenylquinones as their reason for avoiding green tissue; however, this did not occur with the 

method applied here for the analysis of CoQ10 in tobacco leaves. The co-elution of other 
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isoprenoids, likely β-carotene and plastoquinone, presented a problem with the analysis of 

CoQ9 isolated from Arabidopsis (data not shown) indicating that our analytical method is not 

amenable to all forms of CoQ or for all plants.  

 The concentration of CoQ10 from tobacco leaves grown in a greenhouse was 

investigated (Fig. 2.2). CoQ10 levels increased as leaf size increased down the stalk from 

lanceolate to fully expanded leaves to senescing leaves in the burley variety N. tabacum cv. 

KY14. As CoQ10 is an integral part of the mitochondrion, the increase in CoQ10 as the leaf 

expands may be related to a possible increase in mitochondrial volume/number that may be 

present in expanding cells. The increase in CoQ10 in the larger leaves may also be related to 

the age of the leaf. CoQ10 content remained relatively stable in both  NC55 and TN90LC 

plants in leaves of the same size and stalk position grown in the greenhouse from three to six 

weeks (Fig. 2.3), but it increases for both varieties at eight weeks, NC55 showing a more 

marked response. One possibility for this again relates to CoQ10 within the mitochondrion. 

As the leaf ages and metabolism changes with the transition to senescence, mitochondria take 

on a greater role in energy production while chloroplasts are dismantled (Zimmerman and 

Zentgraf 2005). For example, Calendula officinalis leaves continue to produce high levels of 

CoQ even as chloroplast-derived isoprenoids such as tocopherols and tocopherylquinones 

decrease (Janiszowska and Rygier 1985). Many of the chloroplast isoprenoids are 

antioxidants, and as their levels decrease so does the capacity for the plant cell to deal with 

oxidative stress. CoQ10 has been shown to increase in response to oxidative stress (Popov and 

others 2001). CoQ10 levels may increase within mitochondria as the leaf ages in order to 

address an increasing energy demand and/or oxidative stress in the decline of the influence of 

the chloroplast during leaf senescence.  

 Previous methods for measuring CoQ10 in tobacco leaves include laborious extraction 

steps followed by spectrometry and HPLC-UV analysis. Some of these methods are listed in 

Table 2.1 with the reported CoQ10 content. The CoQ10 content reported at all leaf ages 

observed for the Virginia and White Burley varieties is smaller than the CoQ10 content 

reported for KY14, TN90LC, and NC55 at the leaf ages observed in our studies. This is 

likely due to a difference between varieties and to loss of CoQ10 during a lengthy sample 
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preparation (Griffiths and others 1968). This early sample preparation method was necessary 

for the analytical methods available at the time. It is difficult to know whether variety or the 

sample preparation method had a larger effect on the reported CoQ10 content. Table 2.1 also 

indicates that CoQ10 content increases with leaf age from 6 weeks to 12 weeks, and decreases 

from 12 through 52 weeks in the Virginia cultivar. This agrees with the increase in CoQ10 

reported here for the KY14 cultivar between 5 and 14 weeks. The very small CoQ10 content 

reported for Samsun NN is likely due to a varietal difference and/or a difference in leaf 

sampling in terms of stalk position and/or age. The results of our research have shown these 

factors can have a significant effect on the amount of CoQ10 observed. It is also likely that 

growth conditions could vary enough among these separate experiments to make direct 

comparison difficult. The growth conditions were not reported for the Virginia and White 

Burley varieties while the Samsun NN variety was cultivated under ambient conditions. 

 Interest in CoQ10‟s myriad biological functions in plants and increasing use as a 

nutraceutical supplement in human health demand the analytical tools necessary for its 

reliable analysis. The method reported here provides a useful tool for the analysis of CoQ10 in 

green plant tissue which may aid in the evaluation of the effect of various growth conditions 

on CoQ10 accumulation, description of CoQ10 content in different plant species, and the 

screening of CoQ10 content in established crop species such as tobacco for breeding. 
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Table 2.1  Currently known CoQ10 content in Nicotiana tabacum varieties. All but the Samsun NN cultivar are 

field cultivars. Samsun NN is an oriental type commonly used as a model in virus resistance research. 
1
By 

inspection of Figure 5 within reference which had no error bars for the wild type. 
2
The eight varieties were 

Hong Hua Da Jin Yuan, Long Jiang 911, Yun Yan 87, Piao He 1, Yun Yan 85, K346, K326, NC89; Piao He 1 

with the lowest and K326 with the highest CoQ10 content reported. 

Tobacco Variety Leaf Age 

(Weeks) 

CoQ10 Content in 

Reference 

CoQ10 

Content in µg 

CoQ10/g f.w. 

Reference Extraction; 

Analysis 

Virginia 6, green 0.016 µmoles/10 

g f.w. 

1.38 Griffiths and 

others 1968 

A.R. acetone 

followed by 

peroxide-free 

ether and 

Alumina column 

chromatography 

using various 

concentrations 

of ether in light 

petroleum; 

Spectrometry. 

12, green 0.027 µmoles/10 

g f.w. 

2.33 

16, dark 

green 

0.024 µmoles/10 

g f.w. 

2.07 

52, yellow 

senescent 

trace trace 

52, brown 0 µmoles/10 g 

f.w. 

0 

White Burley 16, dark 

green 

0.026 µmoles/10 

g f.w. 

2.24 

Samsun NN
1 

not 

reported 

7.6 ng/ mg d.w. 0.76 Ohara and 

others 2004 

Ethanol; HPLC-

UV 

Petit Havana SR1 not 

reported 

8.65 µg/g f.w. 8.65 Boehm and 

others 2000 

Methanol, H2O, 

hexane; HPLC-

UV 

KY14 5, green x 7.31 this work 2-propanol; 

HPLC-UV 

KY14 14, green x 36.78 this work 2-propanol; 

HPLC-UV 

TN90LC 5, green x 20.47 this work 2-propanol; 

HPLC-UV 

NC55 5, green x 17.37 this work 2-propanol; 

HPLC-UV 

Eight different 

varieties
2
 

Unknown, 

green 

9.9 – 15.1 µg/g 

f.w. 

9.9 – 15.1 Zu and others 

2006 

Anhydrous 

ethanol with 

sonication; LC-

MS/MS 
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Chapter 3 

METABOLIC ENGINEERING OF CoQ10 IN CULTIVATED TOBACCO WITH 

ATPPT1 AND THEIR RESPONSE TO OXIDATIVE STRESS 

 

 

Introduction 

 

Coenzyme Q, CoQ, is a fascinating isoprenoid with multiple cellular functions and can be 

found in every organism that undergoes oxidative phosphorylation. In plants, CoQ also 

functions in conjunction with the alternative oxidase, AOX, to manage oxidative stress. 

Oxidative stress is estimated to lead to yield and quality loss in a range of crops resulting in 

an estimated loss of $3-5 billion in the U.S. (Booker and others 2009). A better 

understanding of the various management strategies employed by the plant could lead to a 

larger toolbox for plant breeders to produce oxidative stress-resistant cultivars and reduce 

losses. Commercially, CoQ10 has also become a popular vitamin supplement and a treatment 

for heart disease as well as the object of study in the treatment of a number of other diseases 

such as Parkinson‟s and Alzheimer‟s (Turunen and others 2004). It has also been a favorite 

lipid soluble antioxidant in cosmetics (Borekova and others 2008). Because of commercial 

interest in CoQ10, novel sources of the molecule are being sought. 

CoQ biosynthesis is well studied in E. coli (Kawamukai 2002; Soballe and Poole 

1999) and yeast (Tran and Clarke 2007) but little understood in plants. This work 

investigates the suitability of enhancing the activity of polyprenyl transferase, thought to be 

the rate limiting step in CoQ biosynthesis, in order to increase CoQ10 in cultivated tobacco. 

Previous work in this area has resulted in successful expression of the protein from different 

sources but this led to increased CoQ10 for only one research group (Boehm and others 2000; 

Ohara and others 2004). Presented here, cultivated Nicotiana tabacum cv. NC55 and 

TN90LC were transformed with the Arabidopsis gene for 4-hydroxybenzoate: polyprenyl 

diphosphate transferase, AtPPT1. Transgenic plants were assessed for their CoQ10 content, 
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ability to manage oxidative stress, and the suitability of the polyprenyl transferase step as the 

best strategy for improving CoQ10 content in plants. 

 

 

Materials and methods 

 

Plant Materials 

 

The plant materials used were haploid genotypes of tobacco cultivars NC55 and TN90LC 

generously donated by Dr. Ramsey Lewis from the Department of Crop Science, NCSU. 

These materials were produced by the method of Burk and others (1979). 

 

Transformation Vector 

 

The transformation vector for this work (Fig. 3.1) was developed from pJSL3 (Levin and 

others 2005) and contained the selectable marker nptII under the regulation of the nopaline 

synthase promoter (nosP) and the g7 terminator (g7T). This vector also contained the Tomato 

Spotted Wilt Virus nucleocapsid protein gene, TSWV-N, under the regulation of the 

Cauliflower Mosaic Virus 35S promoter (35SP) and the nopaline synthase terminator (nosT). 

Both cassettes were cloned within a region of the vector flanked by the tobacco RB7 MAR 

(Hall and others 1991). This plasmid was digested with EcoRI and ClaI to remove the 

35S:TSWV-N:nosT cassette and yield the vector. The coding sequence for Arabidopsis 4-

hydroxybenzoate: polyprenyl diphosphate transferase AtPPT1 (Okada and others 2004) was 

obtained from the Arabidopsis Biological Resource Center (ABRC; Kayoko and others 2003) 

in a pUNI 51 vector. The AtPPT1 coding sequence was PCR amplified from the pUNI 51 

vector using the forward primer XbaI-AtPPT1 (5'-ATCTAGACTGGAATTCGGCCGT-

CAAGG-3') and reverse primer SacI-AtPPT1 (5'-CGAGCTCTTCTAGTCGACGGCCCAT-

GAGG-3') adding an XbaI restriction site to the 5' end  and a SacI site to the 3' end of the 

AtPPT1 coding sequence. The amplified fragment, XbaIAtPPT1SacI, was cloned into the 
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sequencing vector pCR2.1-TOPO through the TOPO® TA Cloning® Kit (Invitrogen) to 

make pCR2.1-TOPO::XbaIAtPPT1SacI. After confirmation of the sequence, pCR2.1-

TOPO::XbaIAtPPT1SacI was digested with XbaI and SacI to yield the XbaIAtPPT1SacI 

fragment. The transformation vector pBI121 (Jefferson and others 1987; Chen and others 

2003) was digested with XbaI and SacI to remove the GUSA gene from the multiple cloning 

site, MCS, bounded by the 35SP and the nosT. The XbaIAtPPT1SacI was ligated in frame 

into the MCS of pBI121. The resulting vector was digested with EcoRI followed by ClaI to 

yield the 35SP:XbaIAtPPT1:nosT cassette. The 35SP:XbaIAtPPT1:nosT cassette was ligated 

into the linearized EcoRI, ClaI pJSL3 fragment to produce the transformation vector 

pAtPPT1. 

 

 

 

 

 

Figure 3.1  Transformation vector pAtPPT1. LB, left border; RB, right border; 35S, promoter; nosT, nopaline 

synthase terminator; MAR, matrix attachment region; nosP, nopaline synthase promoter; g7T, g7 terminator; 

NPTII, neomycin phosphotransferase 

pAtPPT1 
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Agrobacterium-mediated Transformation 

 

ElectroMAX
TM

 Agrobacterium tumefaciens LBA4404 electrocompetent cells (Invitrogen) 

were transformed with pAtPPT1 as described by the manufacturer. The pAtPPT1 plasmid, 2 

ng, was placed in a chilled 1.5 mL microcentrifuge tube. Thawed ElectroMAX
TM

 A. 

tumefaciens LBA4404 electrocompetent cells, 20 μL, were added to the chilled 1.5 mL 

microcentrifuge tube with pAtPPT1 and gently vortexed. The mixture was transferred into a 

chilled 0.1 cm cuvette and electroporated at 2.0 kV, 200 Ω, and 25 μF in a BTX® ECM® 

630 electroporator. One mL of room temperature YM medium (0.04% w/v yeast extract, 

1.0% w/v mannitol, 1.7 mM NaCl, 0.8 mM MgSO4∙7H2O, 2.2 mM K2HPO4∙3H2O) was 

added to the cuvette and the new mixture added to a 15 mL polypropylene tube. The cells 

were incubated at 30°C with shaking at 225 rpm for 3 h. Transformed cells were diluted 1:10 

with YM medium, and 100 μL of the diluted transformed cells were spread on 1.0% agarose 

YM medium plates containing 50 μg/mL kanamycin (Sigma) and 100 μg/mL streptomycin 

(Fisher) and incubated at 30°C for 33 h. Plasmid was harvested from transformed cells 

isolated on selective medium by QIAprep Spin Miniprep Kit (QIAGEN) and confirmed as 

pAtPPT1 after diagnostic restriction digest with XbaI. The sequence was further confirmed 

by sequencing at the Iowa State University DNA Facility. Leaf discs from haploid NC55 and 

haploid TN90LC were used in Agrobacterium-mediated transformation derived from An and 

others (1986). Leaf discs were co-cultivated for two days with pAtPPT1-containing 

Agrobacterium then transferred to Petri plates with MS media with macro- and 

micronutrients, vitamins, and sucrose (Caisson Laboratories, Inc.; Murashige and Skoog 

1962), 0.8% (w/v) agar, 1.0 µg/mL benzyladenine (Sigma), 0.1 µg/mL indole-3-butyric acid 

(Sigma), 25 µg/mL streptomycin, 200 µg/mL cefotaxime (Fisher), and 50 µg/mL kanamycin. 

