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FDA Regulation in the United States 
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World Health Organization 

20
14

_T
S

R
C

03
_D

ew
ey

.p
df

T
S

R
C

20
14

(6
8)

 -
 D

oc
um

en
t n

ot
 p

ee
r-

re
vi

ew
ed



Biotechnology (Transgenics) as a Tool 
for Tobacco Improvement 

Hundreds if not thousands of manuscripts have been 
published documenting the ability of transgenics to enhance 

various aspects of tobacco performance 

Agronomic traits 

• Insect and nematode tolerance 

• Herbicide tolerance 

• Disease resistance (viral, bacterial and fungal) 

• Drought and salinity tolerance 

• Yield, biomass, flowering (maturation) 

Value-added traits 

• Harm reduction traits 

• Altered leaf surface chemistry 

• Flavor components 

• Alkaloid composition 
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Biotechnology as a Topic for TSRC 
Symposia 

1992 – “Highlights of Current Research on Tobacco and 
Tobacco Chemisty” 
1995 – “Impact of Plant Manipulation and Post Harvest 
Phenomena on Leaf Composition” 
1999 – “Genetics and the Future of Tobacco” 
2004 – “Biotechnology: a Tool for Developing Reduced-Risk 
Products 
2007 – “Frontiers in Tobacco Biotechnology” 
2010 – “Tobacco Research in the Era of Biotechnology and 
Genomics” 
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Biotechnology as a Tool for Producing 
New Commercial Tobacco Varieties 

Vector 21-41: a transgenic cultivar engineered to contain very low nicotine. Used to 
produce low nicotine cigarettes designed to help those who want to quit to wean 
themselves off their nicotine addition. 
 
Grown on minimal acreage. 

Single Example: 
Vector 21-41 
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Why Has Biotechnology Failed to Play 
a Significant Role in Commercial 
Tobacco Variety Development? 

• Multiple licensing agreements must be negotiated 
(and paid for) in order to commercialize a GM variety 

• Time and costs for deregulation of a transgenic event 
can be very high 

• Fear of market loss by consumers who consider the 
process unnatural and believe GM crops may lead to 
unintended negative health and/or environmental 
consequences 
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In the Face of these Obstacles, How Can 
Biotechnology Be of Use to the Tobacco Industry, 

Particularly with Respect to FDA Regulation? 

Current Model: Utilize the techniques of molecular biology 
to discover genes of interest and validate the effects of their 
manipulation, then use this information to obtain a similar 
result using non-GM materials and approaches 
 

Future Model (?): Utilize newly developed genome 
engineering methodologies to introduce specific changes to 
the genome in manner that leaves no foreign DNA 
incorporated 
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Aspects of FDA Regulation that May 
be Impacted by Biotechnology 
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Aspects of FDA Regulation that May 
be Impacted by Biotechnology 

Purpose 
 

The Tobacco Products Scientific Advisory Committee advises the Commissioner or designee in 

discharging responsibilities as they relate to the regulation of tobacco products. 
 

The Committee reviews and evaluates safety, dependence, and health issues relating to tobacco products 

and provides appropriate advice, information and recommendations to the Commissioner of Food and 

Drugs. 

 

Specifically, the Committee will submit reports or recommendations on tobacco-related topics, including: 

 

• The impact of the use of menthol in cigarettes on the public health, including such use among 

children, African Americans, Hispanics and other racial and ethnic minorities 

 

• The nature and impact of the use of dissolvable tobacco products on the public health, including such 

use on children 

 

• The effects of the alteration of nicotine yields from tobacco products and whether there is a threshold 

level below which nicotine yields do not produce dependence on the tobacco product involved 

 

• Any application submitted by a manufacturer for a modified risk tobacco product 

Tobacco Products Scientific Advisory Committee 

20
14

_T
S

R
C

03
_D

ew
ey

.p
df

T
S

R
C

20
14

(6
8)

 -
 D

oc
um

en
t n

ot
 p

ee
r-

re
vi

ew
ed

http://www.fda.gov/default.htm


Tobacco-Specific Nitrosamines 

Anabasine Anatabine Nornicotine Nicotine 

Nitrous oxides, such as NO, NO2, N2O3 and N2O4 

NNK NNN NAT NAB 

Highly Carcinogenic Not Carcinogenic 
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Tobacco-Specific Nitrosamines 

Table 1 Toxicants recommended for mandated lowering by WHO                     
 
Toxicant                    Level in µg/mg nicotine        Criteria for selecting the value               
 
