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Molecular Biology-Based Approaches for Facilitating Compliance  
of Future Tobacco Products in an FDA Regulatory Environment

Ralph E. Dewey and Ramsey S. Lewis

Crop Science Department
North Carolina State University, Raleigh, North Carolina, USA

I. Abstract
Passed in 2009, the Family Smoking Prevention and Tobacco Control Act granted the U.S. 
Food and Drug Administration (FDA) the authority to regulate tobacco products. Among 
the powers given the FDA in this landmark legislation was the authority to define what 
acceptable levels of certain chemical constituents may be, including compounds known 
to be toxicants. This agency was also given the charge to investigate the effects of altering 
nicotine yield on the addictiveness of tobacco products, and they have the power to mandate 
decreased levels of nicotine if deemed in the interest of overall human health. Molecular 
biology-based strategies have proven to be powerful tools in the efforts to reduce the levels 
of select toxicants in tobacco, as well as a means for modulating the levels of nicotine. In 
the great majority of these reports, however, the end product is a genetically modified (GM) 
plant, and to date all major international tobacco companies refuse to use GM tobacco 
in their products. Despite this obstacle, molecular technologies still have the potential to 
play a significant role in efforts to modify the chemical constituents of tobacco in a manner 
that may help the industry comply with what may become future “harm reduction”-related 
mandates. In addition to reviewing current progress in this area, the topic of emerging 
precision genome editing technologies will be reviewed, as these approaches provide new 
avenues of introducing desirable traits into the tobacco plant that are likely to be more 
acceptable to the industry and consumers than traditional GM technologies. 

II. Introduction
Over the past three decades, the techniques of molecular biology have led to great 
advancements in our ability to study and modify the genetics of crop species. Plant 
transformation technologies have been developed and optimized for most agronomically 
important crop species that are grown throughout the world. Despite the fact that novel 
genetic traits can be transferred to most crop species with relative ease, the commercial 
deployment of transgenic, or GM, crops has largely been limited to four crop species 
(corn, cotton, soybean and canola) expressing either or both of two traits (herbicide 
resistance and insect tolerance) (www.isaaa.org). A number of societal and economic 
reasons have hindered the more widespread application of these technologies toward 
commercial crop production, such as: (1) difficulties in obtaining and paying for the 
intellectual property rights that accompany most genes/traits of interest and the 
corresponding enabling technologies; (2) the high costs and length of time required for 
deregulating a transgenic event; and (3) a lack of public acceptance of a technology that 
many consider to be unnatural.

Tobacco was the first plant species to be genetically transformed (Fraley et al, 
1983) and remains among the easiest of plants to genetically engineer. Only one 
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GM tobacco variety (a low nicotine cultivar named Vector 21-41), however, has ever 
been deregulated and grown commercially on a very limited basis in the U.S. (Xie et 
al., 2004). Despite the great potential that transgenic technologies have in tobacco 
improvement, all major international tobacco companies currently refuse to use GM 
tobaccos in their products. Nevertheless, there are still many ways in which molecular 
biology-based techniques can be applied toward the development and breeding of 
improved tobacco varieties. In this review, ways in which molecular biology is being 
used to reduce the levels of certain toxicants, as well as modify the levels of nicotine 
per se within the plant will be discussed, as these are type of constituents likely to be 
considered for future regulation by the FDA. Furthermore, novel genome engineering 
technologies that have been recently developed and have the potential of making 
highly specific, targeted changes to plant genomes without the end product being a 
transgenic plant will be presented. 

III. Current Status of Non-GM Molecular Genetic Approaches Toward Altering 
Compounds that May Be Subjected to Future FDA Regulation

Reducing TSNAs
It is universally recognized that smoking is detrimental to human health. Therefore, 
there has been great interest in reducing the amounts of known harmful compounds 
that are found in tobacco products. Compounds known as tobacco-specific nitrosamines 
(TSNAs) are among the most potent carcinogens found in tobacco. TSNAs are formed 
through the nitrosation of tobacco alkaloids, a process that occurs primarily during 
curing and subsequent leaf storage. Of the several TSNAs found in the cured tobacco 
leaf, N’-nitrosonornicotine (NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone 
(NNK) are the two compounds that are of greatest concern (Hecht, 1998; 2003). NNN is 
formed via the nitrosation of the secondary alkaloid nornicotine, while NNK appears to 
be the nitrosation product of nicotine or an oxidative derivative thereof. 

