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0. Background 

The Tobacco Biotechnology and Omics (TBO) Task Force was approved by the CORESTA 

Scientific Commission in June 2017.  The TBO Task Force has the single objective of 

producing a Technical Report that will be published on the CORESTA web site by the end of 

2019.  The Technical Report will: (1) describe, summarize, and interpret the scientific literature 

concerning the use and application of biotechnology, genomics, and other so-called “omics” 

technologies in crops and agriculture around the world, and will include the benefits, risks, and 

negative outcomes of biotech crops since their initial adoption >20 years ago; (2) provide a 

science-based assessment of the potential use of biotechnology and omics (such as genomics, 

transcriptomics, proteomics, and metabolomics) in tobacco to reduce the risk of tobacco 

products, and give a perspective on these technologies as they relate to the future of the tobacco 

industry and the global leaf supply; and (3) include a glossary that will provide clear and concise 

definitions of terms and nomenclature used in the report, written in a way that will be readily 

accessible to both technical and non-scientific audiences. 

The first TBO Task Force meeting was held at the CORESTA AP2017 conference in Santa 

Cruz do Sul, RS, Brazil on 22 October 2017.  Approximately 30 people attended the 

introductory presentation, during which potential subject areas were presented and discussed.  

Ten people expressed their willingness to participate in the Task Force.  Participating TBO TF 

members are: Dave Zaitlin (KTRDC, University of Kentucky), Jennifer Bromley and Louise 

Jones (BAT Cambridge), Ramsey Lewis (NCSU), Christelle Bonnet (JT International, 

Geneva), Emilie Julio (Imperial Tobacco Group), Peijian Cao (CNTC), and Chengalrayan 

Kudithipudi, Dongmei Xu, and Marcos Lusso (Altria Client Services).  The second 

organizational meeting was held at the 2018 CORESTA Congress in Kunming, China on  

22 October; a brief summary of the progress to date was also delivered to the full assembly on 

25 October. 

1. Introduction 

Introductory statement 

The era of biotech crops began in the mid-1990s with the successful commercial introduction 

of insect resistant and herbicide tolerant varieties of soybeans, cotton, and hybrid corn by 

Monsanto, Calgene, DeKalb and other major seed companies.  In the intervening 20+ years, 

many published studies have examined the effects of genetically modified (GM), or biotech, 

crops on things such as farmer incomes, crop yields, the environment, beneficial insects, 

selection for herbicide tolerant weeds and Bt-resistant insects, consumer safety, and 

sustainability.  A meta-analysis of almost 150 of these studies, many of them from peer-

reviewed journals, has shown that biotech crops (mainly corn, soybean, cotton, and canola; 

herbicide tolerant and insect resistant) have been successful in certain areas such as increasing 

farmer profits and crop yields, reducing herbicide and pesticide use, and providing considerable 

cost-savings and social benefits to farmers in both industrialized and developing nations 

(Klümper and Qaim, 2014).  Biotech crops represent one of the most rapidly embraced 

agricultural technologies in human history, comparable to the rapid spread of hybrid maize and 

short-stature wheat varieties in the early and mid-20th century, respectively (Gepts, 2002).  This 

rapid adoption has resulted in the cultivation of biotech crops on >450 million acres  

(185 million hectares) worldwide, which represents an increase of approximately 109-fold since 

1996.  [To put this into perspective, it is estimated that many established New World crops 

introduced to Europe after 1492 (in the so-called “Columbian Exchange”) were disseminated 
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over periods of up to 100-200 years (Gepts, 2002).] However, there is a considerable level of 

public skepticism surrounding biotech crops and GM foods, and opinions vary widely among 

consumers in many countries.  This is particularly true when comparing consumers in North 

America with those in Europe, where consumer attitudes regarding GMO crops and foods are 

generally positive and negative, respectively, and are shaped by personal knowledge, perception 

of risk, the concept of ‘naturalness’, trust/distrust of large corporations, and politics.  However, 

the results of a survey taken in April-May of 2018 and published by the Pew Research Center 

in November 2018 found that 49 % of US adults surveyed say that GM foods are worse for 

people’s health than are non-GM foods (https://www.pewresearch.org/science/2018/11/19/public-

perspectives-on-food-risks/). 

1.1 Plant biotechnology 

The US National Institute of Food and Agriculture defines plant biotechnology as “a set of 

techniques used to adapt plants for specific needs or opportunities” (https://nifa.usda.gov).  This 

includes the use of biological technologies such as genetics and genomics, molecular markers 

and marker-assisted selection (breeding), genome editing, and transgenic methodologies 

(genetic engineering) in the development of new varieties or plants with novel traits.  The 

origins of plant biotechnology and plant genetic engineering can be traced back to two seminal 

publications showing that a previously-obscure plant pathogenic soil bacterium, Agrobacterium 

tumefaciens, has the unique ability to transfer a small piece of its DNA into plant cells, where 

it becomes incorporated in the genome and directs the formation of a ‘plant “cancer” (tumor) 

known as crown gall disease (Chilton et al., 1977, 1980).  Subsequent research showed that (1) 

the tumor-inducing functions are located in a specific “T-region” of an extrachromosomal Ti 

plasmid, (2) this region is found in the tumor nuclear DNA fraction (where it is called the  

“T-DNA”), and (3) T-DNA genes are transmitted to the progeny of shoots produced from crown 

gall tumors (Chilton et al., 1980; Thomashow et al., 1980; Otten et al., 1981).  Within a few 

years, it was discovered that the T-DNA could be engineered to introduce foreign DNA into 

plants without causing a tumor (Hoekema et al., 1983; Zambryski et al., 1983).  These early 

studies were all done first in tobacco, a species that occupies a prominent place in the history 

of plant biology: tobacco was the first plant to be grown on a synthetic culture medium of 

defined composition (White, 1939), the first plant to be regenerated from tissue culture, the first 

plant to be regenerated from a single cell (and also a single protoplast, which demonstrated 

totipotency; Takebe et al., 1971), the first plant to be stably transformed with foreign DNA, the 

first plant in which homology-dependent “gene targeting” was demonstrated (Paszkowski et al., 

1988), and the first transgenic crop to be grown on a large scale (virus resistant tobacco in China 

in 1992; Jia and Peng 2002).  In addition, tobacco was central to the discovery of the important 

phytohormone kinetin (Miller et al., 1955), and tobacco callus was used in studies describing 

the effects of the auxin/cytokinin ratio on cell fate in tissue culture[1].  Tobacco and several 

 
[1] Reading of the early tissue culture literature reveals that it is not entirely correct to say that tobacco (N. tabacum) was 

used in all of these early fundamental studies, and this is mainly due to inconsistencies in the use of the word “tobacco”.  

Philip R.  White, working at the Rockefeller Institute for Medical Research, successfully demonstrated the growth of callus 

cultures on semi-solid nutrient medium, and eventually was able to induce them to form leaves and stems.  He used tissue 

from tumors that form spontaneously on F1 hybrids of Nicotiana glauca X N. langsdorffii (White 1939), and we know today 

that White’s experiments were successful because this particular tissue does not require auxin to grow in tissue culture (it 

produces its own, and was once used as a source of natural auxin).  White referred to this as “hybrid Nicotiana”, and he 

distributed it to other laboratories where it was known as “White’s tobacco callus” or simply “tobacco callus” (Skoog, 1944; 

Skoog and Tsui, 1948).  It was only in 1947, after WWII, when Skoog’s cultures of White’s callus were found to be 

contaminated with an anaerobic bacterium, that he turned to using the tobacco cultivar ‘Wisconsin 38’ in his research (Skoog 

and Tsui, 1948).  Similarly, the first documented regeneration of whole plants from single cells in culture used a sterile F1 

hybrid of N. glutinosa X N. tabacum (Vasil and Hildebrandt, 1965), rather than pure N. tabacum. 

https://www.pewresearch.org/science/2018/11/19/public-perspectives-on-food-risks/
https://www.pewresearch.org/science/2018/11/19/public-perspectives-on-food-risks/
https://nifa.usda.gov/
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related species in the genus Nicotiana are still important in plant research.  For example, the 

relative ease of transformation makes tobacco an excellent host in which to assay the expression 

of foreign genes, and Nicotiana benthamiana, an Australian species that is susceptible to 

infection Nicotiana glutinosa by a wide diversity of plant pathogens, is widely used as a model 

for the study of host-virus interactions and gene silencing in plants.  The recent availability of 

draft genome sequences for tobacco (Oriental, burley, and flue-cured market types), the two 

progenitor species (Nicotiana sylvestris and Nicotiana tomentosiformis), as well as Nicotiana 

benthamiana, have accelerated the pace of research in Nicotiana and other species in the 

botanical family Solanaceae.  All of these Nicotiana genome sequences are available to the 

public through the Sol Genomics Network (solgenomics.net). 

1.2 Tobacco biotechnology 

In both the peer-reviewed and popular literature, one encounters terms such as “GE (genetically 

engineered)”, “GM (genetically modified)”, GMO (genetically modified organism)”, and 

“biotech” that are applied to modern-day crops.  All of these terms are basically interchangeable 

and are used to describe plants in which a specific gene or genes have been introduced into the 

genome using one or more genetic transformation technologies.  The introduced genes 

(transgenes) are generally derived from another organism, are stably incorporated into the 

genome, and are designed to express a novel trait in the GM crop.  These can be input traits, 

such as insect/pathogen resistance or herbicide tolerance that benefit the grower, or output traits 

that change the nature of products derived from the crop, such as modified fatty acids, enhanced 

nutritional value, biofortification, and increased protein content.  As described in the TBO-151-2 

document on Genome Editing and Plant Breeding, GM crops can also be engineered using 

technologies that can specifically target genes for either sequence modification, deletion, or 

replacement. 

Another major aspect of biotechnology encompasses the use of organisms that have been 

genetically engineered to produce protein biologicals, such as therapeutic antibodies, hormones, 

vaccines, or enzymes.  Commercial production of recombinant proteins relies mainly on 

bacteria (Escherichia coli), yeasts (Saccharomyces cerevisiae and Pichia pastoris), and 

eukaryotic cells from mammals (Chinese Hamster Ovary; CHO) or insects that can be grown 

to high densities in fermentation-based systems on a large scale.  Plant-based protein production 

originally attracted attention following the successful expression and purification of a fully 

functional mouse monoclonal antibody (Hiatt et al., 1989), and the surface antigen of Hepatitis 

B virus several years later (Mason et al., 1992), both in the leaves of transgenic tobacco plants.  

Plants are attractive production platforms for certain proteins because of their incredible 

biological diversity, and because many species are amenable to genetic manipulation and also 

have genomic resources available (a genome sequence, transcriptome libraries, etc.).  In 

addition to tobacco, recombinant proteins have been produced in seeds (rice and maize), oilseed 

crops (flax and safflower), tubers (potato), leafy crops (lettuce), carrot suspension cell cultures, 

and even in duckweed (Lemna minor), an aquatic plant that is the smallest known angiosperm 

(Paul & Ma, 2011).  The advantages of using plants to produce medicinal or industrial proteins, 

also known as “molecular farming” (or “pharming”), are many; plants do not harbor human or 

animal pathogens, plants can be grown in open fields with only mineral nutrients, water, and 

sunlight as inputs, production can be rapidly scaled up by simply producing more seeds and 

growing more plants, and up-front development costs are relatively low.  However, one of the 

main challenges in using transgenic plants to produce heterologous proteins is low yield.  This 

can be due to many factors (poor expression, proteolysis), but has been largely overcome by 

the development of transient expression systems that utilize virus-based expression vectors 

coupled with agroinfiltration to boost protein synthesis to levels that are commercially viable.  
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The tobacco relative, Nicotiana benthamiana, can be agroinfiltrated on an industrial scale, and 

was used as the production platform for ZMapp, an experimental antibody cocktail to treat 

Ebola virus disease (Powell 2015; Sack et al., 2015) and, more recently, to produce a subunit 

vaccine to protect against Zika virus infection (Yang et al., 2018). 

2. Biotech/GMO crops 

2.1  Historical background 

Although the production of transgenic plants, in which foreign DNA sequences are stably 

integrated into the genome, was first demonstrated in the early 1980s (Horsch et al., 1985), it 

took more than 10 years before the first GMO crop for human consumption appeared on the 

market.  A small plant biotech company called Calgene, located in Davis, CA, spent five years 

developing a tomato that did not soften when ripe, which meant that the fruits could stay on the 

plant longer and develop better flavor and color.  Regular tomatoes are often harvested when 

green and subsequently treated with ethylene gas to induce ripening.  The product, known as 

the Flavr Savr tomato and marketed under the MacGregor brand, was approved and deregulated 

by the FDA in 1994, and was introduced with much fanfare in the press on May 21, 1994 in 

Davis and Chicago, IL.  The key to maintaining firmness and extending shelf life in the Flavr 

Savr tomato was to reduce the level of polygalacturonase (PG), an enzyme that degrades pectin 

during ripening, leading to fruit softening and eventual seed release.  This was accomplished 

by introducing an anti-sense copy of the PG gene into the tomato genome to reduce the 

expression of the endogenous gene; anti-sense gene knock-down was shown years later to be 

an early example of RNAi-based gene silencing (Bruening and Lyons, 2000; Krieger et al., 

2008).  The Flavr Savr tomato was initially well received by consumers, but it ultimately failed 

as a fresh market product and was discontinued in 1997.  Post-hoc analyses pointed to problems 

with the tomato variety used, Calgene’s inability to penetrate the domestic tomato market, and 

the high costs associated with production and distribution. 

A far more commercially successful product, Zeneca’s GMO tomato paste, appeared on the 

market in 1996.  This product, which was sold in both the US and UK, also utilized tomatoes 

in which the PG gene had been silenced.  As described by Grierson (2016) and Bruening and 

Lyons (2000), puree made from tomato fruit with very low levels of PG had “improved 

viscosity” and did not need to be heat-treated to inactivate the endogenous PG, unlike regular 

tomato paste.  This meant that the commercial product was cheaper to produce, and the cost 

savings of ~20% were passed on to consumers.  Sold under the Safeway and Sainsbury brands, 

the tomato puree was clearly labeled “Made with Genetically Modified Tomatoes”, and  

>1.8 million cans were sold between 1996 and 1999.  However, pressure from consumers 

resulting from intense criticism of GM foods in the media ultimately caused sales to decline, 

and both supermarket chains soon adopted a non-GMO position to satisfy their customers. 

The first GM crops to be cultivated on a large scale were planted in 1996 in several countries 

after more than 10 years of field trials (3,647 worldwide, with 91 % in industrialized nations).  

In that year, there were 38 approvals for commercial cultivation of seven different crops 

(soybean, canola, corn, potato, tomato, tobacco, and cotton) in five countries plus the European 

Union, and the total area devoted to GM crops worldwide was estimated to be ~7 million acres 

(2.8 million hectares).  It is interesting that the largest single GM crop grown in 1996 was 

transgenic tobacco engineered for resistance to two viruses, Cucumber mosaic virus (TMV) 

and Tobacco mosaic virus (TMV) in China.  This one crop accounted for nearly 1 million 

hectares (35 % of the total), followed by cotton (27 %), soybean (18 %), corn (10 %), and 

canola (rapeseed) at 5 %.  Of the engineered traits deployed that year, virus resistance accounted 
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for 40 % of the total by area (mainly due to the Chinese GM tobacco), with insect resistance at 

37 % and herbicide tolerance at 23 %.  Examples of some of the first major commercial biotech 

crops approved/planted in 1995 and 1996 are Bollgard™ cotton (Bt toxin for resistance to 

bollworm and budworm), Roundup Ready™ soybean and cotton (glyphosate herbicide 

resistance), and YieldGard™ corn (Bt toxin for resistance to corn borer) from Monsanto, 

Maximizer™ corn from Ciba-Geigy (Bt corn borer resistance), two other corn hybrids 

engineered for resistance to glufosinolate herbicide from AgrEvo (LibertyLink™) and DeKalb, 

as well as cotton lines resistant to bromoxynil and sulfonylurea herbicides from Calgene and 

Dupont, respectively (all data from James and Krattiger 1996, and James, 1997). 

The GM crop revolution continued and accelerated in 1997, with the total area planted to 

transgenic crops worldwide increasing by ~4.5-fold to 12.8 million hectares; as in the year prior, 

there were seven crops grown in six countries.  In the US, the increase was 5.6-fold, to 8.1 

million hectares or 64 % of the global area.  China, Argentina, and Canada followed with 14, 

11, and 10 percent, respectively.  Soybean accounted for 40 % of the area of GM crops grown 

worldwide, with corn at 25 %, cotton at 11 %, and canola at 10 %.  Tobacco fell from 35 % in 

1996 to 13 % in 1997, mainly because the approval to grow the virus-resistant tobacco was 

withdrawn by the Chinese government that year (https://www.chinaag.org/markets/gm-

agriculture-in-china/).  Herbicide tolerance moved from third place in 1996 to the top-ranked 

trait in 1997, with 54 % of the global area devoted to transgenic crops.  Insect resistance was at 

31% and virus resistance declined from 40 % to 14 %, again due to the reduction in the amount 

of tobacco resistant to CMV or TMV grown in China (James, 1997). 

2.2 Benefits, risks, and outcomes of biotech crops 

2.2.1 GM/Biotech crops and plant breeding 

Of the many concerns raised about GM/biotech crops, there is the issue of how genetic 

engineering compares to conventional plant breeding, and how GE technologies can be 

integrated into plant breeding schemes.  Traditional cross- or backcross breeding involves 

hybridization between a selected parental line and a trait donor.  Such crosses can introduce 

thousands of potentially undesirable genes into the elite background that are then removed by 

subsequent rounds of crossing/backcrossing and extensive selection for the trait of interest in 

the field.  The development of new varieties using conventional methods can take 7-10 years, 

while GE can be done in a much shorter timeframe for many species.  Genetic engineering has 

a considerable advantage over traditional plant breeding because only one or a few well 

characterized genes are incorporated into the genome to add a desired trait to an elite variety.  

And, unlike sexual reproduction, GE allows the transfer of genes from distant relatives, other 

plant species, or even organisms from other kingdoms such as bacteria or fungi into plants (see 

below).  There is a perception amongst the general public that GE can alter plants so that they 

pose a risk to human health, livestock health, and/or to the environment due to the random, 

uncontrolled incorporation of foreign genes into the genome.  A comprehensive review of the 

relevant literature has shown that no adverse effects of GE crops have ever been demonstrated 

in a refereed scientific study (National Academies 2016).  As described in the Introduction, GM 

crops have been shown to have “large and significant” benefits to individuals and society, 

mainly through increased yields and decreased use of pesticides and herbicides.  Gains in crop 

yield and farmer profits are higher in developing countries, but considerable cost-savings and 

social benefits are realized in both industrialized and developing nations (Klümper and Qaim, 

2014). 

  

https://www.chinaag.org/markets/gm-agriculture-in-china/
https://www.chinaag.org/markets/gm-agriculture-in-china/
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GM crops are designed to be fundamentally indistinguishable from their non-GM counterparts, 

because the molecular events involved in transgene insertion rely on the same basic processes 

that occur during sexual reproduction (chromosomal recombination and DNA repair) in plants.  

Gene constructs introduced by conventional gene delivery (transformation) methods 

(agrobacterium-mediated or via the ‘gene gun’) are inserted into the genome of the recipient 

plant at random locations by one or more mechanisms used by the plant cell in DNA repair.   