Leaf discs were transferred to fresh medium every 14 days. Shoots regenerated under 

kanamycin selection after four to five weeks were transferred to rooting medium made of MS 

organic salts media, 30 g/L sucrose (Caisson Laboratories, Inc.), and 0.8% (w/v) agar. Shoots 

in rooting medium produced roots within one to three weeks and were transferred to soil and 
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grown in a growth chamber until large enough for leaf tissue to be removed for genomic 

DNA extraction and PCR analysis for the integration of AtPPT1.  

 

DNA Isolation 

 

A 50-100 mg f.w. leaf disc was harvested from T0 transgenic and non-transgenic plants while 

in the growth chamber when they were large enough to yield this tissue for DNA isolation. 

Each leaf disc was weighed and placed into a 1.5 mL microcentrifuge tube containing four 

2.5 mm glass beads. The tubes were briefly placed into liquid nitrogen and used for DNA 

isolation using the DNeasy Plant Mini Kit (QIAGEN) as described by the manufacturer. 

DNA was quantified using a Thermo Scientific NanoDrop 2000 spectrophotometer (Thermo 

Scientific). 

 

Qualitative PCR Analysis of Haploid T0 Transgenics 

 

DNA from the tobaccos of interest were used in PCR screening for AtPPT1 using the 

forward primer XbaI-AtPPT1 (5'-ATCTAGACTGGAATTCGGCCGTCAAGG-3') and 

reverse primer SacI-AtPPT1 (5'-CGAGCTCTTCTAGTCGACGGCCCATGAGG-3') to 

amplify the full-length 1.3 kb coding sequence of AtPPT1. A total of 300 ng of genomic 

DNA from the tobacco to be screened was combined with the primers, 0.5 μM, and the 

Promega PCR Master Mix (Promega) as described by the manufacturer. PCR was performed 

in an Eppendorf Mastercycler® pro (Eppendorf). Thermocycler conditions were 94°C for 2 

min. then 33 cycles of 94°C for min., 67°C for 45 sec., and 72°C for 1 min. Finally, reactions 

were incubated at 72°C for 7 min. then held at 4°C. PCR products were analyzed by 

electrophoresis (40 mM Tris-Acetate; 1.0 mM EDTA; 0.8% agarose gel; 0.4 μg ethidium 

bromide/mL). Electrophoresis conditions were 100 V for 45 min. Gels were observed under 

UV light with an EpiChemi
3
 Darkroom (UVP BioImaging Systems) and accompanying 

Labworks™ Image Acquisition and Analysis Software version 4.0.0.8 (Media Cybernetics, 

LP). After one week in the growth chamber, T0 plants shown to possess AtPPT1 by PCR 
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were transferred to 8 inch pots for growth in a greenhouse. The same protocol was used to 

confirm DH1 transgenics. 

 

Growth Conditions and CoQ10 Sampling 

 

CoQ10 Screening of T0 Transgenic Plants. Plants were moved to a greenhouse after PCR 

screening when they were two to four inches in diameter. Plants were watered once per day 

and given 20-20-20 N-P-K liquid fertilizer (350 ppm N) once per week. After all of the T0 

plants for the haploid NC55 and haploid TN90LC were in the greenhouse, they were 

ratooned so that the aerial parts would be at the same developmental stage. Ratooned haploid 

transgenic T0 plants were sampled after 4-5 weeks in the greenhouse. For all plants, the first 

leaf greater than 27 cm in length from lateral meristem to leaf tip (usually 4-5 leaves below 

the first leaf at the apex measuring ~2.54 cm) was harvested and placed on ice to be weighed 

in the lab.  

 

Phytotron Growth Chamber Conditions. DH1 progeny of haploid T0 transgenics (described 

below) that appeared to produce CoQ10 greater than twice the standard deviation of the 

average CoQ10 content of a population of the non-transgenic parent genotype were selected 

for a growth chamber experiment at the NCSU Phytotron. Four inch diameter DH1 plants (n= 

7 at three weeks, 5 at five weeks) were placed in six inch pots in the controlled environment 

of a large growth chamber. The transgenics and non-transgenics will be referred to as 

individual genotypes throughout the discussion of the Phytotron experiment as each 

population represents a potentially different genetic background owing to the presence of the 

AtPPT1 transgene in various insertion patterns or tissue culture alterations of the genome. 

Each genotype population was sampled for CoQ10 content compared to the appropriate 

controls after three weeks and again after five weeks in growth chamber conditions (16 h day 

under fluorescent lights, 28°C/23°C day/night temperature). The first leaf above 17 cm in 

length from lateral meristem to leaf tip (usually 4 leaves below the first leaf at the apex 

measuring ~2.54 cm) was harvested and placed on ice to be weighed in the lab.  
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Screening for Increased CoQ10 Content 

 

CoQ10 content was assessed as described in “Chapter 2: Analysis of CoQ10 in cultivated 

tobacco by a high performance liquid chromatography-ultraviolet method”. The CoQ10 

content comparisons were performed using the General Linear Model, GLM, procedure in 

the SAS System for Windows version 8.02. 

 

Generation of Doubled Haploid, DH0, and Seed Derived Progeny, DH1 

 

Haploid tobacco plants regenerated after Agrobacterium-mediated transformation were 

denoted as the T0 generation. These plants were screened by qualitative PCR analysis for the 

presence of the full length coding sequence for AtPPT1 as described above. The transformed 

individuals that were found to contain AtPPT1 were placed in midvein culture for 

chromosome doubling to produce doubled haploid plants by the method of Kasperbauer and 

Collins (1972). Two leaves each with a midvein ~0.75 cm in diameter (usually 5-7 leaves 

from the first leaf at the apex measuring ~2.54 cm) were removed at the node from each 

haploid plant when the plants were approximately 30 cm tall in the greenhouse. After the 

leaves were removed they were cut approximately 7.5 cm from the proximal end. The distal 

portion was discarded and the leaf lamina removed from the proximal portion before storage 

on ice for transport to the lab. Leaf midveins were stored on ice for no more than one h 

before surface sterilization. Midveins were cut to 3.8 cm from the proximal end discarding 

the distal portion. Any remaining leaf lamina was also removed from as close to the midvein 

as possible without cutting into the midvein. Midveins were immersed in 70% ethanol for 

one min. followed by immersion in 20% commercial bleach (Clorox) for 10 min. Midveins 

were then rinsed by immersion in three successive sterile deionized water baths each for five 

min. Sterile midveins were trimmed at each end to 2.54 cm leaving the proximal end most 

intact. Trimmed midveins were placed in sterile baby food jars containing regeneration 

medium made of MS with macro- and micronutrients, vitamins, and sucrose (Caisson 

Laboratories, Inc.). 2.5 mg/L benzyladenine (Sigma), 4.0 mg/L indole-3-acetic acid (Sigma), 
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and 0.8 % agar. Midveins were incubated in a growth chamber at 25°C with a 16 h 

daylength. When shoots reached approximately 0.5 inch diameter, they were transferred to 

sterile 4 x 0.5 inch glass flat-bottom culture tubes containing rooting medium made as the 

regeneration medium but without benzyladenine or indole-3-acetic acid. Midveins were 

transferred to fresh regeneration medium every two weeks until shoots were collected and 

transferred to rooting medium. Shoots were grown under the same conditions as the 

midveins. After one to three weeks, rooted shoots were planted in soil in 1 inch pots and 

placed in a growth chamber under the same conditions as midveins in regeneration medium. 

Plants were fertilized with 20-20-20 N-P-K liquid fertilizer (350 ppm N) and grown in the 

growth chamber for one week before removal to the greenhouse. Plants that remained 

haploid could be identified by the appearance of pale green sectors on their leaves or by 

being obviously lighter green with thinner leaves compared to doubled haploid plants and 

were discarded. This generation of doubled haploid plants produced in tissue culture was 

denoted as the DH0 generation. Individual DH0 plants were self-fertilized to produce 

homozygous DH1 seed. The DH1 generation was used in subsequent analyses. 

 

RNA Isolation  

 

Leaf tissue of 50-100 mg f.w. was sampled from ratooned haploid T0 transgenics and 

relevant non-transgenic controls from the same leaves described for CoQ10 content. Each leaf 

disc was weighed and placed into a 1.5 mL microcentrifuge tube containing four 2.5 mm 

glass beads. The tubes were briefly placed into liquid nitrogen and used in RNA extraction as 

described for RNA Extraction by TRIzol® Reagent for Plant Tissue (Invitrogen). RNA was 

dissolved in 50 μL RNase-free water and quantified using a Thermo Scientific NanoDrop 

2000 spectrophotometer. The same protocol was used for DH1 plants. 
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Transcriptional Analysis of AtPPT1 in Transgenic Plants 

 

The transcriptional analysis of AtPPT1 in transgenic T0 and DH1 tobaccos was performed 

using immunological detection of digoxigenin (DIG) -labeled DNA probes for AtPPT1 for 

the transgene transcript. DIG labeling was performed using the DIG DNA Labeling Kit 

(Roche Applied Science). The DIG-labeled DNA probe DIG-AtPPT1 was produced by PCR 

using the forward primer XbaI-AtPPT1 (5'-ATCTAGACTG-GAATTCGGCCGTCAAGG-

3') and reverse primer SacI-AtPPT1 (5'-CGAGCTCTTCTAG-TCGACGGCCCATGAGG-

3'). DIG-AtPPT1 was approximately 1.3 kb. PCR was performed in an Eppendorf 

Mastercycler® pro. Thermocycler conditions for DIG-AtPPT1 were 94°C for 2 min. then 33 

cycles of 94°C for 1 min., 67°C for 45 sec., and 72°C for 1 min. Finally, reactions were 

incubated at 72°C for 7 min. then held at 4°C. PCR products were analyzed by 

electrophoresis (40 mM Tris-Acetate; 1.0 mM EDTA; 0.8% agarose gel; 0.4 μg ethidium 

bromide/mL). Electrophoresis conditions were 100 V for 45 min. Gels were observed under 

UV light with an EpiChemi
3
 Darkroom (UVP BioImaging Systems) and accompanying 

Labworks™ Image Acquisition and Analysis Software version 4.0.0.8 (Media Cybernetics, 

LP).  

Total RNA from transgenic and non-transgenic tobaccos was separated in a 1.4% 

agarose 1xMOPS gel containing 0.067 μg/mL ethidium bromide as described previously 

(Sambrook and others 1989). Total RNA, 5 μg, was added to 10 μL 3xRNA Loading Buffer 

(50% deionized formamide, 6.9% 10xMOPS, 18.1% of 37% formaldehyde, 25% nuclease 

free deionized H2O, 6.9% of 80% glycerol, and 5.6% of 2% Orange G) in a total of 40 μL 

loading buffer. The total loading buffer was heated at 65°C for 10 min. then chilled on ice for 

2 min. Loading buffer was loaded into the 1.4% agarose 1xMOPS gel and electrophoresed at 

150 V for 150 min. Gels were observed under UV light with an EpiChemi
3
 Darkroom (UVP 

BioImaging Systems) and accompanying Labworks™ Image Acquisition and Analysis 

Software version 4.0.0.8 (Media Cybernetics, LP). RNA was transferred from the 1xMOPS 

gel to a (+)-nylon membrane (Roche Applied Science) as described previously (Sambrook 

and others 1989). 
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Hybridization of the DIG-AtPPT1 probe was performed as described by the 

manufacturer (Roche Applied Science). Membranes probed with DIG-AtPPT1 were 

hybridized at 50°C and exposed to x-ray film for 5-20 min. at room temperature in a 

developing cassette in a dark room. 

 

PPT Activity Assay 

 

The PPT enzyme activity was investigated as described previously (Boehm and others 2000; 

Heide and others 1989) to determine whether transcription of AtPPT1 could be correlated 

with increased PPT activity. Total leaf protein was extracted from N. tabacum cv. KY14 

grown in a greenhouse under ambient light and temperature as described by Boehm and 

others (2000). Three g f.w. de-veined leaf tissue was homogenized on ice with a mortar and 

pestle in 3 mL homogenization buffer (200 mM Tris-HCl, pH 7.5; 10% PVPP, 10 mM DTT, 

and 1 mM EDTA) at 4°C. The homogenate was transferred to a 2.0 mL microcentrifuge tube 

and centrifuged at 10,000 x g for 10 min. at 4°C. The supernatant was loaded onto a 

Sephadex G25 PD-10 column (GE Healthcare) previously equilibrated with equilibration 

buffer (100 mM Tris-HCl, pH 7.5; 10 mM DTT, and 1 mM EDTA). Membrane enriched 

protein was isolated from similarly homogenized leaf material; however, the homogenzate 

was centrifuged at 2000 x g for 10 min. The supernatant was then transferred to a 2.0 mL 

microcentrifuge tube and centrifuged at 12,000 x g for 20 min. to pellet organelles and 

membranes. The supernatant was kept for soluble protein and the pellet was suspended in 

500 μL equilibration buffer then centrifuge at 1500 x g for 5 min. to pellet intact chloroplasts. 

The supernatant was transferred to a 2.0 mL microcentrifuge tube and centrifuged at 12,000 x 

g for 20 min. to pellet the membrane fraction once more. This pellet was suspended in 1.0 

mL equilibration buffer and loaded on a Sephadex G25 PD-10 column and treated as 

described for the total homogenate. Protein was measured by Bio-Rad Protein Assay (Bio-

Rad). 

A series of conditions were tested to optimize the PPT enzyme assay (Table 3.1). 