Attempts to lower TSNA levels in tobacco have focused on modification of either the 
curing environment, or the genetics of the tobacco plant. For flue-cured tobaccos 
it has been shown that significant reductions in TSNA levels can be obtained by 
modifying the curing conditions (Peele et al., 2001). This approach is not transferable 
to air-cured tobaccos, however, so a genetic approach is likely to be more viable for 
lowering TSNAs in tobacco types cured in this manner. Nornicotine is produced by 
the oxidative demethylation of nicotine, a reaction catalyzed by an enzyme called 
nicotine demethylase. Since nornicotine is the alkaloid substrate involved in NNN 
formation, it was reasoned that by shutting down the activity of the gene(s) encoding 
nicotine demethylase, one would likely decrease NNN levels as well. Once the nicotine 
demethylase gene was isolated and characterized (Siminszky et al., 2005), it became 
possible to test the efficacy of this strategy. The ability to reduce NNN content through 
down-regulation of nicotine demethylase gene activity was originally determined 
using a transgenic approach. RNAi-constructs directed against CYP82E4, the major 
nicotine demethylase gene, were introduced into burley tobaccos and tested in the 
field in 2006 (Lewis et al., 2008). Suppression of nicotine demethylase gene activity in 
the transgenic plants proved to be very effective, lowering both nornicotine and NNN 
levels by about 80%. 
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Although the GM approach proved to be very effective in dramatically reducing 
the levels of the strong NNN carcinogen, for the reasons described above, it was 
considered more desirable if the reduced NNN phenotype could be achieved without 
the use of transgenic plants. To accomplish this, burley tobacco seeds were treated 
with the chemical mutagen ethyl methane sulfonate (EMS), grown in the field, and 
the resulting seed was collected from each plant. Thousands of young M1 plants from 
these M0 seed lots were screened for mutations not only in CYP82E4, but also in two 
additional “minor” nicotine demethylase genes that had been subsequently identified 
(CYP82E5v2 and CYP82E10; Gavilano et al., 2007; Lewis et al., 2010). A schematic of this 
strategy is shown in Figure 1. 

Figure 1. Strategy utilized to develop non-GM tobacco varieties with reduced 
nornicotine/NNN phenotypes. Tobacco seeds treated with ethyl methane sulfonate 
(EMS) were grown in the field to establish independent M1 lines. Plants from the 
respective M1 lines were screened using high-throughput PCR and DNA sequencing to 
identify individuals containing mutations in the major (CYP82E4) and minor (CYP82E5 
and CYP82E10) nicotine demethylase genes. 
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After mutations were identified in each of the three nicotine demethylase genes 
that completely eliminated gene function, crosses were made to combine all three 
mutations into the same plant. A field study of these triple mutant plants demonstrated 
that the non-GM strategy was just as effective as the transgenic approach in reducing 
the levels of nornicotine (Lewis et al., 2010). These three nicotine demethylase 
mutations have been extensively backcrossed into dozens of the most popular burley, 
flue-cured and dark tobacco varieties grown worldwide. Commercial production 
of the most advanced of these varieties is currently expected to begin by the  
2016 growing season. 