T-DNA insertions into the plant genome are often shown to have deletions, rearrangements, or 

insertions at the T-DNA border/plant DNA junctions (Rosati et al., 2008), and insertions that 

contain flanking Ti plasmid sequences are also common.  In addition, “filler” DNA, often 

consisting of host plant DNA sequences at the site of T-DNA insertion, or chromosomal 

inversions or translocations, are often associated with T-DNA integration events (Gelvin, 

2017).  The exact mechanism(s) of T-DNA insertion and integration are unknown at present, 

although it is clear that all of the events involved can also occur during traditional 

breeding/meiotic recombination in plant cells.  While some may argue that the introduction of 

Ti plasmid-derived DNA sequences into the plant genome by a soil bacterium (species of 

Agrobacterium) is unnatural, this is most certainly not the case.  Over the past 35 years, many 

studies have shown that T-DNA sequences (in this case from Agrobacterium rhizogenes) are 

present in the genomes of wild plants.  This includes at least 16 species of Nicotiana 

(Solanaceae), and species from two sections of the genus Linaria (toadflax; Scrophulariaceae), 

and the T-DNA sequences appear to have influenced the evolution of these species (Matveeva 

and Lutova 2014).  This type of horizontal gene transfer (HGT) has also been detected in the 

genome of cultivated sweet potato, one of the world’s most important food crops (Kyndt et al., 

2015).  In this particular case, the T-DNA sequences were found to originate from an ancient 

transformation event and appear to be from an unknown strain of A. rhizogenes.  One of the  

T-DNA regions was detected in all cultivars examined, and because the agrobacterium genes 

are expressed at low levels, this T-DNA may have conferred a selective advantage to the 

ancestor of the cultivated sweet potato. 

GM crops can be grouped into three general categories that are all produced by established 

methods used for plant transformation – gene transfer via either agrobacterium-mediated 

transformation or a biolistic approach (the “gene gun”).  (1) “Transgenic” generally describes 

plants that have been engineered to express a foreign gene that does not originate from the 

recipient species or a close relative, and the gene can be under control of cis elements 

(promoters and terminators) that could come from a plant, virus, bacterium, or any other 

organism (or could be synthetic, for that matter).  As presently defined, (2) “cisgenic” plants 

contain native genes from sexually compatible species; the genes retain all of their introns and 

also their upstream and downstream regulatory elements (promoter regions and terminators) in 

the original positions and orientations.  Similar to cisgenic plants, (3) “intragenic” plants are 

transformed with genes from the sexually compatible gene pool, but there is no requirement 

that the genes retain their native exons, and the promoter and terminator sequences can originate 

from other genes in the same gene pool.  While these definitions apply to many crop species, 

they are deficient for plants from genera in which chromosome numbers and/or ploidy levels 

vary widely, such as Nicotiana.  Disease resistance traits from species such as N. glutinosa 

(Tobacco mosaic virus) or Nicotiana debneyi (blue mold and black root-rot) that are not 

sexually compatible with N. tabacum have been transferred into tobacco using laborious 

hybridization methods that took many years, even decades (Holmes, 1938; Clayton, 1968).  

Several species in Nicotiana Sect.  Alatae express strong, dominant single-gene resistance in 

the form of a hypersensitive response (HR) to important pathogens such as Peronospora 

tabacina (blue mold, Nicotiana langsdorffii; Zhang and Zaitlin 2008) and Tomato spotted wilt 

virus (Nicotiana alata; Moon and Nicholson 2007; Laskowska and Berbeć 2010).  However, 

these species are sexually incompatible with cultivated tobacco; while there may be multiple 
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reasons for this, the fact that N. alata and N. langsdorffii are both diploids (n=9), while 

N. tabacum is a relatively recent allotetraploid (n=2x=24) (Clarkson et al., 2017), certainly 

poses a barrier to interspecific hybridization.  Thus, transferring either of these R genes to 

tobacco, even with their native exon/intron structure, 5’ and 3’ sequences, and transformation 

vector sequences of plant origin, would place the resulting plants outside of the current 

definitions of both ‘cisgenesis” and “intragenesis”.  This means that a new definition, possibly 

“intergenesis” is needed to define GM plants of this type, particularly for regulatory purposes.  

Unlike cisgenesis and intragenesis, “intergenesis” would further extend a species’ gene pool by 

providing access to genes from closely related species that cannot be readily crossed using 

conventional methods. 

The advantages of transgenic/cisgenic/intragenic GE approaches for the plant breeder have 

been described in detail by Schouten et al., (2006), Holme et al., (2013), and Cardi (2016) and 

are summarized below: 

• The gene or genes introduced into GM crops are based on DNA constructs that are 

extremely well characterized compared to native plant genes deployed in traditional 

breeding. 

• Genetic engineering of crops offers the ability to transfer single genes, rather than the 

hundreds (or thousands) of mostly uncharacterized (and generally unknown) genes that 

are transferred during conventional breeding.  And while the random or unguided 

insertion of an introduced gene may be of some regulatory concern, similar events also 

happen in nature or during conventional crop breeding.  For example, chromosomal 

translocations can occur during traditional breeding, and these may result in the 

movement of blocks of genes to new locations in the genome.  Also, transposable 

elements (transposons or “jumping genes”) have been shown to “capture” one or more 

gene fragments and move them to new locations in the genome, where some are 

expressed and over time become actual genes.  This process has been identified in 

several crop species (such as rice and maize) and involves more than one type of 

transposon (Bennetzen 2005). 

• Genetic engineering expands the gene pool of the recipient plant variety and may add 

valuable trait(s) that could not be introduced by conventional breeding.  Because genes 

that are added via transformation insert randomly within the genome, it is possible that 

they can “land” within other genes or regulatory sequences, resulting in a mutation that 

could potentially impact expression of the target gene in some way.  Again, this is not 

conceptually different from natural processes that occur in plant genomes, the most 

familiar of which is the translocation of mobile genetic elements such as transposons.  

Using the genomic resources that are available for most crop species, it is now possible 

to locate a transgene within the recipient plant genome to a chromosomal region, genetic 

locus, or even to the base pair. 

• Gene transfer (transgenic) approaches can be used to improve varieties of crop species 

that are propagated clonally.  This is particularly relevant to woody crops such as apples 

and grapes, where the industry is reliant on established varieties that may be very old 

and very valuable (think wine).  It would be all but impossible to add a specific trait 

(pest or disease resistance, for example) to such highly heterozygous varieties using 

methods that do not involve plant transformation.  This also applies to highly 

heterozygous polyploid crops, such as commercial varieties of potatoes and strawberries 

(which can be octoploid), where selection is confounded by the presence of multiple 

alleles, rather than two in diploids, for most genes.  Examples of the successful use of 

cisgenic or intragenic modification of heterozygous, vegetatively-propagated crops are 

given in Holme et al., (2013). 
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• Linkage drag, in which physically linked deleterious genes are transferred into the 

recipient line along with the gene of interest, can be a considerable problem in 

traditional backcross breeding schemes.  This is because identifying individual plants 

in which the deleterious genes have been eliminated by recombination can be very 

difficult and time consuming, if not impossible.  A good example is the tobacco line 

known as ‘Polalta’, which contains a dominant gene for resistance to Tomato spotted 

wilt virus (TSWV) that originated in N. alata (Laskowska and Berbeć 2010).  

Introgression of this trait into tobacco using complex crosses produced a TSWV-

resistant variety with abnormal leaf and flower morphology due to the retention of genes 

from N. alata that are linked to the TSWV R-gene.  It was only through the use of linked 

molecular markers that the resistance trait could be transferred into elite tobacco 

varieties by identifying rare recombination events and selecting for plants that did not 

display the abnormal plant type that is unique to ‘Polalta’ (Moon and Nicholson 2007). 

• As mentioned above, the molecular events that lead to the successful insertion and 

incorporation of a transgene into a plant genome are no different from those used by the 

plant cell to repair double-stranded (ds) breaks in chromosomal DNA.  Plant cells have 

to repair ds breaks that arise as a result of chromosomal recombination or from DNA 

damage caused by ionizing radiation or stress-related metabolites such as reactive 

oxygen species (ROS).  The main pathway for DNA repair in plants is called “non-

homologous end-joining” (NHEJ).  NHEJ does not require sequence homology between 

the two ends to be rejoined, and is known to be prone to errors.  DNA repair sites often 

have deletions, insertions, or sequence rearrangements where the two ends have been 

joined that are characteristic of the NHEJ process.  These same alterations are found at 

the site of transgene insertion, between the introduced sequences and the flanking plant 

DNA, and are also a feature of DNA transposon excision sites.  Thus, the insertion of 

foreign DNA sequences into a plant genome relies on DNA repair mechanisms that are 

highly conserved in plants and are not unique to genetic engineering.  (Schnell et al., 

2015). 

There are several potential negative consequences that can arise from introducing foreign DNA 

into plants.  As described by Filipecki and Malepszy (2006) and Latham et al., (2006), transgene 

integration can affect the transgenic plant as a result of the insertion site(s), copy number, and 

physical structure of the genetic construct.  There can also be unintended phenotypes observed 

due to the introduced trait or even from the transformation process itself (regeneration of whole 

plants from individual cells or embryos in tissue culture).  Transgenes, like other types of 

insertion sequences (such as transposons), can be mutagenic; insertion effects occur when the 

presence of the transgene influences the functioning of sequences adjacent to the integration 

site, while position effects can influence expression of the transgene itself.  T-DNA shows some 

preference for insertion in genomic regions that are transcribed, and insertion effects can result 

in complete or partial loss or gain of function.  Functional promoters within the transgene can 

cause transcription in sequences surrounding the insertion site, and this effect may occur as far 

as 12 kb distant from the transgene.  T-DNA promoters can direct the synthesis of aberrant 

sense or anti-sense RNA transcripts that can act as mRNAs in some cases and can also trigger 

silencing in genes with similar or homologous sequences via RNA interference (RNAi).  

Similarly, regulatory sequences in the genomic DNA flanking the insertion site can direct 

transcription into the transgene, resulting in higher or lower levels of transcription.  Transgenes 

can also be silenced by transcriptional gene silencing (TGS), which often involves specific 

methylation of cytosine residues in the transgene.  Agrobacterium-mediated transformation 

generally results in transgenic plants carrying one or few copies of the transgene, sometimes as 

a tandem insertion.  Delivery of foreign DNA constructs by particle bombardment is disruptive 

to the genome and can give transgenic plants with high transgene copy numbers (>10) in 
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complex configurations.  Because transgene insertion into the plant genome is not a precise 

event, small- and large-scale deletions, rearrangements, duplications, and insertions of 

superfluous DNA sequences (such as bacterial genomic or plasmid DNA) can occur at the site 

of transgene integration and can alter plant phenotypes.  Such events are common when 

Agrobacterium is used for transformation but appear to be ubiquitous at particle bombardment 

transgene insertion sites.  A real-world example of this concerns the MON 810 maize 

transformation event, in which the 3’ end of the cry1A(b) gene and the entire NOS terminator 

sequence were deleted during transformation.  One consequence of this is that transcription 

continues into the 3’ flanking sequences in the maize genome (La Paz et al., 2010).  A similar 

situation was also found in Roundup Ready™ Soybean 40-3-2 that expresses the enzyme 

ESPSP (5-enolpyruvylshikimate-3-phosphate synthase) for glyphosate tolerance.  In these two 

cases, the DNA structures at the transgene insertion sites were more complicated than originally 

described in the applications for commercial release, lending credence to claims that regulatory 

oversight for transgenic crops can be inadequate and could have biosafety implications (Latham 

et al., 2006). 

Mannion and Morse (2013) give an excellent description of the relationship between 

GM/biotech crops and traditional plant breeding: “GM provides an opportunity to address any 

limitations inherent within crops by manipulating crop genetic makeup i.e. this is direct 

manipulation at the molecular level which bypasses time-intensive and expensive conventional 

breeding.  It is also a more targeted approach compared to the production of varieties followed 

by extensive selection, and it facilitates the inclusion of genetic material from a variety of 

sources, including non-plant sources, as well as from the same species and its close relatives….  

Needless to say that this ability to transfer single genes rather than the many thousands that are 

transferred during natural processes of sexual reproduction offers a distinct advantage….  

Indeed the irony is that GM crops are no different from their non-GM counterparts in terms of 

these fundamentals.  The G X E [genotype-by-environment] consideration remains true for GM 

crops and there is still a need to make sure that any new genes, from whatever the source, are 

placed within a genetic ‘background’ that confers the characteristics that farmers want.  Hence 

the GM technology is not a replacement for many of the tasks that plant breeders have to 

employ.  It helps shortcut some of this, and this shortening of time scale is important, but it does 

not mean that plant breeders are no longer required. 

2.2.2 Transgene stability 

One potential problem with transgenic crops concerns the stability of the introduced 

transgene(s).  Stability can refer to either the integrity of the gene construct in the plant genome 

or the expression characteristics of the gene as related to the novel trait (e.g. insect resistance 

or herbicide tolerance) over the short- or long-term.  In either context, ‘transgene stability’ 

differs considerably for long-lived plants, such as trees, vs. annual grain crops (corn, rice, 

wheat). 

Because trees are perennial plants that often have very long lives, individuals can persist in the 

environment for many decades.  Thus, transgene integrity and expression must be maintained 

for years, and the extended generation times of most trees makes it impractical to determine 

transgene fate over more than a few generations of sexual reproduction.  Walter et al., (2010) 

examined >700 field trials of GM fruit, forest, or woody perennial trees around the world and 

found that none reported “any substantive harm to biodiversity, human health or the 

environment”.  Also, there were no unexpected ecological effects that could be attributed to the 

GM trees compared to their non-GM counterparts.  A more recent review describes 20+ years 

of field research experience with transgenic poplar, cottonwood, and sweetgum in the Forest 

Biotechnology Laboratory at Oregon State University.  In nearly 200 field trials conducted from 
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1996-2016 involving >22,000 transgenic trees, Strauss et al., 2016 found <1% visual 

abnormalities (somaclonal variants) and no indications that the introduced transgenes were 

unstable or that gene expression was negatively affected by endogenous silencing mechanisms.  

The novel traits in the transgenic trees involved changes in growth parameters (dwarfing or 

growth enhancement) and physiology (reproductive sterility, flowering time modification, 

lignin modification), as well as glyphosate tolerance, Bt (Bacillus thuringiensis) insecticidal 

gene trials, and transgene stability trials.  Some of these traits (e.g. early flowering) were due 

to RNAi-induced gene silencing.  Poplars are commonly cut off at ground level to encourage 

new growth (coppiced), and studies from the OSU group showed that herbicide resistance and 

Bt gene expression were both stable for many years over many cycles of coppicing. 

Several types of fruit trees have been transformed with foreign genes to add traits such as 

resistance to viral, fungal, and bacterial diseases (plum, papaya, apple, pear, and citrus), flesh 

that does not brown on exposure to air (Arctic® apple), and tolerance towards abiotic stresses 

such as drought and salinity (apple, kiwifruit, and citrus) (Gambino and Gribaudo 2012).  

Borejsza-Wysocka et al., (2010) examined gene expression and disease resistance in transgenic 

apple trees over a period of 12 years.  ‘Galaxy’ apple trees were transformed with the attacin E 

gene under the control of two different promoters.  Attacins are small (~20 kD) antimicrobial 

proteins synthesized by the pupae of cecropia moths that are active against Gram-negative 

bacteria.  Trees were monitored periodically for transgene mRNA expression and attacin E 

protein levels which were found to be stable over the course of the experimental period.  

Transgenic plants and fruits were indistinguishable from non-transgenics; there were no 

differences in tree morphological characters or fruit morphology and quality traits.  Transgenic 

trees produced normal fruits containing fertile seeds and showed increased resistance to 

Erwinia amylovora, the fire blight pathogen. 

YieldGard® MON 810 is a transgenic line of maize from Monsanto that expresses the  

B. thuringiensis Cry1A(b) protein for protection against the European corn borer (Ostrinia 

nubilalis).  MON 810 is the only GM maize that has been grown in the European Union, mainly 

in Spain and Portugal.  La Paz et al., (2010) examined a group of 28 commercial YieldGard® 

maize lines from different breeders, all of which carry the MON 810 cry1A(b) transformation 

event.  They found that there were no rearrangements at the transgene locus, and no nucleotide 

mutations within the transgene or the 3’ flanking regions.  There were six SNPs in the 5’ 

flanking region, but all were >500 bp upstream of the transgene.  Cytosine methylation (an 

epigenetic modification) in a region of the transgene showed slight variation between maize 

lines and developmental stages but was very low and never exceeded 2.5%.  cry1A(b)-specific 

mRNA levels decreased during leaf development and were the same in the two lines assayed.  

Thus, after 17 generations since the introduction of MON 810 maize lines, changes in the 

cry1A(b) transgene due to genetic instability were no greater than for endogenous maize genes. 

Transgene instability has been detected experimentally in species of Nicotiana.  Lee et al., 

(2014) examined the phenotypes of green fluorescent protein- (GFP)-expressing transgenic 

plants of N. benthamiana at the T9 generation and identified three main classes; plants showing 

full green fluorescence, plants with a scattered mosaic pattern of GFP expression, and fully 

silenced plants with no green fluorescence.  Detailed analyses showed that hypermethylation 

of CAMV 35S promoter sequences and deletions within the CAAT box region of the 35S 

promoter accounted for the scattered and fully-silenced GFP phenotypes.  This study also found 

that several genes involved in homology-dependent gene silencing (HDGS) showed altered 

expression levels in the transgenic plants.  A similar study by Sohn et al., (2011) also identified 

epigenetic mechanisms that caused the silencing of 35S-GFP constructs in transgenic  

N. benthamiana plants.  These authors found higher levels of cytosine methylation in the GFP 

transgene sequence in the GFP-silenced and mosaic plants, but they also detected 21- and  
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24-nucleotide siRNAs (small interfering RNAs), which are indicators of post-transcriptional 

gene silencing (PTGS) and transcriptional gene silencing (TGS), respectively.  In tobacco  

(N. tabacum), overexpression of AtMYB90, an Arabidopsis gene that encodes a transcription 

factor involved in regulating anthocyanin synthesis, results in transgenic plants with dark purple 

leaves.  Velten et al., (2012) found that ~25 % of the progeny from one line of transgenic 

tobacco plants expressing AtMYB90 had reduced levels of pigmentation with green areas on the 

leaves that were nearly as green as wild-type plants.  Subsequent investigations showed that all 

of the plants with this phenotype were homozygous for the AtMYB90 transgene, while fully 

pigmented plants were hemizygous (they contained only one copy of the transgene).  Although 

this is counter intuitive, it was explained by a gene-dosage effect; more than one copy of the 

transgene activated gene silencing in response to elevated levels of AtMYB90 mRNA.  PTGS 

was implicated in silencing the transgene by the presence of small interfering RNA (siRNA) 

molecules that were mostly 21-nt in length and were homologous to both strands of the 

introduced AtMYB90 gene. 

2.2.3 Potential risks posed by GM crops 

There are risks associated with the implementation of all new technologies, and valid concerns 

about the effects of GM crops on the environment and on consumers have been widely noted 

since they were first introduced almost 25 years ago.  Considering the scale of modern 

agriculture and the high rate of grower acceptance, genetically modified maize and soybean 

varieties are now grown over millions of acres/hectares every year in the US and other early-

adopting countries such as Brazil and Argentina with no more negative environmental effects 

than those posed by non-GM crops.  Common perceived risks of GM crops include; (1) an 

increased tendency of transgenic plants to become weeds, (2) outcrossing to wild relatives 

releases transgenes into the environment and increases the chance that the wild relatives will 

become weedy, (3) potential allergenicity or toxicity of the transgene products to humans or 

animals, and (4) unpredicted effects on beneficial insects and microorganisms.  The extensive 

research and testing required for GM crops limits this technological advance to large, 

diversified agribusiness companies that have the money to develop GM crops and shepherd 

them through the costly regulatory process to approval, production, marketing, and sale.  

