
ABSTRACT 

LOPEZ, HARRY O. Developing Non-GMO Tobacco Cultivars with Lower Alkaloid 
Content Using a Reverse Genetics Strategy. (Under the direction of Ralph E. Dewey.) 
 

     Nicotiana tabacum L. produces alkaloids such as nicotine that are not only responsible for 

the pharmacological effects of tobacco products, but also serve in the formation of nitrosated 

compounds which have been shown to be carcinogenic. These compounds are known as 

tobacco-specific-nitrosamines (TSNAs), the carcinogenic properties of which have been 

documented in numerous mammalian studies. Considerable interest has been shown in the 

development of tobacco lines (and products) with low alkaloid content. Although the value of 

low alkaloid-containing tobaccos is subject to debate, potential advantages for such plants 

include: (1) reductions in TSNA levels; (2) possible reduced potential for addictiveness; (3) 

utilization in smoking cessation products; and (4) as the preferred platform for 

“biopharming” applications. The availability of reduced alkaloid tobaccos may be of 

increasing importance in the future, as the FDA is now responsible for the regulation of 

tobacco products, including the authority to mandate future products to contain lower levels 

of nicotine. In an attempt to develop tobacco plants that produce lower alkaloid levels, we 

used a reverse genetic strategy to inhibit the expression of key genes in the alkaloid 

biosynthetic pathway. Initially, chemical mutagenesis was used to develop a population of 

tobacco plants with mutations randomly distributed throughout the genome. Primers were 

then designed for the specific PCR amplification of exons from PMT, A622 and BBL, three 

genes whose role in alkaloid synthesis had been previously documented, or suggested. 

Bioinformatic tools allowed the identification of five isoforms for PMT, two isoforms for 

A622 and four isoforms for BBL. Primers were further developed for specificity against the 



individual isoforms, and high throughput targeted screening was accomplished by 

sequencing the PCR products from individual DNA samples extracted from hundreds of 

mutagenized plants.  We successfully identified several missense mutations in the PMT, 

A622 and BBL genes, including truncation mutations in the three most abundantly transcribed 

BBL isoforms. Tobacco genotypes possessing some of these missense and truncation 

mutations were grown in the field and assayed directly for alterations in alkaloid production. 

Additional characterization of the BBL gene family was also carried out using an RNA 

interference (RNAi) strategy. Alkaloid analysis of leaf and root tissue revealed a decrease in 

the levels of nicotine and other pyridine-type alkaloids in the RNAi-BBL plants. In addition, 

transgenic roots accumulated a novel metabolite, dihydrometanicotine (DMN), which may 

represent the substrate for this enzyme. Our transgenic studies demonstrated that inhibition of 

the BBL family is an effective means of producing low alkaloid tobacco plants. Given that 

RNAi-suppressed anti-BBL plants lack the growth defects or undesirable alkaloid phenotypes 

that researchers have observed when other steps of the nicotine pathway have been 

suppressed, we believe the BBL genes to be the most favorable targets for developing 

tobacco plants with significantly reduced levels of nicotine and other pyridine alkaloids. 

Finally, our identification of knockout mutations within the three most highly transcribed 

BBL genes (BBLa, BBLb, and BBLc) provides us with a means of producing low alkaloid 

tobacco plants that are not considered to be genetically engineered, thus avoiding the hurdles 

involved with the release of transgenic crops.  
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CHAPTER 1: LITERATURE REVIEW 

Introduction 

 Plants produce a wide range of chemical compounds that can be divided into primary 

and secondary metabolites. Primary metabolites are involved in the fundamental processes 

for maintenance of life and growth, whereas secondary metabolites play important functions 

for survival in the face of stress or competition for environmental resources (Bennet and 

Wallsgrove, 1994). Plant secondary compounds are divided into three main categories: 

isoprenoids, phenolics, and nitrogen-containing special metabolites (including alkaloids). In 

the case of alkaloids, their chemical structures (i.e. nitrogen containing ring moieties) and 

their temporal and spatial occurrence are often  used as criteria to separate these compounds 

into different classes (Nugroho and Verpoorte, 2002). Among the most thoroughly 

investigated alkaloids are those categorized as pyridine and piperidine alkaloids (e.g. tobacco 

alkaloids), tropane alkaloids (e.g. cocaine), isoquinoline alkaloids (e.g. morphine, codeine), 

amines (e.g. ephedrine) and quinolinate alkaloids (e.g. quinine) (Oksman-Caldentey and 

Inzé, 2004).   

1.1 Tobacco Alkaloids 

 Tobacco alkaloids are considered to be important mainly due to their pharmacological 

functionality in commercial tobacco products and their potential therapeutic value in 

neurological disorders such as Parkinson's disease and Alzheimer's disease (Quik et al., 2008; 

http://www.sciencedaily.com/releases/2007/04/070404162413.htm). These alkaloids, 

primarily nicotine, provide a physiological stimulus that makes the use of tobacco products 

addictive. Although tobacco alkaloids have been widely used and studied for decades, their 
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route of biosynthesis is still incompletely characterized (Goossens and Rischer, 2007). The 

lack of understanding of the functions of key enzymes, and the complexity of the multi-step 

biosynthetic pathways responsible for alkaloid production have made it difficult to elucidate 

the regulation of specific alkaloids within the cell. Alkaloid biosynthesis in tobacco starts 

from amino acids and involves dozens of metabolites and numerous enzymes. The root is the 

main site for the biosynthesis of tobacco alkaloids and most of biosynthetic genes 

characterized to date were found to be highly expressed in this tissue (Hibi et al., 1994; 

Sinclair et al., 2000; Hashimoto et al.; 2007, 2011).  Generally, alkaloids serve important 

functions in plant survival under stress environments (i.e. protection against UV light and 

herbivory). They accumulate at certain developmental stages and in specific organs. Also, 

their production is highly specific to particular families or even individual species (Bennett 

and Wallsgrove, 1992). In Nicotiana species, the predominant alkaloid in the leaves is 

nicotine (~60% of Nicotiana species), nornicotine (~40% of Nicotiana species) or anabasine 

(N. glauca and N. debneyi), although in roots nicotine dominates in most species (Saitoh et 

al., 1985). After being synthesized in the roots, alkaloids are transported though the xylem to 

the leaves where they accumulate within  vacuoles (Saunders, 1979).  

1.2 Nicotine 

 Research on tobacco alkaloids has primarily focused on nicotine. Nicotine is the most 

abundant alkaloid in cultivated tobacco (Nicotiana tabacum), typically constituting more 

than 90% of the total alkaloid pool. The remaining alkaloid fraction represents three 

additional minor components that include nornicotine, anabasine, and anatabine 

(Chintapakorn and Hamill, 2003; Saitoh et al., 1985). The biosynthesis of nicotine takes 
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place exclusively in the roots, where the corresponding biosynthetic enzymes can be found 

(Bush et al., 1999). The genetic regulation of nicotine synthesis is under control of two 

independent loci, NIC1 and NIC2. Double mutant plants for the NIC1 NIC2 loci have 

naturally reduced alkaloid content and lower expression levels of nicotine biosynthetic genes 

in the roots (Legg et al., 1971; Hibi et al., 1994). Therefore, nic1nic2 mutants have been a 

unique resource for discovering new genes involved in nicotine biosynthesis mainly through 

transcriptional profiling in mutant backgrounds (nic1/nic2 vs NIC1/NIC2; Cane et al., 2005; 

Kidd et al., 2006). Recent reports have shown that several transcription factors can activate 

the known structural genes in the nicotine pathway (Todd et al., 2010, Shoji et al., 2011). The 

most interesting one was a cluster of ethylene response factor (ERF) genes that were shown 

to define the NIC2 locus (Shoji et al., 2010). Members of this cluster, exemplified a gene 

called ERF189, appear to activate transcription by binding specifically to a GCC-box 

element found in the promoter region of nicotine biosynthetic genes. Also important in 

regulating nicotine biosynthesis is the stress-induced hormone, methyl jasmonate (MeJA), 

which is known to be an activator, and auxin which acts as a repressor of nicotine 

biosynthetic genes (Hibi et al 1994; Baldwin 1998).   

1.3 Nicotine Biosynthesis 

 Nicotine is comprised of a pyrrolidine ring and a pyridine ring, each of which is 

produced by an independent pathway of primary metabolism (reviewed in Tso, 1990; and 

Bush et al., 1999). The most current model of nicotine biosynthesis is shown in Figure 1. 

Pyrrolidine ring synthesis starts from the amino acids ornithine or arginine, either through a 

direct reaction catalyzed by ornithine decarboxylase (ODC), or an indirect reaction initiated 
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by arginine decarboxylase (ADC; Figure 1). The resulting key metabolite, putrescine, is 

either directed to polyamine biosynthesis in one branch or to alkaloids in another branch. 

Putrescine-N-methyltransferase (PMT) catalyzes the conversion of putrescine to N-

methylputrescine, directing the flow away from polyamines to alkaloid biosynthesis. Thus, 

PMT is considered to be an important enzyme in the overall production of alkaloids since it 

catalyzes the first committed step in pyrrolidine ring synthesis. The product of this reaction, 

N-methylputrescine, is further converted to N-methylaminobutanal by methylputrescine 

oxidase (MPO). Spontaneous cyclization of N-methylaminobutanal leads to the formation of 

N-methylpyrrolinium, which serves as the direct donor of the pyrrolinium ring to nicotine.    

 Nicotine is formed through a condensation reaction of N-methylpyrrolinium and an 

unknown derivative of nicotinic acid. This nicotinic acid intermediate is supplied by the 

pyridine-nucleotide cyclic pathway responsible for the production of the ubiquitous 

coenzyme NAD. Many early studies of the nicotine pathway pointed to quinolinate 

phosphoribosyltransferase (QPT) as being the most important enzyme in regulating the 

production of the pyridine moiety. What remains unclear in this branch of the pathway is the 

nature of the metabolites and enzymes responsible for converting nicotinic acid into the 

pyridine ring found on nicotine. Some recent reports, however, may have begun to resolve 

this mystery. A622 is an NADPH-dependent reductase that has been shown to function in the 

latter stages of the pyridine ring pathway, possibly through producing a coupling competent 

intermediate from nicotinic acid ( Kajikawa et al., 2009; DeBour et al., 2009). The other key 

player in the latter stages of  nicotine formation is a berberine bridge like-enzyme (BBL) 

which is a flavoprotein that may act as an oxidase (Kajikawa et al., 2011). Although A622 
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and BBL have been shown to be necessary for nicotine biosynthesis, the exact enzymatic 

steps catalyzed by these enzymes, along with their substrates and metabolites, are unknown. 

Both enzymes are root-specific, down-regulated in nic1nic2 mutants, jasmonate-inducible, 

and their suppression leads to low levels of nicotine accumulation in tobacco. 

1.4 Tobacco Specific Nitrosamines  

 Nicotine addiction is one of the primary reasons for the continued use of tobacco 

products in spite of their well known adverse health effects. Dependence on nicotine exposes 

tobacco consumers to a group of carcinogens that are present in tobacco and tobacco smoke. 

Among these are compounds known as tobacco specific nitrosamines (TSNAs) that are 

formed from nicotine and other minor alkaloids (i.e. nornicotine, anatabine, anabasine) by 

reacting with nitrosating agents to produce stable chemicals known as N-nitrosamines 

(Hecht, 2003). The net result of this reaction is the nitrosation of the pyrrolidine ring N. 

Formation of these carcinogenic compounds occurs during the curing, processing and storage 

of tobacco. Factors such as the tobacco genotype, field conditions, curing environment, and 

the length of storage can greatly influence the levels of TSNAs (Andersen and Kemp 1985; 

Bush et al 1984). N-nitrosonornicotine (NNN), 4-N-nitromethylamino-1-3-pyridyl-1-

butanone (NNK), N-nitrosoanatabine (NAT), and N-nitrosoanabasine (NAB) are the 

principal TSNAs that have been detected in tobacco and are reported to be carcinogenic in 

mammalian studies (International Agency for Research on Cancer, 1985; Burns et al., 2008). 

NNN and NNK are by far the most potent of the TSNAs found in tobacco products, in 

contrast to NAT and NAB which are either weakly carcinogenic or benign (Hecht, 2003; 

2006). NNN is formed directly through the nitrosation of nornicotine, which is almost 
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entirely produced by the enzymatic N-demethylation of nicotine. Current strategies for 

lowering NNN levels involves reducing the abundance of its alkaloid precursor, nornicotine, 

in the cured leaf. This was recently accomplished by transgene-mediated suppression of 

nicotine N-demethylase (NND) genes (Lewis et al., 2008), and through introducing 

debilitating mutations in the nicotine N-demethylase (NND) genes using chemical 

mutagenesis (Lewis et al., 2011).  