Reducing Cadmium Accumulation in the Leaf
In addition to TSNAs, the heavy metal cadmium (Cd) is a toxicant whose levels within 
the tobacco leaf have been shown to be amenable to alteration via manipulation of the 
genetics of the tobacco plant. Problems with Cd accumulation in crops are primarily 
due to modern agricultural practices. In non-contaminated agricultural soils, Cd is 
typically found in concentrations of less than 1 ppm (Kabata-Pendias and Pendias, 
1992). Through the heavy use of Cd-contaminated phosphate fertilizers and the 
application of sewage sludges for fertilization, however, levels of Cd have increased on 
many croplands from natural levels to levels that are one to two orders of magnitude 
greater (McLaughlin et al., 1996). Advances in our understanding of the biochemical 
and molecular mechanisms involved in the uptake, transport and sequestration 
of heavy metals in plants has given rise to molecular biology-based strategies to 
inhibit the accumulation of Cd in tobacco leaves. Despite these advances, however, 
altering plant genetics in a manner that reduces Cd accumulation without giving rise 
to unwanted secondary effects can be difficult, as the proteins that function in the 
transport, uptake, mobilization and storage of Cd also tend to function to mediate 
similar processes for related cations such as zinc (Zn) copper (Cu) and manganese (Mn), 
which are essential micronutrients. 

The biotechnology-based strategies used to date to inhibit Cd accumulation in tobacco 
leaves generally fall under one of two categories: (1) the overexpression of small heavy 
metal-binding proteins that chelate Cd and restrict intercellular movement; and (2) the 
manipulation of genes encoding Cd transporters. Although mechanistically distinct, 
both of these strategies are based on the concept of sequestering and immobilizing Cd 
ions in the root cells before they can be loaded into the xylem for transport to the aerial 
portions of the plant. In the former category, the greatest success has been observed 
by overexpressing low molecular weight polypeptides referred to as metallothioneins 
in transgenic tobacco plants. This has lead to Cd reductions in the leaf as great as 70% 
compared to controls, even when grown under field conditions (Elmayan and Tepfer, 
1994; Dorlhac de Borne, et al., 1998). The manipulation of Cd transporters as a means 
of lowering tobacco leaf Cd levels has focused mainly on the class of proteins referred 
to as cation/proton antiporters (CAX) that function to transport metal ions into the 
vacuole while pumping protons (H+) to the cytosol. Using root-selective promoters 
to drive the expression of two CAX-encoding genes from Arabidopsis (AtCAX2 and 
AtCAX4) in tobacco, a 15 – 25% decrease in leaf lamina Cd concentration was observed 
in comparison to controls in field grown transgenic plants evaluated over a three year 
period (Korenkov et al., 2007, 2009).  
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Although the aforementioned examples demonstrated the feasibility of lowering 
Cd levels via genetic manipulation, they required the expression of a foreign gene 
within the tobacco plant. Therefore, there is no clear route for devising a non-GM 
approach based on those particular strategies. Research involving a different class 
of transporters referred to as Heavy Metal ATPases (HMAs), however, shows more 
promise in this respect. This class of transporters couples energy liberated from the 
hydrolysis of ATP to drive the transport of positively charged substrates across cellular 
membranes. In Arabidopsis, three HMA proteins have been shown to be involved 
in Cd transport, two of which (AtHMA2 and AtHMA4) function within the root by 
loading Cd into the xylem (Hussain et al., 2004), while the other (AtHMA3) mediates 
the transport and sequestration of Cd into vacuoles (Morel et al., 2009). Based on the 
observation in Arabidopsis that inactivation of both AtHMA2 and AtHMA4 resulted 
in a near complete absence of Cd within leaf tissue (Wong et al., 2009), the tobacco 
orthologs of these genes (designated NtHMAα and NtHMAß) were characterized for 
their role in Cd accumulation (Hermand et al., 2014). RNAi-mediated suppression of 
the tobacco HMA genes demonstrated that they were good targets for Cd reduction, 
warranting the screening and recovery of EMS-mutated versions of these same genes 
as a non-GM alternative. When grown in a lab environment on media supplemented 
with Cd, plants with knockout mutations in either NtHMAα or NtHMAß appeared 
phenotypically normal, but accumulated approximately 50% less Cd than wild type 
controls (Hermand et al., 2014). Double mutant plants, however, showed a severe 
dwarfing phenotype, a trait likely attributable to the fact that these HMA transporters 
also function in the mobilization of the essential ion Zn. It will be interesting to see 
whether the single NtHMAα or NtHMAß mutations can similarly lead to reductions in 
Cd accumulation without detrimental phenotypic consequences when the plants are 
grown and evaluated under field conditions.