NNK                 0.072       Median value of data set 
NNN                 0.114       Median value of data set 
Acetaldehyde               860             125% of the median value of data set 
Acrolein                 83              125% of the median value of data set 
Benzene                      48                               125% of the median value of data set 
Benzo[a]pyrene                0.011             125% of the median value of data set 
1,3-Butadiene               67                        125% of the median value of data set 
Carbon monoxide            18,400             125% of the median value of data set 
Formaldehyde                        47                              125% of the median value of data set    
 
from Burns et al. 2008, Tobacco Control 17: 132-141 
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Strategy for Reducing NNN 

N H 
N 

N 

C H 3 

N 

N 

N O 

  

= 

Nicotine Nornicotine 

N’-nitrosonornicotine (NNN) 

nicotine 

N-demethylase 

nitrosation 

N X 

20
14

_T
S

R
C

03
_D

ew
ey

.p
df

T
S

R
C

20
14

(6
8)

 -
 D

oc
um

en
t n

ot
 p

ee
r-

re
vi

ew
ed



CYP82E4

Nicotiana tabacum

Nicotiana
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• Generation and selection of knockout 
mutations in all three nicotine         
demethylase genes (CYP82E4, CYP82E5 
and CYP82E10) 

• Pyramiding the three mutations within 
the same line 
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. . . . . 
. . . 

. 
. 

EMS 

2) Grew ~ 4000 M0 Plants in Field 
3) Collected Seed 

4) Isolated DNA from M1 Plants 

6) Identified Plants with  
Mutated CYP82E4, CYP82E5  
and CYP82E10 Genes 

. . . . . . . . . . . 
. 

1) Treated Seeds with 
Chemical Mutagen 

5) High-throughput PCR 
Amplification and Sequencing of 
CYP82E4, CYP82E5 and 
CYP82E10 Genes from Hundreds 
of M1 Plants 
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CYP82E 

 

•

• CYP82E4 

•
 Plant     Amino Acid Changed     Effect on Gene Function 

 #775           Trp (329) to Stop               completely inactive 

CYP82E5 

  Plant      Amino Acid Changed      Effect on Gene Function 

#1013              Trp (422) to Stop                              completely inactive 

   

CYP82E4 

CYP82E5 

CYP82E10 

  Plant      Amino Acid Changed      Effect on Gene Function 

#1041           Pro (382) to Ser                              completely inactive 

   

CYP82E10 
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cyp82e  

cyp82e5 marker 

cyp82e10 markers 

cyp82e4 marker 
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New varieties first field tested in 2012:2012: 

                   Burley                                   Dark                                     Flue-Cured             

          TN86                   Ky171         K326  

       NC7                     Ky160                K346 

     Ky14 x L8                VA359                NC196 

     TN90 

     NC BH129 

 

New varieties first field tested in 2013: 

                 Burley                                      Dark                                    Flue-Cured             

   NC 2000           Narrow Leaf Madole        NC 71 

   NC 2002           VA 309                 NC 297 

   NC 3               Little Crittenden         Speight 168 

   NC 4                NC 55 

   NC 5 

   NC 6 

   Banket A1 

   Burley 21  

  The first commercially released variety is scheduled to be NC7 in 2016 
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What About NNK? 
Of the two carcinogenic TSNAs, NNK is arguably even worse 

than NNN as it is believed to be one of the major determinants 
of lung cancer 

Anabasine Anatabine Nornicotine Nicotine 

Nitrous oxides, such as NO, NO2, N2O3 and N2O4 

NNK NNN NAT NAB 

Highly Carcinogenic Not Carcinogenic 
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Strategy for Reducing NNK 

N H 
N 

N 

C H 3 

  

Nicotine Nornicotine 

nicotine 

N-demethylase 

Nitrosation 

    (NO2-) 

N 

X 
4-methylnitrosoamino-1-(3-pyridyl)- 

1-butanone (NNK) 

N’-nitrosonornicotine (NNN) 

X 
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Cadmium Reduction 

Classified as a Class I carcinogen by the 
International Agency for Research on Cancer 
(IARC) 

Associated with the following cancers: 

Lung 

Testes 

Prostate 

Because tobacco is a plant known to accumulate relatively high levels 
of Cd, there is much interest in minimizing its accumulation in the leaf 
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Cadmium Reduction 

Molecular Strategies Designed to Reduce Cd in Tobacco 
Generally Fall Under the Following Two Categories: 

1. Over-expression of heavy metal-binding proteins 
that chelate Cd and restrict intercellular movement 

2. Manipulation of genes encoding Cd transporters 

Both strategies are based on the concept of sequestering 
and immobilizing Cd ions within the roots to prevent its 
transport to leaf tissue 
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Heavy Metal Transporters 

CAX Genes 

Encode divalent cation/proton antiporters 

Most function by transporting metal ions into the 
vacuole while pumping H+ into the cytosol. 