1.5 Tobacco Regulation  

 Although the rate of increase of tobacco consumption is declining due to health 

concerns and government regulations, the overall consumption is still high with over a billion 

daily smokers worldwide (World Health Organization, 2002). Tobacco is the leading 

preventable cause of death in the United States, estimated to be responsible for more than 

400,000 American deaths and resulting in over $100 billion in health care costs every year 

(Cokkinides et al., 2009). Moreover, cigarette smoking is responsible for 90% of lung cancer 

cases and other cancer-types such as oral, esophageal or pancreatic. For many years, the 

tobacco industry has faced a significant amount of criticism because of its special protection 

or lack of regulation from the government. However, on June 22, 2009, President Barack 

Obama signed into law the Family Smoking Prevention and Tobacco Control Act, giving the 

U.S Food and Drug Administration (FDA) the authority to regulate the manufacturing, 

marketing, and sale of tobacco products. Before this law was enacted, tobacco products were 

exempt from basic consumer protections, such as ingredient disclosure, product testing and 

restrictions on marketing. Tobacco companies are now required to provide detailed 

information about their product ingredients, including nicotine and other harmful 
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constituents. This information will allow the FDA to determine how to best reduce their harm 

and may translate into changes in current and future tobacco products, such as the regulation 

of nicotine levels and mandated reductions in the levels of harmful constituents, such as 

TSNAs.    

 Nicotine is the main component that results in addiction to tobacco products 

(Benowitz, 2010). Historically, methods to treat nicotine addiction have had low efficacy 

(Fiore, 1992; Jimenez-Ruiz et al., 1998). One method frequently discussed as a potential 

means of reducing the addictiveness and harm associated with tobacco products is to reduce 

the levels of nicotine found in these products (Hatsukami et al., 2010). Through either 

classical breeding or molecular techniques, it's possible to generate tobacco cultivars with 

varying nicotine concentrations. Since transgenic tobacco is not commercially acceptable by 

the tobacco industry, mutation breeding strategies that reduce the amount of nicotine in 

commercial tobacco may be a viable option for the development of tobacco products that 

would fit new FDA regulations, should reduced nicotine content be mandated. In addition to 

cigarettes, this could have potential implications for smokeless products as well, which 

include chewing tobacco, oral snuff, snus and other related products. Consumption of these 

products in the U.S. will likely be on the rise, particularly for those smokers unable or 

unwilling to quit, given the reduction in health risks associated to these products (relative to 

smoked products) and the ubiquitous banning of smoking in public areas.     

Impact on a nicotine reduction strategy for tobacco products 

 Although cessation of tobacco use is the best way to avoid tobacco-related diseases, 

regular smokers typically find it difficult to quit. Extensive research on nicotine generally 
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suggests that tobacco consumption can be reduced if the nicotine levels are lowered below a 

given addictive threshold (Benowitz and Henningfield, 1994). Now that the FDA has the 

authority over tobacco products, significant reductions in the nicotine content may be enacted 

with the aim of preventing tobacco addiction in certain groups (i.e. adolescents) or even to 

assist smokers in quitting. The rationale of this strategy is that the rate of tobacco-related 

deaths may be reduced by providing tobacco products that cannot sustain addiction. Since 

disease risk is positively correlated to the amount of tobacco exposure, tobacco products with 

low nicotine may reduce consumption or facilitate cessation and therefore, limit the exposure 

to harmful constituents. Concerns about such a nicotine reduction strategy, however, have 

also been reported. First, there is uncertainty about the ability to define a threshold dose for 

nicotine addiction. Some argue that any level of nicotine can potentially sustain addiction 

since this factor appears to be highly variable among individuals. Benowitz and Henningfield 

proposed a value of 0.17 mg nicotine per cigarette as the highest level to be considered in 

smoke products (Benowitz and Henningfield, 1994). The actual threshold dose for nicotine 

has not been set yet by the FDA but there is a reasonable expectation that it will be 

significantly lower than that found in current tobacco products. Another concern is the 

possibility of "compensatory over-smoking", considering that regular smokers are 

accustomed to have a certain intake of nicotine. In this case, the smoker could end up 

smoking more cigarettes to satisfy their nicotine craving and be increasingly exposed to 

harmful constituents (Hatsukami et al., 2010). One way to minimize such exposure would be 

the use of smokeless products which can deliver the amount of nicotine desired by the 

smoker but also limit the exposure to the toxins found in tobacco smoke. Finally, another 
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potential adverse effect of the nicotine reduction strategy is the establishment of a "black 

market" for the illegal sale of tobacco products higher in nicotine. Although these concerns 

are valid and should be carefully thought out, the substantial potential reduction in death and 

disease caused by tobacco exposure may cause the FDA to adopt a nicotine reduction 

strategy. Advances in biotechnology and plant breeding have made feasible the production of 

tobacco products with a wide range of nicotine concentrations.        

1.6 Uncovering essential steps in the nicotine pathway 

 Rational strategies for understanding the biosynthesis of alkaloids in tobacco have 

been hampered by the limited knowledge of biosynthetic steps and regulatory mechanisms 

leading to their production. Further complications arise at the enzymatic level due to the low 

levels or instability of individual enzymes, problems in finding candidate substrates, and the 

redundancy of genes in the genome. Early efforts to understand alkaloid formation relied on 

radiolabelled precursors for the chemical elucidation of metabolites, and plant cell cultures 

for the isolation, purification and characterization of biosynthetic enzymes (Facchini, 2001). 

Current molecular techniques for the discovery of new enzymes in the pathway involve: 

expression pattern analysis and homology-based screening, production of recombinant 

proteins for testing expected enzyme activities, and suppression or overexpression of putative 

enzyme candidates (Hashimoto and Yamada, 2003). Undoubtedly the most useful tool for 

discovering nicotine biosynthetic genes has been the low nicotine-producing mutants nic1 

and nic2. Originally the PMT and A622 genes were isolated through differential screening for 

genes expressed in nic1nic1/nic2nic2 plants versus wild type (Hibi et al., 1994). 

Subsequently, similar differential gene expression analyses played in important role in either 
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the isolation or characterization of the structural genes QPT, MPO, ADC, ODC and BBL 

(Song, 1997; Reed and Jelesko, 2004; Heim et al., 2007; Katoh et al., 2007; Kajikawa et al., 

2011). Another useful tool has been chemical induction in the form of elicitors. In particular, 

methyl jasmonate has been used to activate biosynthesis of secondary metabolites and as a 

result novel genes involved in alkaloid production in tobacco have been identified (Goossens 

et al., 2003).  

 The discovery of the genes in the nicotine pathway has made it possible to genetically 

engineer the content of this alkaloid and other secondary metabolites in tobacco. Several 

nicotine biosynthetic genes have been used to manipulate the alkaloid profile in cell cultures 

and transgenic plants. In most cases, the alkaloid content has been effectively altered but 

often at the expense of accumulating undesirable precursors, or shifting production to related 

alkaloid pathways.   

Plant Cell Cultures and Transgenic Plants 

 Plant cell cultures have been used extensively to study the activities of enzymes 

involved in the nicotine pathway. These systems are quite advantageous because the 

metabolites are produced rapidly and in a controlled environment. Assays have been carried 

out in differentiated (i.e. organs like roots and shoots) and undifferentiated (i.e. callus, cell 

suspension) tissue, in tobacco hairy root cultures, and in tobacco plants with different levels 

of nicotine production (nic mutants). Cell cultures have been ideal not only to study 

regulation but also to generate substantial levels of nicotine biosynthetic enzymes. 

Transgenic tobacco plants, however, typically give a more realistic indication of what the 

enzyme role is and its overall effect in planta.  
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PMT 

 The putrescine N-methyltransferase (PMT) enzyme is widely known to catalyze the 

first committed step in the pyrrolidine ring pathway of nicotine biosynthesis, mediating the 

N-methylation of putrescine. The PMT cDNA sequence was cloned from tobacco through 

differential screening between cDNA pools from wild type burley line B21, and the near-

isogenic nic1nic2 mutant line LA B21. The PMT sequence encodes a protein with high 

similarity to mammalian spermidine synthase enzymes, which are involved in polyamine 

biosynthesis. In vitro enzyme assays demonstrated that PMT is not involved in the synthesis 

of polyamines but rather in alkaloid production. However, it is likely that the PMT gene 

evolved from the ubiquitous spermidine synthases (Hibi et al., 1994; Teuber et al., 2007). 

Despite sharing the same overall protein structure, the PMT gene family is fairly divergent at 

the N-terminal region. Members of the tobacco PMT gene family contain a series of tandem 

repeats that do not seem to influence enzymatic activity but are highly conserved among 

Nicotiana species (Hashimoto et al., 1998). Five genes encoding PMT have been reported in 

the N. tabacum genome, three of which originated from N. sylvestris (PMT2, PMT3 and 

PMT4) and two purportedly from a hybrid between N. tomentosiformis and N. othophora 

(PMT1a and PMT1b; Riechers and Timko, 1999).  

 Although PMT is a key enzyme in the biosynthesis of nicotine, it has not proven to be 

an ideal target for the purpose of manipulating the levels of nicotine in tobacco. In N. 

sylvestris, overexpression of PMT was reported to increase nicotine content by 40% in the 

leaves compared to wild type (Satoh et al., 2001). In addition, an accumulation of N-

methyputrescine along with slight reduction of polyamines in the leaves was reported. In this 
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same study, suppression lines for the PMT gene family caused a decrease of nicotine content 

but leaf and inflorescence abnormalities were observed. The latter was suggested to be due to 

the accumulation of putrescine and polyamines which may have a role during plant 

development, or alternately the accumulation of alkaloid precursors in the pyridine branch of 

nicotine biosynthesis (Sato et al., 2001). In contrast to the results observed in N. sylvestris, 

overexpression of PMT in a common commercial cultivar of N.tabacum failed to enhance 

nicotine accumulation (Wang, 2011). Reducing PMT expression in cultivated tobacco by co-

suppression, antisense, or RNAi technologies was effective in lowering nicotine content but 

lead to increases in the alkaloid anatabine (Chintapakorn and Hamill, 2003; Wang et al., 

2008; 2009). Anatabine is typically a minor alkaloid in most Nicotiana species and its 

synthesis occurs solely from nicotinic acid through the pyridine ring pathway. Chintapakorn 

and Hamill (2003) showed an inverse correlation between nicotine and anatabine content in 

PMT-downregulated transgenic lines which they attributed to the accumulation of precursors 

in the pyridine pathway of nicotine synthesis. While antisense lines showed a reduction of 

PMT and nicotine levels, anatabine became the major component of the alkaloid fraction. 

The increase in anatabine levels could, therefore, be the result of a detoxification mechanism 

in tobacco to avoid a build-up of nicotinic acid and balance the synthesis of metabolites in 

the branched pathways for nicotine synthesis (Chintapakorn and Hamill, 2003). Interestingly, 

transgene-mediated suppression of PMT in the wild species N. attenuata provided a useful 

system for demonstrating that nicotine is a much more effective inhibitor of insect predation 

than anatabine when the plants were grown in their native habitat (Steppuhn et al., 2004).  
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MPO 

 The N-methylputrescine oxidase (MPO) catalyzes the second step in the biosynthesis 

of the pyrrolinium ring, which involves the oxidative deamination of N-methylputrescine to 

produce 4-methylaminobutanal. The latter undergoes spontaneous cyclization to give the N-

methylpyrrolinium cation that supplies the pyrrolinium ring of nicotine (Figure 1). Although 

research on this gene has been minimal, the MPO1 cDNA was cloned, almost 

simultaneously, by two different groups using distinct strategies. Katoh et al. (2007) obtained 

two MPO cDNA clones from a cDNA microarray experiment comparing expression in roots 

of wild type versus nic1nic2 double mutant plants. In contrast, Heim et al. (2007) took a 

homology-based approach to clone the MPO1 cDNA, then subsequently studied its 

expression in root cultures of wild type and nic1nic2 mutant backgrounds. Both groups made 

a recombinant version of MPO1 in E.coli, and confirmed MPO activity in the presence of N-

methylputrescine. In both studies the recombinant MPO showed much greater affinity for N-

methylputrescine than for other structurally related amines. The MPO clones that were 

identified belong to small multigene family of five to six members in tobacco. This family 

shares high similarity to amine oxidases from various plant species, including Pisum sativum, 

Arabidopsis thaliana, Glycine max and Zea mays, all of which require copper for enzymatic 

activity.  