Reducing Nicotine Content
Perhaps the most controversial topic that the FDA will eventually have to address is 
whether to mandate changes in what may be considered allowable levels of nicotine 
in future tobacco products. Although the Family Smoking Prevention and Control Act 
does not allow the outright banning of nicotine, it does give the FDA the authority to 
require reductions in nicotine yields. Whether changing the nicotine yield in tobacco 
from its current levels would be beneficial or detrimental to overall public health 
is a matter of considerable debate. Proponents of mandating decreased nicotine 
typically cite studies indicating that tobacco products containing nicotine below a 
certain threshold concentration are no longer addictive, making it easier for current 
smokers to quit and helping prevent new users from becoming addicted (Benowitz 
and Henningfield, 1994; Hatsukami et al., 2010a). Among the potential dangers of low 
nicotine tobacco products, however, is the tendency of smokers to compensate by 
inhaling more deeply, thus exposing them to even greater levels of toxicants, as well 
as the potential for the creation of black market “full nicotine” cigarettes targeted to 
smokers who may not be satisfied with the new low nicotine products (Hatsukami et 
al., 2010b). 

There are a number of factors that influence the nicotine content of the tobacco leaf, 
including agricultural practices (particularly the level of N fertilization), environmental 
conditions, and plant genetics. The most straightforward means for obtaining a low 
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nicotine tobacco plant through genetic alteration is to simply target the genes of the 
nicotine biosynthetic pathway. Most of the structural genes responsible for nicotine 
biosynthesis have been well characterized and the consequences of their down 
regulation via transgenic technologies have been well documented (reviewed in 
Dewey and Xie, 2013). In addition to demonstrating the efficacy of nicotine reduction 
through inhibition of nicotine biosynthetic genes, however, these studies often 
revealed undesirable secondary consequences. For example, when genes encoding 
enzymes of the methylpyrroline branch of nicotine biosynthesis are down regulated 
(such a those encoding ornithine decarboxylase, putrescine methyltransferase 
and methylputrescine oxidase), a concomitant increase is observed in the levels of 
anatabine, a typically minor secondary alkaloid that can become the predominant 
alkaloid in these plants. For genes encoding enzymes of the pyridine branch of 
nicotine biosynthesis, some success has been achieved in producing low nicotine 
tobaccos by antisense suppression of the quinolinate phosphoribosyltransferase (QPT) 
step of the pathway (Xie et al., 2004). Given that the QPT enzyme also performs an 
essential function in primary metabolism by serving as the entry point in the pyridine 
nucleotide cycle pathway responsible for production of the essential cellular cofactor 
NADH, there are likely limitations in the degree by which QPT genes may be down 
regulated before it begins to negatively impact normal plant growth and development. 
RNAi-mediated suppression of another gene in the pyridine ring branch, encoding an 
isoflavone reductase-like enzyme designated A622, appeared to be lethal to the plant 
(Kajikawa et al., 2009).  

We believe that the most recently discovered step of the tobacco alkaloid biosynthetic 
pathway represents a particularly promising target for the production of low alkaloid 
tobaccos. Kajikawa et al. (2011) characterized a small gene family encoding berberine 
bridge enzyme-like (BBL) proteins that are involved in a very late stage of nicotine 
biosynthesis. Even though its specific enzymatic function remains unclear, it appears 
to function after the condensation of the pyrrolidine and pyridine rings, and thus may 
even represent the final step in the production of nicotine. The suppression of BBL gene 
function using RNAi technologies resulted in plants with reduced nicotine content 
that otherwise appeared to be phenotypically normal when grown in a greenhouse 
environment (Kajikawa et al., 2011). Although the down regulation of the BBL gene 
family was accompanied by an increase in the novel alkaloid dihydrometanicotine 
(DMN), its accumulation was essentially confined to its site of synthesis in root tissue, 
as DMN apparently cannot be efficiently translocated to the leaf.