Total leaf protein concentrations of 25-400 µg total protein were tested in the reaction 
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mixture containing 10 µmol Tris-HCl, pH 7.5, 0.1 µmol 4-HB, and 0.05 µmol GPP, 5 µmol 

MgCl2 and the final reaction volume was brought to 100 μL with deionized H2O. The 

enzyme reaction was incubated at 30°C or 37°C for 1 to 3 h. The reaction was stopped by 

adding 5 μL formic acid. The effect of pH 7.5 versus pH 7.8 and the source of protein, total 

leaf protein or leaf membrane enriched, were also investigated. Finally, the source of GPP, 

purchased from Sigma or Echelon, was tested. 

 

 

Table 3.1  Experiments performed to optimize the PPT enzyme assay. 4HB, 4-hydroxynbenzoate; GPP, geranyl 

diphosphate. 
a
Lithospermum erythrorhizon; 

b
Based on 2:1 molar ratio used by Melzer and Heide (1994) 

Experiment Protein Source 
Protein 

Amount (µg) 

4HB µmol, 

GPP µmol 

Time 

(h) 

Temperature 

(°C) 
pH 

GPP 

Source 

Heide and 

others 1989 

Total protein from 

cell culture
a
 

40 0.1, 0.2 1 30 7.5 NA 

Boehm and 

others 2000 

Total leaf protein 

from tobacco 
25 0.1, 0.1 1 37 7.8 Gift 

Protein Amount 

I 
Total leaf protein  25, 50, 75 0.1, 0.05

b
 1 30 7.5 Sigma 

Protein Amount 

II 
Total leaf protein  

50, 75, 100, 

125, 150, 

175, 200, 400 

0.1, 0.05 1 30 7.5 Sigma 

Time Total leaf protein  25 0.1, 0.05 1, 2, 3 30 7.5 Sigma 

Temperature Total leaf protein  50, 100, 150 0.1, 0.05 1 37 7.5 Sigma 

pH Total leaf protein  50, 100, 150 0.1, 0.05 1 30 7.8 Sigma 

GPP Source Total leaf protein  10, 25, 50 0.1, 0.05 1 30 7.5 Echelon 

Protein Source 
Total leaf protein  10, 20, 30, 50 0.1, 0.05 1 30 7.5 Echelon 

Membrane enriched 10, 20, 30, 50 0.1, 0.05 1 30 7.5 Echelon 

 

 

 

The 3-geranyl-4-hydroxybenzoate, 3G4HB, reaction product was to be observed by 

HPLC-UV as described previously (Yazaki and others 2002). The analysis consisted of an 

isocratic mobile phase of 75:24.7:0.3 MeOH:H2O:Acetic Acid pumped at 1 mL/min. with an 

Hitachi L-6200A Intelligent Pump and a Waters 717Plus Autosampler. Detection of 3G4HB 

was at 260 nm with a Waters™ 486 Tunable Absorbance Detector. Data collection and 

analysis was performed using the Perkin-Elmer TotalChrom Version 6.2 data analysis 

system. A chemical standard 3G4HB was synthesized in two steps. The first step produced 
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the methyl 3-geranyl-4-hydroxybenzoate intermediate as described previously (Blunt and 

others 1998). The second step formed the 3G4HB by non-aqueous alkaline hydrolysis as 

described previously (Theodorou and others 2007). The identity of the synthesized 3G4HB 

was confirmed by gas chromatography-mass spectrometry similarly to Ramos and Kato 

(2009). 

 

LC-APCI-MS/MS for Isoprenoid Metabolic Profile 

 

Ten µL of the chemical standards for CoQ10, phylloquinone, and β-carotene in concentrations 

of 35 μg/mL, 27 μg/mL, and 30 μg/mL, respectively, were injected onto an Aquastar C18 

column (100 x 2.1 mm, 5μm particle diameter, Thermo-Hypersil-Keystone) equilibrated with 

10:80:10 A:B:C where A= ammonium formate (0.1% v/v formic acid, 0.08% v/v conc. NH3 

in water, pH 3.5); B= acetonitrile; and C= 2-propanol. The flow rate was 300 μL/min. The 

gradient was 10:80:10 A:B:C for 0-12 min.; 10:10:80 A:B:C for 12-20 min.; 10:80:10 A:B:C 

for 20-20.1 min.; and 10:80:10 A:B:C for 20.1-26 min. Liquid chromatography was by a 

Thermo Surveyor HPLC coupled with a Thermo LTQ linear ion trap mass spectrometer. 

Monitoring was by MS/MS for pre-determined negative molecular ions (M-H)
-
 generated by 

atmospheric pressure chemical ionization (APCI) for CoQ10, phylloquinone, and  β-carotene 

(Table 3.2). Ten µL of the chemical standard for α-tocopherol, 35 μg/mL, was used under the  

 

 

 Table 3.2  Target compounds and their ions used for selected ion monitoring of their relative  

   abundance in an isoprenoid metabolic profile 

Compound Molecular 

Weight 

Monoisotopic 

Weight 

m/z 

negative 

MS/MS 

m/z 

negative 

m/z 

positive 

MS/MS 

m/z 

positive 

α-tocopherol 430.71 430.38 - - 430.4 414.3 

Phylloquinone 450.7 450.35 450.4 450.4 - - 

β-carotene 536.87 536.44 536.4 443.4 - - 

CoQ10 863.34 862.68 862.7 832.7 - - 
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same conditions as above with the exception that monitoring was by APCI of pre-determined 

positive ions (M+H)
+
. Data was analyzed using Xcalibur 2.0.7 (Thermo Fisher Scientific 

Inc.). 

The isoprenoid metabolic profile was obtained from a 50-100 mg f.w. leaf disc 

collected from three DH1 transgenic N84.5 individuals and three non-transgenic NC55 

individuals, and isoprenoids were extracted from the leaf discs as described for CoQ10 

content. Samples were dried by centrifugation under vacuum and dissolved in 100 µL 

10:80:10 A:B:C. Ten µL of each sample were injected for analysis. 

 

Total Chlorophyll Content 

 

Total chlorophyll content of tobacco leaves from non-transgenic genotype NC55 and 

transgenic genotype N84.5 was assessed as described by Arnon (1949). Briefly, a 5 µL 

aliquot of each 2-propanol isoprenoid extract used for the isoprenoid metabolic profile was 

added to 245 µL 80% acetone. The absorbance of each solution was measured using a 

Thermo Scientific NanoDrop 2000 spectrophotometer at wavelengths 645 nm, A645, and 663 

nm, A663, at least twice and averaged. Total Chl = 0.0202(A645) + 0.00802(A663) in mg/mL. 

Total chlorophyll values were adjusted for the shorter pathlength in the NanoDrop 2000 

spectrophotometer than that used to calculate the molar extinction coefficients. Total 

chlorophyll content is reported as mg chlorophyll/mg f.w. of leaves. 

 

Response to Oxidative Stress, NaCl Concentration 

 

The ability of a DH1 AtPPT1 transgenic tobacco to manage oxidative stress compared to non-

transgenic tobacco was assessed by monitoring growth of transgenic and non-transgenic 

tobaccos under salt stress similar to Ohara et al (2004). Plants were subjected to a series of 

NaCl concentrations to test whether an increase in CoQ10 content leads to a higher 

survivability for the AtPPT1 transgenic plants compared to non-transgenic plants. Sterile 

Seeds were germinated from selected AtPPT1 transgenic plants and non-transgenic plants on 
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MS media with no sugar and 0.8% agar in a growth chamber at 28°C, 16 h photoperiod for 

14 days. Germinated seeds were placed on sterile filter paper (Whatman #1) soaked in sterile 

water (0 mM), 50 mM, 100 mM, 200 mM, 300 mM, and 400 mM NaCl. Seedlings were 

placed in the growth chamber for seven days. Seedlings were then transferred to half strength 

MS media with 0.8% agar and no sugar for recovery in the growth chamber for eight days. 

Plants were observed for chlorosis and the number of true leaves was recorded. Data was 

reported as the percent true leaves at 0 mM NaCl. The experiment was performed twice. 

 

 

Results 

 

 Agrobacterium-mediated Plant Transformation 

 

Figure 3.2 is an example of an electrophoretic analysis of PCR products from PCR screening 

for the presence of AtPPT1. The size of the expected amplification product was 1.3 kb. Lanes 

10 and 16 indicate successfully transformed tobacco plants by the presence of the PCR 

amplified AtPPT1 coding sequence. There were 50 haploid T0 NC55 and 27 haploid T0 

TN90LC PCR positive individuals. PCR analysis of non-transformed plants produced no  

 

 

   

Figure 3.2  Electrophoretic analysis of PCR products of transformed & non-transformed tobacco. Lanes 1, 20: 

1kb+ ladder; Lane 2: plasmid (+) control; Lane 4: untransformed tobacco genomic DNA + plasmid (+) control; 

Lanes 3, 5 & 18: Empty; Lanes 6-15: Genomic DNA from regenerated transformed plants; Lane 17: No DNA (-

) control; Lane 19: untransformed tobacco genomic DNA (-) control 

16 Lanes 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 17 18 19 20 

 1.3 kb 

amplified 

from 

AtPPT1 

cDNA 
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detectable amplification products.  

Haploid T0 NC55 and haploid T0 TN90LC that were PCR positive for the presence of 

AtPPT1 were used in mid-vein tissue culture for chromosome doubling to produce DH0 

plants. These plants were allowed to self-pollinate to produce a seed-derived, DH1, 

generation. Table 3.3 shows the number of haploid T0 plants and their DH1 progeny. There 

were 45 DH1 NC55 and 20 DH1 TN90LC individuals transcribing AtPPT1 (see also 

“Transcriptional Analysis of AtPPT1 in Transgenic Plants” below) available for further 

analyses. 

 

 

Table 3.3  Number of T0 transgenics and their DH1 progeny. Eighteen additional NC55 T0 transgenics were 

identified and DH1 seed was collected from eleven of them; however, they were not reported in the table 

because transcriptional analysis was not preformed on those individuals 

Parent  

Genotype 

Total PCR(+) T0  

Transgenics 

DH1 Seed from 

PCR(+) T0 

Transgenics 

PCR(+) T0 Transgenics 

Transcribing AtPPT1 & 

Represented in DH1 Seed 

% PCR(+) T0 

Represented  

as DH1 Seed 

NC55 50 50 45 90.0 

TN90LC 27 23 20 67.9 

 

 

 

 

Transcriptional Analysis of AtPPT1 in Transgenic Plants 

 

Total RNA was extracted from the leaves of haploid T0 NC55 and haploid T0 TN90LC 

individuals to test for the transcription of AtPPT1 (Fig. 3.3). Plants show hybridization with 

the DIG-labeled AtPPT1 probe consistant with the accumulation of full-length message. 

They also show hybridization consistent with the degradation products of the full-length 

mRNA. 
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Of the 27 haploid T0 TN90LC transgenics used in these Northern blots, four showed 

no hybridization to the DIG-labeled AtPPT1 probe. Five of the haploid T0 NC55 showed no 

hybridization to the DIG-labeled AtPPT1 probe (example is individual N164 in Fig. 3.3). 

 The signal from the hybridization of the DIG-labeled AtPPT1 probe is not uniform 

among individuals on the northern blot which is common and could be the result of differing 

levels of transcription of AtPPT1 mRNA in independent transgenic plants. Variation in 

transcription can be influenced by many factors, including variation in the number of gene 

copies integrated into the genome, the region of the genome into which the gene was inserted 

(position effect), and possible rearrangement of portions of the gene during insertion into the 

genome. 

 In addition to hybridization of the DIG-labeled probe to the expected AtPPT1 mRNA 

there is hybridization to a many smaller mRNAs ranging in size from below 500 bp up to less 

than 1.3 kb. This could be due to the breakdown of the initial 1.3 kb transcript. One possible 

explanation is that the mRNA is undergoing post-transcriptional processing within the cell. 

At this time, it is unclear whether the mRNA is being degraded before it can be translated 

into the  

 

Figure 3.3  Transcriptional analysis using a DIG-labeled full length DNA probe for AtPPT1 mRNA. Exposure 

to X-ray film was for 10 min. Arabi. is Arabidopsis (+) control RNA indicating two known splice variants for 

the mRNA; T9 – T82 contain RNA from T0 TN90LC that were PCR(+) for AtPPT1; N3 – N182 contain RNA 

from T0 NC55 that were PCR(+) for AtPPT1; T5c, N9c, and KY14 3 are non-transformed TN90LC, NC55, and 

KY14 that were PCR(-) for AtPPT1; *~1.3kb. 5 µg of total RNA was used. 
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AtPPT1 protein. Hybridization of the DIG-labeled probe to these smaller mRNAs is not 

observed in non-transgenic control plants. 

 Transcriptional analysis was performed on total RNA from diploid DH1 transgenic 

and diploid non-transgenic leaves using the DIG-labeled probe for the AtPPT1 (Fig. 3.4). The 

hybridization to the expected ~1.3 kb mRNA is seen clearly in those transgenic DH1   

 

 

 

Figure 3.4  Transcriptional analysis using a DIG-labeled full length DNA probe for AtPPT1 mRNA. Exposure 

to X-ray film was for 20 min. Labels are as in 1xMOPS gel picture (slide 6). Both Arabidopsis leaf & flower 

mRNA hybridize as expected to the AtPPT1 probe at ~1.3kb. None of the non-transgenics hybridize with probe. 

N164.2 shows no hybridization with probe as expected from the results of the T0 transcriptional analysis. All 

other transgenics hybridize as expected at ~1.3kb. T7.2, T17.2, T52.1, and N182.1 indicate hybridization with 

lower molecular weight mRNA fragments suggesting some post-transcriptional processing. N84.5 show no such 

hybridization; *~1.3kb. 5 µg of total RNA was used. 