 The role of the MPO gene in the biosynthesis of nicotine has been studied mainly 

using tobacco cell cultures. Tobacco BY-2 cells typically accumulate little alkaloid, but a 

high ratio of anatabine to nicotine is observed upon MeJA treatment (Shoji and Hashimoto, 

2008). This phenotype is similar to that observed in PMT-down regulated transgenic plants 
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(Chintapakorn and Hamill, 2003) that was attributed to the limited supply of N-methyl 

pyrrolinium for nicotine formation. Since MPO expression levels are very weak in MeJA-

elicited BY-2 cells, it was suggested that this cell line may have a deficiency in MPO activity 

that was limiting nicotine formation (Shoji and Hashimoto, 2008). To test this hypothesis, the 

MPO1 gene was overexpressed in BY-2 cells. Compared to wild type BY-2 cells, MPO-

overexpression lines accumulated more nicotine  (24-fold increase) but the anatabine levels 

decreased by over 50%. In addition, the MPO gene family was silenced in hairy tobacco 

roots using an RNAi strategy. Since tobacco hairy roots display high expression levels of the 

MPO transcripts upon MeJA treatment, suppression of the MPO gene family should, in 

theory, increase anatabine formation while reducing nicotine levels. Consistent with this 

speculation, MPO-silenced hairy root lines mimicked the tobacco-elicited BY-2 cells and 

PMT suppression lines where anatabine levels dominated the alkaloid pool while nicotine 

became a minor fraction of the alkaloids (Shoji and Hashimoto, 2008). Therefore, the MPO 

enzyme serves a vital function in the synthesis of nicotine as it supplies the pyrrolinium ring 

required for its formation.  

QPT 

 The quinolate acid phosphoribosyltransferase (QPT) enzyme is required for both, 

primary and secondary metabolism. In primary metabolism, QPT catalyzes the entry point 

into the nicotinamide adenine dinucleotide (NAD) biosynthetic pathway in which nicotinic 

acid is an intermediate. Nicotinic acid is particularly important because it provides the 

pyridine ring necessary for nicotine synthesis in secondary metabolism (Figure 1). The first 

tobacco QPT clone was identified among a group of cDNAs whose expression is enhanced in 
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root tissue (Song, 1997). Later this cDNA was also recovered from a root library induced by 

MeJA from which various clones were sequenced and subsequently compared to EST 

sequences available in the tobacco databases (Sinclair et al., 2000). In both cases functional 

activity was confirmed by complementation tests. The E. coli strain nadC- lacks the ability to 

synthesize NAD and form colonies in the absence of nicotinic acid due to a deficiency in 

QPT. Plasmids carrying the QPT clone were able to form colonies on medium lacking 

nicotinic acid when expressed in the mutant bacterial strain, confirming its function as QPT. 

The QPT gene family is highly conserved across species as it shows a high level of similarity 

not only across other Nicotiana species, but sequences from human, Arabidopsis, yeast and 

bacteria as well. Major differences in the protein sequences among species arise at the N-

terminal region where Nicotiana species contain additional residues absent in other species. 

The tobacco QPT gene family appears to be relatively small. Southern blotting assays 

conducted by Sinclair et al. (2000) suggested that all QPT isoforms in tobacco originated 

from the N. tomentosiformis progenitor species.  

 Although QPT is considered a rate-limiting enzyme in nicotine biosynthesis, it's not 

an ideal target to reduce nicotine levels because of its role in primary metabolism. Early 

attempts to develop commercial tobacco lines with reduced nicotine levels targeted the QPT 

enzyme using transgenic technology. In this case, an antisense strategy for the down-

regulation of the QPT1 gene was used to identify tobacco plants that produced low levels of 

nicotine (Xie et al., 2004). To reduce QPT levels, the QPT promoter was used to direct the 

expression of an antisense QPT cDNA. Through qualitative and quantitative analyses, a line 

with very low levels of nicotine was identified and named Vector 21-41. The phenotype of 
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the Vector 21-41 line was determined in field tests where it displayed a major reduction of 

nicotine levels (about 20-fold ) and about two-fold increase in reducing sugars. In addition, 

TSNA levels from test cigarettes derived from this line were measured and compared to 

conventional cigarettes. Cigarettes derived from the Vector 21-41 showed a twenty-fold 

reduction in two of the strongest TSNAs, NNK and NNN (Xie et al., 2004). Although some 

degree of success was achieved in lowering nicotine levels via suppression of QPT, this 

approach will ultimately be limited due to the unwanted effects on primary metabolism from 

reducing QPT expression levels if the enzyme levels are decreased too much. Furthermore, 

the acceptance of Vector 21-41 as a source of low nicotine has been limited because the 

major tobacco companies currently refuse to use tobacco cultivars that are transgenic.  

A622 

 The A622 enzyme, a member of the PIP family of NADPH-dependent reductases, is 

predicted to be involved in the late stages of nicotine biosynthesis. Although its specific 

function still unknown, expression analyses and transgenic plant data provide firm evidence 

that the enzyme is integrally involved in the synthesis of nicotine and other pyridine 

alkaloids. A622 is specifically expressed in the roots and its genetic regulation is under the 

NIC regulatory loci. In addition, transcript levels are repressed by auxin and induced by 

MeJA (Hibi et al., 1994; Shoji et al., 2002).  The A622 cDNA was originally isolated from 

the same differential display experiment between wild type and the low-nicotine mutant 

nic1nic2 lines that lead to the discovery of PMT (Hibi et al., 1994). The A622 gene family 

comprises two members in tobacco, one member originating from N. syslvestris (A622) and 

the other from N. tomentosiformis (A622L; Kajikawa et al., 2009). The protein shares high 
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similarity to isoflavone reductase proteins, but does not function as one. In vitro experiments 

using recombinant A622 proteins have not been successful in establishing the substrate(s) for 

this enzyme. Nonetheless, absorption spectra analysis has demonstrated that the enzyme 

requires an NADPH cofactor to catalyze its putative oxidoreductase reaction (Shoji et al., 

2002).  

 Initial efforts to generate transgenic tobacco plants with lowered A622 expression 

levels were unsuccessful. This was attributed, at least in part, to a build-up of nicotinic acid, 

high levels of which are known to be detrimental for cell survival or growth. However, 

successful manipulation was later achieved using tobacco hairy roots and cell cultures as 

model systems (Kajikawa et al., 2009). First, an inducible RNAi silencing system was used 

to modify A622 transcript levels in tobacco hairy roots. Using a ß-estradiol-inducible 

promoter construct, transgenic lines were produced that displayed a reduced nicotine 

phenotype. However, these materials also showed a severe inhibition of root growth. Further 

analysis of cell extracts revealed that these lines accumulated an N-glucoside derivative of 

nicotinic acid. Feeding wild type tobacco hairy roots with nicotinic acid mimicked the 

phenotype observed in transgenic tobacco plants, thus, confirming the toxicity of this 

compound to the roots.  Similarly, BY-2 cells were transformed with an A622 RNAi 

construct to determine its effect on pyridine-type alkaloids, particularly, anatabine which is 

derived entirely from nicotinic acid and is the predominant alkaloid when this cell line is 

treated with MeJA. In these assays, transgenic cells with the A622 RNAi construct showed 

lower levels of all pyridine alkaloids along with the concomitant accumulation of the N-

glucoside nicotinic acid derivative (Kajikawa et al., 2009). Similar observations were 
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reported in Nicotiana glauca which accumulates anabasine rather than nicotine as the 

predominant alkaloid. In this case, transgenic hairy roots of N. glauca expressing an RNAi 

construct for A622 down-regulation showed reduced levels of all pyridine-type alkaloids 

(DeBoer et al., 2009). Furthermore, exogenous addition of nicotinic acid to transgenic hairy 

roots of N. glauca did not restore the synthesis of pyridine alkaloids, indicating that the A622 

enzyme is likely to be involved in a step after the synthesis of nicotinic acid. As for the N-

glucoside metabolite that accumulated in the transgenic lines, it was suggested to be a 

product of cellular detoxification of nicotinic acid to avoid its undesired accumulation, as 

opposed to being the actual precursor for the pyridine moiety for nicotine or other pyridine 

alkaloids. Taken together, these results strongly suggested that A622 is involved in the 

synthesis of a nicotinic acid-derived metabolite that is required for pyridine alkaloid 

synthesis.  

BBL 

 A gene family designated as BBL has only been very recently shown to be involved in 

alkaloid biosynthesis. The berberine bridge-like enzyme (BBL) is a flavin-containing oxidase 

predicted to be involved in the final oxidation step for nicotine production. Expression 

profiles, as described above for the A622 gene, provided the first clues that the enzyme may 

be involved in the synthesis of nicotine and pyridine alkaloids. The original BBL sequence, 

designated BBLa,  was obtained following a microarray experiment that identified genes that 

were differentially expressed in wild type versus nic1nic2 mutant root tissue (Kajikawa et al., 

2011). Three additional members (BBLb, BBLc, and BBLd) were subsequently identified and 

recovered through PCR screening and sequencing. Interestingly, BBLd appears to be of 
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minor consequence since its expression could not be detected in wild type roots. The BBLa 

and BBLc genes in N. tabacum seem to have originated from N. sylvestris while BBLb and 

BBLd appear to have been derived from N. tomentosiformis. In addition, none of the 

members of this gene family contain introns. Takashi Hashimoto and coworkers studied the 

impact of BBL suppression in three different systems including tobacco hairy roots, whole 

tobacco plants and tobacco BY-2 cells (Kajikawa et al., 2011). Constitutive downregulation 

of the BBL genes using an RNAi construct in both tobacco hairy roots and tobacco plants 

revealed not only a reduction in nicotine levels, but also an accumulation of a novel 

metabolite identified as dihydrometanicotine (DMN). The authenticity of this metabolite was 

confirmed through various methods including gas-liquid chromatography, mass 

spectrometry, and thin layer chromatography. Although DMN was the predominant alkaloid 

in the roots of the transgenic tobacco plants, this metabolite could not be detected in leaf 

tissue, possibly due to the inability of cellular transporters to mobilize this novel alkaloid. 

Thin layer chromatography also detected two additional, uncharacterized metabolites that 

accumulated in the roots of BBL-suppressed lines. Unexpectedly, transgenic tobacco hairy 

roots and whole transgenic plants accumulated more nornicotine than their corresponding 

nontransgenic controls in root tissue, but not in leaf tissue of intact plants. The effects of BBL 

suppression on pyridine-type alkaloids was further studied in MeJA-elicited BY-2 cells. As 

mentioned above, MeJA treated tobacco BY-2 cells produce mainly anatabine due to the 

inefficient expression of the MPO genes that supply the pyrrolinium ring of nicotine. As 

expected, in BY-2 cells BBL suppression caused an overall reduction of all pyridine-type 
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alkaloids. However, DMN and other novel metabolites could not be detected in these 

transgenic cell lines.  

 Attempts to understand the biochemical properties in the BBLs in vivo were 

unsuccessful. A recombinant BBLa protein was expressed in yeast and purified to test its 

enzymatic activity using crude cell extracts from tobacco roots and MeJA-treated cells. In 

neither case could conversion of its putative DMN substrate to nicotine be detected 

(Kajikawa et al., 2011). It was pointed out, however, that this could be due to the need of 

further posttranscriptional processing of the protein for its activation. Alternatively, DMN 

may just be a stable metabolite derived from the actual BBL substrate. Nonetheless, 

spectrophotometric analyses showed that the recombinant BBLa protein contains a flavin 

molecule bound to it, a feature commonly found in members of this enzyme family.  

 Cumulatively, the findings to date point to the BBL enzymes as playing a key role in 

the synthesis of all pyridine alkaloids in tobacco. Also, they are likely to be responsible for a 

late oxidation step that occurs after the condensation of these alkaloids, given that the novel 

DMN metabolite possesses an intact pyridine ring attached to a linear pyrrolinium moiety. 