HMA (Heavy Metal ATPase) Genes 

Drives the transport of heavy metals across cellular 
membranes, powered by the hydrolysis of ATP 

Can be localized on either the plasma membrane or the 
tonoplast (vacuolar membrane) 
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HMA-Type Heavy Metal Transporters 

Research conducted in Arabidopsis suggested that certain members of the HMA 
class of metal transporters may be good candidates for reducing leaf Cd levels in 
plants. 

Wong et al., 2009. New Phytol. 181:71-78 
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HMA-Type Heavy Metal Transporters 

 
Miyadate et al. 2010. New Phytologist 189: 190-199 

HMA2 and 
HMA4 
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http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2010.03459.x/full#f7


HMA-Type Heavy Metal Transporters 

Researchers from Imperial Tobacco characterized the tobacco homologs of 
HMA2 and HMA4 to evaluate their potential in reducing cadmium 
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HMA-Type Heavy Metal Transporters 

EMS-induced mutants Transgenic Suppression 

When either NtHMAa or NtHMAb were down regulated, leaf cadmium was 
decreased by ~50%. Combining the two mutants, however, was detrimental 
to normal plant growth and development. 
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HMA-Type Heavy Metal Transporters 

Hermand et al. 2104. Metallomics  6: 1427 

Double NtHMA mutants likely suffer from zinc deficiencies. However, 
introducing single NtHMA EMS mutants may have potential for developing 
non-GM tobacco varieties with reduced cadmium.  
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Reducing Nicotine Content 

There is a large body of literature describing the 
molecular biology of alkaloid synthesis in tobacco 

The most straightforward and effective way to 
reduce nicotine is to block an essential step in the 
nicotine biosynthetic pathway 
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Gly-3-P 

Aspartic acid 

NAD 

NAMN 

Agmatine 

N-methylputrescine 

Nicotinic Acid 

QPT 

PMT 

Nicotine 

Arginine 

N-Carbamoyl putrescine 

4-methylaminobutanal 

3,6 dihydronicotinic acid 

2,5 dihydropyridine 

A622? 

α-iminosuccinic acid  

Ornithine 

Spermidine, 
Spermine 

Lysine 

Cadaverine 

5-aminopentanal 

∆1- piperideine 

Anabasine 

Anatabine Nornicotine 

ODC 
ADC 

MPO 

BBL? 

NND 

Pyridine  

nucleotide 

cycle 

Putrescine  
 

Quinolinic acid 

N-methyl- ∆1- pyrrolinium 

BBL? 

BBL? 

Tobacco Alkaloid Biosynthetic Pathway 
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Berberine Bridge Enzyme-Like (BBL) Gene 
Family of Tobacco 

Four identified members 
BBLa 

BBLb 

BBLc 

BBLd (minimal expression observed from this 
isoform) 

Flavin-containing oxidases 

Enzymatic function unclear, but functions at a 
final stage of nicotine biosynthesis, after 
condensation of the pyridine and pyrrolidine 
rings 
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Field Analysis of anti-BBL K326 RNAi 
Doubled Haploid Lines (2012) 

Genotype Means (flue-cured leaf, % dry weight)        
Genotype     Nic  Nor  Anab Anat  Total Alk.

2.70  
3.26
0.25 

0.48
0.53
0.54
0.79 
0.88 
0.64
0.64
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BBL

 

1,248 
Plants screened 

2,112 
Plants screened 

1,344 
Plants screened 

BBLb 

BBLc 

BBLa 

BBLa 

BBLc 

BBLb 

Nicotiana tabacum 
BBLa  

BBLb  

BBLc  

These mutations have been crossed and combined in all 

possible combinations to create a series of non-GM tobacco 

lines with varying levels of nicotine 
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BBL

 

Genotype Means (% dry weight)        
Genotype    Nic  Nor  Anab Anat  Total Alk.  