 

 

 

progeny derived from T0 parents in which transcription of AtPPT1 mRNA had previously 

been confirmed by independent transcriptional analysis (T7.2, T17.2, T52.1, N84.2, and 

N182.1). Hybridization of the DIG-labeled probe to the expected mRNA was not seen in 

N164.2 , which was derived from a T0 parent in which no AtPPT1 mRNA was detected (Fig. 
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3.3). No hybridization was observed in analyses of total RNA from either non-transgenic 

tobacco variety, NC55 or TN90LC. Hybridization was observed at the expected size for total 

RNA extracted from either Arabidopsis leaves or Arabidopsis flowers. Other DH1 individuals 

that continue to transcribe AtPPT1 are T47.1, T58.1, T15.5, N8.3, N44.5, N51.5, and N52.4. 

 RNA from many of the DH1 transgenics indicated hybridization of the DIG-labeled 

AtPPT1 probe with lower molecular weight mRNA fragments suggesting that these samples 

may undergo some post-transcriptional processing. N84.5 is an exception as hybridization 

was consistent with the absence of lower molecular weight mRNA. 

 

CoQ10 Screening of T0 Transgenic Plants  

 

Because haploid T0 transgenics were produced over a substantial period and individual 

transgenic lines were transferred into the greenhouse at different times, it was impossible to 

sample all of them at the same time, under the same conditions for CoQ10 content. For this 

reason, all the haploid T0 plants in the greenhouse were ratooned at the same time under the 

same greenhouse conditions to reduce the effect of a changing greenhouse environment on 

CoQ10 content. The haploid T0 plants were sampled for CoQ10 content from leaves of defined 

length and the same relative leaf position on the stalk. 

 The CoQ10 content of individual haploid T0 NC55 individuals was compared to the 

average CoQ10 content of a population of 11 non-transgenic NC55 control plants (Fig. 3.5). 

Error bars around the average CoQ10 content for NC55 WT represent twice the standard 

deviation for the non-transgenic population. Individual haploid T0 NC55 transgenics with 

CoQ10 content greater than twice the standard deviation of the NC55 WT include N146 

(29.82 μg/g f.w.), N164 (31.80 μg/g f.w.), N182 (43.50 μg/g f.w.), N44 (31.92 μg/g f.w.), 

N51 (42.69 μg/g f.w.), N52 (38.30 μg/g f.w.), N61 (47.06 μg/g f.w.). Notably, T0 individual 

N8 appears to have a significantly lower CoQ10 content than the average for the non-

transgenic population (3.09 μg/g f.w.). 
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Figure 3.5  CoQ10 content in example non-transgenic and transgenic T0 tobacco cultivar NC55 after 5 weeks in 

the greenhouse. The value for the non-transgenic NC55 WT is the average of 3 analyses from 11 individual 

non-transformed plants. The error bars for NC55 WT are 2x the standard deviation. The values for transgenic 

plants are the average of three analyses of the single individual, and their error bars are the standard deviation. 

AtPPT1 transcription is indicated by + or – to indicate presence or absence of transcript, respectively. 

 

 

 

 The CoQ10 content for individual haploid T0 TN90LC individuals was compared to 

the average CoQ10 content of a population of 11 non-transgenic TN90LC control plants (Fig. 

3.6). Error bars around the average CoQ10 content for TN90LC WT represents twice the 

standard deviation. Individual haploid T0 TN90LC transgenics with apparently higher CoQ10 

content than twice the standard deviation of the TN90LC WT include T15 (30.34 μg/g f.w.), 

T25 (34.62 μg/g f.w.), T28 (38.05 μg/g f.w.), T7 (40.05 μg/g f.w.), and T86 (37.30 μg/g 

f.w.).  
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Figure 3.6  CoQ10 content in example non-transgenic and transgenicT0 tobacco cultivar TN90LC after 5 weeks 

in the greenhouse. The value for non-transgenic TN90LC WT is the average of 3 analyses from 11 individual 

non-transformed plants. The error bars for TN90LC WT are 2x the standard deviation. The values for transgenic 

plants are the average of three analyses, and their error bars are the standard deviation. AtPPT1 transcription is 

indicated by + or – to indicate presence or absence o f transcript, respectively. 

 

 

 

 The relationship between AtPPT1 transcription and CoQ10 content was investigated 

(Table 3.4). A small number of transgenic individuals that did not transcribe AtPPT1 showed 

higher CoQ10 content than non-transgenics. Among T0 transgenics producing higher CoQ10 

content than non-transgenics, the ratio of plants that transcribed AtPPT1 to those that did not 

show AtPPT1 transcription was 3:1 and 4:1 for NC55- and TN90LC-derived transgenics, 

respectively. Some T0 individuals that transcribed AtPPT1 produced less CoQ10 than non-

transgenics. Among plants in which altered CoQ10 content accompanied AtPPT1 

transcription, the ratio of higher CoQ10 producers to lower CoQ10 producers was about 1.13:1 

and 1:3.75 in NC55- and TN90LC-derived transgenics, respectively. No transgenic 

individuals produced lower CoQ10 than non-transgenics without AtPPT1 expression. The 15 
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Table  3.4  Relationship Between AtPPT1 Expression and CoQ10 Content (µg/g f.w.) in T0 Transgenic Plants. 

IndividualT0 transgenic plants of NC55 and TN90LC types had higher and lower CoQ10 content than the non-

transgenics (NC55 WT and TN90LC WT) when expressing AtPPT1. Some individuals had higher CoQ10 than 

non-transgenics when not expressing AtPPT1. 

 NC55 WT: 17.37  

 TN90LC WT: 20.47  
Higher CoQ10  Lower CoQ10 

NC55 

Transgenics  

TN90LC 

Transgenics  

NC55 

Transgenics  

TN90LC 

Transgenics  

 AtPPT1 Transcription 9 4 8 15 

 No AtPPT1 Transcription 3 1 X X 

 

 

 

CoQ10 content from non-transgenics are not included in Table 3.4; however, when there was 

an effect on CoQ10 content concurrent with AtPPT1 transcription the ratio of those with 

altered CoQ10 content to those with no change in CoQ10 content was about 1.13:1 and 2.71:1 

in NC55- and TN90LC-derived transgenics, respectively. 

 

CoQ10 Content of DH1 

 

DH1 progeny of haploid T0 transgenics that appeared to produce CoQ10 greater than twice the 

standard deviation of the average CoQ10 content of a population of the non-transgenic parent 

genotype were selected for growth in a growth chamber at the NC State University 

Phytotron. The transgenics and non-transgenics will be referred to as individual genotypes 

throughout the discussion of the Phytotron experiment as each population represents a 

potentially different genetic background due to factors such as variation in AtPPT1 transgene 

integration patterns and/or spontaneous genetic alterations associated with tissue culture. The 

CoQ10 content comparisons were performed using the General Linear Model, GLM, 

procedure in the SAS System for Windows version 8.02. 

 Two separate populations of non-transgenic TN90LC were grown in the same 

Phytotron chamber under the same day length and temperature regime. Leaves of the similar 

stalk position and size were sampled. One population was sampled after three weeks in the 
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growth chamber while the other population was sampled after five weeks (Fig. 3.7). A two-

tailed Student‟s t-test  

 

 

 

  

Figure 3.7  Average CoQ10 Content of Non-transgenic TN90LC & NC55 Sampled in the Phytotron at 3 Weeks 

& 5 weeks. Error bars indicate the standard deviation of seven individuals, three technical replicates each. There 

is no significant difference in CoQ10  content between TN90LC leaves at either time point or between TN90LC 

and NC55 at 3 weeks under these conditions. CoQ10 content is significantly higher in NC55 leaves sampled at 5 

weeks. 

 

 

 

was performed to test the null hypothesis that there is no significant difference in CoQ10 

content between the two sample means. There was no significant difference observed for 

CoQ10 content in TN90LC between sampling at either time point under these Phytotron 

conditions (p-value of 0.15 at α = 0.05). The same procedure was performed for two separate 

populations of non-transgenic NC55. There was a significant difference CoQ10 content in 

NC55 between sampling at either time point under these Phytotron conditions (p-value of 

0.0029 at α = 0.05).  

 There is no significant difference in CoQ10 content between the TN90LC and NC55 

populations sampled at 3 weeks under these Phytotron conditions (p-value of 0.10 at α = 

0.05) when compared with a two-tailed Student‟s t-test. However, there is a significant 
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difference in CoQ10 content between the TN90LC and NC55 populations sampled at 5 weeks 

under these Phytotron conditions (p-value of 0.0026 at α = 0.05). 

 Non-transgenic and transgenic TN90LC and NC55 genotypes were grown in the NC 

State University Phytotron under uniform day length and temperature in one growth 

chamber, Chamber 1, to test the effect of AtPPT1 on CoQ10 content as a genotype effect. 

Leaves of defined length were sampled after three weeks and again after five weeks of 

growth in a growth chamber and analyzed for CoQ10 content. A lighting malfunction in 

Chamber 1 demanded that the plants be moved to a second growth chamber, Chamber 2, 

under the same day length and lighting conditions between the two sampling times (Fig. 3.8 

and 3.9). 

 

 
 

 

Figure 3.8  CoQ10 Content of Non-Transgenic and DH1 Transgenic cv. TN90LC Containing AtPPT1 in the 

Phytotron. There is no significant difference among these genotypes and the non-transgenic control. The trend 

that appears under both conditions, Chamber 1 and Chamber 2, appears to support an apparent increase in 

CoQ10 content in the T17.2 genotype. 
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Figure 3.9  CoQ10 Content of Non-transgenic and DH1 Transgenic cv. NC55 Containing AtPPT1 in the 

Phytotron. There is a significant genotype effect in Chamber 1 that is not maintained in Chamber 2. The 

apparent trend for CoQ10 content in these genotypes relative to one another appears to be stable in both chamber 

environments. 

 

 

 

The General Linear Model procedure in the SAS System for Windows version 8.02  

was used to test the null hypothesis that there is no significant genotype effect among the 

genotypes tested (Table 3.5; Appendix 1 for linear models and SAS output). There is no 

significant genotype effect on CoQ10 content among the TN90LC genotypes from Chamber 1 

 

 

 
Table 3.5  Statistical Significance of the a Genotype Effect on CoQ10 Content. The General Linear Model 

procedure in the SAS System for Windows version 8.02 was used to test the null hypothesis that there is no 

significant genotype effect among the genotypes tested. The NC55 genotypes tested showed a significant 

genotype effect in the conditions of Chamber 1. The TN90LC genotypes tested showed no significant genotype 

effect in either growth chamber conditions. 

  α = 0.05   NC55 non-transgenics and transgenics   TN90LC non-transgenics and transgenics  

 Chamber 1   Chamber 2   Chamber 1   Chamber 2  

 p-value for model 0.017 0.722 0.544 0.054 

p-value for genotype 

effect 
0.003 0.596 0.831 0.032 

Reject/Fail to Reject 

null hypothesis  
Reject Fail to Reject Fail to Reject Reject 
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but there was a genotype effect for Chamber 2 (p-value of 0.831 and 0.032, respectively, α = 

0.05). There is a significant genotype effect in CoQ10 content among the NC55 genotypes at 

three weeks in Chamber 1 (p-value of 0.003, α = 0.05), but this effect was not observed for 

NC55 genotypes sampled at five weeks in Chamber 2 (p-value of 0.596, α = 0.05). 

Blocking was lost when the plants were moved to Chamber 2, altering the 

arrangement of the individual plants from randomized complete blocks in six columns, nine 

rows in Chamber 1 to a thinner grouping of three columns, twenty four rows along a single 

wall in Chamber 2. Tall cotton plants also lined the opposite wall of the second growth 

chamber. Although no significant amount of variation was contributed by a blocking effect in 

either genotype in Chamber 1 (p-value of 0.516 and 0.130 for TN90LC and NC55 genotypes, 

respectively, α = 0.05), the change in plant arrangement and/or presence of the second plant 

species may have contributed to the marked decrease in CoQ10 content observed for each 

population tested and will be discussed further below. The apparent similarity among 

TN90LC, T7.2, T52.1, and T1(-).1 compared to the increased CoQ10 content in T17.2 at both 

sampling times/growth chamber sources may support the effect of AtPPT1 in T17.2. The 

significant genotype effect among the NC55 genotypes when grown under Chamber 1 

conditions and sampled at three weeks and among TN90LC genotypes when grown under 

Chamber 2 conditions and sampled at five weeks suggests that the increased CoQ10 content 

in the N84.5 and the T17.2 populations may be due to the transcription of AtPPT1. This 

statistical significance is not observed in samples from Chamber 2 for N84.5 or in Chamber 1 

for T17.2 suggesting that the AtPPT1 effect may be subject to environmental conditions. 

 The data suggest that the transgenic N84.5 produces more CoQ10 under the conditions 

in Chamber 1 while the transgenic T17.2 produces more CoQ10 under the conditions in 

Chamber 2. CoQ10 content was increased in the transgenic T17.2 to 106% and 140% that of 

non-transgenic TN90LC for the conditions in Chamber 1 and Chamber 2, respectively. 

CoQ10 content was increased in transgenic N84.5 to 160% and 109% that of non-transgenic 

NC55 for the conditions in Chamber 1 and Chamber 2, respectively. The tissue culture-
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derived N164.2 had an increased CoQ10 content of 142% and 120% that of non-transgenic 

NC55 for the conditions of Chamber 1 and Chamber 2, respectively.  

 The N84.5 and T17.2 lines suggest that the presence of AtPPT1 may make a modest 

increase in the CoQ10 content in these lines. No transcription of AtPPT1 was observed in the 

non-transgenic, tissue culture-derived N164.2 line, but an improvement in CoQ10 content was 

observed compared to the non-transgenic, seed derived NC55. 

 

PPT Activity Assay 

 

The polyprenyltransferase, PPT, enzyme activity was investigated as described previously 

(Boehm and others 2000; Heide and others 1989) to determine whether transcription of 

AtPPT1 was concurrent with increased PPT activity. Leaf protein was extracted from N. 

tabacum cv. KY14 grown in a greenhouse under ambient light and temperature as described 

by Boehm and others (2000). A number of different assay conditions were tested (Table 3.1); 

however, optimization of the assay was unsuccessful. 