Herman  et al., (2019) make the case that the risks of GM crops should be assessed in the 

context of the agricultural system into which they are introduced.  Risks associated with new 

technologies such as GM crops cannot be evaluated without consideration of the potential 

benefits to society, and in this case, the benefits of growing GM crops to the farmer and 

consumer far outweigh any known risks.  In fact, Herman et al., argue that there can be societal 

risks associated with not adopting new technologies, and these can include increased 

development costs, reliance on older, outdated technologies, and the perception by consumers 

that the risks associated with a beneficial new technology are high. 

Other perceived risks of GM crops include their potential to become weeds, undesired pollen 

flow from GM plants to wild relatives or progenitor species, and the establishment of transgenes 

in free-living plant populations.  Ellestrand (2018) reviewed reports of “volunteer, feral, weedy, 

and wild” populations that contain at least one transgenic individual, and grouped the various 

incidents identified in the literature into 14 “cases”.  All of these came from peer-reviewed 

science journals and/or government publications.  Of the >1,000 incidents included, only a very 

few describe the documented movement of transgenes into wild plant populations of Brassica 

rapa, creeping bentgrass, and wild-weedy cotton.  Many of the incidents involve transgenic 

populations that have arisen due to seed spillage along transport routes or near ports, most 

commonly feral populations of oilseed rape (Brassica napus) that contain transgenic 

individuals, sometimes in countries where transgenic B napus is not approved for cultivation 

(Pandolfo et al., 2016).  A similar situation has occurred with alfalfa in the US, where transgenic 
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individuals have been found in >100 feral populations, with some evidence of persistence.  

Glyphosate resistance has spread in populations of creeping bentgrass in Oregon, which has 

been attributed to both pollen flow and seed dispersal events from controlled field trials of 

commercial transgenic bentgrass.  These glyphosate resistant plants have become weeds around 

irrigation canals.  Small numbers of transgenic wheat and maize plants have also been 

documented in agricultural fields, the latter originating from seeds that remained in the fields 

from the previous year.  While the unintended escape of transgenes into wild populations was 

predicted to be a “virtual certainty” in 2005 (paper cited by Ellestrand 2018), it has not 

happened for all transgenic crops, and is problematic only in the few that (a) are long lived and 

persistent, (b) have either wild/feral relatives or non-transgenic commercial varieties growing 

nearby, and/or (c) have pollen dispersal distances of  1 km.  Fortunately, there are alternative 

herbicides available to control transgenic glyphosate resistant plants of bentgrass, alfalfa, and 

B. napus that are growing in places where they are not wanted. 

2.3 Impact of genomics, proteomics, transcriptomics, and metabolomics on 

modern crop breeding 

In contemporary biology, the suffix “-omics” refers to a group of technologies that are applied 

to the analysis of a large and complete data set of a particular type or class of biological 

molecule in a cell, tissue, or whole organism.  While “-omics” can be appended to just about 

any word that describes a cellular component, the most commonly encountered uses describe 

the fields of genomics, transcriptomics, proteomics, and metabolomics for the comprehensive 

study of the genome (comparative, functional, or evolutionary studies of genes and their 

functions), the transcriptome (all transcribed RNA molecules), the proteome (all expressed 

proteins), and the metabolome (diverse classes of cellular metabolite chemicals), respectively.  

All of these ‘omics fields are intimately linked to bioinformatics, which is defined as “the 

science of managing and analyzing biological data using advanced computing techniques” 

(Human Genome Project).  Because data sets can be extremely large, analyses need to be 

completed in a realistic timeframe; thus, it goes without saying that ‘omics’ technologies would 

not exist without high-speed computers with hard drives capable of storing terabytes (a terabyte 

=1012 bytes or 1,000 gigabytes) of data.  Note that the scientific use of the suffix “-omics” is 

not the same as that used in an economic context, an example of which from the 1980s is 

“Reaganomics”. 

2.3.1 Genomics 

The positive impact of genomics on plant research and plant breeding cannot be overstated.  

The rapid advances in high-throughput, multiplexed DNA sequencing technology that began a 

decade ago have made it possible to determine the genome sequences of many plants, not just 

model species such as Arabidopsis and rice.  In the past several years, the increase in sequencing 

capacity, base calling accuracy, and speed for both short-read (Illumina) and long-read (Pacific 

Biosciences and Oxford Nanopore) platforms has resulted in enormous reductions in cost, 

making genomics projects well within the reach of small research laboratories and individual 

investigators. 

Plant genomics began with the Arabidopsis Genome Initiative (AGI), a major project that was 

launched in 1990 and culminated with the publication of the genome sequence 10 years later 

(The Arabidopsis Genome Initiative, 2000).  The Arabidopsis thaliana genome was the third 

multicellular eukaryotic model species to have its genome sequenced after the nematode worm 

Caenorhabditis elegans in 1998 and the fruit fly Drosophila melanogaster in 2000.  The AGI 

used the DNA sequencing technologies that existed at the time, mainly automated 96-capillary 

instruments, and relied heavily on large-insert genomic clones in bacterial artificial 
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chromosome (BAC), yeast artificial chromosome (YAC), phage P1, and cosmid vectors.  Initial 

claims of the AGI were that a genome sequence would allow for a “much deeper understanding 

of plant development” and permit the “structure and dynamics of plant genomes to be assessed 

and understood”, leading to knowledge of “the function of all Arabidopsis genes by 2010”.  The 

progress made in the five years after the public release of the genome sequence is summarized 

in Bevan and Walsh (2005).  The sequence assembly current at that time (TIGR v5) consisted 

of 119 Mbp (million base pairs) of analyzed sequence and included 19,117 genes with matches 

from messenger RNA (mRNA) and 26,207 predicted gene models.  A major and unexpected 

finding was that even in the relatively small and low-complexity genome of A. thaliana, there 

is evidence of cycles of whole-genome duplication followed by gene loss and divergence, and 

that 36 % of the proteins are encoded in regions that result from segmental and tandem 

duplications.  Also, the genome sequence made comparative genomics possible, and allowed 

the detection, characterization, and distribution of various classes of repeated sequences that 

are important drivers of plant evolution.  From a practical perspective, the genome sequence 

increased the speed and precision of map-based gene cloning and gene identification.  The 

Arabidopsis community developed many genetic resources, such as transposon and T-DNA 

insertion libraries and other mutant collections, that were (and still are) freely available to 

researchers worldwide.  Perhaps most importantly, the AGI spurred the development of 

bioinformatics and other computational tools and specialized databases that are the mainstay of 

modern plant biology. 

The stunning accomplishments of the AGI were again summarized in 2015, on the 50-year 

anniversary of the first Arabidopsis research conference held in Göttingen, Germany, in April 

of 1965 (Provart et al., 2016).  While the incredible breadth of the science that came directly 

from the Arabidopsis genome sequence is beyond the scope of this review, there are many 

notable firsts that have helped to shape contemporary plant research.  A few examples are: 

1. Reverse genetics. The large number of characterized insertion (transposon and T-DNA) 

mutants in Arabidopsis allows researchers to take a “reverse genetics” approach to understand 

gene function.  In this case, one would start with a line carrying a mutation in a known gene 

and perform experiments to characterize its effects on phenotype, rather than starting with a 

large population of random mutants to link specific genes to mutant phenotypes (“forward 

genetics”).  The development of rapid methods for sequencing the insertion sites as well as 

searchable databases and seed stocks made this a very powerful method, and also enabled 

similar studies on orthologous genes in other important plant species such as rice. 

2. Cell biology. The ability to observe cellular processes in real time (“live-cell imaging”) has 

enabled the discovery of mechanisms involved in fundamental plant-specific processes such as 

assembly of the cytoskeleton and vacuolar trafficking, among others.  But what really 

revolutionized plant cell biology was the ability to tag cellular proteins with autofluorescent 

proteins such as GFP (green fluorescent protein from the jellyfish Aequorea victoria).  Confocal 

laser scanning fluorescence microscopy made it possible to observe the localization of GFP-

protein fusions to subcellular structures in living cells, and greatly simplified the identification 

of amino acid sequences that direct or target proteins to specific organelles such as the plastid 

or endoplasmic reticulum. 

3. Development. Much of what is presently known about plant development came from basic 

research in Arabidopsis.  The genome sequence featured directly in the discovery of how 

miRNAs and other small RNAs regulate various aspects of development based on sequence 

complementarity with their target genes.  Studies of the interactions of different flowering 

pathways and gene networks eventually led to the discovery of FT (FLOWERING LOCUS T), 

a mobile protein that is synthesized in the leaves but acts at the shoot apical meristem to initiate 
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flowering.  A hormone-like signal that was graft-transmissible was identified in the 1930s and 

named “florigen”; however, it took ~70 years to show that the FT protein (not the mRNA 

[Böhlenius et al., 2007; Pennisi, 2007]) meets all the criteria to be a systemic flowering signal, 

and is, indeed, florigen.  In addition to flowering, many other genomic studies in Arabidopsis 

revealed how plants respond to their environment by controlling aspects of development such 

as plant size, growth rate, and degree of branching, etc. 

4. Phytohormones. Plant hormones are biologically-active small molecules produced by plants 

at very low concentrations to regulate their own growth and development.  There are nine 

accepted classes of plant hormones that are defined by their distinct chemical structures, and 

all of these except for the strigolactones (which function to inhibit shoot branching) were 

discovered and/or characterized in the 20th century, mostly in the years following World War 

II.  The Arabidopsis genome featured prominently into the elucidation of the molecular 

mechanisms that control hormone perception and signaling.  We now know that there are three 

basic ways in which plant hormones are perceived as signals: (i) ethylene and cytokinins 

initially bind to two-component receptors (similar to bacterial histidine kinases) that are 

anchored to the endoplasmic reticulum, (ii) a large group of hormones that includes auxin, 

jasmonates, gibberellic acid, abscisic acid, and strigolactones are perceived by protein receptors 

that are soluble in the cell cytoplasm, and (iii) brassinosteroids bind to a plasma membrane 

receptor (an LRR-kinase) that activates a cascade of phosphorylation to regulate gene 

transcription, similar to hormone perception in animals.  The central message to emerge from 

this research is that plant hormones act to directly stabilize physical interactions between 

proteins, which in turn is linked to protein degradation through proteolysis.  It turns out that all 

hormone receptors, with the exception of that for brassinosteroid, are encoded by more than 

one gene, and this means that functional identification would have been impossible without a 

high quality genome sequence due to the level of genetic redundancy.   

5. Plant disease resistance and response to stress. Some of the most valuable information for 

plant breeders and growers came from studies in Arabidopsis that uncovered the mechanisms 

behind disease resistance/tolerance, plant-microbe interactions, and abiotic stress tolerance.  

The realization that a short-lived annual weed actually could be infected by specific pathogens 

resulted in a huge number of research studies that defined plant defense systems and the genes 

involved in pathogen recognition and signaling.  The discovery of basal defense, in which plants 

respond to pathogen-associated molecular patterns (PAMPs), led to the recognition of the plant 

immune system and also the isolation and characterization of a diverse group of proteins 

encoded by R (resistance) genes.  R-proteins mediate host resistance to specific pathogens 

including viruses, fungi, bacteria, and oomycetes.  Many plant pathogens produce protein 

effectors that they transfer to plant cells to “short-circuit” the host defense systems.  The finding 

that R proteins present in the cells of disease resistant host genotypes can specifically recognize 

certain effectors, an association that triggers a localized form of programed cell death known 

as the hypersensitive response (HR), validated the gene-for-gene hypothesis first proposed by 

U.S. department of Agriculture (USDA)/ Agricultural Research Service (ARS) scientist H.H.  

Flor almost 50 years ago (Flor 1971).  This hypothesis implies a receptor/ligand interaction 

between R-proteins and pathogen effectors, and in many cases a plant may be resistant to one 

or a few strains of the pathogen, but susceptible to infection by other strains.  Similarly, the 

Arabidopsis genome sequence was an essential resource for identifying the genes and pathways 

through which plants interact with their environment and cope with abiotic stresses such as 

drought, salinity, UV light, heavy metal contamination, and extreme high and low temperatures.  

Advances made in Arabidopsis are having direct and positive effects on agricultural crops; 

quoting Provart et al., (2016) “... mechanisms of stress tolerance first identified in Arabidopsis 

have been introduced into crop species with resulting agronomic improvements”. 
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6. Tobacco genomics. Tobacco and its relatives in the genus Nicotiana present particular 

challenges when it comes to whole genome sequencing.  Many species are polyploids derived 

from hybridization between two progenitors of extant diploid species, and as a consequence 

have many more chromosomes.  This fact, together with major expansions in some families of 

repeated sequences (such as transposable elements), has resulted in species with very large 

genomes.  For example, the haploid genome size of tobacco (N. tabacum), is ~5 Gbp (5 billion 

base pairs, in 24 chromosomes), which is >30-fold larger than the genome of A. thaliana.  The 

two species from which tobacco is derived, N. sylvestris and N. tomentosiformis, are diploids 

with 12 chromosomes, and their haploid genomes are both ~2.7 Gbp in size.  The smallest 

genome of a diploid Nicotiana species is that of Nicotiana obtusifolia (desert tobacco), which 

at ~1.5 Gbp is still 10 times the size of the Arabidopsis genome (Table 1, Leitch et al., 2008). 

This then raises a fundamental question: since most flowering plants have approximately 

30,000 genes per haploid genome, how is it that genome sizes in plants can vary by >100-fold?  

One answer is that, in the absence of polyploidy, it is the expansion and proliferation of different 

kinds of repeated sequence families, transposable elements in particular, that accounts for the 

huge size differences.  For example, the transposon fraction comprises approximately 81 % and 

65 % of the DNA in the genomes of N. attenuata and N. obtusifolia, respectively (Xu et al., 

2017).  Even the relatively small genome of A. thaliana contains ~25 % repeated sequences 

(Maumus and Quesenville, 2014).  Transposons and other classes of repeated sequences are 

often present in large blocks of tens to hundreds of tandemly-repeated elements that can be 

thousands to tens of thousands of base pairs in length, and it is this feature that makes genome 

assembly particularly challenging.  Another factor is that in polyploids, there can be multiple 

copies of similar genes that have almost identical DNA sequences.  Faster computers and 

advanced assembly programs now make it possible to generate useful genome assemblies in 

polyploid species with large genomes.  In the genus Nicotiana for example, there are whole 

genome assemblies available for at least seven species; tobacco (N. tabacum), N. benthamiana, 

N. sylvestris, N. tomentosiformis, N. otophora, N. attenuata, and N. obtusifolia.  Genome sizes 

range from ~1.5 Gbp to ~5 Gbp, and two of the species are of ancient (N. benthamiana) or more 

recent (N. tabacum) polyploid origin.  Versions of all except N. obtusifolia are publicly 

available through the Sol Genomics Network (SGN; solgenomics.net), where the DNA 

sequences and transcriptome assemblies can be fully searched.  The SGN hosts genome 

assemblies of representatives of the three major market classes of tobacco; oriental (‘Basra 

Xanthi’), flue-cured (K326), and burley (TN90).  However, several tobacco companies have 

invested in modern genomics technologies as an aid to traditional breeding, and their scientists 

have produced high quality proprietary genome assemblies for several important inbred lines.  

As of late 2018, scientists at China National Tobacco Company have sequenced and assembled 

the genome of their cultivar ‘Honghua Dajinyuan’ using a multi-pronged approach, and 66 % 

of the sequence scaffolds are anchored to pseudochromosomes.  In addition, the CNTC group 

used this genome sequence as a template to re-sequence the genomes of >250 other tobacco 

varieties and landraces to construct a haplotype map of the genomic variations (Peijian Cao, 

2018 CORESTA Congress, 22-26 October 2018, Kunming, China). 

A few words about whole genome sequencing.  Producing a usable genome assembly of any 

higher organism is not a trivial undertaking, particularly if a high-quality, fully annotated 

assembly is required.  Whole genome sequencing (WGS) requires a large amount of DNA 

sequence data, appropriate assembly and annotation pipelines, and a computer with sufficient 

memory (RAM), data storage capacity, and processing speed.  At present, the DNA sequencing 

instruments of choice for WGS are manufactured by Illumina Inc. (San Diego, CA), and they 

can generate huge numbers of short sequencing reads up to 150 bases very inexpensively.  The 

data produced on these instruments using so-called ‘second-generation’ sequencing technology 
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is generally of high quality with a very low intrinsic error rate.  When initiating a plant WGS 

project, each nucleotide position in the genome needs to be sequenced at least 50 times due to 

the random fragmentation of the genomic DNA prior to sequencing.  This 50-fold sequencing 

coverage means that larger genomes require much more sequence data than do small genomes.  

In tobacco, for example, the haploid genome is ~5 Gbp (5 billion base pairs), so 50-fold 

coverage means that one would need to start with ~250 Gb of short-read Illumina sequencing 

data, which equates to ~1.7 x 109 reads of 150 bases in length.   

The genomes of many higher eukaryotes, including plants, are large (≥1 billion base pairs), and 

consist of varying numbers of repeated sequences in addition to the genes that encode proteins 

and structural RNA molecules, etc.  The different types, relative copy numbers, and distribution 

of the repeated sequences will have a major impact on the quality of the final assembly.  Large 

genomes with a high repeat content often give fragmented assemblies that consist of thousands, 

or even hundreds of thousands of relatively short contigs (Usade et al., 2018).  While many 

assembly programs are optimized for Illumina sequencing data, the short reads (150 bases or 

300 bases for paired-end reads) are not long enough to span entire genes or highly repetitive 

elements such as DNA transposons or retrotransposons.  Consequently, individual classes of 

repeated sequences will often be collapsed by the assembly program into a single contig due to 

the high degree of DNA sequence homology shared by the individual repeat elements.  This 

same issue applies to polyploid plant species, such as tobacco and other species of Nicotiana, 

in which the majority of genes are duplicated; as for repeated sequences, the assembly programs 

may be unable to distinguish between two or more copies of a given gene that share >90 % 

nucleotide identity.  This limitation can be overcome by incorporating much longer sequence 

reads into the genome assembly.  Third-generation sequencing technologies developed 

independently by Pacific Biosciences (Menlo Park, CA) and Oxford Nanopore Technologies 

(Oxford, UK) sequence long single DNA molecules directly, unlike Illumina chemistry that 

requires amplification of the sequencing library.  Third-generation sequencing reads can be 

>100 times longer than Illumina reads; for example, the average length of PacBio reads is 

between 10,000 and 15,000 bases, but the company’s new Sequel II instrument promises much 

longer reads (35,000 bases and up), in addition to lower error rates, more data, and reduced 

cost.  Improvements in long-read sequencing technologies are re-defining the process of whole-

genome assembly; examples in plants are (1) a 52-fold increase in contig length and the 

characterization of >130,000 intact transposons in the maize genome (Jiao et al., 2017), (2) a 

high-quality assembly of the basket willow (Salix viminalis) genome and direct comparisons of 

the early-diverging Z and W sex chromosomes (Almeida et al., 2019), and (3) a reference-

quality kiwifruit genome in which ~99 % of the 690.7 megabase genome assembly resides in 

29 pseudomolecules that correspond to the 29 kiwifruit chromosomes (Tang et al., 2019).  For 

additional information on genome sequencing and assembly the reader can refer to Dominguez 

Del Angel et al., (2018). 