1.6121
1.5617
1.1347
1.1208
1.3478
1.3579
0.3564
0.1188

BBLa = BBLb > BBLc
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Reducing Nicotine Content 

The step of alkaloid biosynthesis encoded by 
BBL genes appears to be a particularly good 
target for the production of high quality, 
reduced alkaloid tobacco varieties 

We are currently developing a series of elite 
flue-cured (K326) and burley (TN90) lines that 
differ in their nicotine contents by pyramiding 
different combinations of bbl mutations 

Mid-high nicotine (70 – 75% of normal) 
Low nicotine (20 – 25% of normal) 
Very low nicotine (5 – 10% of normal) 

Test the agronomic properties of these new low 
alkaloid, non-GM lines 
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Precision Genome Editing 
Technologies 

20
14

_T
S

R
C

03
_D

ew
ey

.p
df

T
S

R
C

20
14

(6
8)

 -
 D

oc
um

en
t n

ot
 p

ee
r-

re
vi

ew
ed



Why All the Excitement? 

Technical Advantages 
Many desirable traits can be created by the mutagenesis or the 
subtle modification of endogenous genes as opposed to the 
introduction of a foreign gene 

Traditional mutagenic agents (e.g. X-rays, ethyl methane 
sulfonate) cause genome-wide perturbations that can only be 
removed by numerous generations of backcrossing 

Many desired mutations are too complex to recover using non-
selective traditional agents 

Regulatory and “Societal” Advantages 
If plants generated in this manner are not considered “regulated 
articles” by government agencies, the time and costs associated 
with commercialization become greatly reduce compared to 
traditional transgenic crops 

More likely to gain broader public acceptance since the end 
product contains no foreign DNA 
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The Key to Precise Genome Modification Relies 
on the Introduction of Double Strand Breaks 

(DSBs) into Targeted Genomic Locations 

DSBs are repaired by one of two distinct DNA repair 
systems 

Nonhomologous End Joining (NHEJ) = religation of the 
broken ends 

Error prone, giving rise to short insertion/deletion events 

Predominant system in higher eukaryotes, including plants 

Homologous Recombination (HR) = repair corrected by a 
homologous template such as a sister chromatid or donor 
DNA 

Repair is very accurate 

Predominant system in bacteria and unicellular eukaryotes 
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Applications of Targeted DNA breaks 
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Applications of Targeted DNA breaks 
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Engineered Nucleases Mediate 
Targeted Genome Modification 

Zinc finger nucleases (ZFNs) 

Engineered homing enzymes/meganucleases 

Transcription activator-like effector nucleases 
(TALENs) 

Clustered, regularly interspaced, short 
palendromic repeats (CRISPR)-Cas system 
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Custom-designed meganucleases  Zinc-finger Nucleases  

TALENs CRISPR-Cas  

Puchta and Fauser, 2013. Plant J. doi: 10.1111/tpj.12338 

Engineered Nucleases 
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Re-engineering I-CreI Cleavage Specificity 

CTAGGTCACGTAC 
GATCCAGTG 

GAGTATCCA 
CATGCTCATAGGT 

I-CreI 
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215 

SuRA PCR 

517 bp 
410 bp 107bp 

RB LB 
NOS Enhanced 35S SuRA1::2 

SuRA 1::2 site 

CaMV35S NPTII NOS 
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CAAAACGTCGTGA GACAGTTTC 
GTTTTGCAGCACT CTGTCAAAG 

S32’ 

Y33 
Q38 

E80 

S40 T42 
I77 

R68 

N30 K28 Q26 
I24 

Q44 

R70’ 

R70 

Q44’ 
I24’ K28’ 

Q26’ 
N30’ S32 

Y33’ 
Q38’ 

E80’ 

S40’ 
T42’ 

I77’ R68’ 

Y66 

Y66’ 

AAA TC T

TTT AG A

linker 

GAC T T

CTG A A
S28 

C32 
Y68 

R77 Y33 
Q38 

Q80 

S40 T42 

N30 Q26 I24 
Q44 R70 

R70’ 
Q44’ 

I24’ 
S26’ 

T28’ Q30’ 

R68’ R77’ 
R42’ 

S40’ 

Q80’ 

A38’ Y33’ 
C32’ 