 

LC-MS/MS for Effect on Isoprenoids 

 

The isoprenoid metabolic profile of non-transgenic NC55 and AtPPT1 transgenic N84.5 was 

performed to investigate the effect of the transcription of AtPPT1 and increased CoQ10 in the 

transgenic genotype on the relative abundance of related isoprenoids. Three plants per 

genotype were sampled, and the relative abundance of known and unknown components 

were observed by LC-APCI-MS/MS in negative and positive ion mode, APCI(-) and 

APCI(+), respectively. The relative abundance of each component identified in the 

isoprenoid profile was averaged for the particular genotype. The results of analyses using 

known isoprenoid components supported by chemical standards (Fig. 3.10), other 

components, both unknown and those identified by previously published mass spectra (Fig. 

3.11), and CoQ10 (Fig. 3.12) are reported below. 
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Figure 3.10  Relative abundance of isoprenoid components in NC55 and N84.5 observed by LC-APCI-MS/MS. 

Known components included phylloquinone (PhQ, 6.05 min) and β-carotene (8.56 min) observed in negative 

ion mode and α-tocopherol (5.05 min) observed in positive ion mode each in selected ion chromatograms. PhQ 

was in greater abundance in NC55, while β-carotene appears to have been in greater abundance in N84.5. None 

of these differences were statistically significant at α= 0.05 for a t-test. Retention time is in parentheses. 

 

 

 

 

Figure 3.11  Relative abundance of other components in NC55 and N84.5 observed by LC-APCI-MS/MS in 

positive ion mode. The unknown component observed at 3.53 min and chlorophyll a appear no different 

between NC55 and N84.5. Pheophytin a at 8.70 min is in greater relative abundance in N84.5. TIC, total ion 

chromatogram. Retention time is in parentheses. Chlorophyll a and Pheophytin a were identified based on 

published mass spectra (Van Breeman 2001; Van Breeman and others 1991). 
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The NC55 genotype appeared to have a greater abundance of phylloquinone, PhQ, compared 

to the APCI(-) isoprenoid profile of N84.5. N84.5 appeared to have greater abundance of β-

carotene than NC55. However, neither observation is statistically significant at α = 0.05 in a 

t-test (Table 3.6). There was no apparent difference among the Unknown (TIC 1.13), 

chlorophyll a, and chlorophyll b when observed in the total ion chromatogram in APCI(-) 

mode between NC55 and N84.5 (Table 3.6). There was no significant difference in the 

strictest sense in the relative abundance of α-tocopherol comparing the APCI(+) isoprenoid 

profile of N84.5 to NC55. The p-value = 0.0506 for the t-statistic only just placing it above α 

= 0.05. The N84.5 genotype appeared to have a greater relative abundance of Unknown (TIC 

3.53), chlorophyll a, and pheophytin a observed in the total ion chromatogram in APCI(+) 

mode. This difference was statistically significant for the pheophytin a and solanesol in the 

total ion chromatogram at 8.7 and 9.09 min, respectively, at α = 0.05 in a t-test (Table 3.6). 

CoQ10 was identified by selected ion monitoring in APCI(-) mode (Fig. 3.12). The 

relative abundance of CoQ10 in NC55 appears similar to that of the N84.5 genotype when  

 

 

 

Figure 3.12  Relative abundance of CoQ10, CoQ10 (10.89 min), in NC55 and N84.5 observed by LC-APCI-

MS/MS in positive ion mode. The known component was observed in the selected ion chromatogram at similar 

relative abundance for N84.5 than in NC55. Retention time is in parentheses. 
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Table 3.6  The probability score (p-value) for the t-statistics for known and unknown components of the isoprenoid profiles produced by LC-APCI-

MS/MS with observation in negative and positive ion modes, APCI(-) and APCI(+), respectively. Only Pheophytin a (8.70 min) was observed to be 

significantly different between the NC55 genotype and N84.5 genotype using α = 0.05 although α-tocopherol suggests further analysis. Bold 

components were observed by selected ion monitoring. Three biological replicates were analyzed for the unpaired, one-tailed t-tests, with degrees of 

freedom 2n -2 = 4. 
a
The total chlorophyll content was measured by UV (Arnon 1949) from an aliquot of each of the samples used for LC-APCI-

MS/MS analysis. 
b, c

Components labeled based on shared mass spectra in literature (Van Breeman 2001; Van Breeman and others 1991 and Chen 

and others 2008; Zhao and others 2007, respectively). 

Observed Probability Score (p-value) from One-tailed t-tests of Components from Isoprenoid Profiles from Non-transgenic and 

Transgenic NC55 and Transgenic N84.5 

Observed by 

APCI(-) 

Unknown (TIC 1.13 

min) 

Chlorophyll b ( 5.18 

min)
 b
 

PhQ (6.05 min) Chlorophyll a (6.28 

min)
 b
 

β-carotene (8.56 

min) 

CoQ10 (10.89 

min) 

0.2643 0.4243 0.0646 0.2347 0.0724 0.3429 

      

Observed by 

APCI(+) 

Unknown (TIC 3.53 

min) 
α-tocopherol (5.05 

min) 

Chlorophyll a (6.34 

min)
 b
 

Pheophytin a (8.70 

min)
 b

* 

Solanesol (9.09 

min)
 c
* 

 

0.2284 0.0506 0.0986 0.0089 0.0266 

 

      UV
a
 Total Chlorophyll    t(4, 0.05) Critical value = 2.1318 

0.0784      
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monitored by this method. These samples came from the same populations that were 

analyzed by HPLC-UV for CoQ10 content that supported a modest increase for CoQ10 in 

N84.5 compared to NC55. Table 3.7 shows the relative abundance in each biological 

replicate. One biological replicate, the individual NC55 7e, is at least 5-fold greater than the 

other two replicates. Variation in the N84.5 individuals sampled is not as large. 

 

 

Table 3.7  Relative abundance of CoQ10 in NC55 and N84.5 observed by LC-APCI-MS/MS in negative ion 

mode for each biological sample. Values for N84.5 indicated a small standard deviation while values for NC55 

showed a larger standard deviation. NC55 7e was especially large compared to the other NC55 individuals. 

S.D., standard deviation. 

Biological 

Replicate 

CoQ10 Relative Abundance (AU/mg 

f.w.) 

NC55 5e 5.27 

NC55 6e 6.58 

NC55 7e 35.39 

Average 15.75 

S.D. 17.03 

  
N84.5 3e 13.81 

N84.5 6e 12.57 

N84.5 7e 7.82 

Average 11.40 

S.D. 3.16 

  

 

 

NaCl Stress Test on Selected AtPPT1- and Non-transgenic Tobaccos 

 

Transgenic and non-transgenic plants were subjected to a series of NaCl concentrations to 

test whether the modest increases in CoQ10 content measured in certain transgenic lines 

affect plant growth and survival under salt stress. The genotypes tested were non-transgenic 

NC55 and TN90LC, AtPPT1 transgenic N84.5 and T17.2, and non-AtPPT1 transcribing, 

tissue culture-derived N164.2 and T1(-).1. Comparing non-transgenic TN90LC and NC55 

(Fig. 3.13), the recovery of seedlings for TN90LC decreased at 50 mM NaCl and continued 
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to decrease gradually before leveling off 300 mM and 400 mM NaCl. NC55 appears to 

tolerate NaCl concentrations near to the untreated control up to 200 mM NaCl where the 

 

  

 

Figure 3.13  The Effect of Salt Concentration on % Seedling Recovery in Non-transgenic TN90LC & NC55. 

The recovery of seedlings for TN90LC decreases as NaCl concentration increased; however, it tolerated 

increasing NaCl concentration better than NC55 at concentrations higher than 200 mM. NC55 recovery 

decreased as NaCl concentration increased to 200 mM while no recovery was observed above 200 mM. 

 
 
 
cultivar does not recover well and ceases to recover at all at the highest concentrations tested. 

The non-transgenic populations in Fig. 3.13 were the same populations used for as non-

transgenic control populations in Fig. 3.14 and 3.15 

 The effect of increasing salt concentration on the seedling recovery in non-transgenic 

and transgenic TN90LC was tested (Fig. 3.14). Both genotypes in which elevated CoQ10 

levels had been detected, transgenic T17.2 and non-AtPPT1 transcribing T1(-).1, showed 

higher % seedling recovery than the non-transgenic TN90LC up to 100 mM NaCl. T1(-).1, 

the non-transgenic, tissue culture-derived genotype, recovered best or as well as the other 

genotypes tested at all NaCl concentrations tested. In fact, the decrease in seedling recovery 

for TN90LC is statistically significant from 50 through 400 mM NaCl while the seedling leaf 

recovery for both T17.2 and T1(-).1 was not statistically different for 50 and 100 mM NaCl. 
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Figure 3.14  The Effect of Salt Concentration on % Seedling Recovery in Non-Transgenic & DH1 Transgenic 

TN90LC. Both genotypes with improved CoQ10 showed higher % seedling recovery than the non-transgenic up 

to 100 mM. T1(-).1, the non-transgenic, tissue culture-derived genotype, recovered best at all NaCl 

concentrations. Number of true leaves statistically different from 0.00 mM NaCl below Student‟s t-test α = ** 

0.01, *0.05. 

 
 
 

 

 Figure 3.15  The Effect of Salt Concentration on % Seedling Recovery in Non-Transgenic & DH1 Transgenic 

NC55. The recovery of seedlings remained stable for each genotype through 100 mM NaCl. Both transgenic 

genotypes recovered better than NC55 at 200 mM, with N164.2 recovering best overall concentrations. Number 

of true leaves statistically different from 0.00 mM NaCl below Student‟s t-test α = ** 0.01, *0.05. 
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The effect of increasing salt concentration on the seedling recovery in non-transgenic 

and transgenic NC55 was tested (Fig. 3.15). Both tissue culture-derived genotypes recovered 

better than NC55 at all salt concentrations tested, with non-AtPPT1 N164.2 recovering best 

overall concentrations. Recovery of seedlings from both tissue culture-derived genotypes 

decreases most at 300 and 400 mM NaCl. The decrease in seedling recovery for NC55 and 

N84.5 is statistically significant from 200 through 400 mM NaCl while the seedling leaf 

recovery for both N164.2 was statistically different for 100 through 400 mM NaCl. Notably, 

seedlings grown from tissue culture-derived genotypes originating from both parent 

materials, TN90LC or NC55, indicate the best apparent seedling recovery. 

 

 

Discussion 

 

CoQ10 is important for energy production and oxidative stress responses in plants. Although 

CoQ10 biosynthesis has been closely studied in some systems, it has not been fully 

characterized in plants. In this study, Nicotiana tabacum cv. TN90LC and N. tabacum cv. 

NC55, referred to as TN90LC and NC55, were transformed with AtPPT1, the Arabidopsis 

gene for 4-hydroxybenzoate: polyprenyl diphosphate transferase. Transgenic plants were 

assessed for their CoQ10 content, and the effect of increased CoQ10 content on isoprenoid 

biosynthesis and the response of tobacco to oxidative stress were investigated. Finally, the 

suitability of the 4-hydroxybenzoate: polyprenyl diphosphate transferase step has been 

evaluated as an effective target for CoQ10 improvement in plants.  

 

Increased CoQ10 Tobaccos 

 

Haploid genotypes of NC55 and TN90LC were transformed with AtPPT1 under the control 

of the 35S promoter and bounded by the RB7 MAR sequences via Agrobacterium-mediated 

transformation. The haploid transgenic T0 individuals were identified by PCR for the full-

length CDS of AtPPT1 and mRNA expression was confirmed by DIG-labeled Northern blot 
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analysis for the full-length transcript. The T0 individuals were screened for CoQ10 content to 

identify the effect of AtPPT1 on CoQ10.   

 The effect of AtPPT1 transcription in NC55 and TN90LC ranged from increased, no 

different, to decreased CoQ10 content in T0 individuals compared to non-transformed plants. 

Transcription of AtPPT1 does not appear to have the same effect in NC55 and TN90LC 

(Table 3.4). For individuals in which transcription of  AtPPT1 mRNA was observed by 

northern blot, T0 NC55 plants were equally likely to show no change in CoQ10 as they were 

to show any change, either increase or decrease, while T0 TN90LC were nearly 2.7 times as 

likely to show an alteration in CoQ10 content. Among transgenic lines transcribing AtPPT1 

and with altered CoQ10 content, those derived from NC55 were equally likely to exhibit 

either elevated or reduced CoQ10 levels. Of those derived from TN90LC, nearly 80% 

exhibited decreased rather than increased CoQ10 accumulation. In summary, the expression 

of AtPPT1 mRNA in NC55 appears to accompany increased as often as decreased CoQ10 

content while in TN90LC AtPPT1 transcription more often accompanies a decrease in CoQ10 

content. Indeed, Agrobacterium-mediated transformation and tissue culture can lead to 

mutagenesis of nuclear DNA such as insertional mutations resulting from the incorporation 

of T-DNA, a phenomenon that has been exploited in Arabidopsis to elucidate gene function 

(O‟Malley and Ecker 2010; Alonso and others 2003). If present, these alterations could have 

led to the changes in CoQ10 among the T0 individuals observed rather than the presence of 

AtPPT1 transcription. For this reason, the CoQ10 content for the T0 individuals are primarily 

of use for screening for potential parents for increased CoQ10 lines in the DH1. That said, the 

data do allow for the hypothesis of a varietal difference in the effect of AtPPT1 transcription 

such that TN90LC transformed with AtPPT1 leads to decreased CoQ10 content more often 

than NC55 transformation with AtPPT1. If further research supports such an hypothesis, this 

varietal difference could be due to the difference in genetic background between the flue-

cured and burley cultivars which could affect points of insertion within the respective 

genomes or transcription. In terms of post-transcriptional processing, Figure 3.3 suggests 

some post-transcriptional processing in nearly all T0 plants tested, although it was unclear 

whether this affected CoQ10 biosynthesis at the time of analysis. 
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  CoQ10 content can apparently be improved in tobacco by selection from tissue 

culture without AtPPT1 transcription as seen in particular in individual T0 N164 and its DH1 

progeny. This could be due to a tissue culture effect in the form of increased mitochondrial 

volume/number which has in fact resulted in tobacco cell culture lines with improved CoQ10 

(Ikeda and others 1981). This could be tested indirectly by measuring the cytochrome C 

oxidase activity of the tissue culture-derived line with higher CoQ10 compared to non-

transformed lines. Higher cytochrome C oxidase activity in the tissue culture-derived line 

would be indicative of greater abundance of the enzyme suggesting increased mitochondria 

number or volume. Alternatively, the ratio of CoQ10 to other components of the electron 

transport system in the mitochondria (Complex I, II, III, etc.) could be compared between the 

transgenic and non-transgenic. If the ratio is the same between both transgenic and non-

transgenic tobacco, then this would support that the mitochondria have increased in 

number/volume to lead to increased CoQ10 content in the transgenic. That AtPPT1 

transcription accompanies improved CoQ10 more often in both NC55- and TN90LC-derived 

transgenics than non-AtPPT1 transcribing tissue culture-derived plants, however, suggests 

that transcription of the transgene may be more effective in identifying individuals with 

higher levels of CoQ10. 