To generate non-GM, reduced nicotine tobacco plants, we employed the same 
strategy described above in the development of low nornicotine tobaccos. Our EMS 
mutagenized burley population was screened using PCR and high-throughput DNA 
sequencing to identify mutations in the three most abundantly transcribed BBL 
genes, designated BBLa, BBLb and BBLc. After screening thousands of plants from 
this population, knockout mutations (those producing in-frame stop codons yielding 
truncated protein products) were identified in all three BBL genes (Lopez, 2011). 
Crosses were made among the mutant plants to create a series of lines homozygous 
for different combinations of the BBL mutations. Table 1 shows the results of a limited 
field experiment conducted using the bbl mutant lines. 
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Table 1. Alkaloid levels of burley plants homozygous for knockout EMS mutations in BBL 
genes.

Data is shown as total alkaloid rather than percent nicotine per se, because the EMS 
mutagenized population screened was generated in a high converter burley line whose 
major alkaloid product was nornicotine rather than nicotine (Lewis et al., 2010). Plants 
homozygous mutant at only the BBLa locus (bbla/BBLb/BBLc) accumulated approximately 
70% of the alkaloid observed in comparable wild type plants. Alkaloid accumulation was 
reduced to ~22% of normal in plants mutated at both BBLa and BBLb (bbla/bblb/BBLc). The 
greatest reduction in alkaloid content was observed in triple mutant plants (bbla/bblb/bblc). 
These triple mutants averaged only 7% of the alkaloid content observed in the wild type 
controls. We are currently in the process of introgressing these bbl mutations into elite flue-
cured and burley cultivars for the purpose of generating high quality tobacco varieties with 
reduced nicotine content.

IV. The Next Generation of Tools for Making Highly Precise Genome Modifications

There are numerous reasons why the general public has been reluctant to accept GM crops 
and food products produced from them. Most of these concerns center around the fact that 
the GM plants typically contain genes that are not naturally found within that species, and 
the fear that these “foreign genes” could have some type of negative effect on either human 
health or the environment. Recent scientific breakthroughs, however, have now made it 
possible for researchers to make very subtle, precise modifications to the genomes of plants 
with the end product having no foreign DNA incorporated. For example, small deletions 
can be introduced into genes that will knockout their function when such a phenotype is 
desired. Another alternative is the ability to alter the properties of an endogenous protein by 
changing an amino acid(s) that is encoded at a specific key residue, or make subtle changes 
in the nucleotide sequence of the promoter region of a gene to change the manner in which 
it is expressed. These latter scenarios are often referred to as “gene surgery”. In either case, 
once the desired modification is made, the plant can be grown and propagated without 
possessing a transgene, i.e., there is no foreign piece of DNA that exists in these plants and 
any changes made are just subtle variations of what is already found in nature. It is highly 
likely that alterations to plant genomes in this manner will be much more acceptable to both 
the public and regulatory agencies than the type of GM crops that have been commercialized 
to date. In fact, the U.S. regulatory agency APHIS has already issued statements stating that 
they do not considered plants that have been altered in this manner to be subject to any 
form of special regulation (Ledford, 2013). 
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Table 1. Alkaloid levels of burley plants homozygous for knockout EMS 
mutations in BBL genes. 
 

 
Genotype 

Total Alkaloid 
(% Dry Weight) 

%Alkaloid Relative 
to Wild Type 

 
BBLa/BBLb/BBLc (wild type) 1.61 - 
bbla/BBLb/BBLc (single mutant) 1.12 70% 
bbla/bblb/BBLc (double mutant) 0.35 22% 
bbla/bblb/bblc (triple mutant) 0.12 7% 
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To make precise genome modifications within the cell, initially a double-stranded break 
in the genomic DNA must be initiated at the site of the desired alteration. Once a double-
stranded break has been made, the cellular machinery will attempt to repair the break 
through one of two mechanisms. The non-homologous end joining (NHEJ) repair pathway 
simply functions to re-ligate the two broken ends of the DNA back together. The alternative 
repair pathway involves the use of homologous recombination (HR), where the repair is 
made using a donor template containing sequences highly homologous to those that flank 
the break site. To date, four classes of enzyme systems have been developed that enable the 
specific cutting of DNA within large and highly complex genomes such as those found in 
plant species. These include: (1) zinc finger nucleases (ZFNs); (2) custom-engineered homing 
enzymes; (3) transcription activator-like effector nucleases (TALENs); and (4) clustered 
regularly interspaced short palindromic repeats (CRISPR)/Cas nuclease systems. Each of these 
designer nucleases is listed in Table 2 with a brief description of their unique properties.