Importantly, suppression of BBL in tobacco was not accompanied by any apparent defects in 

normal plant growth and development, nor did it lead to the compensatory accumulation of 

other pyridine alkaloids within the leaf as a consequence of reductions in nicotine content 

(Kajikawa et al., 2011; Chapter 2). Because of these features, BBL is likely the ideal gene 

target for efforts designated to reduce the nicotine levels of the tobacco plant.  
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1.7 Reverse Genetics  

Traditional Chemical Mutagenesis 

 Plant breeding often requires genetic variation in traits useful for crop improvement 

that are lacking in the germplasm pool for a given species. One means of generating new 

genetic variation is by chemical mutagenesis, followed by selection. The chemical mutagen, 

ethylmethane sulfonate (EMS), has been routinely used in forward mutant screens in plant 

research for more than half a century. This mutagen is extremely potent, easy to use, and its 

mutation specificity is well documented. EMS produces irreversible mutations by alkylating 

guanine bases, leading to a mispairing during DNA replication that yields G→A or C→T 

transition mutations (Greene et al., 2003). These mutations are introduced in random 

locations throughout the genome so any gene of interest could be potentially available for 

functional interrogation in reverse screens. Furthermore, there is the potential of finding a 

wide range of alleles that may have no effect, weaken, or completely knock out the activity 

of the gene(s) in question. The types of mutations that will most likely produce a phenotype 

of interest are categorized as nonsense, splice junction, and missense mutations. Nonsense 

mutations are usually rare but these are the most desired for complete gene knock out 

because they truncate a protein by converting an amino acid codon into a stop codon. Unless 

located at the very 3' end of the gene, such truncations typically make the gene completely 

nonfunctional. Splice junction mutations can also truncate a protein by introducing a 

mutation that inhibits correct splicing of an intron. This may result in exon skipping (most 

cases), activation of cryptic splice sites, the creation of a "pseudo-exon" within an intron, or 

intron retention (Rogan et al.,1998). The majority of mutations induced by EMS, however, 
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are either silent or missense, where an amino acid encoded in a particular codon is unaffected 

(silent), or substituted for another amino acid in the protein sequence (missense). Missense 

mutations in conserved amino acids may affect function by destabilizing the protein 

(Henikoff et al., 2003).  

TILLING 

 Interest in reverse genetics strategies has increased over the last few years due to the 

large amount of sequence information that has been generated by genome projects and the 

establishment of sensitive mutation detection methods for high-throughput screening 

(Henikoff and Comai, 2003).  

 Targeting-induced local lesions in genomes (TILLING) is a reverse genetic method 

developed to identify point mutations in EMS-mutagenized populations from any given 

organism. This method is no different from mutation breeding with respect to the end product 

being nontransgenic (non-GMO), and it has wide application for both functional studies as 

well as agricultural crop improvement (Slade et al., 2004). In the case of plants, seeds are 

mutagenized by treatment with EMS and the resulting M1 plants are self-fertilized to 

generate M2 individuals suitable for mutational screening of their genomic DNAs (Till et al., 

2006; Henikoff et al., 2003). Identification of mutations relies on the PCR amplification of 

the gene of interest from pooled DNA. Once amplified, DNA is denatured, renatured and 

digested with CELI, a celery endonuclease that recognizes and cleaves single base-pair 

mismatches. Mutations in a DNA pool are subsequently identified by the presence of two 

DNA fragments on a denaturing polyacrylamide gel which are the result of a mismatch 

between the wild-type and mutant heteroduplexed DNA fragments being recognized and 



 

23 
 

cleaved by the endonuclease. Plants that comprise the DNA pool from which a mutation is 

observed are then screened to identify the individual plant that is carrying the mutation. In an 

elegant study, Slade and coworkers demonstrated the efficiency of TILLING for modifying 

the function of specific genes of agronomic value (waxy genes) for the improvement of 

wheat, a crop species with an exceptionally large genome (Slade et al., 2004). Thus 

TILLING integrates all the benefits of chemical mutagenesis, including the generation of a 

wide variety of allelic series (missense and knock out mutations) that can be introduced into 

breeding lines for development of new cultivars, even in crop species with large, complex 

genomes.  

Sorting Intolerant From Tolerant (SIFT) 

 Once numerous mutations are found within a given gene of interest, it is worthwhile 

to predict whether these mutations will have the potential to affect protein function as this 

could help to determine whether the mutations are promising, or more screening needs to be 

done. Truncation mutations can easily be judged, whereas missense mutations, which 

comprise the majority, might not be. The Sorting Intolerant From Tolerant (SIFT) 

bioinformatics tool is particularly useful for random mutagenesis studies because it uses 

sequence homology to predict whether an amino acid substitution is likely to affect protein 

function and therefore, potentially alter the phenotype. SIFT uses the PSI-BLAST algorithm 

to search for homologous sequences against current databases and assesses amino acid 

conservation for the protein under study. An alignment of all the homologous sequences 

within the database is obtained, and based on the amino acid appearing at each position, the 

program calculates the probability for each possible amino acid change at each position of 
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the protein (Ng and Henikoff, 2001; 2003). Amino acid substitutions predictions range from 

being completely tolerated to deleterious and this is determined by a cutoff value set by the 

program (˂0.05 is predicted to be deleterious).The underlying premise of SIFT is that 

important amino acids in the protein sequence will be conserved throughout evolution, and 

therefore changes at these amino acids have the greatest likelihood for affecting protein 

function. The efficiency of SIFT depends, in part, on the diversity of sequences in the 

alignment. Closely related sequences will appear as conserved at most amino acid positions 

and therefore, the program will predict most substitutions to affect protein function. 

However, SIFT alerts the user of this problem by calculating the median conservation of the 

sequences in the alignment so false positives could be easily identified for  those 

substitutions that do not meet the threshold (˃3.0 mean less diverse and higher false positive 

error rate; Ng et al., 2003). Since the SIFT program is estimated to have a 20% of false 

positive error rate, some of the mutations predicted to be deleterious will not affect protein 

function. Conversely, there will also be situations where a substitution will be predicted to be 

completely tolerated, when in fact it is detrimental. Nevertheless, this bioinformatics tool 

serves as a useful guide for selecting individuals possessing the most promising mutations for 

phenotypic evaluation.   

Limitations of Traditional Mutagenesis  

 Due to the fact that N. tabacum is an allotetraploid species that contains two ancestral 

genomes, one genome derived from N. sylvestris (maternal ancestor) and the other genome 

from a species closely related to modern day N. tomentosiformis and/or N. othophora 

(paternal genome), more than 80% of the genes within the genome are predicted to be 



 

25 
 

duplicated (Murad et al., 2002; Katoh et al., 2003). This issue of gene redundancy has limited 

and challenged functional gene studies in tobacco since mutations in a single gene of a multi-

gene family may fail to reveal a phenotype due to compensatory function of the other 

redundant family members. In some cases, inactivation of every gene of a given gene family 

may be needed in order to determine the function of these genes at the whole plant level.  

 Gene structure may also hinder the ability to find adequate mutations via traditional 

mutagens. For example, the exon/intron structure of genes can often make it difficult to find 

damaging point mutations. Even modern molecular screening technologies are limited in the 

amount of gene space that can be covered in a mutation screen in a cost effective manner. 

Many plant genes have numerous, often large, introns that fragment the genes and thus 

"dilute" the amount of coding sequence that can be surveyed by a particular screen. 

Therefore, traditional chemical mutagenesis can still be challenging for functional studies in 

some situations. However, with the advent of the "genomic era", where sequencing 

information has become widely available and increasingly inexpensive, highly efficient 

sensitive methods for mutation detection will continue to be developed, making reverse 

genetics approaches even more powerful in the future.  

 Another drawback of chemical mutagenesis is that it introduces background or 

secondary mutations that, in some cases, may lead to the erroneous functional 

characterization of genes. To eliminate these unwanted mutations, multiple rounds of 

backcrossing to a wild type line may be needed before the function of a particular gene, and 

its agronomic utility can be fully determined. Also, should an unrelated, detrimental mutation 

be introduced in a gene that is tightly linked to the mutant gene under investigation, it may be 
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very difficult to uncouple this linkage even after several generations of backcrossing. One of 

the main challenges using the EMS, and other chemical mutagens, is determining the ideal 

dose to treat the population under study. If the dose is too high, it may cause sterility, 

lethality and increased probability of encouraging unwanted, linked mutations to the gene of 

interest. Conversely, doses that are too low may alleviate these problems, yet yield a low 

frequency of mutations, requiring extensive screening in order to find a mutation within a 

gene of interest.  

1.8 Strategy for developing low nicotine cultivars      

 Using a chemical mutagenesis strategy, we induced and identified mutations that 

altered or completely abolished the expression of genes catalyzing key steps in the nicotine 

biosynthetic pathway. A series of mutant genotypes were generated for the PMT, A622 and 

BBL genes to determine the relative contribution of each gene towards nicotine production in 

tobacco. Selected mutant genotypes were grown in the field during the summers of 2009 and 

2010 for alkaloid analysis. Due to the aforementioned issues of gene redundancy and, for 

PMT and A622, gene structure difficulties, establishing contributions of these mutations on 

total nicotine content was problematic. Therefore, we took a transgenic approach to confirm 

the role of what we considered our most promising target, the BBL gene family, in the 

nicotine pathway. The introduction of an anti-BBLa RNAi construct into the tobacco plant 

not only lowered the levels of nicotine but also led to the root-specific accumulation of the 

novel metabolite, DMN as reported in the recent paper by Kajikawa et al. (2011). Our 

transgenic studies on the BBL gene family validated its role in nicotine production and 

therefore, we expect to observe similar changes in the alkaloid profile of nontransgenic plants 



 

27 
 

containing knock out alleles that we obtained for the three known functional BBL genes 

(BBLa, BBLb, and BBLc). These knock out mutations are in the process of being pyramided 

and introduced into commercial breeding lines as a strategy for reducing the levels of 

nicotine in tobacco as may soon be recommended, or even mandated by the FDA.  
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Figure 1. Biosynthetic pathway of nicotine: Nicotine is composed of a pyridine ring and a 

pyrrolinium ring which come together by the condensation of two metabolites, a nicotinic 

acid derivative and N-methyl pyrrolinium. Both metabolites are synthesized in two separate 

pathways. Nicotinic acid is synthesized through the pyridine nucleotide pathway, which is 

initiated by the QPT enzyme. QPT ensures the supply of the pyridine ring for the synthesis of 

nicotine and other pyridine-related alkaloids. N-methyl pyrrolinium is synthesized from 

ornithine or arginine via putrescine. PMT and MPO convert putrescine to N-

methylpyrrolinium.  A622 is likely to be involved in the formation of a nicotinic acid 

precursor. DMN may be derived from an unknown (X) condensation product between 

nicotinic acid and N-methyl pyrrolinium. BBL is predicted to be involved in a late oxidation 

step prior nicotine formation. 

Enzymes involved in nicotine biosynthesis are indicated: ODC; Ornithine Decarboxylase, 

PMT; Putrescine N-Methyltransferase, MPO; N-Methyl Putrescine Oxidase, QPT; 

Quinolinate Phospho-ribosyltransferase, A622; Isoflavone Reductase-like Protein, BBL; 

Berberine Bridge Enzyme-like Protein. 
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CHAPTER 2: DEVELOPING NON-GMO TOBACCO CULTIVARS WITH LOWER 

ALKALOID CONTENT USING A REVERSE GENETIC STRATEGY.  

2.1 Introduction  

 Plants produce a wide range of metabolites that can be categorized as being either 

primary or secondary metabolites. Primary metabolites are fundamental for growth and 

development, whereas secondary metabolites serve diverse physiological roles that range 

from attracting pollinators to protection against herbivores (Bennet and Wallsgrove, 1994). 

Among the multitude of secondary metabolites, tobacco alkaloids (primarily nicotine), are 

among the most thoroughly investigated mainly due to their pharmacological functionality in 

commercial tobacco products. Although tobacco remains one of the most profitable 

agricultural crops, there has been a decline in consumption of tobacco products due to health 

concerns and government regulations. Worldwide, over a million cancer deaths per year have 

been attributed to the repeated use of tobacco products (Hecht, 2006). Tobacco consumers 

are exposed to a diverse variety of carcinogens found in tobacco and tobacco smoke. Among 

the most widely studied compounds in tobacco is a group of carcinogens derived from the 

nitrosation of nicotine and other minor alkaloids. Collectively these compounds are referred 

to as tobacco-specific nitrosamines (TSNAs). The principal TSNAs detected in tobacco are 

N-nitrosonornicotine (NNN), 4-N-nitrosomethylamino-1-3-pyridyl-1-butanone (NNK), N-

nitrosoanatabine (NAT), and N-nitrosoanabasine (NAB). Of these, NNN and NNK have been 

shown to be highly carcinogenic, while NAT and NAB are either minimally carcinogenic or 

benign (Hecht, 2006). Because TSNAs are derived from tobacco alkaloids, reducing the 

levels of alkaloids in the leaf should result in reduced TSNA production.  
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Interest in developing tobacco products with reduced alkaloids also comes from 

several studies that support the idea that a substantial reduction of nicotine levels, 

presumably to non-addictive levels, may be advantageous in preventing tobacco use among 

minors, and in helping long-term smokers to quit (Benowitz et al., 1994, 2010). In 2009, the 

Family Smoking Prevention and Tobacco Control Act bill was signed into law giving the U.S 

Food and Drug Administration (FDA) the power to regulate the manufacturing, marketing, 

and sale of tobacco products. The passage of this bill gave the FDA the authority to mandate 

reductions in the levels of nicotine and other harmful constituents, including TSNAs. Given 

the possibility that future tobacco products may be required to contain less nicotine (and 

other alkaloids) than those currently on the market, there is a need to understand the 

molecular mechanisms by which alkaloids are produced and determine the most efficacious 

means of producing tobacco plants with reduced alkaloid content.  