 Transgenic T0 with known AtPPT1 transcription and CoQ10 content were 

chromosome doubled to produce a tissue culture-derived DH0 generation from which self-

fertilized seed was collected for the homozygous DH1 generation. Populations of DH1 plants 

were grown in a growth chamber to identify the seed-derived lines that continued to produce 

the levels of CoQ10 predicted by their T0 parent. There were no apparent differences in 

growth characteristics among the transgenic and non-transgenic DH1 plants. All flowered 

during the same time period and produced seed equally well. Transcriptional analysis 

confirmed AtPPT1 transcription as predicted by the T0 parent. Each line was treated as a 

separate genotype, and a genotype effect was tested for CoQ10 using the SAS System for 

Windows V8. Analysis of variances for the NC55 genotypes tested in Chamber 1 that 

included lines N84.5, an AtPPT1 transcriber, and N164.2, an AtPPT1 non-transcriber, 

revealed a genotype effect; however, no genotype effect was observed for Chamber 2. 
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Analysis of variance for the TN90LC genotypes showed no genotype effect for Chamber 1; 

however, there was genotype effect for Chamber 2 (Table 3.5). An apparent difference in 

CoQ10 content was also observed in both chambers in which line T17.2 produced apparently 

more CoQ10 than the other lines tested, more readily observable in Chamber 2 (Fig.3.8). The 

tobacco DH1 lines N84.5, N164.2, and T17.2 have improved CoQ10 content over the non-

transgenic with 160%, 142%, and 140% CoQ10 content of the non-transgenic at their highest 

levels.  

 It is unknown whether the PPT enzyme activity is increased in the transgenic 

compared to the non-transgenic genotypes reported here. Experiments to optimize the PPT 

enzyme activity assay (Table 3.1) were unsuccessful. Initial conditions tested were modeled 

after those used for the AtPPT1 activity assay (Okada and others 2004). These conditions 

were derived from Heide et al (1989) that have been used often for PPT activity assays using 

total and membrane protein from both L. erythrorhizon and tobacco cell cultures (Yazaki and 

others 2002; Ohara and others 2004; Okada and others 2004; Ohara and others 2006). 

Though possible, it is unlikely that the PPT from the cultivated tobacco used for this work 

requires radically different reaction conditions. The molar ratio used in our experiments was 

selected to conserve the expensive GPP substrate and because this ratio had been used 

successfully in PPT activity assays (Melzer and Heide 1994). It is possible that using a 

different molar ratio or large amounts of substrate would improve the success of the assay. 

Other alternatives are the use of potassium fluoride to inhibit non-specific enzymatic 

hydrolysis of GPP or isolated mitochondria as the protein source, although the latter 

approach had not been successful in preliminary experiments (data not shown). Although this 

was expected to be a straightforward procedure, the PPT assay is not easy to measure using 

protein from whole leaves (Heide, personal communication). 

 There was a varietal difference in CoQ10 content in response to the two growth 

chamber environments tested here. These chambers possessed the same light, temperature, 

and water/fertility regimes. Factors that may have contributed to different conditions between 

the two chambers included the plant arrangement such that the second plant arrangement 

reduced the number of individuals that were completely surrounded by neighboring plants. 
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This alteration may have contributed to the way in which the individual plants harvested light 

as their self- and neighbor-shading environments were changed. The change in arrangement 

could have also altered the microenvironment in terms of humidity, temperature, and gas 

exchange at the leaf surface. The presence of a larger plant species could have also altered 

the light and/or atmospheric environment. Previous work has shown CoQ10 content is 

affected by changes in the environment. CoQ decreased in chilling-sensitive mung bean 

seedlings grown in the dark at chilling temperatures (Munro and others 2004). It increased in 

mitochondria isolated from cold treated bell pepper and cauliflower, mitochondria isolated 

from oxygen enriched cauliflower (Popov and others 2001), and cold treated cucumber 

leaves and roots (Hu and others 2006). These increases were associated with oxidative stress 

management. If the flue-cured and burley varieties harvest light differently and, specifically, 

manage a possible oxidative stress that comes with the change in environments differently, 

the environmental change from Chamber 1 to Chamber 2 could be a starting point for 

investigating the different responses in CoQ10 content between the non-transgenic tobaccos 

tested and between the different samplings within each genotype. 

 Work to improve CoQ10 levels in tobacco includes selection of cell cultures and 

transformation of the model cultivars Petit Havana SR1 (Boehm and others 2000) and 

Samsun NN (Ohara and others 2004) with varying results. Tobacco cell culture strains that 

produce 15 mg CoQ10/L, 1890 μg CoQ10/g d.w., were developed from BY-2 cells by a cell 

cloning technique (Matsumoto and others 1981). The cell cultures appear to have achieved 

this by a greater number of mitochondria or increased mitochondrial volume compared to the 

original BY-2 cells (Ikeda and others 1981). The work with Petit Havana SR1 directed the 

heterologous expression of the E. coli PPT gene, ubiA, to the endoplasmic reticulum. UbiA 

enzyme activity was increased 800-fold in tobaccos transformed with ubiA constructs 

containing both N- and C-terminal ER-targeting sequences compared to tobaccos expressing 

ubiA without ER-targeting sequences, but no difference in CoQ10 content was observed 

between the ER-targeted UbiA and non-transgenic tobaccos. They proposed that the lack of 

increased CoQ10 content in their transgenics was likely due to expression of the enzyme in 

the ER rather than the mitochondria, considered the in vivo location of CoQ biosynthesis. 
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Ohara and others used the yeast PPT gene, coq2, for the heterologous expression of PPT in 

the ER and the mitochondria of Samsun NN. They increased CoQ10 production in tobacco 

leaves two-fold with mitochondria-targeted PPT and six-fold with ER-targeted PPT. Notably, 

even in ER-targeted PPT plants, CoQ10 was highest in the mitochondrial subcellular 

compartment. The authors proposed that the 3-decaprenyl-4-hydroxybenzoate product was 

synthesized in the ER and transported to the mitochondria to complete CoQ biosynthesis.  

 In contrast to the work with Petit Havana SR1 transformed with ubiA, NC55 and 

TN90LC transformed with AtPPT1 increased their CoQ10 content compared to non-

transgenics. As mentioned above, these two cultivars are of very different types, flue cured 

and burley, respectively, and showed different CoQ10 content in response to an 

environmental change; CoQ stayed the same in non-transformed NC55 but decreased in non-

transformed TN90LC and CoQ-increased tobaccos between environments. This suggests that 

these two cultivars could have different regulatory mechanisms for CoQ biosynthesis based 

on environmental conditions, the exact nature of which requires further study but may be 

related to plant arrangement. This environmental effect could make the degree to which CoQ 

was altered difficult to determine and dependent on environmental conditions. Thus, the 

ability to determine CoQ content increase in the work with Petit Havana SR1 could have 

been affected by growth conditions or metabolic regulation such as feedback inhibition of 

endogenous PPT. The Samsun NN variety may have shown a larger difference in CoQ 

content among transgenic and non-transgenic types depending on environmental effects. 

Little is known about the regulation of CoQ biosynthesis in plants. Metabolic regulation may 

be an explanation for the relatively modest fold increase in CoQ observed in NC55 and 

TN90LC compared to that observed for transgenic Samsun NN. A plant PPT was selected for 

this work with the hypothesis that it would be better suited for optimum activity in a plant 

environment. Better adaptation to a plant environment for “optimum activity” likely also 

brings with it greater suitability for the same regulatory systems as the endogenous PPT. The 

yeast PPT used in the transformed Samsun NN might have been insensitive to the metabolic 

regulatory systems within the plant cell. 
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LC-APCI-MS/MS for Effect on Isoprenoids 

 

The effect of AtPPT1 transcription with increased CoQ10 content on the relative abundance 

of selected isoprenoids was investigated by LC-APCI-MS/MS. The isoprenoids observed 

were phylloquinone, β-carotene, and α-tocopherol because of their presence in the 

chloroplast, the primary source of ROS in actively photosynthesizing plants. No significant 

difference was observed for phylloquinone or β-carotene between the non-transgenic NC55 

genotype and transgenic N84.5 genotype. Likewise there was no significant difference in the 

relative abundance of α-tocopherol. This suggests that the presence of the transgene has no 

effect on the relative abundance of these isoprenoids. Although each of these natural products 

is an isoprenoid derived in some part from the polymerization of isopentenyl diphosphate, 

IPP, the N84.5 genotype identified previously as having higher levels of CoQ10 than the non-

transgenic showed no effect on these non-target isoprenoids. This was expected. Although 

there is evidence for the incorporation of IPP from the methyl-3-erythritol diphosphate, MEP, 

pathway into cytosolic mevalonate-, MVA-, derived isoprenoids and vice versa, typically the 

IPP for phylloquinone, β-carotene, and α-tocopherol is synthesized via the MEP pathway 

present in chloroplasts while the IPP for CoQ10 biosynthesis comes from the cytosolic MVA 

pathway (Bouvier and others 2005). That the chloroplast has been shown to provide IPP to 

other cellular compartments suggests that isoprenoid synthesis in the chloroplast is robust 

enough to be unaffected by possible perturbations stemming from the transcription of 

AtPPT1.  

The relative abundance of two components observed in APCI(+), identified as 

pheophytin a and solanesol based on published mass spectra (Van Breeman and others 1991 

and Chen and others 2008; Zhao and others 2007, respectively), were shown to be 

significantly different between the two genotypes, higher in the transgenic N84.5. Pheophytin 

a has an identical chemical structure to chlorophyll that has had Mg
2+

 replaced by two 

hydrogens. Chlorophyll content was not significantly different between the two genotypes as 

measured by relative abundance in APCI positive and negative modes and separately by UV 

(Table 3.6). The exact cause of the significant increase in the relative abundance of 
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pheophytin a in the transgenic tobacco is unclear. Pheophytin a appears to be formed by a 

biosynthetic reaction from chlorophyllide, a precursor to chlorophyll lacking the phytyl side 

chain, although no information is currently available on the enzymatic steps involved 

(Belyaeva and Litvin 2009). Since the formation of pheophytin a requires the removal of 

Mg
2+

, a reversible Mg-chelatase could be hypothesized to be involved. A Mg-chelatase is 

involved in chlorophyll a biosynthesis for the addition of Mg
2+

 and appears to be redox 

regulated (Stenbaek and Jensen 2010). An investigation of the transgenic plants‟ redox 

regulation in the chloroplast may elucidate this mystery. Alternatively, the increased relative 

abundance of pheophytin a may be a result of the extraction/analysis process, however, this 

is unlikely as total chlorophyll as measured by UV and the relative abundance of 

chlorophylls were not significantly different. Finally, this observation could be due to an 

insertional mutation in the nuclear genome that altered the regulation of pheophytin a 

biosynthesis. Although chloroplast isoprenoid biosynthesis and total chlorophyll content do 

not appear to have been significantly affected by AtPPT1 transcription, the unexpected 

observation of increased relative abundance of pheophytin a in the transgenic tobacco 

warrants further study. 

The increase in relative abundance of solanesol nears 2-fold in the transgenic tobacco. 

Two solanesyl diphosphate synthases, SPPS, from Arabidopsis, At-SPS1 and At-SPS2 

(Hirooka and others 2003; Jun and others 2004) have been cloned and characterized. At-

SPS2 protein localizes in the plastid while At-SPS1 appears to localize to the endoplasmic 

reticulum, ER (Jun and others 2004; Hirooka and others 2005). At-SPS2 encodes a targeting 

sequencing for transport of the protein to the plastid. The presence of two differentially 

localized SPPS in Arabidopsis likely allows for participation in separate SPPS functions 

allowing At-SPS2 to provide solanesyl diphosphate for plastoquinone, PQ, biosynthesis. 