K66 

K66’ 
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Plant 

 WT   AAGAAATTTGGTGCCAGCCATAGATATAGGGTCGTATGAAAATTTAATATTACTTTAATAGTAAAAATTGCACGGGCGCTCTATTTAGTCGCCA 

S143  AAGAAATTTGGTGCCAGCCATAGATATAGGGT GTATGAAAATTTAATATTACTTTAATAGTAAAAATTGCACGGGCGCTCTATTTAGTCGCCA 

S131  AAGAAATTTGGTGCCAGCCATAGATATAGGGT  TATGAAAATTTAATATTACTTTAATAGTAAAAATTGCACGGGCGCTCTATTTAGTCGCCA 

F125  AAGAAATTTGGTGCCAGCCATAGATATAG            ATTTAATATTACTTTAATAGTAAAAATTGCACGGGCGCTCTATTTAGTCGCCA 

S38   AAGAAATTTGGTGCCAGCCATAG     G      ATGAAAATTTAATATTACTTTAATAGTAAAAATTGCACGGGCGCTCTATTTAGTCGCCA 

S81   AAGAAATTTGGTGCCAGCCATAGATAT                       TACTTTAATAGTAAAAATTGCACGGGCGCTCTATTTAGTCGCCA 

F98   AAGAAATTTGGTGCCAGCCATAGATATAGGGTCGTA                CTTTAATAGTAAAAATTGCACGGGCGCTCTATTTAGTCGCCA 

[*]   AAGAAATTTGGTGCCAGCCATAGATATAGGGTCGTAT                                               TTAGTCGCCA 

S29   AAGAAATTTGGTGCCAGCCATAGATATAGGGTCGTAT T (-167BP) 

S131  AAGAAATTTGGTGCCAGCCATAGATATAGGGTCGTAT   CCGTCA        TTAATAGTAAAAATTGCACGGGCGCTCTATTTAGTCGCCA 

S24   AAGAAATTTGGTGCCAGCCATAGATATAGGGTCGTAT                           AAATTGCACGGGCGCTCTATTTAGTCGCCA 

S147  AAGAAATTTGGTGCCAGCCATAGATATAGGGTCGTAT                  TAATAGTAAAAATTGCACGGGCGCTCTATTTAGTCGCCA 

S143  AAGAAATTTGGTGCCAGCCATAGATATAGGGTCGTAT                      AGTAAAAATTGCACGGGCGCTCTATTTAGTCGCCA 

S81   AAGAAATTTGGTGCCAGCCATAGATATAGGGTCGTATG TGAAGAAATTTGGTGCCACC       ATTGCACGGGCGCTCTATTTAGTCGCCA 

S111                                                          (-61BP)  AATTGCACGGGCGCTCTATTTAGTCGCCA 

  

  

[*]= high frequency event recovered in over 20 independent lines   
 

•
•
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Custom-designed meganucleases  Zinc-finger Nucleases  

TALENs CRISPR-Cas  

Puchta and Fauser, 2013. Plant J. doi: 10.1111/tpj.12338 

Engineered Nucleases 
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Features:  
• The design of TALENs is much simpler than ZFNs or meganucleases. Vectors 

are available that can enable any molecular biology equipped lab to 
synthesize a custom TALEN in approximately one week.  

• The researcher has great control over the length of specificity (therefore 
less likely to encounter off-site cleavage 

• Very few limitations on where you can effectively direct a TALENs to cut  
 

TALENs – Mediated DNA Cleavage 
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CRISPR-Cas 

Features:  
• The design of CRISPR-Cas nucleases is extremely simple. All you need to do to change 

target specificity is to change the 20 nt sequence of complementarity in the guide 
RNA 

• Are minimal restrictions for where you can design a CRISP-CAS nuclease  
• Multiplexing achieved by simply including additional guide RNA sequences 
• Specificity is restricted to 20 nt; therefore can have problems with off-target cutting 
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Targeting the tobacco ALS genes with TALENs 
(Dan Voytas lab, Univ. of Minnesota)  

Zhang Y et al. 2013 Plant Physiol. 161:20-27 
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Recovery of targeted modifications without selection or enrichment.  

Zhang Y et al. 2013 Plant Physiol. 161:20-27 

Achieved a high frequency of 
targeted genome modifications in 
the absence of selection!! 

• 30% rate of targeted gene 
mutation 

• 4% rate of targeted gene 
replacement (gene 
surgery) 
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Crops Developed Using Precision Mutagenesis and Gene 
Editing by Designer Nucleases May be Easier to 

Commercialize than a “Traditional” Transgenic Plant 

Biotechnological methods/traits that APHIS has stated does not require the resulting 
crop to be defined as a “regulated article” (i.e. can be grown without any special  
permission or testing).  From Nature 500: 389-390 (2013)  
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Conclusions 
Even within the current “anti-GM” environment, 
molecular biology-based technologies can still serve 
to help the tobacco industry address certain issues 
that are likely to be the subject of future regulation  

TSNA reduction 
Cd reduction 
Alteration of nicotine levels 

Emerging precision genome editing technologies 
hold the promise of enabling the alteration of genetic 
traits in a manner that should make them easier to 
deploy than a conventional transgenic crop: no 
foreign DNA in end product; avoid the lengthy time 
and high costs of deregulation 
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