  Nicotine is the predominant alkaloid (˃ 90% of total alkaloids) accumulating in the 

leaf of cultivated tobacco (Nicotiana tabacum). The remaining alkaloid fraction is comprised 

of the alkaloids nornicotine, anabasine, and anatabine (Chintapakon and Hamill, 2003; Saitoh 

et al., 1985). Nicotine synthesis occurs specifically in the roots and is greatly enhanced by 

environmental stress, pathogen attack, and methyl jasmonate treatment (Riechers et al., 

1999). The genetic regulation of nicotine is controlled by the NIC loci, which include a 

cluster of ethylene response factor (ERF) genes that can induce the coordinate expression of 

genes encoding nicotine biosynthetic enzymes, leading to the rapid accumulation of this 

alkaloid (Shoji et al., 2010). After synthesis, nicotine and related alkaloids are transported 

through the xylem to the leaves, where they accumulate within vacuoles (Saunders, 1979).  
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 A considerable body of research has been carried out to establish the route of nicotine 

biosynthesis in tobacco. However, there are still some gaps in the pathway, particularly, in 

the final stages leading to its production. Early attempts to elucidate the structure and 

putative function of nicotine enzymes involved the use of radiolabelled compounds and cell 

cultures (Facchini, 2001). More recent approaches incorporate molecular techniques for the 

rapid and accurate characterization of these enzymes. Nicotine is composed of a pyridine ring 

and a pyrrolinium ring, each of which are obtained from separate pathways of primary 

metabolism (see Chapter 1). The pyrrolinium ring is derived from putrescine which 

undergoes a series of reactions involving the PMT and MPO enzymes. PMT catalyzes the N-

methylation of putrescine which is considered the first committed step in the biosynthetic 

pathway of nicotine because it directs the flow of putrescine away from polyamines 

(Riechers et al., 1999). The product of this reaction, N-methyputrescine, is later deaminated 

through an oxidation reaction catalyzed by the MPO enzyme. The pyrrolinium ring forms 

after the spontaneous cyclization of the MPO product, N-methylaminobutanal and serves as a 

direct donor for nicotine. The pyridine ring is supplied by the pyridine-nucleotide pathway 

which leads to the production of nicotinic acid. QPT is largely responsible for regulating 

early steps of the pyridine pathway and therefore, the production of the pyridine moiety of 

nicotine. However, the exact metabolites and enzymes that mediate the conversion of 

nicotinic acid to the pyridine ring are still unknown. An isoflavone reductase-like enzyme 

known as A622 is clearly involved in a late step of the pyridine pathway, but the specific 

nature of this enzymatic reaction, including its substrate and product, have yet to be 

established. (Kajikawa et al., 2009; DeBour et al., 2009). Another key enzyme of the 
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pathway was discovered very recently. A berberine bridge like-enzyme (BBL) is presumably 

involved in a final oxidation step after the condensation of the nicotinic acid derivative and 

N-methyl pyrrolinium ring (Kajikawa et al., 2011). Similar to A622, the substrate and product 

of the BBL catalyzed reaction have yet to be established. 

 In this study, chemical mutagenesis and high-throughput DNA sequencing was used 

to induce and identify mutations in the PMT, A622, and BBL genes as a strategy to reduce 

nicotine levels in tobacco. We assessed the relative contribution of several of the recovered 

gene mutations towards nicotine production in field studies through quantitative alkaloid 

analysis. Due primarily to gene redundancy issues, we found that single gene mutations had 

no significant effect on the alkaloid content of these plants. The most deleterious mutations 

were recovered for members of the BBL gene family, but the role of these genes in nicotine 

biosynthesis had not been confirmed at the time our study was initiated. Silencing the entire 

BBL gene family via transgenic technologies confirmed the essential role of these genes in 

nicotine production; results that were similar to those published very recently by Kajikawa et 

al. (2011). In addition to reaffirming the critical role of BBL genes in alkaloid biosynthesis, 

the results of this work demonstrate the utility of targeting the BBL step of alkaloid 

biosynthesis as being a particularly effective means of lowering the levels of nicotine within 

tobacco plants.  

2.2 Materials and Methods 

2.2.1 Developing and screening tobacco EMS mutant populations 

 Seeds of the burley tobacco line DH98-325-6 were used to create a tobacco mutant 

population for mutational screening as described in Lewis et al. (2010). Briefly, seeds were 
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mutagenized by soaking in 0.5% EMS for 12 hrs, washed with dH2O (8X) and then sown. 

The resulting M1 population was self-fertilized and leaf tissue from individual M2 plants was 

used for the preparation of genomic DNA samples. PCR primers were designed for the 

specific amplification of exon regions from the PMT, A622 and BBL genes (Table 1). The 

PCR reaction contained 1 uL of genomic DNA (~40 ng), 10 pmoles of each primer, 0.2 mM 

dNTPs (Roche Applied Science) and 1.4 U of Taq DNA polymerase (New England Biolabs) 

in a total volume of 15 uL. PCR conditions were 94°C for 3 min, followed by 35 cycles at 

94°C for 35 sec, 54°C (BBLc, PMT1b, PMT3) or 57°C (A622, BBLa, BBLb, PMT1a) for 30 

sec, and 72°C for 1 min, and a final extension at 72°C for 7 min. The fidelity of the 

amplification products was confirmed by electrophoresis on 1% agarose gels.  

 PCR products were cleaned up using the Shrimp Alkaline Phosphatase (1U/uL; 

Roche Applied Science) and Exonuclease I (20U/uL; New England Biolabs) protocols to 

prepare samples for DNA sequencing (http: //www.nucleics.com 

/DNA_sequencing_support/exonucleaseI-SAP-PCR-protocol.html). PCR amplification 

products were directly sequenced using either nested primers or one of the original PCR 

primers in a cycle sequencing labeling reaction with Big Dye Terminators (Applied 

Biosystems). Sequences were analyzed on an ABI 3730 DNA analyzer (Applied Biosystems) 

and later aligned using the AlignX tool of Vector NTI (Invitrogen).  All sequences obtained 

were screened for single base pair changes in the coding regions of the corresponding PMT, 

A622, and BBL genes.  
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2.2.2 Selection of missense mutations for field evaluation 

 Missense mutations generated by the random EMS mutagenesis and identified by 

DNA sequencing were analyzed using the Sorting Intolerant From Tolerant (SIFT) 

bioinformatics tool (Ng and Henikoff, 2001, 2003). SIFT is a sequence homology-based tool 

that predicts whether an amino acid substitution affects protein function by comparing 

protein sequences among and across species. Protein sequences are obtained from current 

databases to assess amino acid conservation at each position and predictions are made based 

on the frequency and the physical properties of any given amino acid. Individuals possessing 

the most promising mutations (SIFT score ˂0.05) were selected for further phenotypic 

evaluation in the field.  

2.2.3 Field evaluation and chemical analysis 

 Several homozygous mutant genotypes for different A622 and BBL genes were 

selected for field evaluation during the summers of 2009 and 2010. The experimental design 

consisted of a randomized complete block design with twenty replications per mutant 

genotype. The respective wild type genotype (DH98-325-6) was also included for 

comparison. Plants were grown following standard practices for production of commercial 

tobacco in North Carolina. Once matured, tobacco plants were stalk cut and air cured for 6-8 

weeks in a shelter. After curing, twenty composite samples from each mutant genotype were 

generated and ground to powder. Quantitative alkaloid analysis was performed on the 

composite samples using gas chromatography (GC) as previously described by Jack et al. 

(2007). Alkaloid content was expressed as ug/g-1 of dry weight for total alkaloids, nicotine, 

nornicotine, anabasine, and anatabine. Statistical tests between genotypic group means were 
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conducted using t-tests executed by the PROC TTEST of SAS 9.1 (SAS Institute, Inc., Cary 

NC).  

2.2.4 Preparation of the BBL RNAi construct 

 An RNAi-based antisense construct directed against BBL genes was constructed in 

the vector pKYLX71 in a manner similar to that described by Siminszky et al. (2005). A 214 

bp segment of the BBLa gene that is highly conserved among all four BBL isoforms was 

amplified from Nicotiana tabacum genomic DNA. To facilitate subsequent cloning steps, the 

primers were designed to add a HindIII and XhoI site on the ends of the sense arm (5'-

GCAAAGCTTGCACCATTTTTTGTTGCAGAAAAGC-3' and 3'-

GGCCTCGAGGGCAATGGCATAATAAATTTGGC-5') and a XbaI and SacI site on the 

ends of the antisense arm (5'-GCATCTAGAGCACCATTTTTTGTTGCAGAAAAGC-3' and 

3'-GCCGAGCTCGGCAATGGCATAATAAATTTGGC-5'). Each fragment was cloned into 

the pCR2.1 vector (Invitrogen) and subsequently digested with XbaI and SacI for the 

antisense insertion, and with HindIII and XhoI for the sense insertion. The BBLa sense 

fragment was subcloned into pKYLX80, followed by the insertion of the antisense fragment. 

This intermediate vector enables the cloning of the sense and anti-sense fragments separated 

by a 151 bp soybean ω-3 fatty acid desaturase intron to enhance stability of the construct in 

bacteria as well as increasing the efficiency of silencing in the plant. The BBLa cassette from 

pKYLX80 was then digested with HindIII and SacI and ligated into the plant expression 

vector pKYLX71 to produce the final anti-BBL RNAi construct. The pKYLX71 RNAi 

construct contains a cauliflower mosaic virus (CaMV) 35S promoter that drives expression of 
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the anti-BBLa cassette, and a neomycin phosphotransferase II (nptII) gene to allow for 

selection of transformed plants in the presence of kanamycin (Fig. 3).  

 The pKYLX71 RNAi construct was introduced into Agrobacterium tumefaciens 

strain EHA105, and used to transform tobacco leaf disc from four distinct genetic 

backgrounds (Burley 21, Low Alkaloid Burley 21, LA FC 53, and haploid K 326). A. 

tumefaciens was grown on solid medium containing 100 mg/mL kanamycin for selection of 

transformed cells and 25 mg/mL rifampicin for the elimination of contaminating bacteria. 

The presence of the anti-BBL gene fragments was verified through colony PCR and DNA 

sequence analysis of select Agrobacterium colonies. Leaf disc transformation of tobacco was 

performed according to well established protocols (Horsch et al., 1985). Eight primary 

transformants (T0 generation) per breeding line were subsequently transferred to a 

hydroponics unit to enable uniform growth conditions and facilitate growth of clean root 

tissue. For the K 326 haploid transformants, additional plants were also grown in a 

greenhouse. 

2.2.5 Hydroponic growth of tobacco plants 

 Four tobacco genotypes containing the anti-BBL RNAi construct were grown in a 

MS-liquid media using a 32-chamber hydroponics unit (8 plants per genetic background). 

Young T0 seedlings were initially grown in the lab and transferred to the hydroponics unit 

after the plants were at about the 4-leaf stage. After four weeks of growth, transgenic roots 

and leaves were harvested for metabolite analysis. A corresponding set of nontransgenic 

parental plants were grown under the same conditions immediately after harvest of the 

transgenic materials. 
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2.2.6 Thin Layer Chromatography (TLC) analysis for BBL-RNAi transgenic plants 

 A qualitative TLC assay was used to assess the ability of the BBL-RNAi construct to 

reduce nicotine content and accumulate the unique DMN metabolite. Fresh roots from 

hydroponics or greenhouse-grown plants were incubated overnight in an oven at 60°C and 

allowed to dry. About 500 mg of root tissue was crushed to powder, and incubated overnight 

with gentle shaking in an alkaloid extraction solution (2% KOH in MeOH). The extract was 

subsequently filtered through Whatman #40 filter paper, and aliquots were spotted onto silica 

plates (20 x 20 cm Silica Gel 60 F254S; Fisher Scientific). The spotted plates were developed 

using a chloroform: methanol: ammonium hydroxide (85:15:2, v/v/v) solvent for about 45 

min, then air dried for 1.5 hr. The plates were sprayed with 2% para-aminobenzoic acid in 

ethanol and exposed to cyanogen bromide until a yellowish color became visible. The 

presence of nicotine, nornicotine, and DMN was determined by co-migration with 

commercial standards.   