2.3.2 Transcriptomics 

Transcriptomics is a branch of molecular biology that focuses on the study of transcriptomes.  

A transcriptome can be defined as the complete set of RNA molecules present in a cell, tissue, 

or organism; from a practical perspective, however, the term is generally taken to mean a full 

representation of the messenger RNA (mRNA) molecules transcribed from an organism’s 

genome at a certain time.  Experimentally, transcriptomic studies are designed to compare 

mRNA populations that differ in response to environmental (drought, temperature, light), 

chemical (salt, heavy metals, hormones), or biological (insects, plant pathogens) stresses or 

treatments, as well as changes that occur during development.  In the recent past, methods such 

as subtractive hybridization, cloning/sequencing of complementary DNAs (cDNAs), and 

SAGE (serial analysis of gene expression) were used for limited transcriptomic analysis, but 
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were expensive, time-consuming, and labor-intensive.  Microarrays, which involved 

hybridizing mRNA to many thousands of gene-specific oligonucleotides attached to a solid 

substrate, replaced the older technologies but require an annotated genome sequence.  The rapid 

development of massively parallel high-throughput DNA sequencing technologies (also known 

as next-generation or NextGen sequencing) and associated computational tools over the past 

decade has drastically reduced the cost of global gene expression studies.  RNA sequencing 

(RNA-seq) has become the preferred way to study changes in transcription because even very 

rare transcripts can be detected due to the large amount of data, and because the high level of 

coverage (sequencing depth) allows the relative expression levels of individual genes to be 

quantified.  In addition to examining gene expression, RNA-seq data can be mined for SNPs 

(single-nucleotide polymorphisms that can be used as genetic markers) and novel mRNAs and 

can also be used to detect alternative gene-splicing events.  The processes by which one designs 

and carries out an RNA-seq project are summarized in Stickler et al., (2012).  Although the 

sequencing platforms and much of the software described in this paper are now obsolete, the 

basic concepts remain valid. 

The ability to inexpensively generate and analyze a huge amount of RNA-seq data has 

fundamentally changed contemporary plant biology.  It is now fully within the capabilities of 

individual researchers to discover new genes and/or gene functions and pathways through deep 

RNA sequencing in any organism from which intact mRNA can be isolated.  Such studies have 

the potential to identify genes of agricultural importance in the era of rapid climate change, 

where breeding crops that can withstand the effects of drought, salinity, and adverse 

temperatures will be required to feed the expanding human population (Bashir et al., 2019).  

For example, comparative transcriptomic analyses in weedy rice have enabled the identification 

of differentially expressed genes (DEGs) for transcription factors (TFs) and other proteins 

involved in hormone biosynthesis and ROS scavenging that could be used by breeders to 

increase cold tolerance in cultivate rice (Guan et al., 2019).  Zenda et al., (2019) analyzed RNA-

seq data to show that the transcriptional changes in maize seedlings of drought-tolerant and 

drought-sensitive inbred lines subjected to drought stress were clearly different.  They identified 

296 genes that were only expressed in seedlings of the drought tolerant line after a 7-day 

drought treatment when compared with the drought sensitive line.  Genes encoding proteins 

involved in signal transduction as well as known TFs were in this group of DEGs, and several 

TF genes were found to be specifically either up- or down-regulated in the drought tolerant line 

in response to water deficit.  A transcriptomic study in durum wheat (Triticum turgidum ssp.  

durum) by Curci et al., (2017) examined differential gene expression in several tissues (roots, 

leaves, stem, flag leaf) during grain filling in plants grown under normal vs. nitrogen-starvation 

conditions.  While many DEGs were identified in comparisons of the two growth conditions, 

the largest number of DEGs were found in the roots, some of which were upregulated genes 

involved in nitrogen uptake and assimilation  In the leaves and roots, genes involved in peptide 

transport, protein degradation, and nitrogen remobilization were upregulated, implying that 

nitrogen from proteins is recycled during conditions of nitrogen deficiency.  Also, the 

expression of a number of genes encoding transcription factors in the WRKY and MYB families 

was found to increase in response to chronic nitrogen starvation.  As mentioned in the final 

paragraph of the Genomics section above, Pacific Biosciences has developed technology to 

sequence single DNA molecules to give reads of up to ~35 kb in length.  This same technology 

is available for RNA, and it can give full-length cDNAs for mRNAs as well as for non-protein-

coding RNA molecules.  A recent paper by Wang et al., (2018) used single-molecule long-read 

RNA sequencing in a large-scale, comprehensive comparison of the maize and sorghum 

transcriptomes.  This study identified novel genes in both species, and the results have expanded 

our understanding of the importance of alternative splicing (AS) and mRNA isoforms, and also 

characterized the role of differential polyadenylation of the 3’ ends of mRNAs in 11 tissues in 
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maize and sorghum.  In addition, Wang et al., (2018) state that the divergence in gene 

expression and AS patterns “are likely to explain the extensive morphological and functional 

differences between maize and sorghum.” 

Rabara et al., (2015) performed a combined characterization of changes in the transcriptome 

and metabolome during the drought response in leaves and roots of ‘Burley 21’ tobacco.  Many 

genes involved in the biosynthesis of certain secondary metabolites, particularly 

osmoprotectants such as raffinose, were upregulated in the leaves, as were well known stress-

inducible genes that encode proteins such as dehydrins and aquaporins.  Genes encoding TFs 

from the AP2/ERF, MYB, bHLH, WRKY and other families, along with signaling proteins 

such as calcium-dependent protein kinases, MAP kinases, and protein phosphatases, were 

strongly induced in roots early in the drought response (mRNA levels for one TF gene, 

NtERF187, increased by 295-fold).  Some of the induced TF genes appeared to be 

tobacco/Solanaceae specific, while others are part of the general ‘core’ plant drought response.  

At later times, similar to leaves, genes for enzymes involved in the biosynthesis of 

osmoprotectants were strongly induced in roots, as were other genes such as one encoding an 

anthocyanidin synthase.  Many plant hormones play important roles in the drought response.  

In tobacco roots, genes encoding enzymes in the jasmonic acid (JA) biosynthesis pathway were 

all up-regulated in response to drought.  One objective of this study was to identify genes that 

could potentially be used to improve drought tolerance in tobacco and some of its Solanaceae 

family relatives.  Transgenic overexpression of the tobacco TF genes NtERF218 and NtERF228 

could elevate the levels of metabolites such as glutathione and GABA (gamma amino butyric 

acid), both of which are components of the core metabolic response to drought.  These authors 

also showed that the promoter that controls expression of NtWRKY69, a TF that may be 

involved in a family-specific drought response, is highly and specifically inducible by drought 

and could be used in strategies to engineer drought tolerance.  However, a systems biology 

approach may be necessary due to the complexity of the way plants respond to different abiotic 

stresses, and the fact that more than one stress can affect a plant at a given time (such as drought 

and high temperatures that often occur simultaneously). 

2.3.3 Proteomics 

Proteomics is a discipline that seeks to identify and define the relative abundance and 

composition of a set of proteins (known as a “proteome”) in an intact organism or tissue (leaf, 

root, flower, etc.) or a subset of organs or cell types.  Similar to transcriptomics, a proteome 

can also be used to compare the qualitative and quantitative changes in proteins that occur over 

time during development and/or in response to chemical or environmental treatments.  In 

general, the cellular proteome is a reflection of the transcriptome; however, translational 

regulation, splice variants, mRNA processing, and/or the relative rates of protein turnover can 

result in a disconnect between the relative levels of a specific mRNA and the corresponding 

encoded protein(s).  Proteomics is a complementary technology to genomics, metabolomics, 

and transcriptomics, and can provide critical information on post-translational chemical 

modifications (e.g. phosphorylation, glycosylation, ubiquitination, etc.) that cannot be 

recovered from nucleic acid (DNA and RNA) sequence data.   

In plants, comprehensive proteomic studies have largely been applied to major crops such as 

wheat, corn, rice, potatoes, and soybean, and are particularly powerful in species for which an 

annotated genome sequence is available.  Similar to many transcriptomic studies involving 

RNA-seq data, proteomic investigations are designed to identify proteins that show statistically 

significant changes in abundance in response to biotic (pathogen infection, herbivory) or abiotic 

(temperature, drought, salinity, heavy metals) stresses, hormone treatments, or during 

developmental processes such as germination or fruit ripening.  Proteins that are differentially-
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produced compared to the appropriate controls are assigned to pathways or major functions 

(such as photosynthesis, amino acid biosynthesis, energy production, defense, etc.), which then 

allows the researchers to propose hypotheses for possible crop improvement. 

As in animal and microbial systems, plant proteomic analyses involve several fundamental 

steps; protein isolation, protein separation, proteolysis, and peptide fragment identification.  At 

present, plant proteomics uses gel-based or gel-free methods coupled with mass spectrometry 

(MS) to separate and identify the proteins.  Gel-based methods rely on 1- or 2-D polyacrylamide 

gel electrophoresis to separate dozens to hundreds of discreet proteins per gel.  Individual 

proteins are digested in the gel with a protease (such as trypsin), and the eluted peptide 

fragments are then identified by MS.  Gel-free methods utilize liquid chromatographic methods 

(such as HPLC) to separate the peptide fragments followed by an MS-based detection method.  

Gel-free proteomics can involve one of several strategies to label the peptides, or they can be 

label-free.  All of the above methods have their limitations.  For example, while denaturing gel 

electrophoresis will separate proteins that are of limited solubility in aqueous solutions (such 

as integral membrane proteins), the number of proteins that can be resolved on a single gel is 

limited, and highly alkaline proteins (pI>9.5) do not resolve well.  In addition, some spots will 

contain multiple proteins, making it difficult to detect proteins that are present at low levels.  

Gel-free methods, which are more reproducible than gel-based methods, can reliably detect 

low-abundance proteins, although the identification of some proteins can be ambiguous because 

certain oligopeptides that are not unique may be present in multiple proteins.  More detailed 

information on plant proteomics methods and descriptions of proteomic studies in crops 

exposed to biotic stresses (rice blast infection in rice plants and downy mildew infection in 

grapevine) and abiotic stresses (drought tolerance in wheat, salinity in cowpea and rice, and 

adverse temperatures in potato, wheat, peas, and cotton) are summarized in Hu et al., (2015) 

and Tan et al., (2017). 

High-quality proteomics studies in tobacco published within the past five years include; (1) an 

examination of the differences between short and tall glandular trichomes with respect to their 

ability to synthesize diterpenes (Sallets et al., 2014), (2) identification of leaf proteins that are 

differentially expressed in response to a 2-day drought treatment (8.4 % of the identified 

proteins showed significant changes in abundance; Xie et al., 2016), and (3) identification of 

host proteins that are involved in virus infection and replication in plants infected with Tobacco 

mosaic virus (Das et al., 2019). 

2.3.4 Metabolomics 

Metabolomics, the qualitative and quantitative study of small molecules in a cell, tissue, or 

organism, is a complementary technology to genomics, transcriptomics, and proteomics, and is 

essential to systems biology studies.  The metabolome is comprised of diverse small organic 

molecules of molecular weight <~2,000 Da that are the end-products of gene expression and 

the coordinated actions of multiple biosynthetic pathways.  In plants, the metabolome can be 

particularly complex, because most species produce an extremely large number of specialized 

secondary metabolites in addition to the primary metabolites that are required for normal 

survival, growth, and development.  Secondary metabolites are compounds such as 

anthocyanins and related phenolics, terpenes, and nitrogen-containing alkaloids that 

collectively function in plant defense, environmental adaptation, hormone signaling, and the 

regulation of developmental processes.   
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Plant metabolites encompass a broad diversity of organic chemicals, and an individual plant 

may produce as many as 5,000 different compounds; thus, no single method can be used to 

simultaneously analyze the entire range of structures present in a sample.  The variety of 

chemical functional groups present in plant cellular metabolites (such as alkanes, esters, 

hydroxyls, amines, phosphates, etc.) makes analysis of the metabolome much more complex 

than genomic, transcriptomic, or proteomic analyses.  Therefore, metabolomics studies often 

rely on the use of several parallel methods for extraction, separation, and identification of the 

metabolites.  Separation of metabolites is generally performed using gas chromatography (GC), 

liquid chromatography (LC), or capillary electrophoresis (CE) instruments coupled with mass 

spectrometry (MS) for identification.  GC-MS was one of the first technologies applied to 

metabolite profiling, and it is still used for plant metabolomics because it is relatively 

inexpensive compared to other methods, and it is highly reproducible.  However, many 

metabolites require chemical derivatization to make them volatile so that they can be separated 

by GC, and some are not stable at the high column temperatures used in GC.  CE has been used 

in some plant metabolomics studies and can give excellent resolution, but it is limited to charged 

molecules.  Nuclear Magnetic Resonance (NMR) has been applied to plant metabolomic studies 

beginning in the early 2000s.  NMR is a non-destructive technique that can simultaneously 

detect and quantify thousands of chemically diverse metabolites, and 2-D NMR strategies can 

be used for increased resolution and structural determination.  The major disadvantages of 

NMR-based approaches are the relatively low sensitivity (compared to GC-MS and LC-MS), 

the high sample volumes required, and also the higher instrument costs.  More detailed 

discussions of metabolomics and methodology can be found in Kim et al., (2010), Bowne et 

al., (2011), and Ghatak et al., (2018). 

Metabolomics has played an important role in our understanding of the effects of environmental 

stresses on plants, which can severely limit growth and yield.  Such abiotic stresses include 

drought, flooding, salinity, high/low temperatures, high/low light levels, oxidative stress, heavy 

metal soil contamination, etc.  Changes in the cellular levels of certain metabolites have been 

shown to be related to stress tolerance in some crop species.  For example, low-molecular 

weight compounds that can function as osmolytes (to retain water and maintain tissue turgor) 

such as soluble sugars (glucose, sucrose), oligosaccharides (raffinose, stachyose), polyamines 

(spermidine, putrescine), and amino and organic acids are associated with the drought response 

in rice, maize, tomato, and soybean, etc.  Salt stress, due mainly to the accumulation of sodium 

ions in root tissues, is one of the most important global problems facing agriculture in the 21st 

century.  Salt stress reduces plant growth and yield by inhibiting the uptake of water and 

nutrients, and damages cells via the cytotoxic effects of Na+ and Cl- ions as well as the oxidative 

stress caused by the production of reactive oxygen species (ROS).  Comparisons of the 

metabolic profiles in salt-tolerant and -sensitive cultivars of barley and rice showed increased 

levels of osmoprotectants such as hexose phosphate sugars, organic acids (TCA cycle 

intermediates), and amino acids (proline) in the more tolerant genotypes.  Accumulation of 

these compounds and others such as water-soluble oligosaccharides in the roots can contribute 

significantly to salt tolerance (Ghatak et al., 2018).  Changes in the metabolite profiles are 

crucial adaptive responses that allow plants to adapt to saline conditions.  An NMR-based 

metabolomic study by Zhang et al., (2011) showed that tobacco plants (cv. ‘Xanthi’) grown in 

the presence of NaCl (50 mM initially followed by 500 mM for 1, 3, and 7 days) experienced 

“profound biochemical alternations to many metabolic processes” due to salt stress.  The plants 

showed an adaptive response to the lower salt concentration in which the levels of several 

osmoprotectants, mainly simple sugars and myo-inositol increased rapidly in the aerial parts of 

the plants.  Changes in the levels of proline, tryptophan, and transamination products such as 

glutamine and asparagine were also detected over the long-term (7 days) in response to the 

higher salt concentration. 
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Chemical analyses of secondary metabolites have been conducted in tobacco for many years, 

mainly due to the importance of the concentrations of the pyridine alkaloids (nicotine and 

nornicotine) to the commercial crop.  Recent examples of the application of metabolomics to 

tobacco include (1) an examination of the metabolite profiles (“fingerprinting”) in tobacco 

plants grown in two tobacco-growing regions in central and southwest China using GC-MS and 

CE-MS (Zhou et al., 2015), (2) an examination of leaf metabolite profiles during the senescence 

process using a multi-platform approach (GC, LC, and CE coupled with MS detection)  

(Li et al., 2016), and (3) the finding that the concentrations of ~40 metabolites increased >10-

fold in the roots of tobacco plants in response to drought stress, and that one of these was a 

novel tobacco/Solanaceae-specific metabolite, 4-hydroxy-2-oxoglutaric acid (KHG),that 

showed a striking 70-fold increase (Rabara et al., 2015).  An early NMR-based metabolomics 

study in tobacco used a 2-D method to improve the resolution of 1H NMR spectra in a study of 

the metabolite changes in plants infected with TMV (Tobacco mosaic virus), an important 

pathogen of tobacco (Choi et al., 2006). 

2.4 Regulation of GMOs and transgenic/biotech crops 

Many countries around the world have developed and adopted various regulatory frameworks 

related to genetically engineered (GE) materials.  The individual policies can differ dramatically 

between countries, mainly due to cultural differences, the perception of environmental and 

societal themes, and from attitudes that reflect pragmatism and risk tolerance.  Governmental 

decision-makers face increasing political pressure from consumers, scientists, non-

governmental organizations, private sector companies, organic crop producers, and other 

entities when it comes to the regulation of GM crops (1). 

2.4.1 International frameworks 

Internationally, the Cartagena Protocol on Biosafety (“the Protocol”), which was ratified in 

2000 and became effective in 2003, is a legally binding supplement to the Convention on 

Biological Diversity adopted in 1993, and is one of the major frameworks that regulates GE 

materials in many countries (1, 2).  By 2014, 166 countries had ratified the Protocol, although 

some prominent countries such as the United States did not (2).  The objective of the Protocol 

is “to contribute to ensuring an adequate level of protection in the field of the safe transfer, 

handling and use of living organisms resulting from modern biotechnology that may have 

adverse effects on the conservation and sustainable use of biological diversity, taking into 

account risks to human health, and specifically focusing on transboundary movements”.  The 

Cartagena Protocol defines “a living modified organism (LMO) […] as any living organism 

that possesses a novel combination of genetic material obtained using modern biotechnology”.  

More precisely, modern biotechnology is characterized as the “application of in vitro nucleic 

acid techniques, including recombinant DNA and direct injection of nucleic acid into cells or 

organelles or the fusion of cells beyond the taxonomic family that overcome natural 

physiological reproductive or recombinant barriers and that are not techniques used in 

traditional breeding and selection” (1, 2).  Furthermore, the Protocol is based on the 

precautionary principle, contained in Principle 15 of the Rio Declaration on Environment and 

Development (the Earth Summit of June 1992), reflecting the concept of precaution in decision 

making (2, 3).  Articles 10.6 and 11.8 of the Protocol specify that a “lack of scientific certainty 

due to insufficient relevant scientific information and knowledge regarding the extent of the 

potential adverse effects of an LMO on biodiversity taking into account risks to human health, 

shall not prevent a Party of import from taking a decision, as appropriate, with regard to the 

import of the LMO in question, in order to avoid or minimize such potential adverse effects”(3).  

This allows countries, at the national level, to deny the importation of GE materials if they 

consider that not enough scientific evidence is available to determine the safety of a product 
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(1), even if the appropriate scientific studies have shown that such products pose no risks to 

human health or the environment (1, 3).  Finally, the Protocol does not apply to the movement 

across borders of GE pharmaceutical materials for human use (1, 2). 

The Cartagena Protocol is intimately associated with a number of other measures related to the 

use of GE materials, as for example with World Trade Organization (WTO) agreements.  

Countries that are party to the WTO must be consistent with the principles established in the 

WTO Agreement on the Application of Sanitary and Phytosanitary Measures (SPS Agreement).  