Solanesol is thought to be produced by the hydrolysis of the diphosphate group. Since 

solanesol accumulates in the chloroplast of tobacco (Sheen and others 1978) and is formed 

from a precursor shared with PQ, this molecule was expected to have been produced from the 

same IPP source within the chloroplast as the other chloroplast isoprenoids with no 

significant difference in relative abundance between the non-transgenic and transgenic. Two 
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hypotheses for the observed increase in relative abundance for solanesol may be (1) defense 

against a perceived pathogen attack/oxidative stress resulting from the transcription of 

AtPPT1 or (2) an increase in solanesyl diphosphate synthase activity for export outside the 

chloroplast for CoQ9 production followed by hydrolysis of the diphosphate. Regarding the 

first possibility, solanesol has been shown to be increased in response to tobacco mosaic 

virus, TMV, and exogenous H2O2 (Bajda and others 2009). The second hypothesis, though 

holding more promise for unraveling the regulation of isoprenoid biosynthesis across the cell, 

hinges on the observation of CoQ9 in these tobacco plants. The current HPLC-UV method 

was unable to resolve CoQ9, and possible ions matching published mass spectra for CoQ9 

were not resolved enough in the isoprenoid profile for comparing the relative abundance 

between the two genotypes. Selected ion monitoring based on CoQ9 chemical standards 

could aid in testing the second hypothesis. 

 CoQ10 was not shown by LC-APCI-MS/MS to be significantly altered between the 

two genotypes. This could question the validity of the HPLC-UV screening. The response of 

CoQ10 by APCI(-) and UV detection with the isoprenoid profiling method was unexpectedly 

low. This could be due to a number of factors including differences in sample size, LC 

systems, and analytical columns. Still more compelling, however, is a closer inspection of the 

values for the biological replicates. The value for NC55 7e is several fold larger than the 

other two for NC55 (Table 3.7). If this value is removed, the average of the other two relative 

abundance values is 5.93. If this could be considered closer to the true average relative 

abundance of CoQ10 for the population, then the N84.5 genotype would show 192% greater 

CoQ10 than the non-transgenic population. This is speculative, but it suggests that upon 

repetition of the experiment a difference in CoQ10 relative abundance may be observable. 

 

Effect of Increasing CoQ10 on NaCl Stress 

 

Salinity stress, as produced by NaCl in concentrations that cause harm to the plant, can alter 

osmotic potential of the soil, cause ion toxicity, and lead to nutrient imbalances and 

deficiencies to damage the plant. Oxidative stress within the plant is also makes a significant 
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contribution to the damage resulting from salinity stress (Jithesh and others 2006; Sairam and 

Tyagi 2004). CoQ is also associated with oxidative stress management in the plant via the 

alternative oxidase, AOX, (Fernie and others 2004; Arnholdt-Schmitt and others 2006), 

through the regeneration of reduced α-tocopherol, and can act alone as a lipid soluble 

antioxidant (Bentinger and others 2007; James and others 2004; Turunen and others 2004; 

Mellors and Tappel 1966). Transgenic AtPPT1-transcribing and AtPPT1 non-transcribing, 

tissue culture-derived genotypes developed from both NC55 and TN90LC with increased 

CoQ10 content were tested for their ability to recover from the oxidative stressor of increasing 

NaCl concentration. Non-transgenic NC55 recovered better than non-transgenic TN90LC at 

50 and 100 mM NaCl, but TN90LC recovered better at higher concentrations. All plants with 

increased CoQ10 content appeared to recover from NaCl stress better than non-transgenic 

plants (Fig. 3.14 & 3.15) suggesting that increased CoQ10 content can protect the plant from 

this oxidative stressor regardless of the mode of CoQ10 improvement. Other transgenic 

tobaccos with increased CoQ10 have been reported to resist oxidative stress in the form of 

methylviologen and NaCl better than non-transgenics (Ohara and others 2004). The 

improved recovery from NaCl stress was documented but quantification was not reported in 

that work. 

 Hamilton and Heckathorn (2001) reported that oxidative stress resulting from high 

NaCl treatments led to damage of Complex I of the electron transport chain in mitochondrial 

particles from maize roots but antioxidants such as ascorbate, glutathione, and α-tocopherol 

were shown to provide a protective effect. Increased CoQ10 in proximity to Complex I may 

augment the protective effect of these antioxidants possibly by directly quenching ROS or 

providing an increased pool of substrate into which electrons can be safely shuttled. It is 

possible that the plants with increased CoQ10 content will have resistance to other oxidative 

stressors such as drought, heat, cold, or ozone stresses. 
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Further work 

 

Is the polyprenyltransferase an appropriate gene target for the increased production of CoQ? 

As shown here and in previous work, transformation of tobacco with eukaryotic PPT has 

resulted in the increase of CoQ10 indicating that this strategy can be successful. Ohara and 

others (2004) observed a six-fold increase in CoQ10 in their highest CoQ producing tobacco 

but observed PPT enzyme activities up to 33-fold greater than non-transgenic activity 

suggesting the presence of downstream rate-limiting steps. A model for such a rate limiting 

step has been proposed in yeast (Tran and others 2007) made of a multi-subunit complex of 

subsequent CoQ biosynthetic enzymes. The selection of AtPPT1 non-transcribing, tissue 

culture-derived tobacco with increased CoQ content comparable to transgenic lines suggests 

that other strategies, perhaps focused on these later steps, may prove more fruitful. Another 

strategy may include crossing the AtPPT1 non-transcribing lines with increased CoQ10 with a 

transgenic with increased CoQ10. The progeny could then be used to further study the 

mechanism by which CoQ10 was increased in the AtPPT1 non-transcribing line. 

 Although there may be room for further improvement, the current strategy has 

produced both flue cured and burley tobacco with modest increases in CoQ10. There was no 

difference in relative abundance of selected isoprenoids produced in the plastid between 

transgenic and non-transgenic lines. Isoprenoids produced by the cell using the MVA 

pathway for IPP were not investigated at the time of publication. Since this source of IPP is 

shared with the decaprenyl moiety of CoQ10, an investigation into the effect of increased 

CoQ10 content on other non-plastid isoprenoids, e.g., stigmasterol, would be informative.  

 These cultivars show improved resistance to NaCl stress and provide a valuable 

resource for the study of the effect of CoQ content on the plant response to oxidative stress. 

A major benefit to the use of these particular materials is their previous development for 

growth in the Eastern U.S. which makes them perfectly suited for the study of oxidative 

stress in a field environment. In addition, their large biomass will provide ample material for 

further research on the effect of altered CoQ biosynthesis on that of related isoprenoids and 

in further elucidation of the CoQ biosynthetic steps in plants. Experiments are currently 
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underway to study the effect of ozone on these materials in growth chamber studies. This 

work could lead to better strategies to improve the plant ability to withstand oxidative 

stressors in the field, decrease yield loss, and lead to enhanced revenue for farmers by using 

crops as a bioreactor for the production of CoQ10 which is otherwise produced most 

commonly by fermentation.  

In the final chapter of this work, the question „Is the polyprenyltransferase an 

appropriate gene target for the increased production of CoQ?‟ is explored in more detail.  
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Chapter 4 

Is the Polyprenyltransferase an Appropriate Gene Target for the Increased Production 

of CoQ? 

 

 

The research presented here seeks to answer the question “Is the polyprenyl transferase an 

appropriate gene target for the increased production of CoQ?” Specifically, the 

appropriateness of the overexpression of a heterologous PPT gene for the increased 

production of CoQ10 in tobacco was examined. The suitability of this strategy can be 

assessed by answering the following questions: 

1. Can transformation with heterologous PPT lead to an increase in CoQ10?  

2. Can CoQ10 be increased to comparable levels by other means?  

3. What are the phenotypic effects of altering CoQ10 levels?  

4. Is the magnitude of the increase in CoQ10 (a) commercially useful for the production 

of CoQ10 and/or (b) agronomically useful for the production of higher quality tobacco 

crops? 

The first question asks simply if CoQ10 can be increased using this strategy. The second asks 

whether this strategy is unique in its ability to increase CoQ10, an important question since 

transgenic crops carry with them a regulatory burden that can lead to increased cost of field 

production. The third question basically asks whether there are any other effects, whether 

good, bad, or neutral, observed in the tobaccos with increased CoQ10. This is important as 

these may be indicative of harmful or even beneficial qualities in the plant or finished 

product. The final question asks if the observed improvement is useful, examining the 

increase in CoQ10 from two perspectives: the use of the transgenic tobaccos for the 

production of CoQ10 for pharma-/nutraceutical applications or for the production of a tobacco 

with increased yield or quality. 

Can transformation with heterologous PPT lead to an increase in CoQ10? Here and 

in previous work, a heterologous PPT has been employed in a strategy to increase CoQ10 in  
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tobacco. A discussed above, transformation of tobacco with eukaryotic PPT has resulted in 

the increase of CoQ10. Ohara and others (2004) observed a 2-fold increase in CoQ10 in 

tobaccos transformed with a yeast PPT targeted to mitochondria which is comparable to the 

1.5-fold increase in CoQ10 observed when Arabidopsis AtPPT1, also encoding a 

mitochondria targeting peptide, was transcribed. When the yeast PPT was targeted for 

expression in the ER, CoQ10 content increased 6-fold. Observed PPT enzyme activities were 

up to 33-fold and 9.7-fold greater than non-transgenic activity for the ER- and mitochondria-

targeted enzymes, respectively. However, not all uses of heterologous PPT have lead to 

increased CoQ10 or to this level of CoQ10 increase. The earliest work used a prokaryotic PPT, 

ubiA from E. coli, targeted for expression in the ER but resulted in no increase in CoQ10 

(Boehm and others 2000). The highest PPT enzyme activity in transgenic tobacco was 

observed to be 800-fold higher than non-transgenics. Taken together, ER targeted yeast PPT 

can lead to increased CoQ10 although it is not expressed in mitochondria, the typically 

accepted location of CoQ10 biosynthesis, but very large increases in PPT enzyme activity as 

seen in both the yeast PPT and E. coli PPT expressing tobaccos the same very large increases 

in CoQ10. This implies the presence of further regulatory mechanisms such as feedback 

inhibition or downstream rate-limiting steps that could be targets for engineering efforts. A 

model for a rate-limiting step has been proposed in yeast made of a multi-subunit complex of 

subsequent CoQ biosynthetic enzymes (Tran and others 2007). Further elucidation of these 

steps in plants may lead to strategies to increase CoQ10 in plants even more. In addition, the 

research here found a large proportion of primary transformants for either tobacco variety 

studied with decreased CoQ10 which suggests that the presence of the Arabidopsis PPT, a 

plant PPT, might be a poor choice if the aim is to produced individuals with increased CoQ10. 

Can CoQ10 be increased to comparable levels by other means? Tobacco plants that 

did not transcribe AtPPT1 were identified with increased CoQ10 content comparable to the 

1.5-fold increase in transgenic lines. Although it is unknown whether the increase in CoQ10 

was due to an increase in endogenous PPT activity or another factor, that these plants were 

identifiable at all suggests that other strategies may increase CoQ10. These individuals could 

indicate an upper limit for the whole cell to accommodate CoQ10, although this is unlikely 
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since, as described above, ectopic expression of yeast PPT was able to surpass this level of 

CoQ10 content. As these plants contain no heterologous PPT, they are non-transgenic. Other 

non-transgenic means of altering CoQ10 content may exist. To date, there have been no 

published studies of the effect of growth conditions on CoQ10 content for the purpose of 

producing the compound. Environmental factors can affect CoQ10 content of some plant 

tissues and isolated mitochondria. For instance, CoQ increased in mitochondria isolated from 

cold treated bell pepper and cauliflower, mitochondria isolated from oxygen enriched 

cauliflower (Popov and others 2001), and cold treated cucumber leaves and roots (Hu and 

others 2006). Although work on the effect of particular environmental conditions on CoQ10 

in tobacco will be necessary, one alternative strategy to increasing CoQ10 content in tobacco 

may be the determination of the right environmental conditions. 

What are the phenotypic effects of altering CoQ10 levels? Tobacco with increased 

CoQ10 has been shown in this work and by Ohara and others (2004) to recover from 

increasing levels of NaCl stress better than non-transgenic tobaccos. Ohara and others also 

showed that tobacco with increased CoQ10 content was damaged less by methylviologen, an 

oxidative stressor. These results allow for the hypothesis that plants with increased CoQ10 of 

1.5- to 2-fold may recover from other stresses that lead to oxidative stress such as cold, heat, 

and drought stress. Tobaccos transcribing AtPPT1 were also shown to have no significant 

difference in the relative abundance of chloroplast-derived isoprenoids α-tocopherol, β-

carotene, and phylloquinone to non-transgenic tobaccos when observed by LC-APCI-

MS/MS. Chlorophyll a and total chlorophylls were also shown to have no significant 

difference in relative abundance. This was not unexpected, as chlorophyll content should 

represent an equivalence of chloroplast number/size thus showing no change in the relative 

abundance of chloroplast-derived isoprenoids. However, both pheophytin a and solanesol 

were shown to be significantly higher in transgenic tobaccos. Whether this is due to 

increased CoQ10 content is unknown at this time. It is important to know, however, as the 

chemical profile of a crop such as tobacco affects the final product. Particular for tobacco, 

the increase of solanesol in increased CoQ10 plants may be physiologically beneficial due to 

recent evidence for the apparent induction of solanesol during virus resistance (Bajda and 
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others 2009); although an increase in this metabolite might be deleterious to the final product 

as solanesol has been identified as a major contributor to polynuclear aromatic hydrocarbons, 

PAHs, associated with tobacco products (Scholtzhauer and others 1976). 

Is the magnitude of the increase in CoQ10 (a) commercially useful for the production 

of CoQ10 and/or (b) agronomically useful for the production of higher quality tobacco crops? 

To answer the first part of this question, the commercial utility of the 1.5-fold increase in 

CoQ10 in the commercial cultivars studied here, comparison of the current methods used for 

producing CoQ10 commercially to those that would be used for producing CoQ10 from 

tobacco biomass is required. Because of the absence of published data on the commercial 

production of CoQ10 from tobacco biomass, a direct comparison cannot be made at this time. 