2.2.7 Alkaloid analysis for BBL-RNAi root and leaf tissue 

 GC analysis was used to obtain a quantitative determination of the alkaloid 

concentrations of the various BBL-RNAi and control plants. Root and leaf tissue were 

prepared as described above for the TLC assays and shipped to the University of Kentucky 

for a quantitative alkaloid analysis as described by Jack et al. (2007).      

2.3. Results 

In silico analysis for the identification of QPT, PMT, A622, and BBL isoforms 

 Nicotiana tabacum is an allotetraploid species that combines two ancestral genomes, 

N. sylvestris (maternal genome) with N. tomentosiformis and/or N. otophora (parental 
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genome), therefore it would be expected that most of the genes within the genome would be 

represented by at least two isoforms. Additional isoforms could also arise through ancient 

duplication events that could have originated in either ancestral parent or more recently after 

the formation of Nicotiana tabacum. Prior to screening for chemically induced mutations in 

alkaloid biosynthetic genes, it was first important to identify the different functional isoforms 

of each enzymatic reaction to be targeted, and the relative degree with which each is 

transcribed. To accomplish this, we performed homology searches (BLASTN) against the 

tobacco expressed sequence tagged (EST) database found in GenBank®, using full-length 

sequences of previously published isoforms of PMT and A622 (Hibi et al., 1994), and QPT 

(Sinclair et al., 2000) as the query sequences. To identify BBL isoforms, a full-length 

sequence that was published in a patent application was used (referred to as NBB1 in the 

application of Hashimoto and Kato, 2006). In some cases, alignments were also made to the 

tobacco genomic sequence database of the NCSU Tobacco Genome Initiative (cultivar 

Hicks) to confirm that rarely expressed isoforms were legitimate genes, as opposed to being 

cultivar-specific polymorphic alleles, or sequencing artifacts. 

For each gene family, sequence alignments were compiled for all sequences highly 

homologous to the initial QPT, PMT, A622, and BBL reference sequences. Visual inspection 

of each individual alignment enabled the classification of the ESTs for each given family into 

specific isoforms. On occasion, individual ESTs had to be disregarded based on apparent 

poor sequence quality. Predictions of relative gene expression levels were based on the 

numbers of independent transcript-specific EST sequences identified for each isoform in a 

family. The EST data was primarily comprised of sequences derived from normalized cDNA 
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libraries created by scientists from Japan Tobacco, and normalized cDNA libraries created as 

part of the Tobacco Genome Initiative at North Carolina State University (NCSU).  

The results of the in silica analysis are shown in Table 2.  Consistent with previous 

studies of tobacco alkaloid biosynthetic genes, the vast majority of the ESTs in the alignment 

were derived from libraries made either exclusively from root tissues, or else mixed tissue 

libraries that included the root. Of the four gene families characterized, QPT homologous 

sequences showed greatest representation from non-root tissue sources. This is not surprising 

given the need for the encoded enzyme in primary metabolism throughout the entire plant. Of 

the four putative QPT isoforms identified, one particular isoform, designated QPT1, was 

predominant. Thirty-two QPT1 cDNAs were observed, in contrast to only three, two and one, 

for QPT2, QPT3 and QPT4, respectively. For the PMT gene family, characterization was 

based on the five putative members reported by Riechers and Timko (1999). PMT1a was 

predicted to be the mostly highly expressed isoform (46 sequences), followed by PMT1b (32 

sequences) and PMT3 (17 sequences); no cDNAs corresponding to PMT2 were found, and 

PMT4 was represented by a single cDNA. In the case of the A622 gene family, two putative 

members were detected and their expression level was predicted to be fairly equal. These two 

A622 isoforms corresponded to the genes designated as A622 (17 sequences) and A622L (11 

sequences) by Kajikawa et al. (2009). Lastly, four putative members were defined for the 

BBL family and their expression level was ranked as follows: BBLa (39 sequences), BBLc 

(16 sequences), BBLb (10 sequences), and BBLd (4 sequences). These results agree with the 

work of Kajikawa et al. (2011), who reported four unique BBL isoforms, one of which, 

BBLd, demonstrated minimal expression.  
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Gene structure is another determinant that can influence the efficiency, and thus 

success, of a mutation screen. In an ideal situation, PCR primers can be readily designed to 

discriminate between, and thus uniquely amplify, highly homologous isoforms. Furthermore, 

gene regions containing little to no intron or 5’ and 3’ untranslated regions are preferred, 

since mutations in these regions are unlikely to alter gene function. The genomic sequences 

of a representative member of each of the QPT, PMT, A622, and BBL gene families is shown 

in the Appendix (Figs. 1A – 1D). All independent isoforms for each gene family share the 

same exon/intron gene structure (data not shown). The exon/intron structure of the QPT gene 

family seemed poorly suited for mutational screening. QPT genomic DNAs are comprised of 

10 short exons interspersed by 9 introns, most of which are relatively large (Appendix Fig. 

1A). Because of this, the costs and labor required to thoroughly screen for mutations in this 

gene family would be very high. Furthermore, the high degree of sequence identity shared 

among the QPT isoforms made the design of isoform-specific primers problematic (data not 

shown). Ultimately, it was concluded that a mutational screen of the QPT family with our 

current resources would probably be unproductive, and thus was not pursued. 

Screening for mutations in PMT, A622 and BBL genes 

 To identify mutant alleles for the PMT, A622, and BBL genes, we screened an EMS-

mutagenized population that was previously generated in our lab (Lewis et al., 2010). First, 

specific primers were designed to amplify the exons of the PMT, A622, and BBL genes 

(Table 1). To increase the likelihood of obtaining knock out alleles, we identified regions that 

were rich in tryptophan, glutamine or arginine (CGA codons only) since the G→A and C→T 

transition mutations typically induced by EMS would give rise to stop codons if they 



 

50 
 

occurred within the codons of these amino acids (and only lead to missense mutations in the 

codons of the other amino acids).  Although not as extreme as the QPT gene family, the 

structure of the PMT and A622 genes was hindered by the presence of multiple introns within 

these genes (Appendix Fig. 1B and 1C). The PMT gene family was particularly challenging 

because members of this family were extremely similar over their entire length with most of 

the variability being confined to the first exon. This is well exemplified by the PMT1a and 

PMT1b isoforms which only differ by seven base pairs within their coding regions, resulting 

in just five amino acid changes in their respective deduced protein sequences (Riechers et al., 

1999). By designing PCR primers against 5’ flanking sequence and intron 1 of PMT1a, 

PMT1b and PMT3, we were able to screen for mutations across the 292 bp coding region of 

exon 1 (the longest of the PMT exons). Cumulatively, over 3,000 plants were screened for 

mutations in either PMT1b, PMT1a or PMT3. Because the efficacy of the screening was 

greatest for the PMT1b gene, the majority of the PMT mutation screening was conducted on 

this particular isoform. As shown in Table 3, six plants were identified that carried mutations 

conferring amino acid substitutions in exon 1 of PMT1b, whereas single mutant plants were 

identified that carried mutations in PMT1a and PMT3. No truncation mutations were found 

in any PMT gene. Despite the fact that the SIFT program predicted that half of the observed 

mutations in the PMT genes would be damaging for gene function (Table 3), Hashimoto et 

al. (1998) previously showed that removal of nearly all of the exon 1 encoded region of the 

PMT enzyme did not affect enzymatic activity when expressed as a recombinant protein in E. 

coli. Therefore it is highly unlikely that any of the PMT mutations we recovered would 

negatively affect gene function, and no further characterization was conducted on these 
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plants. Overall, the screening of mutations in PMT genes proved to be inefficient because: (1) 

the gene structure is such that only the 292 bp long region of exon 1 could be screened 

effectively; and (2) only truncation mutations within the region (of which none were found) 

would be expected to knock out gene function since this region was previously shown to be 

dispensable for enzyme activity.  

Similar difficulties were encountered when screening for mutations in the two A622 

genes. For the A622 isoform, we were able to design specific PCR primers that enabled the 

selective amplification of the exon1-intron1-exon2 region of the gene (Appendix Fig. 1B), 

and for A622L selective primers were designed that enable specific amplification of the 

exon3-intron3-exon4 region (data not shown). The effective “coding space” that could be 

surveyed with these corresponding PCR products for A622 and A622L was 321 bp and 413 

bp, respectively. In both cases, less than half of the entire 930 bp length of the coding region 

could be surveyed. A total of 2,592 plants were screened for A622 gene family mutations, 

approximately half of which were screened for A622, the other half for A622L. As shown in 

Table 4, two plants were identified with coding region mutations in A622, and three plants 

contained A622L mutations. Four of the five mutations were predicted to be damaging to 

enzyme function according to the SIFT algorithm.  

 In contrast to the QPT, PMT and A622 gene families, BBL genes do not contain 

introns (Appendix Fig. 1D). Furthermore, we did not encounter difficulties in designing PCR 

primers that could uniquely amplify a specific isoform. For each BBL gene that was screened 

for mutations (BBLa, BBLb and BBLc), primers were designed that enable the surveying of 

over 700 bp of BBL coding region, which is approximately the length of quality sequencing 
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data that can be obtained from a single high-throughput sequencing run. We did not screen 

for mutations in BBLd because the in silico expression analysis showed that this isoform is 

minimally expressed in comparison to the other three (Table 2). The enhanced efficiency of 

the BBL mutations screens, in comparison to PMT and A622, is well evidenced by the 

number of mutations that were recovered for this gene family. Of 1,248 plants screened for 

BBLa, nine missense mutations and one truncation mutation were identified (Table 5). For 

BBLb, six missense mutations and one truncation mutation were observed across 1,344 plants 

surveyed (Table 6). Of 2,112 plants screened for mutations in BBLc, eleven plants were 

found possessing missense mutations, in addition to a single truncation mutant (Table 7).  

 Once mutations of interest were identified, seeds from the corresponding M1 seed lots 

were germinated for the recovery of homozygous individuals containing the observed 

mutation. Plants possessing mutations for four of the five A622 gene family mutations (lines 

#119, #981, #1996 and #2322) and two BBLa mutations (#1435 and #2977) were tested in 

the field during 2009 and 2010 (Fig. 2). For the BBL family, our initial focus was on 

mutations in BBLa since this isoform accounted for over half of all BBL cDNAs identified in 

the in silico expression analysis (Table 2). Therefore, a mutation of the BBLa isoform would 

be more likely to result in a phenotype of interest than any other single gene BBL mutation. 

Furthermore, BBLa mutant plant #1435 possesses a truncation mutation that should 

completely inactivate gene function since over half of the encoded gene product would be 

missing in this line, and the similar knockout lines for the BBLb and BBLc genes had not 

been identified in time for field analysis.  
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 Total alkaloid analysis of the field grown mutant A622 and BBLa lines is shown in 

Figure 2. In addition to the lines carrying single mutations, the 2010 field test contained three 

double mutant lines obtained by crossing different A622 and BBLa mutations and selecting 

for double homozygous mutant individuals among the segregating selfed progeny using 

molecular genotyping. For most of the materials tested, no significant decrease in total 

alkaloid content was observed in the mutant lines (Fig. 2). During both years, line #119 (an 

Ile to Thr mutation at position 172 of the A622 protein) showed a modest, but statistically 

significant decrease in total alkaloids. Similarly in 2010, a modest decrease was observed in 

line #2322 (an L214F substitution in A622L). In both cases, however, the observed decrease 

in total alkaloid content could not be attributed to the selected mutation, as double mutant 

lines containing these same mutations failed to show a significantly different alkaloid content 

compared with wild type control lines (Fig. 2). Given the multitude of EMS mutations 

residing within any given line, the most probable explanation of these observations is that 

secondary mutations in an unknown gene(s) were responsible for the initial reduced alkaloid 

phenotype in the single mutations, which subsequently segregated away (or were 

heterozygous) in the double mutant lines. Ultimately, for the A622 mutations, we could not 

determine whether the lack of a phenotype was due to the failure of the EMS-derived 

mutation to adequately inhibit gene function, compensation by the alternative isoform, or a 

combination of both. For the BBLa knockout mutation found in line #1435, there were two 

possible explanations for the lack of an observed change in the alkaloid phenotype: (1) BBL 

activity is not rate limiting, and the lack of a functional BBLa gene was compensated by the 

other BBL isoforms: or (2), BBL genes are not involved in alkaloid synthesis in tobacco.  
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Silencing of the BBL gene family through RNAi suppression 

 At the time this project was initiated, there was no peer-reviewed manuscript 

documenting the role of BBL genes in alkaloid biosynthesis. The only literature implicating 

this gene family in alkaloid production was a non-peer reviewed patent application submitted 

by Hashimoto and Kato (2006). Given the lack of a discernable alkaloid phenotype in the 

knockout BBLa line #1435, we concluded that an independent validation of the relationship 

between BBL genes and alkaloid synthesis was warranted. To define the role of the BBL gene 

family in nicotine production, we generated transgenic tobacco plants expressing an RNAi 

construct to silence this gene family. The RNAi construct was targeted against a region of the 

BBL genes encoding a highly conserved flavin-binding domain. A schematic of the RNAi-

BBL construct is shown in Figure 3. Although the construct was generated using a fragment 

from BBLa, due to the high conservation of sequence in this region among all BBL family 

members, we expected that this construct would be effective in down-regulating all BBL 

isoforms. 