The goal of the SPS Agreement is to protect human, animal, or plant life or health, including 

food safety, based on scientific principles.  To promote the harmonization of measures, the SPS 

Agreement recognizes international standards and guidelines developed by the Codex 

Alimentarius Commission (CAC, 2003a, for plants that have recombinant DNA and CAC, 

2003b, for food derived by modern biotechnology) and several other international 

organizations.  The Codex definitions of LMOs and of modern biotechnology derive from the 

Cartagena Biosafety Protocol under the Convention on Biological Diversity.  The Codex 

Alimentarius Commission defines a risk-assessment process to guarantee the safety of GE 

materials use.  This process, based on evidence, allows characterizing potential risks posed by 

a product through three steps: risk assessment, risk management, and risk communication.  Risk 

assessment is the critical and major component of the SPS framework, and it depends on hazard 

(probability of a harmful effect) and exposure (magnitude and type).  Risk management is the 

process by which risks are reduced to “acceptable” levels (1). 

The WTO Agreement on Technical Barriers to Trade (TBT Agreement) regulates a wider set 

of measures and standards compared to the SPS Agreement.  The objective of the TBT 

Agreement is not only to protect the environment and human, animal, and plant health, but also 

to promote national security and to prevent deceptive marketing practices.  The TBT Agreement 

promotes the right of governments to adopt measures that are not based on scientific principles, 

although it refers to relevant international standards in order to reduce discriminatory practices 

and barriers to trade between countries (1). 

Since March 2018, the Nagoya-Kuala Lumpur Supplementary Protocol on Liability and 

Redress completes the Cartagena Biosafety Protocol under the Convention on Biological 

Diversity.  This Supplementary Protocol provides response measures in case of damage to 

biodiversity resulting from LMOs that originate via transboundary movement (4). 

2.4.2 National approaches 

Inside these international agreements, national governments have implemented their own 

regulatory systems concerning GE foods and crops, and these may differ between countries 

with respect to: 

- Their definition of what needs to be regulated: the essence of the final product versus 

the biotechnological method used.   

- Their tolerance to biosafety concerns; from food safety and environmental protection to 

socioeconomic concerns. 

-  The allocated weight, in the final approval, between indications by scientific experts 

and conclusions by political bodies. 

However, the scientific risk-assessment processes for food safety and for environmental 

protection (from the Codex Alimentarius Commission) are similar among national regulatory 

systems (1). 
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2.4.2.1 The United States (US) 

The US Coordinated Framework for the Regulation of Biotechnology, formulated by the White 

House Office of Science and Technology Policy (OSTP), states that genetically modified 

products are regulated in the same manner as similar products developed by conventional 

breeding (5, 6).   

“The manufacture by the newer technologies of food, the development of new drugs, medical 

devices, biologics for humans and animals, and pesticides, will be reviewed by Food and Drug 

Administration (FDA), U.S. department of Agriculture (USDA) and U.S. Environmental 

Protection Agency (EPA) in essentially the same manner for safety and efficacy as products 

obtained by other techniques” (OSTP; 1986). 

Moreover, in 1992 the OSTP launched a policy guideline stating that agencies shall not regulate 

products for use in the environment, such as crops, based on the process, but rather on the 

characteristics of the organism, the target environment, and the type of application (OSTP 1992; 

6755), the principle being that of regulating the characteristics of the final product (6). 

In the U.S., three governmental agencies have been tasked with promulgating both conventional 

and GM food regulations (1, 6): 

✓ FDA (the Food and Drug Administration), which evaluates the safety of human and 

animal food products, drugs, and biological products.  In addition, the FDA appraises 

new food additives as well as new GE proteins (6).  In 1992, the FDA issued a policy 

statement concluding that food derived from GE crops is “generally recognized as safe” 

(GRAS) when it is equivalent to a conventionally bred counterpart.  In the case of GE 

foods differing in structure, function, or composition from their non-GE counterparts, 

FDA will not consider the food as “GRAS”, and a preapproval from the agency is 

needed before marketing (7).   

✓ USDA (the United States Department of Agriculture), through the Animal and Plant 

Health Inspection Service (APHIS), which regulates the sowing, importation, or 

transportation of any plants and/or plant products, including GE plants, under the Plant 

Protection Act (PPA; 7 - U.S.C §7701-7786) (8).   

According to the PPA, plants that have been genetically engineered with plant-pest DNA 

sequences or that could act like a noxious weed must receive prior approval from APHIS before 

their introduction into the US (6).  In this case, plant breeders, during the initial development 

phase, must notify APHIS to obtain a permit before performing any field-testing or 

environmental release.  A new GE plant variety can be cultivated, at a commercial scale, 

without any further regulation, only after receiving “nonregulated status” from APHIS (1).   

APHIS will not regulate novel plant varieties developed by methods using conventional 

breeding, including the use of chemical/radiation mutagenesis or other advanced breeding 

techniques, such as the newer plant breeding techniques that rely on genome editing.  This 

means, in conclusion, that some GE crops developed by new GE technologies do not fall under 

APHIS regulation.  Moreover, once a transgenic event is deregulated by APHIS in a particular 

crop species, the same event may be stacked with other deregulated events without further 

regulatory oversight by APHIS (1). 

Finally, APHIS must conduct an environmental assessment to comply with the National 

Environmental Policy Act (NEPA) for GE crop deregulation.  However, if the GE crop to be 

deregulated does not contain a plant-pest sequence, APHIS can allow its release regardless of 

the NEPA outcome conclusion (1). 
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✓ EPA (the Environmental Protection Agency), which determines the risks to human 

health and the environment of pesticides and microorganisms developed through 

genetic engineering.  Under the Federal Insecticide, Fungicide and Rodenticide Act 

(FIFRA), the EPA regulates GE plants intended to control pests (such as Bt corn) and 

tests their safety in the environment and in food products (6).   

At present, in the US, foodstuffs composed partially or entirely of GE plant products do not 

require labeling.  The “Genetically Engineered Food Right-to-Know Act” (HR 913), which was 

discussed in the last (114th) Congress to amend Section 403 of the Federal Food, Drug and 

Cosmetics Act, mandates the labeling of GE food and prohibits the use of the word “natural” 

on GM products, but has never progressed beyond the committee stage (6).  However, the Safe 

and Accurate Food Labeling Act passed by the House of Representatives in July 2015 could 

change the law and force companies to apply for FDA’s premarket approval for all foods 

containing GE materials.  Indeed, the bill would require the labeling of GE food products 

derived from a GE process when their composition is different from their conventional 

counterparts (9). 

Finally, socioeconomic issues are part of the decision-making process in the US.  US law allows 

a regulatory agency to consider not only safety issues, but also economic benefits and costs, 

when making regulatory decisions for the release of a new GE crop variety.  Some degree of 

risk is thus acceptable when it is compensated by significant counterbalancing benefits (1). 

An example of U.S.-deregulated very-low nicotine GE tobacco varieties  

A plant biotechnology company, 22nd Century Group Inc, in collaboration with North Carolina 

State University, has developed several very low nicotine (VLN) tobacco varieties using genetic 

engineering methods to reduce nicotine production in tobacco plants.  In the US, federal 

regulators provided the “nonregulated status” to these new VLN tobacco varieties.  Indeed, 

based on the final product principle, the new VLN tobacco varieties contain no foreign DNA 

and no trace of genetic modification.  The company will be able to export these new varieties, 

and/or products derived from them, into countries where the same regulation of GE materials 

is applied (10). 

2.4.2.2 The European Union (EU) 

The European Commission established Directive 2001/18/EC, which deals with the deliberate 

release into the environment of genetically modified organisms.  The Directive states that EU 

members “should respect the requirements of the Cartagena Protocol on Biosafety to the 

Convention on Biological Diversity” for the release of GE plants into the environment and for 

GE foods (11).  Under the EU definition, any genetically engineered organism, meaning any 

organism in which the genetic material has been modified in a way that does not occur naturally 

by mating and/or by natural recombination, must be approved before pre-marketing (1, 11).  

The EU commission has defined techniques that are considered to result in genetic modification 

(Directive 2011/18/EC Annex I A): recombinant nucleic acid techniques involving the 

formation of genetic material by the insertion of nucleic acid molecules produced outside an 

organism, into any virus, bacterial plasmid, or other vector system; direct introduction into an 

organism of heritable material prepared outside the organism by micro/macro-injection, micro-

encapsulation; cell fusion or hybridization techniques.  The definition excludes in vitro 

fertilization, polyploidy induction, or mutagenesis (Directive 2011/18/EC Annex I A and 

Annex I B) (11).  This Directive is completed by Regulation (EC) 1829/2003, on genetically 

modified food and feed, to ensure a “high level of protection of human life, animal health and 

welfare, environment and consumer interests in relation to genetically modified food and feed, 

whilst ensuring the effective functioning of the internal market” (12). 
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An independent scientific committee, the European Food Safety Authority (EFSA), in 

collaboration with the scientific agencies of Member States, is responsible for the evaluation of 

food-safety and environmental-safety risks for all GE crop applications made for potential 

cultivation, importation, or processing in Europe.  This framework grants uniformity across all 

Member States for the process of approving the release of new GE crops in the EU.  However, 

the European Commission is responsible for delivering the final decision based on the opinion 

of the EFSA.  Indeed, an approval is valid when the majority of the Member States approve the 

release or, if not, the authorization depends on the conclusion by the European Commission 

(Directive (EU) 2015/412) (1, 13).  Nonetheless, since the last Directive (Directive (EU) 

2015/412), individual countries have the freedom to ban GE crops approved by the European 

Commission based on diverse factors such as socioeconomic policy and cultural traditions of 

land use (13). 

Finally, through Regulation 1829/2003, food, feed, or grain derived from GE plants must be 

labeled as such in the EU.  Therefore, foods containing >0.9 % of GE materials have to be 

labeled as being genetically modified foods (12). 

Interestingly, even though the US and EU have two distinct regulatory systems, the scientific 

data collected and used by the agencies to evaluate the risks to human and environmental health 

derived from the release of GE materials are similar; it is only the approach, product (US) vs.  

process (EU), that is distinct (1).  The two very different approaches may be reflected in the 

difference between the 156 vs. 7 cultivation approvals granted respectively by the US and EU 

during the period from 1994 -2014 (Aldemita et al., 2015). 

2.4.2.3 Japan 

Japan enacted the ‘Act on the Conservation and Sustainable Use of Biological Diversity 

Through Regulations on the Use of Living Modified Organisms’ in 2003.  The act was intended 

to smoothly implement the Cartagena Protocol, which allows Japanese companies to create, 

import, or use GE material.  In addition, prefectures and municipalities in Japan can enact local 

ordinances or guidelines that regulate GE crops.  Indeed, at present, because of public 

skepticism about the safety of GE crops, eleven prefectures and three municipalities have 

banned the cultivation of GE crops (14).  Currently, no GE crops are cultivated in Japan, and 

only one GE flower, the world’s first “blue” rose, was commercialized by Suntory in 2009 (14, 

15).  However, the Japanese government has approved more than 230 foodstuffs and food 

additives derived from GE material, which makes Japan one of the largest importers of GE 

foods, mainly from the US (15). 

Finally, under the Food Sanitation Law and the Japanese Agricultural Standards Law (JAS law), 

the Consumer Affairs Agency (CAA) implemented a labeling system.  Foods containing more 

than 5 % by weight of GE soy, corn, potato, canola, cotton seed, alfalfa, beet, or papaya, and/or 

those that contain products from the listed processed foods, have to be labeled ”GE Ingredients 

Used” or “GE Ingredient Not Segregated” (15).  On the contrary, labeling a food as GE is not 

compulsory for foods in which a GE event cannot be detected after food processing (14).  Since 

March 2018, the Japanese CAA is looking at ways to improve the GE food labeling system.  

The committee members agreed to maintain the current identity preservation system, but they 

recommended changing the language used, especially the term “non-GE”, because most of the 

new GE techniques are not always detectable (16).  The Japanese Ministry of Health, Labor, 

and Welfare took up the issue of how to regulate genome-edited food products in September 

2018.  In March of 2019, the MHLW released its policy based on a study of 691 public 

comments, stating that any genome-edited food that contains a transgene is subject to the same 

safety review as GMO foods, while those without transgenes will not be regulated like foods 

created using recombinant DNA technologies.  In late 2019, the CAA announced that genome-
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edited foods do not require special labeling indicating that they were produced using this 

technology to be sold in Japan (Farid et al., 2020). 

2.4.2.4 Brazil 

In Brazil, the National Technical Commission of Biosafety (CTNBio) passed the first law 

related to GE foods and crops in 1995.  However, CTNBio faced challenges due to protests and 

controversy from the population following the approval for release and commercialization of a 

glyphosate-resistant soybean without previous environmental risk assessment.  In 2003, after 

two temporary authorizations for GE soybeans that were already cultivated and harvested at 

that time, the new biosafety framework law (Law N°11,105) was passed in 2005 (1).  This 

followed the EU model, which involves two distinct actors in the decision making process: (1) 

CTNBio, an organization that is under the Ministry of Science and Technology, is tasked with 

conducting risk assessments of GE foods and crops, and (2) a distinct decision-making 

organization, the National Biosafety Council (CNBS), complements the process.  The CNBS is 

a purely political body made up of cabinet ministers that takes into account the conclusions 

from CTNBio and non-biosafety issues, such as socioeconomic effects and the national interest, 

to formulate a final decision.  Moreover, CNBS is in charge of implementing national biosafety 

policies.  Less than ten years after the implementation of this biosafety law, more than 35 GE 

crop varieties were approved for commercial release in Brazil (1).   

Finally, in 2003, the Ministry of Justice implemented a labeling regulation for GE products 

under which foodstuffs containing >1 % of GE material have to be marked with a “T” in a 

yellow triangle (1).   

2.4.2.5 People’s Republic of China  

The Convention on Biological Diversity became effective in China in 1993.  In addition, China 

entered as a party into the Cartagena Protocol on Biosafety to the Convention on Biological 

Diversity in 2005 (17).  Interestingly, China is the world’s largest importer of GE crops and one 

of the largest producers of GE cotton; however, the government has not approved any GE food 

crop for cultivation other than a few hectares of papaya (17, 18).  Since 2001, the Chinese 

biotechnology regulatory system is defined by the State Council under the “Food and 

Agricultural Import Regulations and Standard” and the “Agricultural Genetically Modified 

Organisms Safety Administration Regulations” and implemented by the Chinese Ministry of 

Agriculture (MOA) (17).  More recently, the MOA released the “Revised Administrative 

Measures for Safety Assessment of Agricultural Modified Organisms” (MOA Decree 7, 2016) 

which included the “13th Five Year Plan for Science and Technology Innovation” (13th FYP).  

This measure is a part of the plan launched by the MOA to improve Chinese Science and 

promote the release of new domestic GE crops, such as Bacillus thuringiensis (Bt) corn, Bt 

cotton, and herbicide-resistance soybeans, by 2020.  Moreover, the 13th FYP committee 

promised to provide a technical system for biosafety evaluation of GE products that will comply 

with the revised regulations.  Furthermore, since 2015, the MOA is exploring the involvement 

of the public in the GE biotechnology review and decision-making process (18).   

Finally, within the PRC territory, GE products that are listed in the State’s GMO list must be 

labeled, indicating the name of the GE materials, locations where it can be sold, and special 

restrictions if needed.  The same rules apply to the import of GE raw materials into the PRC, 

following the preliminary obtention of a Safety Certificate (17).   

2.4.2.6 The Russian Federation  

In June 2016, the Federal Council of the Russian Federation Federal Assembly adopted a new 

Federal law (Bill N° 714809-6), which bans the use and growth of GE seeds, plants, and animals 

in Russia, except for research purposes.  The Legislation “strengthens measures aimed at 
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monitoring of all types of activities associated with GMOs, preventing release of GMOs into 

the environment, and ameliorating the consequences if such a release occurs”.  However, the 

import of GE organisms or products is not totally prohibited, although it is regulated under a 

new registration process and requires approval from the federal government.  The new law is a 

complete turnaround, because 20 years earlier, legislation had permitted the use of GE materials 

in agriculture and foodstuffs (Federal Law on State Regulation in the Field of Genetic 

Engineering N°86, July 1996) (19). 

2.4.2.7 Africa 

Most African countries have signed and ratified the Cartagena Biosafety Protocol under the 

Convention on Biological Diversity, and are developing laws, policies and guidelines, through 

National Biosafety Frameworks (NBFs), to oversee the utilization of GE materials.  As of 2015, 

42 % of the African countries had enacted biosafety laws, although only three countries 

provided the authorization for commercial release of GE crops; South Africa, the pioneer, 

followed by Burkina Faso and Egypt (20).   

 

Figure 1: Status of Crop Biotechnology in Africa (21) 

From African Biosafety Network of Expertise, 2015.  GM: genetically modified; CFTs: Confined field tests. 

The example of South Africa, the African pioneer in GE crops: 

South Africa (SA) was the first African country to approve the commercial release of GE crops 

(insect-resistant cotton and maize in 1997) and is currently the world’s eighth largest producer 

of GE crops (22).  The Republic of South Africa enforced the first GE act in 1997, The 

Genetically Modified Act (GMO Act), which is administered by the Department of Agriculture, 

Forestry and Fisheries (DAFF), and three regulatory bodies; the Registrar, the Executive 

Council (EC), and the Advisory Council (AC) (22, 23).  The Registrar is in charge of receiving 
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GMO-related applications and compiling relevant information such as locations where GE 

materials are cultivated.  Based on the collected documents, the EC, a juristic body, approves 

or rejects the application.  The AC, an advisory body, is in charge of drafting laws and 

guidelines related to the release or use of all GE materials (22). 

South Africa implemented a GMO Act in 2006.  This GMO Act has been in effect since 2010 

as a complement to the Cartagena Protocol, which was ratified by SA in 2003.  The GMO 

definition in the GMO Act is formulated as “genes or genetic material of which has been 

modified in a way that does not occur naturally through mating or natural recombination or 

both” (23).  Finally, the Department of Health, through the Food Control Section and the 

Consumer Protection Act, is tasked with ensuring that goods containing more than 5 % of GE 

materials are correctly labeled as such (22). 

2.4.2.8 India 

India, in the 1980’s, was one of the first countries in the world to implement biosafety 

procedures, rules, and guidelines related to GE material.  This was accomplished by first 

adopting the Environmental Protection Act (EPA) in 1986, which regulates all hazardous 

substances, defined as “any substance or preparation which, by reason of its chemical or 

physiochemical properties or handling, is liable to cause harm to human beings, other living 

creatures, plants, microorganisms, property or the environment” (Choudhary et al., 2014; 24).  

The Ministry of Environment and Forests is responsible for the implementation of the EPA.  

Second, EPA Rules were implemented in 1989 that guarantee the safe use, import, export, 

storage, research and manufacture of GE materials, including GE crops, to human health and 

the environment, using a regulatory approach.  Moreover, the GE crops regulatory framework, 

from development to commercial approval, is not only covered by the EPA but also by the Seed 

Act 1966, under the Ministry of Agriculture, and by the Food Safety and Standard Act 2006, 

under the Ministry of Health and Family Welfare (Choudhary et al., 2014).  A total of 19 

entities, composed mainly of Ministries or Committees, coordinate the regulation and approval 

of GE crops in India (24). 

Finally, in 2003, India ratified the Cartagena Biosafety Protocol under the Convention on 

Biological Diversity and, according to the Protocol, a regulatory body is required to regulate 

the approval of GE materials.  Therefore, the Department of Biotechnology drafted a bill in 

2008 that proposed establishing an independent regulatory body, the Biotechnology Regulatory 

Authority of India.  Currently, the bill is still undergoing revisions (25). 