Table 2. Characteristics of the different classes of engineered nucleases being 
used for precise genome editing.

 
Table 2. Characteristics of the different classes of engineered nucleases being 
used for precise genome editing.  
 

Nuclease Class Structure Some Characteristics 
Zinc Finger Nucleases 
(ZFNs) 

FokI endonuclease fused 
to sets of zinc finger 
domains that each bind to 
a nucleotide triplet. 

 Successful gene editing 
demonstrated in several 
plant species 

 Construct assembly is 
complicated and requires 
considerable testing 

 Off-target cutting can be a 
problem 

Custom-Engineered 
Homing Enzymes 
(also called 
meganucleases) 

Naturally occurring 
restriction enzymes, like I-
CreI, with complex 
recognition sites that are 
re-engineered to bind 
novel target sequences. 

 Design and production is 
extremely challenging 

 Very limited flexibility in the 
selection of target sites  

Transcription Activator- 
Like Effector Nucleases 
(TALENs) 

Modular 34 amino acid 
repeat units originating 
from Xanthomonas that 
each bind to a specific 
nucleotide are assembled 
in tandem and fused to the 
FokI endonuclease. 

 Modular design makes 
vector construction simple 

 Minimal limitations on 
sequences that can be 
targeted 

 Can be designed to target 
long complex sites, reducing 
probability of off-target 
cleavage 

Clustered Regularly 
Interspaced Short 
Palendromic Repeats 
(CRISPR)/Cas 
nucleases 

RNA-guided nucleases 
based on a natural system 
discovered in certain 
bacteria and Archaea. 

 Easy to design and construct 
 Conducive to multiplexing 
 Unaffected by DNA 

methylation 
 May be more prone to off-

target cleavage than other 
systems  
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A detailed overview of these genome editing systems can be found in recent reviews 
(Curtin et al., 2012; van der Oost, 2013; Puchta and Fauser, 2014). 

Once one of the aforementioned designer nucleases has been engineered to recognize 
a specific sequence within a complex genome, it is introduced into the cell where it 
cleaves the target site. Repair of the break via NHEJ is often imperfect, leading to short 
deletions (or less frequently short insertions) in the target gene that in many cases will 
inactivate gene function. This can thus serve as an effective way to inactivate a gene(s) 
within a plant species in cases where this is the goal of the project. An example from our 
program that demonstrates how custom-designed nucleases can be used to mediate 
targeted mutagenesis is shown in Figures 2 and 3. The tobacco genome possesses 
two acetolactate synthase genes (SurA and SurB), encoding enzymes required for the 
synthesis of branched-chain amino acids. We utilized a custom-engineered homing 
enzyme designed by researchers at Precision Biosciences (www.precisionbiosciences.
com) to target a specific 22 bp sequence within the promoter region of the SuRA gene 
(Figure 2).

Figure 2. Targeted mutagenesis of a sequence in the promoter region of an acetolactate 
synthase gene (SuRA) using a custom-designed I-CreI homing endonuclease. SuRA1::2 
was designed to recognize a unique 22 bp sequence that resides 215 bp upstream 
of the initiation of translation site. SuRA1::2 was expressed in tobacco plants 
under transcriptional control of an enhanced 35S promoter using a standard plant 
transformation vector. Once expressed, the SuRA1::2 nuclease functions in trans 
to cleave the target site. Evidence of successful targeted mutagenesis was obtained 
by DNA sequence analysis of PCR amplification products using primers flanking the 
target site.