The RNAi-BBL construct was transformed into three different tobacco backgrounds: 

Burley 21, a low alkaloid Burley 21 (LABu21), and a low alkaloid flue-cured 53 (LAFC53). 

Burley 21 was chosen to represent a typical high nicotine-containing tobacco genotype. By 

including low alkaloid varieties in this study, we would also be able to test whether inhibition 

of BBL expression can lower alkaloid levels beyond that which is possible through the use of 

existing tobacco germplasm and conventional breeding.  

Because BBL genes are expressed predominantly in root tissue (Table 2), we 

concluded that it would be advantageous to grow the transgenic plants in hydroponics, thus 
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enabling the recovery of clean root tissue for the assessment of the ability of the RNAi-BBL 

construct to suppress BBL gene expression in each independent transgenic plant. The number 

of individual chambers in the hydroponic unit restricted our analysis to eight independent 

primary transformants (T0 generation) per breeding line. After one month of growth (see 

Materials and Methods), most plants reached an average height of ~45 cm. At this time, total 

leaf material was dried, ground and total alkaloid composition was determined by gas 

chromatography; root tissue was harvested and stored at -80oC for BBL gene expression 

analysis. Table 8 shows the results of the alkaloid analysis for the transgenic plants in the 

Burley 21 background. In comparison to the wild type Burley 21 control plants, the alkaloid 

content of the seven B21-RNAi-BBL individuals (one plant died during hydroponic growth) 

was highly variable. Because the efficacy of a transgene construct can differ greatly among 

independent transgenic lines, it was important to determine the degree by which BBL gene 

expression was inhibited in each plant in order to establish whether a correlation existed 

between plants that displayed relatively low levels of total alkaloid and suppression of BBL 

gene expression. Unfortunately, despite numerous efforts to measure and compare BBL 

transcript levels among the various plants (using both semi-quantitative RT-PCR and 

Northern blotting), we were unsuccessful in obtaining interpretable measurements. 

Examination of total RNA preparations run on agarose gels suggested that excessive RNA 

degradation was a likely explanation of our inability to quantitate steady state BBL transcript 

levels.  

While we were in the process of evaluating our RNAi-BBL lines, the manuscript of 

Kajikawa et al. (2011) was published on-line, which described their characterization of the 



 

56 
 

BBL gene and its affect on alkaloid accumulation. One of the most novel aspects of their 

work was the identification of the novel alkaloid DMN within the roots of RNAi-suppressed 

transgenic plants. The authors postulated that DMN was an intermediate in nicotine 

biosynthesis (possibly the in vivo BBL substrate) that could not be adequately metabolized to 

nicotine in BBL down-regulated plants (Kajikawa et al., 2011). We reasoned that DMN levels 

within the roots could serve as a substitute for BBL expression levels as a means of 

identifying individual RNAi-BBL plants where the BBL gene had been effectively 

suppressed. Initially, to determine whether we could observe the novel DMN metabolite in 

our transgenic lines, a qualitative alkaloid analysis of root tissue from the RNAi-BBL 

transgenics, and wild-type control lines, was conducted using thin-layer chromatography 

(TLC). As shown in Figure 4A, a novel compound was readily detected in several of the 

Burley 21 RNAi-BBL lines that co-migrated with a known DMN standard. Specifically, the 

putative DMN was clearly observed in lines B21-RNAi#3, #6B and #17, but was either very 

faint or undetectable in lines B21-RNAi#1B, #9, #13A, #15 and wild type control plants.  

To obtain a quantitative measure of DMN abundance, and also verify its identity 

beyond simple co-migration with a standard, the same root samples were analyzed using GC. 

Consistent with the TLC results, plants #3, #6B and #17 displayed much higher levels of 

DMN in the root (ranging from 120 – 340 μg/g dry weight) than plants #1B, #9, #13A and 

#15 (ranging from10 – 30 μg/g dry weight) (Table 9). No DMN could be detected in wild-

type Burley 21 root tissue. Examination of Table 8 shows that the RNAi-BBL lines that 

possessed the greatest DMN in the root (#3, #6B and #17) were the same plants that 

contained the least amount of total alkaloid in the leaf. The mean total alkaloid content of the 
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three “high DMN” RNAi-BBL plants, the four “low DMN” RNAi-BBL plants and four wild-

type Burley 21 plants is shown in Figure 4B. If our supposition is correct that the plants 

possessing high DMN are those most effectively suppressing BBL gene expression, then the 

RNAi-BBL construct lowered the total leaf alkaloid content in these plants to about 33% of 

that found in the wild-type controls. Although the mean of the four “low DMN” RNAi-BBL 

plants was higher than the wild-type, this could be completely attributed to a single outlier 

(#15) that displayed approximately 3X the total alkaloid content of any other plant in this 

study. Overall, our results suggest that inhibiting BBL gene function via an RNAi-BBL 

construct leads to the accumulation of DMN in the root and reductions in total alkaloid 

content in the leaf, results consistent with those recently reported by Kajikawa et al. (2011).   

Expression of the RNAi-BBL construct also appears to be able to facilitate the 

lowering of the alkaloid content in tobacco breeding lines that already possess a low alkaloid 

phenotype due to the presence of the nic1 and nic2 loci. Wild-type LA Burley 21 plants 

averaged a total alkaloid content of 215 µg/gram when grown in hydroponics (Table 10). In 

contrast, the leaves of seven independent RNAi-BBL LA Burley 21 plants averaged ~99 

µg/gram total alkaloid, less than 50% of the average of the corresponding wild-type plants. A 

preliminary, non-quantitative analysis of the roots of these plants detected the presence of 

DMN in all seven transgenic lines, but not in wild type LA Burley 21 roots (data not shown). 

Similar results were observed in the LA FC53 background. Wild-type LA FC53 plants 

averaged 413 µg/gram total alkaloid (Table 11). Only four of the eight LA FC53 RNAi-BBL 

transgenic plants survived during hydroponic growth. Of these, three plants showed 

substantially reduced alkaloid content compared to the controls, ranging from ~50 to 91 
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µg/gram. The remaining plant (#4A) displayed an alkaloid content similar to the wild type 

plants (346 µg/gram). The preliminary, non-quantitative screen for DMN detected this 

alkaloid in the roots of the four transgenic lines, but not in wild type roots (data not shown). 

It will be interesting to see whether a quantitative alkaloid analysis of these plants will reveal 

lower levels of DMN in plant #4A in comparison to the other three transgenic lines, as was 

observed in the Burley 21 background (Fig. 4). Overall, results of RNAi-BBL transgene 

expression in LA tobacco lines suggest that inhibition of the BBL step of alkaloid 

biosynthesis can be used to reduce the alkaloid content in tobacco plants even below that 

attainable using the well characterized nic1 and nic2 loci.  

In addition to the Burley 21, LA Burley 21 and LA FC53 backgrounds, the RNAi-

BBL construct was also transformed into haploid plants of the commercial flue-cured variety 

K326. The advantage of transforming haploid material is that promising individuals can be 

induced to produce doubled haploids where the transgene content becomes quickly fixed, 

facilitating subsequent studies without the variability that typically arises due to segregation 

of the transgene(s). Several RNAi-BBL haploid K326 plants were grown either in 

hydroponics or in soil in a greenhouse. Furthermore, three Burley 21 RNAi-BBL plants were 

also grown and evaluated under a greenhouse environment. Although the data sets of these 

transgenic Burley 21 and haploid K326 plants were incomplete and/or not conducted with 

adequate controls, their alkaloid profiles are consistent with the interpretation that RNAi-

mediated suppression of BBL gene expression effectively reduces total leaf alkaloids and 

leads to DMN accumulation in the root. Data from these experiments can be found in the 

Appendix (Appendix Figs. 3 – 6; Tables 1 – 6). 
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One unusual phenomenon observed in many of the transgenic plants developed in this 

project was the propensity of individuals in which the RNAi-BBL construct was most 

effective in inhibiting BBL expression (as judged by high DMN levels in the root) to 

accumulate abnormally high levels of the secondary alkaloid nornicotine, with respect to 

nicotine content. This becomes most readily apparent as one compares nicotine conversion 

rates among the various plants (calculated as [%nornicotine/(%nicotine + %nornicotine)] X 

100). This is well exemplified by the data shown in Table 8. Nicotine conversion rates 

ranged from 0.7 to 1.9 for the wild-type plants and “low DMN” RNAi-BBL transgenic lines 

(#1B, #9, #13A and #15). In contrast, nicotine conversion rates from 10.1 to 18.4% were 

seen in the three “high DMN” RNAi-BBL individuals (#3, #6B and #17). This relative 

enhancement in nornicotine appears to be unrelated to conversion mediated by the senescing 

leaf-specific CYP82E4 nicotine demethylase gene, since the same conversion pattern is 

observed in the roots of these same plants (Table 9). Similar correlations are also generally 

found in the transgenic haploid K326 and Burley 21 materials presented in the Appendix 

(Appendix Tables 1 – 6). This unexpected observation was also noted by Kajikawa et al. 

(2011) in cultivar Petite Havana plants that had been transformed with an anti-BBL RNAi 

construct. Interestingly, this phenomenon was not observed when the RNAi-BBL transgene 

was expressed in the LA Burley 21 background (Table 10), but may be occurring to a lesser 

degree in the LA FC53 materials (Table 11; 0.8% conversion in the potential “low DMN” 

plant compared to 2.8 – 5.4% conversion for the three putative “high DMN” individuals).  

Unlike nornicotine, the relative levels of anatabine followed the same trend as 

nicotine and total alkaloid, with respect to DMN content. The Burley 21 RNAi-BBL plants 
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with a high DMN content produced much less anatabine that either wild type plants or 

RNAi-BBL plants containing low DMN (Fig. 4D). This result suggests that BBL activity is 

also utilized in the anatabine biosynthetic pathway. Levels of anabasine consistently bordered 

on the threshold of detection in the various plant samples, so similar correlations could not be 

made with this minor alkaloid species.  

2.4 Discussion 

 Genetic strategies to reduce nicotine formation and the total alkaloid concentration in 

tobacco include: (1) the use of naturally occurring gene mutations (nic1 and nic2); (2) 

transgene-mediated suppression of genes essential to alkaloid biosynthesis; and (3) chemical-

mutagenesis of genes critical to alkaloid production. Use of the nic1 and nic2 mutations has a 

long, proven track record for reducing alkaloids in tobacco. However, incorporation of these 

genes in elite lines comes with a yield penalty and can also impact quality traits (Wang et al., 

2008). Furthermore, it is unknown whether the specific degree of alkaloid reduction mediated 

by these naturally occurring loci will be in the range that will be useful for the industry in the 

current uncertain environment of FDA regulation of tobacco products.  

In the case of transgene-mediated suppression, RNA interference (RNAi) technology 

is proving to be the most effective means for down-regulating genes. In this technique, a 

segment of the targeted gene is constructed in an inverted repeat orientation and placed 

downstream of an appropriate promoter. The transgenic approach offers two main 

advantages: (1) the RNAi-induced trait is inherited as a dominant gene and (2) RNAi 

constructs can reduce the expression of multiple, closely related genes. Inheritance as a 

single dominant locus can greatly reduce the complexity of subsequent breeding of the trait, 
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and the simultaneous suppression is a great advantage when one desires that all functional 

genes within a family be silenced. The efficiency of transgenic technologies, however, is 

often variable and after a number of generations, the transgene conferring a trait of interest 

can be lost (Kerschen et al. 2004). Moreover, the commercial deployment of transgenic 

tobacco is complicated. The tobacco industry has been reluctant to deploy transgenic 

commercial tobacco cultivars. Major concerns and issues include: (1) the potential rejection 

of derived products by consumers, (2) the need to obtain costly licenses for enabling 

technologies that go into the production of transgenic plants, and (3) the long and costly 

process of getting transgenic lines deregulated by the Animal and Plant Health Inspection 

Service (APHIS) of USDA to allow for the commercial release of the plants.  