2.4.2.9 What about the regulation of NPBTs? 

In the past several years, a host of new plant breeding techniques (NPBTs) have become 

available to support plant breeders.  The regulatory status of new plant varieties developed 

through the use of diverse NPBTs is the subject of intense discussions, especially regarding 

whether or not they can be exempted from existing GMO regulations (Table 1 and Figures 2) 

(26).  For example, in 2015, Argentina was the first country in the world to regulate NPBTs, 

including genome editing, as part of their product-based GMO regulations.  This means that a 

product that does not contain a transgene will be deregulated (Ishii and Araki 2017).  The same 

decision has been taken by the Israeli National Committee for Transgenic Plants; this was 

published in March 2017 (27), followed soon thereafter by Brazil and Chile (28).  As mentioned 

earlier, the USDA APHIS deregulated six crop varieties (soybean, rice, wheat, white button 

mushroom, and maize) that were modified using NPBTs (NHEJ, TALENs, and CRISPR/Cas9 

methods) on a case-by-case-basis.  In the US, which regulates GMOs through a product-based 

approach, only new crop varieties that constitute plant pests and/or potentially noxious weeds 

will be regulated (1: Ishii and Araki 2017).  At the opposite end of this regulatory spectrum, in 

2016, New-Zealand, a process-based GMO regulator country, decided that “plants bred using 
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conventional chemical and radiation mutagenesis, which were used in New Zealand on or 

before July 29, 1998, are not considered to be GMOs”.  This amendment includes GE plants 

that do not have a transgene in the final product (Ishii and Araki 2017).  Moreover, recently in 

Europe, where GMOs are regulated based on the process through which they were created, the 

decision has been made to regulate plants derived using NPBTs as GMOs.  Indeed, the Court 

of Justice of the European Union declared in July 2018 (Judgement Case C-528/16) that: 

“organisms obtained by mutagenesis are GMOs within the meaning of the GMO directive, in 

so far as the techniques and methods of mutagenesis alter the genetic material of an organism 

in a way that does not occur naturally.  It follows that those organisms come, in principle, within 

the scope of the GMO Directive and are subject to the obligations laid down by that directive” 

(29).  This conclusion goes counter to that from previous reports.  In fact, the European 

Academies Science Advisory Council (EASAC) completed a project on GE in which they 

concluded that: “if a product of genome editing does not contain foreign DNA, it should not 

fall within the scope of GMO legislation and the EU should aim to regulate the trait and/or 

product, rather than the technology used in generating that product” (30).  Moreover, the 

Advocate General of the European Court of Justice, Michal Bobek, concluded in his opinion 

(Case C-528/16) that plants developed using targeted mutagenesis techniques, such as NPBTs, 

without the introduction of recombinant DNA should not fall under EU rules of GM plants (31). 

Table 1: Regulatory concepts for genetically modified crops in 34 countries (Ishii and Araki, 2017) 
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Issues surrounding the regulation of GMOs are still under discussion in many countries.  For 

example, in Japan, a product-based country, the government officially announced that they have 

started a discussion on the regulation of genome editing (strategies SDN-1,- 2, and -3) (personal 

communication: Japan Tobacco). 

Finally, Ishii and Araki (2017) analyzed 30 countries where GM crops are commercially 

cultivated; the results show no significant differences in the number of countries with product- 

or process-based regulations (Table 1; Figures 2 and 3), and by projection any hypothetical 

conclusion can be readily drawn concerning future GE regulations. 

 

Figure 2: Overview of expected regulatory status of products derived from the use of NPBTs in 

selected countries (26) 

It is interesting that, as of late 2018, no country has enacted a relevant law or amended a GMO 

law in the era of GE using NPBTs; they all remain at the level of an authoritative decree or 

enforcement ordinance under relevant laws (Ishii and Araki 2017).  Most of the countries are 

waiting for other countries, or international organizations, to take a position in order to avoid a 

trade ban on their own foodstuffs outside of their borders (26).  Indeed, countries throughout 

the world can be divided into two categories regarding their policies toward GE crops; those 

that would deregulate transgene-free crops and those that would regulate all types of crops 

modified using NPBTs (Figures 2 and 3).  Finally, in order to avoid a mosaic-like global 

agricultural landscape with respect to the cultivation of GE crops and/or the commercialization 

of foodstuffs developed using GE material, an international effort should be undertaken to shape 

an appropriate, harmonized policy.  The US National Academies of Science, Engineering and 

Medicine and EASAC concluded with the same final recommendation: “In determining 

whether a new plant variety should be subject to premarket government approval for safety, 

regulators should focus on the extent to which the novel characteristics of the plant variety (both 

intended and unintended) are likely to pose a risk to human health or the environment, the extent 

of uncertainty regarding the severity of potential harm, and the potential exposure, regardless 

of the process by which the novel plant variety was bred” (32). 
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Figure 3: Global regulatory status of plants derived from new plant breeding techniques (NPBTs).  

As of December 2019, the Japanese Consumer Affairs Agency announced that genome-edited 

foods do not require special labeling and can be sold as conventional food products. 

3. Tobacco 

3.1 Gene targets and potential benefits of transgenic/biotech tobacco 

Transgenic crops have been cultivated in different countries for >20 years, and despite the 

controversy surrounding GM, it is the most rapidly-adopted crop technology in the world.  The 

worldwide area allocated to transgenic crops increased from 1.7 million hectares in 1996 to 

185.1 million hectares in 2016, approximately 12 % of global cropland.  As of 2016, the major 

traits in GM crops (soybean, maize, canola and cotton) consisted of herbicide tolerance (95.9 

million hectares) insect resistance (25.2 million hectares), or both (58.5 million hectares).  In 

2015, 53.6 million ha of GM maize were under cultivation (almost 1/3 of the entire maize crop).  

GM maize outperformed its predecessors: yield was 5.6 to 24.5 % higher with less mycotoxins 

(−28.8%), fumonisin (−30.6 %) and thricotecens (−36.5 %).  A meta-analysis of 147 original 

studies concluded that adopting GM technology produced real benefits by (1) reducing chemical 

pesticide use by 37 %, (2) increasing crop yields by 22 %, and increasing farmer profits by 

68 % (Klümper and Qaim, 2014).  Transgenic crops with combined traits that are available 

commercially include herbicide-tolerant and insect-resistant maize, soybean, and cotton. 

To date, commercial GM crops have delivered benefits in terms of production, but there are also 

a number of products in the pipeline which will make more direct contributions to food quality, 

environmental benefits, pharmaceutical production, and non-food crops.  Examples in food 

crops include resistance to certain pests, diseases, or environmental conditions, reduction of 

spoilage, resistance to chemical treatments (e.g. herbicide resistance), or improving the nutrient 

profile of the crop.  Examples in non-food crops include production of pharmaceutical agents, 

biofuels, and other industrially useful goods, as well as using GM plants for bioremediation. 
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3.1.1 Yield  

There are two basic approaches to increasing yield: 

• Increasing the overall physiological capacity of plants to produce harvestable yield 

(seeds, fruit, biomass, etc.) under various environmental conditions (yield potential). 

• Reducing the effects of biological stresses such as diseases, insects, and weeds that 

prevent plants from reaching their theoretical yield potential. 

Much of the work in tobacco in relation to yield improvements has focused on tailored 

agronomic practices and breeding, either through the selection of late flowering varieties, or 

improvements in disease resistance.  However, a number of genetic targets exist that could also 

provide tangible benefits; examples are increasing photosynthetic efficiency, improving 

nitrogen use efficiency, tolerance to environmental or abiotic stresses, resistance to insects and 

disease, and herbicide tolerance.  More specifically, resistance to Tomato spotted wilt virus in 

the U.S. and to Tobacco bushy top virus in tobacco-growing countries in southern Africa would 

eliminate two important insect-vectored diseases and could be readily accomplished using 

RNA-interference (RNAi) approaches based on the sequences of viral genes.  Also, any strategy 

to reduce suckering in burley and flue-cured tobacco varieties should be a major target of 

tobacco biotechnology and would be highly welcomed by growers (A. Fisher, personal 

communication). 

Kromdijk et al., (2016) demonstrated that expression of three genes in tobacco involved in the 

xanthophyll cycle, along with increasing the amounts of a photosystem II subunit, enabled the 

plants to adapt much more rapidly to fluctuating light conditions.  Accelerating the response to 

natural shading improved photosynthetic efficiency and resulted in approximately a 15 % 

increase in plant yields.  More recently, South et al., (2019) used a sophisticated metabolic 

engineering approach to reduce the harmful effects of photorespiration on photosynthesis in 

transgenic tobacco.  The enzyme ribulose-1-5-bisphosphate carboxylase-oxygenase (RuBisCO) 

catalyzes the net fixation of atmospheric CO2 in plant chloroplasts by carboxylating the  

5-carbon sugar ribulose-1-5-bisphosphate (RuBP), a fundamental process that makes life 

possible on Earth.  RuBisCO is also able to oxygenate RuBP, especially at elevated 

temperatures, and this can reduce the overall efficiency of photosynthesis in C3 plants by as 

much as 50 %.  Engineering ‘Petit Havana’ tobacco plants to eliminate the toxic products of 

photorespiration in the chloroplast resulted in 22-33 increases in leaf biomass (dry weight) in 

replicated field trials. 

3.2 Use of FT-expressing early flowering transgenic plants in breeding 

Flowering is an important agronomic trait that typically depends on the integration of several 

factors.  This includes (1) photoperiodism; many flowering plants use a photoreceptor protein 

to sense seasonal changes in night length (or photoperiod), which then act as signals to promote 

flowering: (2) vernalization; the induction of flowering following prolonged exposure to cold 

temperature: (3) levels of the plant hormone gibberellin, and independent signaling pathways 

involving regulatory proteins such as FLOWERING LOCUS T (FT).  The ability to promote 

or accelerate flowering offers opportunities to revolutionize and accelerate plant breeding 

programs at an unprecedented rate.  Breeding tools that induce flowering include grafting 

(Souza et al., 2018), the use of naturally early-flowering cultivars (Kumar, Gupta et al., 2018) 

and hormone applications (Domagalska et al., 2010).  While important, these approaches take 

time and considerable effort to optimize, and are often not effective or consistent for cultivars 

of interest. 
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Increasingly, the transition to reproductive growth is being accelerated through the constitutive, 

ectopic expression in transgenic plants of the FLOWERING LOCUS T (FT) gene, which 

encodes the long-distance flowering signal florigen (Tsuji, 2017).  The FT signal is well 

characterized in Arabidopsis, and extensive research across a range of plant species shows that 

FT and FT-like proteins coordinate the environmental and endogenous signals that govern the 

transition from vegetative to reproductive growth (Higuchi, 2018).  TERMINAL FLOWER1 

(TFL1) is a protein in the same gene family as FT, but TFL1 acts as a competitive inhibitor of 

FT (Lifschitz et al., 2014).  Consequently, either FT gain-of-function or TFL1 loss-of-function 

results in more determinate growth and faster transition to reproductive growth (Endo et al., 

2005; Freiman et al., 2012).  Other genes in the flowering pathway can also be used as breeding 

tools to accelerate flowering, such as LEAFY and APETALA1 (Peña et al., 2001) or MADS 

(Flachowsky et al., 2007).  Overexpressing FT generally accelerates the transition to 

reproductive growth, uncouples flowering from photoperiod and vernalization requirements, 

and, in perennial trees acts downstream of, and thereby bypasses, the juvenile growth phase 

(Hsu et al., 2006).   

FT is a member of the phosphatidylethanolamine-binding protein (PEBP) family.  Six PEBP 

family proteins control flowering in Arabidopsis, but the number and structural diversity of 

PEBPs varies in different species.  Harig et al., (2012) isolated four novel FT-like genes from 

tobacco and found that the NtFT1, NtFT2, and NtFT3 proteins are atypically floral inhibitors, 

whereas only NtFT4 acts as a floral inducer.  The pathway was further elucidated in a 

publication by Beinecke et al., (2018) where additional FT-like and FD-like genes were 

identified, the latter being a bZIP transcription factor which forms a complex with FT in the 

shoot apical meristem to promote flowering (Jaeger and Wigge, 2007), and their associations 

to act as either floral repressors or activators.   

The use of transgenic lines for early flowering is often referred to as rapid cycling or ‘FasTrack’ 

breeding and is usually coupled with marker-assisted selection for desired traits (van Nocker 

and Gardiner, 2014).  A parent plant expressing FT (or an FT-like protein gene from another 

species) can be crossed with another plant carrying a desirable trait, such as disease resistance.  

Early-flowering progeny plants expressing FT and the trait of interest are then selected, aided 

by marker-assisted selection if needed.  Once the desired crosses are complete, the FT transgene 

is segregated away by selecting for late-flowering plants that carry the trait of interest.  Such an 

approach has been clearly demonstrated in tobacco (Lewis and Kernodle, 2009), and is being 

used extensively in horticultural crops to reduce the length of the juvenile phase in breeding.  

Constitutive expression of Arabidopsis FT and FT-like genes from other species will induce 

precocious flowering in fruit trees such as apple and pear and also in grapevine in months rather 

than years.  These early-flowering genes can be expressed in stable transgenic plants or 

introduced into seedlings using recombinant viruses (van Nocker and Gardiner, 2014; Maeda 

et al., 2020).  Because the introduced FT gene is ultimately removed by genetic segregation (in 

transgenic plants) or by heat treatment (virus-infected plants), the final genotypes may be 

considered non-transgenic.  However, this view will certainly vary across the different 

international regulatory bodies. 

3.3  Intellectual property 

3.3.1 Gene Editing Techniques 

The commercial agricultural genome editing marketplace is comprised of a diverse set of 

companies that vary both with respect to size and technology platforms.  Agricultural 

biotechnology companies, seed companies, genome editing firms, and academic institutions are 

collaborating to utilize and improve the existing genome editing technologies. 
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Most of the key players in the field are private companies with proprietary technologies around 

which they have been able to build a patent portfolio.  Examples include Cibus, Caribou 

Biosciences, Calyxt, and Precision Biosciences.  All these firms have developed their own 

proprietary technology with applications in agriculture.  In addition, agricultural biotech giants 

like Bayer CropScience, BASF, and DowDuPont are actively engaged in strategic alliances to 

acquire gene editing technologies, mostly through licensing, and to increase their seed 

development and crop protection capabilities.  Some of the most prominent key players are 

described in more detail below: 

CARIBOU BIOSCIENCES  

In addition to being a key player in the gene-editing life science research industry, Caribou’s 

proprietary portfolio has applications that range from human and animal therapeutics to 

industrial biotechnology and fermentation.  In agriculture, they aim for accelerated precision 

breeding and generation of new traits such as drought tolerance and disease resistance.   

In 2015, the company formed a strategic alliance with DuPont to advance the two companies’ 

respective CRISPR-derived genome editing technology platforms.  The multi-faceted 

agreement includes the cross-licensing of key intellectual property, a research collaboration, 

and financial investments by DuPont in Caribou.  In 2017, scientists from DuPont and Caribou 

published SITE-Seq (Cameron et al., 2017), a method to comprehensively map the off-target 

activity of CRISPR-Cas9 across entire genomes to maximize accuracy and specificity, thereby 

overcoming some of the concerns associated with potential off-target effects.   

CALYXT  

Founded in 2010, Calyxt, Inc. (previously Cellectis Plant Sciences, Inc.), the plant genome 

engineering company and subsidiary of Cellectis SA, uses genome editing techniques to 

develop a novel generation of crops with improved health benefits for consumers.  Their 

products include high oleic/low trans-fat soybean oil, high fibre wheat, and low saturated fat 

canola oil with many others under development.   

The company uses Meganucleases and TALEN technologies, although their focus appears to 

be the latter.  Calyxt has an exclusive perpetual worldwide R&D and commercial license 

agreement with Cellectis for the use of TALENs for agriculture, feed, and food applications as 

well as an agreement with the University of Minnesota for the use of CRISPR/Cas9 technology.   

CIBUS  

Founded in 2001, Cibus is a leading precision gene-editing company with a unique, patented 

technology for naturally modifying or editing DNA.  The company has over 300 patents and 

patent applications.   

Their proprietary technology (Rapid Trait Development System-RTDSTM) is used for non-

transgenic breeding in a number of crops.  The company currently markets SU CanolaTM, a non-

transgenic canola tolerant to sulfonylurea herbicides, in the U.S.  that has also received 

regulatory approval in Canada.  Cibus has a worldwide presence, with subsidiaries in both 

Europe and North America, including Nucelis, its bio-industrials division.  While primarily 

invested in agricultural gene editing, Nucelis has applied Cibus’ RTDS platform to the 

production of squalane oil.  Cibus is also working on the development of further crops, 

including herbicide-tolerant rice, a potato crop resistant to late blight, and glyphosate tolerant 

flax. 
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DOWDUPONT 

The merger that created DowDuPont and the establishment of Corteva Agriscience, their 

agricultural division, brings together complementary gene editing portfolios.  Dow AgroSciences 

LLC, previously a wholly owned subsidiary of The Dow Chemical Company, had the exclusive 

right to use Sangamo’s ZFP technology in plants and was marketing ZFP-derived plant products 

under the trademark EXZACTTM Precision Technology.  The Sangamo technology is based on 

Zinc Finger Nuclease gene editing. 

In August 2015, Dow entered into a collaboration agreement with the Institute of Crop Sciences 

of the Chinese Academy of Agricultural Sciences (ICS-CAAS).  Under the agreement, Dow 

AgroSciences granted ICS-CAAS a royalty-free, non-transferable research and 

commercialization license for its proprietary EXZACTTM Precision Genome Editing 

Technology to be used in rice in China.  This was followed in 2016 by the announcement that 

Monsanto and Dow AgroSciences had reached a non-exclusive global option and licensing 

agreement for the EXZACTTM Technology. 

DuPont Pioneer, combined with its own IP, has acquired an exclusive license for genome-

editing technology from Vilnius University, and recently received exclusive intellectual 

property rights from Caribou Biosciences for CRISPR-Cas technology applications in major 

row crops, and non-exclusive rights in other agricultural and industrial bioscience applications.  

DuPont has also invested in Caribou Biosciences. 

DowDuPont looks ready to take the lead in bringing the CRISPR-Cas9 technology to plant 

breeding with the development of a new and improved waxy corn variety. 

PRECISION BIOSCIENCES 

Precision BioSciences is a gene editing company that aims to develop products for the 

therapeutics and agricultural industries.  The company was founded in 2006 based on 

technology licensed from Duke University.  Precision BioSciences has developed a gene-

editing technology that can modify genes in mammalian or plant cells.  This Directed Nuclease 

Editor technology (DNE) is based on meganuclease gene editing technology.  Precision 

BioSciences and Cellectis announced in 2014 that they had reached an agreement to settle 

patent litigation involving the engineered I-CreI meganuclease. 

Their latest proprietary genome editing platform, Arcus, is protected by its own patented R&D.  

The way that Arcus targets genes offers more precision and flexibility compared with CRISPR 

and TALEN.  This combination of flexibility with high site specificity has been proven to 

efficiently edit the genes of mammalian and plant cells (Djukanovic et al., 2013). 

In 2018, Precision BioSciences announced a new name and identity for its food and agriculture 

business, ELO Life Systems. 