When this data becomes available, the cost of CoQ10 production from tobacco biomass 

should be compared with each the synthetic and microbial fermentation systems for CoQ10 

production. This analysis should include the amount of CoQ10 per acre, amount of CoQ10 unit 

mass, the cost of extraction. Another consideration should be the cost of scaling up 

production since the use of tobacco biomass could have an advantage over the other CoQ10 

sources if an increase in land and the accompanying agricultural inputs are less expensive 

than building new, larger synthetic or fermentation facilities. With current knowledge, 

however, the question of commercial utility cannot be satisfactorily answered. The 

agronomic utility of the observed increase in CoQ10 is encouraging, although not sufficiently 

clear at this time as well. This 1.5-fold increase in CoQ10 appears coincide with the plant‟s 

ability to recover from salt-stress and previous work has indicated that a 2-fold increase in 

CoQ10 does the same, likely due to contributing to better management of oxidative stress 

(Ohara and others 2004). If this effect can be observed to improve yields of field grown 

tobacco, then this level of increased CoQ10 in commercial tobacco cultivars is agronomically 

useful. A definitive answer can only be made after such field trials are made, however, the 

current results are encouraging. 

Is the polyprenyl transferase an appropriate gene target for the increased production 

of CoQ? Strictly speaking, transformation of tobacco with heterologous PPT can lead to 

increased CoQ10 in the plant. There is a large and looming “however”. Both past and present 
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results have been inconsistent in the success of this strategy, and the current and previous 

success for mitochondria-targeted PPT have resulted in only 1.5- and 2-fold increases in 

CoQ10, respectively. This level of increase can be achieved by selection of increased CoQ10 

individuals from tissue culture and the transformation of two different elite cultivars with the 

Arabidopsis PPT often led to decreased CoQ10 in primary transformants. These two 

observations alone nibble at the appropriateness of the PPT step. In addition, isoprenoid 

profiles suggest that the increase in CoQ10 concurrent with transcription of AtPPT1 may have 

led to an increase in solanesol and pheophytin a, alterations with unknown consequences for 

the plant and a likely undesirable alteration in quality for a tobacco product. If the 

commercial utility of this level of increased CoQ10 was clear, the non-target alterations to 

metabolism may be of little concern. Indeed, the possibility for agronomic utility suggested 

by the increased CoQ10 plants‟ ability to recover from NaCl stress may be a good enough 

argument for the appropriateness of this strategy. More data is needed to confidently make 

any claims about the usefulness of this level of increase.  

Although the use of heterologous PPT can lead to increased CoQ10 in tobacco, the 

results have not been consistent and suggest a more appropriate method might be sought. 

Previous work suggests that ectopic expression of PPT in the endoplasmic reticulum, ER, led 

to a 6-fold increase in CoQ10 in tobacco (Ohara and others 2004). Compared to the levels of 

CoQ10 observed in plants with heterologous PPT in mitochondria, this suggests regulatory 

limitations placed on CoQ10 biosynthesis in mitochondria might be overcome. One way to 

investigate this could include crossing the non-transgenic line with increased CoQ10 with a 

transgenic with increased CoQ10. Other alternative strategies for increasing CoQ10 in tobacco 

could come from careful study of the effect of different growth conditions on CoQ10 content. 

Other points in CoQ10 biosynthesis such as those components hypothesized to function in a 

multi-subunit complex (Tran and others 2007). For instance, the O-methyltransferase that 

functions at two points in CoQ10 biosynthesis might be a good gene target. First described for 

eukaryotes by studying yeast (Clarke and others 1991), it has also been shown to function in 

Arabidopsis, AtCOQ3 (Avelange-Macherel and Joyard 1998). This enzyme has also been 

identified as a key point of regulation in yeast (Sippel and others 1983). Alteration of this 
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enzyme for heterologous expression in tobacco could illuminate regulation of CoQ10 

biosynthesis in plants. Indeed, this is just one example of what can still to be learned about 

the formation of this important molecule in plants. 
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Appendix 1: Annotated SAS Statistical Output 

 

The General Linear Model procedure was used in the SAS System for Windows version 8.02 

to explain the variation observed in the tobacco populations tested in the NCSU Phytotron 

(Chapter 3). The significance of the elements of the models tested was assessed. Below, 

“TN90LC” refers to the three TN90LC-type genotypes: TN90LC, T17.2, and T1(-).1. 

“NC55” refers to the three NC55-type genotypes: NC55, N84.5, and N164.2. 

 

TN90LC Sampled at 3 Weeks 

 

Model: CoQ = genotype length block 

The model and the genotype effect are not significant. 

 

 
           Sum of 

        Source                      DF         Squares     Mean Square    F Value    Pr > F 

 

        Model                       11     1057.038608       96.094419       0.91    0.5435 

 

        Error                       22     2312.122269      105.096467 

 

        Corrected Total             33     3369.160877 

 

 

        Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

 

        genotype                     4     153.1382594      38.2845648       0.36    0.8314 

        length                       1     132.3156110     132.3156110       1.26    0.2739 

        block                        6     564.4889153      94.0814859       0.90    0.5156 

 

 

 

Level of           -------------CoQ-------------     ------------length----------- 

        genotype     N             Mean          Std Dev             Mean          Std Dev 

 

         T1(-).1      7       40.3657625        4.0743064       17.7428571       1.09978353 

         T52.1        7       42.1451609       11.9725228       17.0571429       1.64707533 

         T7.2         6       42.3662351       11.0464405       16.9166667       1.29524772 

         TN90LC       7       43.1184015       13.0083931       19.3428571       1.07681187 

T17.2        7       45.8453349       10.5897792       17.5857143       0.97370182 
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NC55 Sampled at 3 Weeks 

 

Model: CoQ = genotype length block  

The model and the genotype effect are significant. 

 

 

 
    Sum of 

        Source                      DF         Squares     Mean Square    F Value    Pr > F 

 

        Model                       10     2097.025859      209.702586       3.62    0.0165 

 

        Error                       13      752.375599       57.875046 

 

        Corrected Total             23     2849.401459 

 

 

        Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

 

        genotype                     3     1390.357292      463.452431       8.01    0.0028 

        length                       1       41.022537       41.022537       0.71    0.4151 

        block                        6      713.836410      118.972735       2.06    0.1300 

 

Level of           -------------CoQ-------------     ------------length----------- 

        genotype     N             Mean          Std Dev             Mean          Std Dev 

 

NC55         7       31.9625197       10.5684437       18.3285714       0.89015782 

     N182.1       5       38.9936353        9.3105201       16.3400000       2.54911749 

N164.2       6       45.4031847        6.4424624       17.0500000       1.34275836 

         N84.5        6       51.1988104        7.7619438       16.5333333       1.65247289 

 

 

 

TN90LC Sampled at 5 Weeks 

 

Model: CoQ = genotype length  

The model is not significant, but the genotype effect is significant. 

 

 
           Sum of 

        Source                      DF         Squares     Mean Square    F Value    Pr > F 
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        Model                        5     450.3547147      90.0709429       2.78    0.0542 

 

        Error                       16     518.5438644      32.4089915 

 

        Corrected Total             21     968.8985791 

 

                         

        Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

 

        genotype                     4     447.7325595     111.9331399       3.45    0.0324 

        length                       1      52.5772164      52.5772164       1.62    0.2210 

 

 

        Level of           -------------CoQ-------------     ------------length----------- 

        genotype     N             Mean          Std Dev             Mean          Std Dev 

 

         T1(-).1      5       26.1631045       4.46022791       21.3800000       1.77679487 

         TN90LC       3       26.6377633       2.71016675       22.2666667       2.10792157 

T7.2         4       27.8936925       5.02834458       20.8000000       0.93808315 

T52.1        5       28.5199049       4.87213701       21.9000000       1.73349358 

         T17.2        5       37.2800159       8.74718408       20.5800000       1.60218601 

 

 

 

NC55 Sampled at 5 Weeks 

 

Model: CoQ = genotype length  

The model and the genotype effect are significant. 

 

 
    Sum of 

        Source                      DF         Squares     Mean Square    F Value    Pr > F 

 

        Model                        4      99.8337298      24.9584324       0.52    0.7224 

 

        Error                        9     430.3004792      47.8111644 

 

        Corrected Total             13     530.1342090 

 

 

        Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

 

        genotype                     3     94.98476011     31.66158670       0.66    0.5958 

        length                       1      5.78289323      5.78289323       0.12    0.7360 

 

 

        Level of           -------------CoQ-------------     ------------length----------- 
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        genotype     N             Mean          Std Dev             Mean          Std Dev 

 

         N182.1       3       31.4332177       4.88743728       22.1333333       0.20816660 

       NC55         3       33.8062435       9.10081868       22.6333333       0.23094011 

N84.5        4       36.7063995       5.79288606       22.0750000       2.77293467  

 N164.2       4       38.2459719       6.37669972       22.2750000       1.91376592 

 

 

 

Appendix 2: Nicotiana tabacum cv. KY14 Transformation and Analysis 

 

In addition to the haploid genotypes described (Chapter 3), a diploid genotype of N. tabacum 

cv. KY14 referred to as KY14 below was transformed by Agrobacterium-mediated plant 

transformation with the same gene construct containing the coding sequence for AtPPT1. 

Transformation of the plants was confirmed by regeneration of shoots on MS plates 

containing kanamycin followed by PCR screening for the full-length coding sequence for 

AtPPT1 as described (Chapter 3). A total of 62 transgenic diploid T0 KY14 were identified 

and allowed to produce T1 seed. KY14 that were PCR (-) for the presence of AtPPT1 were 

kept for tissue culture-derived AtPPT1 non-expressing control plants.  

 At the time that the transcriptional analysis was performed, attention was placed on 

analyzing the haploid genotypes rather than the diploid KY14 due to the likelihood that the 

haploid genotypes would yield homozygous lines more quickly than the diploid KY14 

transgenics. For that reason, there is no mRNA expression data at this time for the diploid 

KY14 transgenics. 

 The transgenic KY14 were screened for their coenzyme Q10, CoQ10, content as 

described (Chapter 3). When beginning the analysis of the diploid KY14 T0 transgenic 

tobaccos, it was assumed that comparing CoQ10 among leaves at the same position, the fifth 

from the apex, would be sufficient to reduce the amount of natural variation in CoQ10 content 

among plants. The mass of the donor leaves was measured, but was not controlled. Also, the 

diploid T0 KY14 transgenics went into the greenhouse at different times, so they could not be 

sampled at the same time under the same conditions for CoQ10 content. For these reasons, the 
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CoQ10 content of diploid KY14 plants sharing comparable time in the greenhouse are the 

only CoQ10 content values examined here. The CoQ10 content for the diploid T0 KY14 

individuals are discussed below. 

 Although many of the diploid T0 KY14 transgenics were sampled after growth in the 

greenhouse for different periods of time, there were some that were sampled at the same time 

as the non-transgenic KY14 plants, WT Average (Fig. A2.1). The error bars around KY14 

WT Average represent twice the standard deviation for the average CoQ10 content of a 

population of nine non-transgenic KY14 plants. Individual diploid T0 KY14 transgenics with 

apparently higher CoQ10 content than twice the standard deviation of the KY14 WT include  

 

 

Figure A2.1  The CoQ10 content of non-transgenic, seed derived tobacco cv. KY14 (WT Average) and 

individual transgenic tobacco cv. KY14 containing AtPPT1. The WT Average is an average CoQ10 content of 9 

individual non-transgenic plants with error bars twice the standard deviation of the average. The individual 

transgenic plants have error bars representing the standard deviation for 3 measurements of the single plant. 
 

 

 

K102 (26.71 μg/g f.w.), K58 (20.98 μg/g f.w.), K113 (15.89 μg/g f.w.), K135 (14.48 μg/g 

f.w.),  K151 (19.62 μg/g f.w.), K152 (16.26 μg/g f.w.), and K95 (24.87 μg/g f.w.).  
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 T1 seed was collected from these and all other diploid T0 KY14 transgenic 

individuals. This seed can be used to produce homozygous lines for the AtPPT1 transgene to 

ascertain AtPPT1 mRNA expression, AtPPT1 protein analyses, and the heritability of the 

increased CoQ10 content in the burley KY14 genetic background. 

 

 

Appendix 3: RNA Loading for Transcriptional Analysis 

 

The transcription of the AtPPT1 transgene in tissue culture-derived primary transformants, 

T0, and seed-derived doubled haploid individuals, DH1, was observed using digoxigenin 

(DIG) -labeled DNA probes for AtPPT1 for the transgene transcript as described in Chapter 

3. A protocol was developed to probe the (+)-nylon membranes a second time but with a 

DIG-labeled DNA probe for tobacco α-tubulin transcript to show evidence for transfer of 

RNA to the membranes. This was not performed, however, by the time of publication of this 

dissertation. As evidence of RNA transfer to the (+)-nylon membranes, the MOPS gels for 

the T0 and DH1 individuals used for transcriptional analysis in Chapter 3 are shown in Figure 

A3.1 (panels A and C for T0 and DH1, respectively). Although difficult to see for some 

individuals, Figure A3.1 also shows the RNA after transfer to the (+)-nylon membranes for 

these T0 and DH1 individuals (panels B and D, respectively). 
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Figure A3.1  RNA Loading in Gels and Membranes for Transcriptional Analysis. Panels A and C indicate 

RNA loading in MOPS gels for T0 and DH1 individuals, respectively. Panels B and D indicated RNA transfer to 

(+)-nylon membranes for T0 and DH1 individuals, respectively. Arabid and Arabid. flower were RNA extracted 

from Arabidopsis leaves and flowers, respectively. Individuals T5c, N9c, KY14 3, TN90LC, T1(-).1, and NC55 

were non-transgenic. All other individuals possess the AtPPT1 transgene. 
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