The chemical mutagenesis strategy offers many advantages over transgenic 

modifications, both for functional studies and agricultural applications (Slade et al., 2004). 

This non-transgenic strategy has the potential of generating an allelic series of mutations for 

any given locus, including truncation and missense mutants. Mutations generated in this 

manner are stable and can be easily introduced into breeding varieties for commercial use. 

The functional characterization of an individual member of a gene family, however, can also 

be challenging due to functional redundancy among closely related family members. The 

difficulty of determining the effect of individual members of a gene family on alkaloid 

accumulation may be well illustrated by the field experiments we conducted for this project, 

where single and double mutations in specific A622 and BBL genes did not significantly alter 

the alkaloid profile (Fig. 2). Another disadvantage we encountered with the chemical 

mutagenesis strategy was the difficulties that arose due to the gene structure of the target 
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genes. Two factors greatly limited our ability to identify and study mutations within the PMT 

and A622 gene families. First, the fact that all of these genes contained numerous introns 

greatly limited the amount of effective “gene space” that could be screened by high 

throughput sequencing, since mutations within the intron are of no interest. Second, the 

extremely high sequence similarity shared by different isoforms of the same gene family 

prevented us from developing primers that could uniquely distinguish a single isoform for all 

portions of each gene. Despite our difficulties with PMT and A622, however, we found the 

non-transgenic mutagenesis approach to be very effective for identifying numerous 

independent mutations within each of the three BBL genes that were screened (Tables 5 – 7). 

Most important for our purposes, we were successful in identifying truncation mutations in 

all three genes that should represent complete gene knockouts.  

Prior to combining the knockout alleles for BBLa, BBLb and BBLc, it was important 

to first confirm that this gene family was truly involved in alkaloid biosynthesis, since no 

peer reviewed publication existed to document this, only a patent application (Hashimoto and 

Kato, 2006). By employing an RNAi strategy, we were able to firmly establish that inhibiting 

BBL gene activity does in fact result in lowering the alkaloid content of tobacco, an 

observation we obtained simultaneous with the publication of Kajikawa et al. (2011), who 

came to a similar conclusion. Given the confirmation that BBL plays a direct role in nicotine 

biosynthesis, work is currently under way to combine the knockout BBLa, BBLb and BBLc 

alleles in every possible combination. This has the potential of generating tobacco lines with 

differing levels of alkaloid content, with the triple mutant combination likely to yield plants 

with exceptionally low levels of leaf alkaloids. Such lines could provide an alternative source 
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of low alkaloid tobacco plants that avoids the hurdles associated with the commercialization 

of transgenic plants. 

 The results of this research study, combined with that of Kajikawa et al. (2011), 

suggest that of all the genes known to encode enzymes of the alkaloid biosynthetic pathway, 

the BBL gene family is probably the best to target for the development of low 

nicotine/alkaloid varieties for potential commercial use. Prior transgenic studies have shown 

that suppression of PMT via antisense or RNAi constructs leads to an imbalance of 

metabolites between the pyridine and pyrrolidine branches of the nicotine pathway. In 

addition to an increase in the accumulation of its substrate, putrescine, suppression of PMT 

also results in the build-up of anatabine, an alkaloid generated solely through the pyridine 

pathway. It was speculated that the increased levels of anatabine may be due to a 

detoxification mechanism that helps maintain nicotinic acid at a low level (due to its toxic 

effect on plant cells) at times when there may be disruption in the pyrrolinium synthesis 

pathway (Chintapakorn and Hamill, 2003). Blocking the enzymatic step catalyzed by MPO 

and ODC had the same effect on the alkaloid profile as PMT-silenced lines (Shoji et al., 

2008; DeBoer et al., 2011). Although targeting PMT has been shown to be effective in 

lowering nicotine levels, the simultaneous accumulation of anatabine at levels far beyond 

that normally found in nature, would likely deter the acceptance of varieties produced in this 

manner. 

Other enzymatic steps that have been targeted as means to reduce nicotine levels are 

QPT and A622. The QPT enzyme was initially targeted because of its key role in regulating 

the synthesis of nicotinic acid (Xie et al., 2004). However, lowering the expression levels of 
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QPT is not an efficient strategy due to expected undesirable consequences towards primary 

metabolism, since QPT function is required throughout the plant to produce the essential 

cellular co-factor NAD. Lowering levels of the A622 enzymes proved to be ineffective 

because it led to the accumulation of a toxic metabolite, a nicotinic acid-derivative, that was 

detrimental for cell survival and plant growth (Kajikawa et al., 2009). In contrast, 

suppression of the BBL gene family appears to be effective in reducing the nicotine content 

of the plants without any apparent defects in plant growth and development (Kajikawa et al., 

2011; personal observations), nor any undue compensatory accumulation of other pyridine 

alkaloids within the leaf. The one alkaloid that is produced in overabundance due to BBL 

inhibition is DMN, but this novel alkaloid is apparently a poor substrate for the tobacco 

transporters that mobilize alkaloids to the leaf, as nearly all of this compound is confined to 

root tissue.  

The one potential exception to this generalization is the possibility that nornicotine 

levels may be increased (at least with respect to its ratio with nicotine) in tobacco plants 

deficient in BBL activity. We observed that the reduction in BBL activity (based on high 

DMN) and lowering of nicotine levels were unexpectedly correlated with a high rate of 

nicotine to nornicotine conversion in the roots and leaves of BBL-RNAi transgenic plants. 

Nornicotine is usually a minor component of the alkaloid fraction in the leaves and roots of 

N. tabacum and most of its synthesis occurs directly by the enzymatic N-methylation of 

nicotine during leaf senescence (Siminszky et al., 2005; Lewis et al., 2008). However, recent 

studies have suggested that a minor amount of nornicotine may be produced by an alternative 

pathway that doesn’t utilize nicotine N-demethylase (NND) enzymes, or nicotine as an 
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intermediate (Lewis et al., 2010). It would be interesting to study the phenotype of an RNAi-

BBL construct expressed within a tobacco background deficient in NND activity. Should 

nornicotine levels rise significantly in these plants, this would provide compelling data in 

support of an alternative nornicotine biosynthetic pathway. A result of this nature would also 

suggest that the flow of metabolites through this alternative pathway increases when BBL 

function is suppressed.   

2.5 Conclusion  

 BBL enzymes play a key role in the synthesis of pyridine alkaloids, including 

nicotine. We have generated knockout lines in the three most abundantly expressed BBL 

genes in tobacco, which should provide the means for generating low alkaloid, non-

transgenic tobacco lines. BBL enzymes are likely to catalyze a late oxidation step that occurs 

after the condensation of pyridine alkaloids, given that the secondary metabolite that 

accumulates in BBL-silenced plants, DMN, possesses an intact pyridine ring attached to a 

linear pyrrolinium moiety (Kajikawa et al., 2011). Silencing of the BBL gene family does not 

lead to any obvious defects on plant growth and development, nor it leads to the 

accumulation of other pyridine alkaloids in the leaf as a side effect (with the possible 

exception of a modest increase in nornicotine levels). Therefore, BBL promises to be an ideal 

gene target for reducing nicotine levels in tobacco in efforts aimed at potentially reducing the 

addictiveness of tobacco, and exposure to harmful constituents found in tobacco products 

such as TSNAs. The resources developed here may have particular relevance in the current 

environment of FDA regulation of tobacco products.    
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Figure 2. Total alkaloid content of field grown EMS mutant lines. A, Single homozygous 

mutant lines evaluated in 2009. B, Single homozygous mutant lines evaluated in 2010. C. 

Double homozygous mutant lines evaluated in 2010. Standard error (SE) bars are shown for 

control and mutant genotypes.    
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Figure 3. BBLa fragment and expression cassette for BBL silencing in tobacco. A. 

Schematic representation of the BBLa cDNA. The region in yellow was used to create BBLa 

inverted repeats for the RNAi-BBLa construct in plant expression vector pKYLX71. B. 

Schematic representation of the pKYLX71/RNAi-BBLa construct. nptII cassette, kanamycin 

resistance gene; CaMV35S pro, Cauliflower Mosaic Virus 35S promoter; FAD intron, 

soybean ω-3 fatty acid desaturase intron; Nos ter, Nos terminator. Red arrows indicate right 

and left T-DNA border sequences.  
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Figure 4. Alkaloid analysis of B21 RNAi-BBL transgenic lines. A, TLC analysis of select 

RNAi-BBL transgenic plants. Arrows indicate location of known nicotine and DMN 

standards. B, Mean and standard error of total alkaloids from leaves of lines representing low 

(#3, #6B, #17) and high (#1B, #9, #13A, #15) alkaloid accumulating B21 lines. C, average 

DMN levels from the same plants as B. D, average anatabine content of the same plants as B. 

Standard error (SE) bars are shown for control and transgenic genotypes.  
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Figure 1A. Genomic sequence of the QPRT1 gene in tobacco. Coding regions are shown in 

black, whereas noncoding sequences are represented in red italics. Bold ATG indicates the 

methionine start codon and bold TGA indicates stop codon. The exon/intron structure for the 

QPRT gene family is highly unfavorable for mutational screening because of the large gap 

between exons and introns. 
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Figure 1B. Genomic sequence of the A622 gene in tobacco. Coding sequences downstream 

the starting codon (ATG) are shown in black, whereas noncoding sequences are represented 

in red italics. Bold and underlined sequence represents degenerate oligonucleotides used for 

the PCR amplification of individual mutants for screening of deleterious mutations. 
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Figure 1C. Genomic sequence of the PMT1a gene in tobacco. Coding sequences downstream 

the starting codon (ATG) are shown in black, whereas noncoding sequences are represented 

in red italics. Oligonucleotide sequences used for mutational screening are represented in 

bold and underlined. 
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Figure 1D. Genomic sequence of the BBLa in tobacco. This gene family do not contain 

introns which allowed to target a relatively large coding region (~700 bp) resulting the 

identification of more deleterious mutations in individual mutants. The speed with which 

mutations were identified was accelerated and the cost effective relative to other targets.    
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Figure 2: Schematic representation for preparing a plant pKYLX vector using the pKYLX80 

as an intermediate. A 214 bp DNA fragment of the BBLa gene was amplified by PCR and 

clone into the pCR2.1 vector. After confirming the identity of clones through sequencing, 

plasmids were digested with HindIII and XhoI for the sense insertion and SacI and XbaI for 

the antisense insertion. The sense and antisense fragments were independently subcloned into 

the pKYLX80 vector and the resulting plasmid contained an inverted repeat of the BBLa 

fragment, separated by a 151 bp soybean ω-3 fatty acid (FAD) intron. The RNAi cassette 

was later excised from the pKYLX80 vector with HindIII and SacI, and ligated into the 

pKYLX71 vector to produce the pKYLX71/RNAi-BBLa vector. The T-DNA region contains 

an nptII selectable marker cassette and a BBLa cassette for the expression of a hairpin RNAi. 
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Figure 3. TLC and GC analysis of total alkaloid content for three greenhouse grown Burley 

21 RNAi-BBL plants. 
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Figure 4. Metabolite analysis using thin layer chromatography (TLC). Alkaloid accumulation 

in nontransgenic (WT) and BBLa transgenic roots was examined upon exposure to cyanogen 

bromide. BBLa transgenic roots displayed lower nicotine levels relative to wt and 

accumulated significant amounts of dihydrometanicotine (DMN). Most root samples 

correspond to plants grown in a hydroponics system, except for the 22D, 11A, and 11B 

samples. 
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Figure 5. Qualitative metabolite analysis using thin layer chromatography (TLC). Alkaloid 

accumulation in nontransgenic (WT) and BBLa transgenic roots was examined upon 

exposure to cyanogen bromide. BBLa transgenic roots displayed lower nicotine levels 

relative to wt and accumulated significant amounts of dihydrometanicotine (DMN).  All root 

samples correspond to plants grown in a hydroponics system. 
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Figure 6. Metabolite analysis using thin layer chromatography (TLC). Alkaloid accumulation 

in nontransgenic (WT) and BBLa transgenic roots was examined upon exposure to cyanogen 

bromide. BBLa transgenic roots displayed lower nicotine levels relative to wt and 

accumulated significant amounts of dihydrometanicotine (DMN). All root samples 

correspond to plants grown at the greenhouse, except for nontransgenic (WT) controls. 
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