CRISPR-Cas 

One particular gene editing technology that warrants further discussion from an Intellectual 

Property perspective is CRISPR.  The discovery of the CRISPR (Clustered Regularly 

Interspaced Short Palindromic Repeats) bacterial immune system and the possibilities it 

enables for gene editing (among many other technical applications) may well come to be 

regarded as one of the greatest discoveries in molecular biology.  Its ease of use and promise 

has fueled its spread such that in only a few years, the use of CRISPR-based techniques has 

become commonplace in laboratories around the world. 
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Two rival groups of inventors have laid claim to the invention of the essential components of 

the CRISPR system by way of filing competing patent families in various jurisdictions.  This 

has produced a host of different commercialization arms, joint ventures, and exclusive licensing 

arrangements with some of the biggest names in a range of industries.  Disputes have 

commenced in patent offices in the US and Europe in an attempt to determine ownership of the 

technology.  On one side is Jennifer Doudna of the University of California, Berkeley, and 

Emmanuelle Charpentier (formerly of the University of Vienna).  Doudna and Charpentier were 

co-authors and collaborators on the seminal 2012 paper (Jinek et al., 2012) and recipients of 

the “Breakthrough Prize in Life Sciences” in 2015. 

On the other side are Feng Zhang and the team at the Broad Institute of MIT and Harvard.  

Zhang and his team published a subsequent paper (Cong et al., 2013) which along with George 

Church’s paper (also of Harvard and the Broad; Mali et al., 2013), published in the same issue 

of Science, was the first published refinement and demonstration of the applicability in 

eukaryotes of the CRISPR-Cas system which Doudna and Charpentier had developed and 

described in prokaryotes (single celled organisms in which the genomic DNA is not contained 

in a nucleus).  This difference between work in eukaryotes and prokaryotes is a key issue in the 

patent dispute. 

It is clear that while the Zhang/Harvard/Broad/MIT camp was not the first to file patents with 

respect to CRISPR technology (and specifically CRISPR-Cas9), they have since caught up by 

pursuing a strategy of accelerated patent prosecution and aggressive filing.  As such, the Broad 

camp has been successful in: 

(1) building a broad base of patent families covering a variety of aspects of CRISPR 

technology, including second generation Cas proteins such as Cpf1; and 

(2) bringing their filed patent applications to grant, both in the U.S. and Europe. 

The Broad Institute has applied for dozens of CRISPR-related patent families with broad 

geographic scope.  These cover various aspects of the CRISPR system ranging from the basic 

molecular components to delivery mechanisms and applications. 

However, with the grant of UCB’s key CRISPR-Cas patent in 2017 by the EPO, UCB has since 

been making up lost ground.  UCB’s key filings, although not as numerous as Broad’s, are very 

broad (covering the use of the CRISPR-Cas system in both eukaryotes and prokaryotes) and 

were first to file.  With the grant of key UCB patents, the balance of power may shift, 

particularly as patent challenges in relation to these patents start to play out around the world 

from 2018 onwards.  A key example of this is the EPO decision to revoke one of the Broad’s 

foundational patents in Europe at the start of the year. 

As the number of patent applications, granted patents and opposition actions continue to mount, 

there is likely to be uncertainty with regards to the CRISPR patent landscape for some time to 

come.  The 2017 grant of broad European CRISPR patents to MilliporeSigma (with respect to 

the insertion of an exogenous sequence) and Cellectis (for the use of CRISPR in the production 

of CAR-T cells) further complicates matters but could also encourage cross-licensing. 

CRISPR-Cas in Tobacco 

One very important factor for consideration of CRISPR-Cas use in tobacco, aside from the 

plethora of IP, is the restriction on use issued by the Broad.  In a statement published in 2016 

on licensing CRISPR for agriculture, the Broad confirmed their intention to make non-exclusive 

research and commercial licenses available for the use of CRISPR technology in agriculture 

but with important restrictions.  One such restriction includes tobacco.  The Broad Institute 

prohibits the use of the licensed technology to modify tobacco for any use other than (i) in the 
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context of a model organism for research not directed to the commercialization of tobacco, and 

(ii) for manufacturing purposes of non-tobacco products.  However, academic groups have 

clearly demonstrated the utility of the technology in tobacco in a number of recent publications 

(Gao et al., 2015; Cermak et al., 2017; Gao et al., 2018; Hirohata et al., 2018). 

3.4 Transgenic and genome editing methods 

In this section, a brief overview of the strengths and weaknesses of some aspects of GM 

methods and NPBTs (new plant breeding techniques) will be presented.   

3.4.1 Conventional breeding and mutagenesis 

Crop improvement and gene stacking via conventional breeding practices have been used for 

multiple traits without being subjected to safety assessment prior to commercialization.  In the 

same way, gene or character introgression accomplished through interspecific crosses using in 

vitro culture or protoplast fusion, or chemical or physical mutagenesis, have been widely used 

despite being imprecise processes.  Genetic resistance to Tobacco mosaic virus has been 

transferred from wild Solanum peruvianum into different varieties of tomato (Solanum 

lycopersicum), with the introgressed chromosomal DNA segments spanning 4 to 51 cM (Young 

and Tanksley, 1989).  In tobacco, pathogen resistances often result from the introgression of 

large chromosomal regions of interspecific origin that contain additional genes linked to the 

desired trait.  This “linkage drag” can be associated with negative agronomic effects; an 

example is the reduction in yield in flue-cured tobacco carrying single-gene TMV resistance 

derived from N. glutinosa (Chaplin and Mann, 1978; Lewis et al., 2007).  Also, the ‘va’ type 

of resistance to PVY originated from a large deletion induced by UV-mutagenesis that resulted 

in the loss of many genes on chromosome 21 (Noguchi et al., 1999; Julio et al., 2014). 

Strengths: no regulatory constraints 

Weaknesses: long development time; potential linkage drag effect not always solved by Marker 

Assisted Selection. 

3.4.2 Mutagenesis, Tilling 

Large collections of mutants developed through the use of chemical or physical mutagens and 

efficient screening methods are needed to obtain the desired loss-of-function mutations.  The 

Food and Agriculture Organization of the United Nations database (FAO / IAEA) indicates that 

3,222 mutant varieties with improved characteristics have been released officially, with 

different applications (Oladosu et al., 2016).  One advantage of mutagenesis is that it is possible 

to obtain an allelic series with different phenotypes.  However, in most cases, several cycles of 

backcrossing are necessary to eliminate the large number of background mutations.  If 

polyploidy confers an advantage for tolerance to high mutation frequency (Uauy et al., 2009; 

Tsuda et al., 2015), it can be a weakness when attempting to knock out a specific gene that is 

present in several copies. 

Strengths: no regulatory constraints; knock-out or loss of function mutations; allelic series 

Weaknesses: background mutations; recessive mutations; cost of development of initial 

collection; long development time for selected mutants 

3.4.3 Transgenesis-RNAi-Cisgenesis 

Transgenics make it possible to choose specific genes in the genome to improve crops, but also 

to control gene expression in space (specific tissues, organs) and time (development stage, 

environmental response).  The foreign DNA, or “transgene,” can be from other individuals of 

the same species (cisgenesis) or from different plant species, microbes, or even from artificially 

synthesized DNA.  Transgenesis also offers the possibility to downregulate endogenous genes 
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using RNAi (RNA interference).  The constructs are inserted randomly in the genome, which 

can have potential negative consequences due to ‘’position effects’; examples are unpredictable 

epigenetic modification of transgene expression, physical rearrangements at or between 

integration sites, interruption of native gene sequences, and vector backbone integration (Cardi 

and Stewart, 2016).  The efficiency of transgene expression may depend on several factors such 

as transgene copy number, the insertion site, or endogenous RNA silencing (Butaye et al., 2005). 

Strengths: no genetic linkage drag; faster than gene introgression from wild species; control 

of gene expression in time and space; multiallelic and dominant (RNAi) 

Weaknesses: regulatory constraints; efficiency and stability; less than complete knock-down of 

gene expression by RNAi 

3.4.4 Homologous Recombination and Oligonucleotide-Directed Mutagenesis 

The precision of targeted modification in plant genomes was increased with the use of 

homologous recombination (HR) in the late 1980’s, with a first demonstration in tobacco by 

direct gene transfer to protoplasts (Paszkowski et al., 1988), and also by Agrobacterium-

mediated T-DNA transformation (Offringa et al., 1990).  However, during the following years, 

the observed gene targeting frequencies remained very low, on the order of 10-4 to 10-5, and this 

was independent of the plant species or the transformation method (Puchta, 2002).  This means 

that tens of thousands of transformed plants must be created and screened to identify rare 

recombinants.  More recently, many methods have been developed to increase the efficiency of 

HR by modifying the synthesis of proteins involved in recombination and chromatin 

remodeling.  However, these strategies may destabilize the genome due to uncontrolled off-site 

effects, particularly between repeated sequences distributed throughout the genome (Puchta and 

Fauser, 2013).  In the same way, oligonucleotide-directed mutagenesis (ODM) using various 

kind of molecules (ssRNA/DNA hybrids, ssDNA oligonucleotides, and triplex forming oligos, 

for example) have been used in plant cells to confer resistance to herbicides, but still with the 

low frequency and limited modification possibilities (Beetham et al., 1999; Kochevenko and 

Willmitzer, 2003; Okuzaki and Toriyama, 2004). 

Strengths: no DNA integration in the genome 

Weaknesses: low frequency; requires high efficiency screening systems; more limited in terms 

of possible modifications 

The use of native or engineered homing endonucleases to induce double-strand breaks (DSBs) 

in DNA to enhance repair via the HR or Nonhomologous End Joining (NHJE) pathways was 

the key to the development of several efficient methods.  DSBs can be induced by four systems 

based on specific enzymes: (i) meganucleases, (ii) ZFNs (zinc finger nucleases), (iii) TALENs 

(transcription activator-like effector nucleases) and (iv) CRISPR/Cas (clustered regularly 

interspaced short palindromic repeats/CRISPR-associated nucleases).  These methods are 

distinguished for regulatory purposes under Site-Directed Nucleases (SDNs) (EFSA Panel on 

Genetically Modified Organisms (GMO), 2012: Scientific opinion addressing the safety 

assessment of plants developed using Zinc Finger Nuclease 3 and other Site-Directed Nucleases 

with similar function.  EFSA J. 10, 2943): 

- SDN-1: creation of small deletions by introduction of small mistakes during the 

DSB repair by NHEJ.  This often leads to gene knockout due to reading frame shifts 

causing premature stop codon. 

Strengths: precision sequence targeting, loss of function alleles, the resulting plants can be 

similar to naturally occurring mutants; presently the most widely used system in plants 

Weaknesses: no precision in the resulting type of mutation; possibility of “off-target” 

modifications; recessive mutations (compared to dominant RNAi) 
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- SDN-2: replacement of the native gene resulting from the simultaneous introduction 

of native or modified DNA from the same species (same sequence with a desired 

mutation).  The DSB is repaired by HDR.   

Strengths: precision targeting; replacement of a gene by a superior variant; higher frequency 

of plants with the desired substitution; resulting plants can be similar to naturally-occurring 

mutants 

Weaknesses: possibility of “off target” modifications; low frequency of the targeted insertion; 

requires very efficient screening systems 

- SDN-3: insertion of a native or foreign sequence (promotor, complete gene) at a 

precise location in the genome by HDR.   

Strengths: precision targeting of the insertion site; gene stacking is possible 

Weaknesses: considered to be GMO; low frequency of HDR; requires efficient screening 

systems 

An alternative to SDN-3 is SDN-2 combined with ODM, which has been explored by Sauer et 

al., (2016) to improve the efficiency of ODM.   

If SDN-1 is now considered to be a routine method with easy recovery of imprecise mutations 

(indels), SDN-2 and SDN-3 still require large-scale screening efforts.   

 

Source: EFSA Journal 2012;10(10):2943 

3.4.5 Advantages and disadvantages of SDN methods and off-target effects 

Delivery of site-directed nucleases that introduce double-stranded breaks (DSBs) at preselected 

positions can be achieved by protein-directed SDNs such as meganucleases, zinc finger 

nucleases (ZFNs), and transcription activator-like effector nucleases (TALENs), but most 

widely used at present is the DNA-directed SDN based on the bacterial CRISPR (clustered 
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regularly interspaced short palindromic repeats) system and CRISPR-associated (Cas) 

nucleases.  A good review describing the three main types of designed nucleases (ZFNs, 

TALENs, and CRISPR) is available in Lee et al., (2016), although it does not cover 

meganucleases, which are still very expensive compared to the others.  The advantages and 

disadvantages are summarized in Table 1.  For a more complete review of genome editing 

approaches Lee et al., (2016) and Guha et al., (2017). 

Table 1: Comparison of genome editing technologies 

Nuclease 

ZF (chimeric 
nucleases in which 

dna binding and 
cleavage properties 
are conferred by 3-
4 modules of zinc 

finger proteins 
fused to the Foki 

restriction 
endonuclease) 

TALENS (chimeric 
proteins consisting 
of site-specific dna 

binding proteins 
fused to the 
restriction 

endonuclease foki) 

CRISPR (use of 
a site-specific, 
20 nucleotide 
single guide 

RNA (sgRNA) to 
direct the CAS9 
nuclease to its 
target locus) 

Meganuclease 
(rare cutting 

enzymes with 
large recognition 
site found only in 
microrganisms) 

Type of 
interaction 

Recognition 
site size (BP) 

Protein-DNA 

18–36 

Protein-DNA 

24–40 

RNA-DNA 

17–23 

Protein-DNA 

18–44 

Design 

Limited target 
availability, 

restricted to G-rich 
regions, but easier 

than 
meganucleases 

Tedious and time 
consuming to 

construct; 
compared with 

ZFNs, TALENs are 
much easier to 

design 

More flexible 
design, multiple 

targets 
Difficult 

 

Targeting of a specific DNA sequence 
requires the modular assembly of pairs of 
recognition protein units while the vector 
system is being constructed; much more 
expensive compared to CRISPR 

Easy to 
target a different 

gene by 
replacing a 20-
bp nucleotide 

sequence 
complementary 

to the new target 
gene 

Cleavage and 
DNA-binding 

domains overlap: 
new DNA 
sequence 

specificity is 
therefore 

challenging 

Targeting 
constraints 

Restricted to g-rich 
regions 

5′ targeted base 
must be a T for 
each TALEN 

monomer 

PAM motif next 
to target required 

Chromatin 
compaction 

Cost High Moderate Low High 

Ease Of 
Multiplexing 

Low Low High Low 

Success Rate Low High High High 

Specificity Low-Moderate Moderate 

Low-Moderate, 
but numerous 

ways to improve 
it (van de Wiel et 

al., 2017) 

High 
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3.4.6 The “off-target problem” 

Off-target mismatches induced by NPBTs may lead to unintended changes within the genome.  

The original characterization of the Cas9/sgRNA system showed that not every position in the 

guide RNA needs to match the target DNA sequence, suggesting the existence of off-target 

sites Jinek et al., (2012).  Recently, it has been shown that CRISPR-Cas9 can induce large 

deletions and complex genomic rearrangements in mouse embryonic stem cells (Kosicki et al., 

2018).  If off-target events can be a critical problem in human applications, with a potential 

increase in the cancer risk (Haapaniemi et al., 2018), in plants it seems to be rare and less critical 

compared to animals (Wolt et al., 2016).  Another unexpected effect is exon skipping, which 

can lead to an aberrant protein instead of a null allele (Sharpe and Cooper 2017; Kapahnke et 

al., 2016; Mou et al., 2017).  These technologies are under continuous improvement for better 

and more accurate versions as in Guha et al., (2017), or in recent publications describing 

CRISPR-Cas9 and human therapeutic applications (Cromwell et al., 2018). 

In plant breeding, where multiple plants are screened and checked for phenotype, off-target 

effects can be selected against by backcrossing as well as through mutagenesis (van de Wiel et 

al., 2017). 

3.4.7 Genome instability 

There are many sources of natural genome plasticity, and their relevance to food and feed safety 

has been reviewed (Weber et al., 2012): among these are DNA sequences present in multiple 

copies (e.g. mobile elements such as DNA transposons and retrotransposons (Wessler 2006), 

duplicated genes, and tandemly repeated DNA sequences) that are important contributors to 

natural genomic plasticity in plants.  Active transposition can disrupt or activate genes, but such 

events are also responsible for the induction of large-scale deletions, duplications, or 

chromosomal inversions in maize (Zhang and Peterson 1999; Zhang et al., 1999).  Homologous 

recombination can occur between any duplicated DNA sequences such as retrotransposon 

LTRs, or between closely-related duplicated genes, and it can be the source of new traits 

through the creation of novel alleles or silencing.  Homologous recombination can also occur 

rarely between duplicated sequences that are not linked, leading to large scale chromosomal 

changes such as inversions or translocations.  Although the frequency of natural spontaneous 

mutations is low in plants, it varies between species, and it can be the source of new traits. 

Genetic variation is voluntarily or involuntarily induced by breeders in several different ways: 

1. Classical breeding or interspecific breeding with chromosomal rearrangements or 

translocation, which induces genome-wide epigenetic changes and new insertions, deletions, 

and also transposition (Liu and Wendel 2000; Wang et al., 2010; Zou et al., 2011). 

2. Mutagenesis, which includes large chromosomal deletions by radiation (e.g. gamma rays) 

or a high frequency of nucleotide changes induced by EMS treatment.  Mutagenesis can 

also induce transposition of mobile elements (Anderson 1948; McClintock 1950; Gowda 

et al., 2011). 

3. In vitro culture steps involved in bridge crosses, embryo rescue, somatic cell 

hybridization, as well as for transgenesis and tissue culture, which are sources of soma-

clonal variations (Wu et al., 2009; Jiang et al., 2011; Miyao et al., 2012) and can also 

induce transposition of mobile elements (Peschke et al.,1987; Hirochika et al.,1996; Wu 

et al., 2009; Gowda et al., 2011; Smith et al., 2012). 

4. Transgenesis, which can alter gene expression depending on the insertion site (promotor, 

transcriptionally active, or repressed regions of chromatin, etc.) (Sang-lc and Gelvin 

2007), but which can also sometimes involve rearrangement of target sequences (Gheysen 

et al., 1987) 
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Development of GE crops requires a tissue culture phase necessary to deliver the gene encoding 

the nuclease (ZF, TALEN, MN) and the donor DNA (SDN-2 and SDN-3). 

SDNs are more often delivered to plants as DNA expression constructs that become stably 

integrated into the genome.  Methods used are Agrobacterium-mediated transformation of leaf 

discs or protoplasts, electroporation of protoplasts, and biolistic delivery of DNA by particle 

bombardment.  The expression construct is removed by segregation in sexually propagated 

plants that retain only the targeted mutation (Fig. 2). 

 

Figure 2: Differences between transgenesis and gene edited (GE) plants in terms of DNA 

introduction.  (Adapted from Peter Rogowsky, UMR reproduction et Développement des Plantes 

Lyon, PPT «CRISPR-Cas9 chez les végétaux: état de l’art, applications potentielles et cadre 

règlementaire» 9 Nov. 2016.)  

While these plants are not considered to be GMOs under USDA/APHIS regulations, their status 

is unclear in the EU where regulations focus on the process rather than the product.  The recent 

judgement of the European Court of Justice on plant varieties created by Genetic Engineering 

(July 25, 2018), and the agreement of the coalition of government in Germany, seem to exclude 

the use of gene editing techniques.  Plants carrying well-characterized mutations derived from 

gene editing constructs that are not present in the mutant lines (due to genetic segregation) now 

fall under the EU’s 2001 GMO directive, and this has had a chilling effect on R&D; European 

plant biotech companies have lost business and project funding as a direct result of the July 

2018 ruling (Albert, 2019).  Therefore, processes that do not involve a DNA transfer step have 

been developed under the name of “DNA-free genome editing”: the delivery of SDNs is 

achieved through the use of a non-heritable material such as RNA, protein, or 

ribonucleoprotein.  For example, the meganuclease I-SceI and TALENs have been introduced 

into tobacco protoplasts by polyethylene glycol (PEG)-mediated transfection (Luo et al., 2015).  