The designer nuclease (SuRA1::2) was introduced into tobacco plants on a plant 
expression vector using standard Agrobacterium-based transformation procedures. 
Over 100 independent T0 plants were analyzed using PCR and DNA sequencing to 
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assay for perturbations in the sequence of the host genome at the target site. Various 
mutations that were observed in the SuRA promoter sequence of T0 plants are shown 
in Figure 3. 

Figure 3. Examples of mutations in the SuRA promoter region mediated by the custom-
designed SuRA1::2 nuclease. Wild type (WT) sequences of the region surrounding the 
SuRA1::2 target site are shown in bold type. The 22 bp SuRA1::2 recognition sequence is 
boxed; the central GTAT sequence represents the 4 bp overhang that is generated after 
cleavage. Mutated sequences observed in several independent T0 plants are shown. 
Nucleotides deleted are indicated by their absence, while short insertion sequences 
of unknown origin are shown in italicized type. Plants S143 and S131 are listed twice 
because they are biallelic, possessing different mutations at each of the two SuRA 
alleles. The sequence denoted by an asterisk represents a 47 bp deletion event that 
was observed in 20 independent T0 plants.

The majority of the mutations that resulted from NHEJ-mediated repair of the break 
sites were small deletions. Interestingly, there was a strong bias for the generation of 
a specific 47 bp deletion, as this particular mutation was observed in 20 independent 
T0 plants, in contrast to all other mutations that were only observed once. Overall, 
approximately 20% of all T0 plants assayed contained a mutation in the SuRA promoter. 
Most of these events appeared to have been generated very early in the transformation 
process and were faithfully inherited to the next generation. Because the SuRA1::2-
containing transgene segregated in the T1 progeny, it was easy to identify plants 
that possessed the nuclease-induced mutation in the SuRA promoter, but no longer 
contained any foreign DNA.

When the objective of genome editing is to introduce a specific change within a gene 
(such as substituting an amino acid or changing a promoter element) rather than 
targeted mutagenesis, a correcting template must be present along with the nuclease 
to enable the cellular HR machinery to mediate the desired change. These experiments 
can be designed in a manner such that the introduced nucleic acids encoding the 
nuclease and/or correcting template either are never incorporated into the recipient 
genome, or else segregate away in future generations in cases where these elements 
may have become integrated. In either scenario, the final plant product contains a very 
specific change within a native plant gene, with no foreign DNA incorporated. Because 
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the HR repair mechanism is much less efficient that NHEJ-mediated DNA break repair in 
somatic cells, precision genome editing tends to be much less efficient than targeted 
mutagenesis. Nevertheless, there are already examples in the literature reporting 
success HR-mediated precision editing of the tobacco genome, using both ZFNs 
(Townsend et al., 2009) and TALENs (Zhang et al., 2013). Although the use of custom 
designed nucleases for conducting targeted genome editing is still in the early stages 
of development, it is already clear that these techniques will be rapidly adopted as tools 
to enable an unprecedented level of precision genome modification (Puchta and Fauser, 
2014). As these technologies become further refined, it is expected that their application 
towards crop improvement will continue to expand, and likely be preferred over the use 
of conventional transgenics in situations where a desired phenotype can be achieved 
through the simple alteration in function of genes that naturally exist within a given 
plant genome. 

V. Conclusions

Despite the fact that it has been possible to genetically transform crop species such 
as tobacco for over three decades, the commercial deployment of transgenic, or GM, 
crops has been very limited. The techniques of molecular biology, however, can still be 
applied toward the modification of the tobacco plant in ways that can alter the levels 
of chemical constituents that may become subject to future regulation by the FDA. 
This is exemplified by the ability to reduce TSNA levels, decrease leaf Cd content, and 
lower the nicotine levels. In each case, the tools of molecular biology were essential 
in identifying and characterizing the relevant gene targets that provided the critical 
information needed to subsequently devise a non-GM alternative to address the 
problem. Furthermore, new technologies are being developed and optimized that allow 
precise genome editing without leaving any trace of foreign DNA within the modified 
crop. It is likely that tobacco and other crops species that are altered using these less 
disruptive techniques will be more readily accepted by both regulatory agencies and 
the general public. 
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