Other examples have been developed in petunia (Subburaj et al., 2016), apple, and grapevine 

(Malnoy et al., 2016).  Particle bombardment has also been used to deliver CRISPR/Cas9 

ribonucleoproteins to wheat and maize cells (Svitashev et al., 2016; Zhang et al., 2016).  

However, these methods require protocols for converting cells into protoplasts and plant 

regeneration from protoplasts, which are not available for many crops. 
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These methods avoid integrating foreign DNA into the genome, but variability induced by plant 

regeneration from tissue culture is still a possibility.  If hazards that might arise from random 

insertion can be reduced for strategy SDN-3, genomic changes due to somaclonal variations 

and DNA repair by NHEJ are similar to those observed with classical transgenesis. 

In all cases, several generations of backcrossing are needed to recover the elite parental genome.  

This will (1) remove unwanted genes/alleles that are tightly linked to the new trait, (2) remove 

uncharacterized, undesirable mutations, and (3) remove the introduced SDN gene and the donor 

DNA in the case of NPBTs, as well as genomic changes related to regeneration of entire plants. 

The main limiting factors at present for gene edited plants are the transformation and 

regeneration steps.  Some plants are recalcitrant to tissue culture and/or transformation, and 

these steps must be adjusted for each species and each genotype.  Potential ways to improve 

both transformation and regeneration have been reviewed in Altpeter et al., (2016).  Ideally, 

plant transformation should be genotype-independent and tissue culture-free; an example is the 

floral-dip transformation method that is limited to Arabidopsis and its relative Camelina sativa 

(Lu and Kang, 2008). 
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4. Glossary of terms used in this report 

Allele: (short for Allelomorph).  One of a series of alternative forms of a gene that differ from 

one another in their primary DNA sequences.  The sequence changes can be either in the coding 

sequence, which can affect the function of the encoded protein, or in the upstream sequences 

(such as the promoter region) which could affect some aspect of the production of the mRNA 

product that is transcribed from the gene (gene expression). 

Amino acids: the basic building blocks of proteins.  There are 20 different amino acids that are 

incorporated into proteins.  In humans, nine amino acids are considered to be essential, because 

they cannot be made in the body and must come from food.  The essential amino acids are 

histidine, leucine, isoleucine, lysine, methionine, phenylalanine, threonine, tryptophan, and 

valine.  Plants are able to synthesize all 20 amino acids. 

Angiosperm: a flowering plant that bears it seeds enclosed in a fruit.  Angiosperms comprise 

a major division of plant life and are evolutionarily separate from the gymnosperms (non-

flowering seed plants such as conifers, cycads, and the ginko tree) and plants that do not produce 

seeds such as ferns and mosses.  Angiosperms evolved ~250 million years ago and became the 

dominant plant group due mainly to their co-evolution with animals that pollinate their flowers 

and distribute their seeds (e.g. bees, flies, bats, and birds).  At present, angiosperms comprise 

~80 % of all plant species with 64 orders and 416 families currently recognized.  There is a 

major division within the angiosperms that is defined by the number of cotyledons (the first 

leaves) produced upon germination; the dicotyledons have two, and the monocotyledons have 

only one.  Prominent examples of dicots are the asters (sunflowers and their relatives), which 

is the largest angiosperm family, while the largest families of monocots are the grasses (~12,000 

species), which include important grain crops such as corn, wheat, and rice, as well as palms, 

and the large orchid family which as ~26,000 species.  The dicots, with a total of >175,000 

species, account for nearly 75 % of all angiosperms. 

Arabidopsis: a small genus of nine species related to cabbage and mustard in the family 

Brassicaceae.  A. thaliana (thale cress) is one of the most important model plants and was the 

first plant to have its small genome (~150 Mbp) fully sequenced.  The project took 10 years and 

was published in 2000 in the journal Nature. 

Archaea: one of the two domains of prokaryotes, the other being Bacteria.  Archaea comprise 

a diverse group of microorganisms distinct from bacteria; many species are extremophiles, 

living in environments that are characterized by low pH, high temperature, and/or high salinity. 

Auxins: a small group of essential plant hormones that are involved in the regulation of many 

aspects of growth and development in all plants.  Natural auxins are all derivatives of the 

compound indole, which is synthesized from the amino acid tryptophan.  The first plant 

hormone to be isolated and characterized was the auxin indole-3-acetic acid (IAA).  At the 

cellular level, auxins affect both cell division and cell expansion.  Due to the way they are 

transported within the plant body, auxins form concentration gradients that are important in 

mediating responses to the environment, cell differentiation, and in determining patterns of 

development. 

Bacteria: the second domain of prokaryotes in addition to Archaea.  Bacteria are extremely 

diverse unicellular organisms and were among the first life forms to appear on Earth.  As with 

all prokaryotes, bacterial cells have no nucleus or any membrane-bound organelles such as the 

mitochondria and plastids found in eukaryotic cells.  Species of bacteria inhabit virtually all 
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habitats on Earth and are responsible for processes such as nutrient recycling through 

decomposition of dead tissue and fixation of atmospheric nitrogen.  In addition to the many 

beneficial bacterial species that benefit humans through fermentation, detoxification of 

chemical waste, and production of chemicals such as antibiotics, other species are pathogenic, 

and cause diseases such as tuberculosis, leprosy, cholera, and bubonic plague that have 

profoundly affected human civilization for thousands of years.  A classification scheme that has 

been used for many years is based on cell morphology and characteristics of the cell wall and 

groups bacteria into four general categories; Gram-positive or Gram-negative cocci (round 

cells) and Gram-positive or Gram-negative bacilli (rod-shaped cells). 

Bacteriophage: a type of virus that infects bacteria and archaea.  Bacteriophages (commonly 

known as phages) are the most numerous life form on Earth, are found wherever bacteria are 

present, and can have RNA or DNA genomes.  The name bacteriophage means “bacteria eater” 

because after infection and replication, the host cell lyses to release the phage progeny.  Several 

bacteriophages have been important model organisms in molecular genetics.  Bacteriophage  

(lambda), discovered by Esther Lederberg in 1951, has a double-stranded DNA genome and 

infects the bacterium Escherichia coli.  Vectors based on non-lytic derivatives of phage  were 

early tools for the cloning of relatively large DNA fragments and for the production of 

representative genomic libraries. 

Biolistic transformation: a method used to introduce foreign DNA into plant cells using the 

‘gene gun’.  Very small gold or tungsten particles are coated with a gene construct, and the 

DNA-coated particles are then shot at high velocity into intact plant tissue (leaves or callus), 

where some of them enter the cell nuclei (or other organelles).  The first-generation version of 

the gene gun from the early 1980’s used a 22-caliber nail gun cartridge to propel the metal 

particles, but modern versions use compressed helium gas. 

Biotechnology: the manipulation of living organisms, often through genetic engineering, to 

produce products of use to humans.  Article 2 of the UN Convention on Biological Diversity 

(1992; Rio de Janeiro) states that "Biotechnology means any technological application that uses 

biological systems, living organisms, or derivatives thereof, to make or modify products or 

processes for specific use”.  An argument can be made that the domestication of animals and 

plants for purposes of agriculture, as well as microbial fermentation to make products such as 

beer, cheese, and leavened bread, constitute the earliest applications of biotechnology.  Starting 

with the discovery of penicillin in 1928, the subsequent mass production of antibiotics in the 

1940s involved the selection of strains of fungi and actinomycetes that produced high levels of 

the drugs.  At present, the definition of biotechnology encompasses the broad range of processes 

used to produce industrial enzymes and therapeutic proteins.  The term “biotech” is widely used 

to describe genetically engineered plants, microbes, and animals.  Biotech crops produced using 

the tools of genetic engineering benefit farmers, producers, and consumers.  The application of 

biotechnology to crops has resulted in a significant reduction in the use of toxic pesticides, safer 

weed control through the use of reduced-risk herbicides, and enhanced quality traits such as 

improved seed oils in corn and canola, non-browning apples, low-gluten wheat, and 

biofortification of rice, corn, wheat, and cassava. 

Bt: an abbreviation for Bacillus thuringiensis, a Gram-positive, rod-shaped, spore-forming 

species of soil bacteria.  B. thuringiensis is closely related to another soil bacterium, B. cereus, 

and also to B. anthracis, the cause of anthrax disease in humans and animals.  During 

sporulation, Bt strains produce crystal (Cry) proteins that form inclusion bodies within the 

spores.  Cry proteins, also known as -endotoxins, are toxic to several groups of insects when 

ingested, and are used as natural biological insecticides.  There are many subspecies and isolates 



TBO-151-1-CTR Tobacco Biotechnology and Omics – December 2020 48/64 

of B. thuringiensis that produce Cry proteins with activities against the insect orders 

Lepidoptera (butterflies and moths), Diptera (flies and mosquitos), Coleoptera (beetles), 

Hymenoptera (bees and wasps), as well as some nematodes.  Many Cry protein genes have been 

cloned and expressed in transgenic plants to provide resistance against agricultural pests.  The 

first generation of genetically engineered crops approved for release in the US included maize 

expressing the Cry 1A protein against the European corn borer (Ostrinia nubilalis) and potatoes 

expressing Cry3A to kill the Colorado potato beetle. 

Burley tobacco: a specific market class of commercial light air-cured tobacco that is used 

mainly in blended cigarette production.  Burley (originally known as White Burley) apparently 

arose as a spontaneous mutation in seed obtained from Bracken County, Kentucky in the 1860s.  

Burley tobacco has light colored leaves and cures to a light, golden brown color.  The light 

coloration of the leaves is due to reduced chlorophyll content, and genetic studies conducted in 

the 1970s by P.D.  Legg and colleagues at the University of Kentucky showed that the trait is 

controlled by two recessive genes.  Unlike flue-cured tobacco varieties that are grown in the 

hot and humid southeastern US, burley tobacco is grown in Kentucky, eastern Tennessee, and 

western parts of Virginia and North Carolina on clay soils with high inputs of nitrogen fertilizer. 

Callus: (from the Latin callum, meaning hard).  An unorganized mass of plant cells that may 

or may not show some degree of organ formation or regeneration.  In tissue culture, plant calli 

can be classified as rooty, shooty, or embryonic.  Plant calli can also be formed in nature on 

plants that have been injured or infected with a pathogen.  Calli also form in response to various 

other biotic or abiotic stimuli.  A classic case of biotic callus formation due to pathogen 

infection is crown gall disease caused by Agrobacterium tumefaciens, a Gram-negative soil 

bacterium that can cause significant economic losses to woody crops such as grapevines in the 

wine industry. 

Chromosome: a large macromolecular complex consisting of DNA and proteins.  

Chromosomes contain genes and various regulatory sequences.  In bacteria, the single 

chromosome is the entire genome, and is generally a circular DNA molecule from ~1 to 10 

million base pairs that contains all of the genes required for the cell to live.  In eukaryotes, the 

chromosomes that make up the nuclear genome are composed of chromatin, a complex of DNA, 

RNA, and proteins (such as histones).  Chromosomes are present in an extended form early in 

the cell cycle after DNA replication.  During mitosis, they become condensed and are very 

compact by late prophase in preparation for their separation and movement into the two 

daughter cells at cell division. 

Chromosomal recombination: the exchange of genetic material between two homologous 

chromosomes in a eukaryotic cell as result of crossing over.  Crossing over occurs during 

meiosis (the process that results in the formation of haploid gametes) when the homologous 

chromosomes (one from the paternal parent and one from the maternal parent) form pairs.  

Recombination can occur at one or more locations along the chromosome pair; the DNA 

molecules are cut and repaired, and a region can be swapped between the two chromosomes.  

This can result in new allelic combinations on the recombined chromosomes.  Chromosomal 

recombination is the basis for genetic linkage mapping in sexually reproducing organisms. 

Cis-element (or cis-acting locus): a genetic region (locus) that affects the activity of a gene or 

genes on the same DNA molecule.  Cis-elements generally act as binding sites for regulatory 

proteins such as transcription factors.  Examples of cis-elements promoters, enhancers and 

operators.  See trans-acting loci. 
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Cytokinins: a family of plant hormones that are mainly derivatives of the purine base adenine.  

The first to be discovered was kinetin, which was isolated as a breakdown product of herring 

sperm DNA in 1955.  Cytokinins have major effects on processes such as apical dominance and 

the growth of axillary buds in plants.  In tissue culture, the cytokinin:auxin ratio determines 

whether shoots (high) or roots (low) are produced from undifferentiated callus tissue.  In vivo, 

cytokinins promote cell division, and a high cytokinin:auxin ratio can favor development and 

maintenance of meristems. 

Diploid: a eukaryotic organism that has two sets of homologous chromosomes that are inherited 

from each parent following the fusion of the haploid sperm nucleus with the haploid egg 

nucleus.  Essentially all mammals are diploid, but some distinct lineages of fish, amphibians, 

and reptiles contain tetraploid species (see entry for Ploidy below). 

DNA: an abbreviation for deoxyribonucleic acid, the molecule that determines heredity in all 

organisms other than some viruses, which have RNA genomes.  DNA is a long biopolymer 

made up of the monomeric nucleotide bases deoxyadenylic acid, deoxycytidylic acid, 

deoxyguanilic acid, and thymidylic acid that are abbreviated A, C, G, and T (or more correctly 

dA, dC, dG, and T).  Each nucleotide base consists of either a purine or pyrimidine, a 

deoxyribose molecule, and a phosphoric acid group, and the bases are linked via phosphodiester 

bonds.  A and G are the purines, and C and T are the pyrimidines.  DNA in chromosomes is 

double stranded, and the two complementary strands have opposite polarities (5’ to 3’ and 3’ 

to 5’).  In double-stranded DNA, the two strands are held together via hydrogen bonds from the 

pairing of A with T and C with G.  DNA was discovered by Friedrich Miescher in Switzerland 

in 1869, and the physical structure of DNA (“double helix”) was worked out by Francis H.C. 

Crick and James D. Watson in 1953.  Watson, Crick, and their colleague Maurice H.F. Wilkins 

were awarded the Nobel Prize in Physiology or Medicine in 1962 “for their discoveries 

concerning the molecular structure of nucleic acids and its significance of information transfer 

in living material.” 

Enzyme: a biological molecule that catalyzes one or more chemical reactions.  Most enzymes 

are proteins, although catalytic RNA molecules (‘ribozymes’) were discovered in 1982.  

Ribozymes catalyze reactions involved in RNA processing, such as mRNA splicing, and are 

essential components of ribosomes in the formation of the peptide bonds that link the individual 

amino acids together during protein synthesis (translation). 

Eukaryote: eukaryotes belong to the third domain of life that contains all organisms, unicellular 

or multicellular, in which the cells contain true membrane-bound nuclei and organelles such as 

mitochondria, the Golgi body, and chloroplasts (in plants).  Animals, plants, protists, and fungi 

are all eukaryotes.  Single-celled eukaryotes can reproduce asexually through mitosis, and 

multi-celled eukaryotes reproduce via gametes that are produced through meiosis. 

Gene: the basic unit of heredity in all organisms.  Genes are linear stretches of DNA or RNA 

(in viruses) that consist of a protein coding sequence and regulatory sequences (such as 

promoters) that allow for the transcription of the gene.  Most gene sequences code for specific 

proteins. 

Genome: the amount of DNA that consists of all of the genes in an organism.  In higher plants 

and animals, this equates to all of the DNA contained in the chromosomes in the nucleus of a 

haploid gamete, such as a sperm or egg cell.  Because most eukaryotic organisms are diploid, 

each cell nucleus contains two sets of chromosomes, and therefore two full genomes.  The 

chloroplasts found in plant cells and the mitochondria in both plant and animal cells have their 
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own genomes; these generally consist of circular, double-stranded molecules that are much 

smaller than the nuclear genomes (chloroplast genomes range in size from 120,000 to 180,000 

base pairs). 

Genome editing: a technology that uses site-directed nucleases to introduce mutations in target 

sequences within specific genes in living cells.  The most user-friendly genome editing system 

is based on the CRISR-Cas adaptive immunity loci that are present in many prokaryotic species.  

CRISPR is an acronym for “Clustered Regularly Interspaced Short Palindromic Repeats, and 

“Cas” is an acronym for “CRISPR-associated” genes.  The most widely used Cas enzyme is 

Cas9, also known as spCas9, that originated from the Gram-positive human pathogen 

Streptococcus pyogenes.  spCas9 has been engineered and repurposed for genome editing in 

plants, animals, yeast, algae, and human cells. 

GMO: abbreviation for “genetically modified organism”.  GMOs are defined as organisms in 

which the DNA has been modified in the laboratory using genetic engineering tools to alter 

certain physiological traits or for the production of a biological product.  Many GMOs contain 

foreign genes from other organisms that were introduced via transgenesis.  Plants derived using 

traditional mutagenesis strategies (radiation or chemicals such as EMS) as well as those 

engineered via CRISPR-Cas genome editing can be considered to be GMOs, but they are not 

regulated as such in the US.  A ruling by the Court of Justice of the European Union in July 

2018 decreed that organisms obtained by mutagenesis are now considered to be GMOs and will 

be regulated as such. 

Gram staining: a diagnostic staining technique that allows bacteria to be differentiated into 

two basic groups.  The staining method is based on observations by the Danish physician H.C.J.  

Gram in 1884 that certain bacteria will form colored compounds that are insoluble in many 

solvents when treated with pararosanilin dyes and iodine.  Such bacteria are called ‘Gram-

positive” because the cells stain dark purple, while those that do not form these compounds 

stain light pink and are termed “Gram-negative”. 

Kinetin: a potent plant hormone that is a member of a family of N-substituted derivatives of 

adenine (one of the four nucleotide bases from DNA and RNA; commonly abbreviated ‘A’) 

called cytokinins.  Cytokinins are synthesized in the roots and act to promote cell division in 

plants.  Kinetin was discovered in Folke Skoog’s laboratory at the University of Wisconsin in 

the 1950s as an active component in autoclaved preparations of herring sperm DNA. 

Meiosis: the process by which haploid gametes are formed in sexually reproducing organisms.  

Meiosis involves a single round of chromosomal duplication followed by two successive 

nuclear divisions. 

Mitosis: a process that occurs in the eukaryotic nucleus during cell division in which one cell 

divides to give two genetically identical daughter cells.  After the chromosomes have replicated, 

the cell enters into prophase, when the chromosomes condense and become visible as pairs of 

identical chromatids.  During metaphase, the nuclear envelope disintegrates, and the 

chromosomes line up along the midline of the cell.  In anaphase, the paired chromatids separate 

and are pulled toward the two poles on opposite sides of the cell, where they become 

independent chromosomes.  The chromosomes then decondense and the two nuclear envelopes 

begin to reform during telophase.  The process of cell division is completed after the final phase 

of cell division, known as cytokinesis, during which the cytoplasm is divided into two parts by 

the formation of a cell plate (in plant cells), and the nuclear envelopes are fully formed to give 

two cells with identical numbers of chromosomes. 
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Nicotiana: a genus of ~75 species in the botanical family Solanaceae (nightshades) that 

includes tobacco (Nicotiana tabacum) and its close relatives.  Some other well-known 

commercial species in this family are the tomato (Solanum lycopersicum), potato (Solanum 

tuberosum), eggplant (Solanum melongena), pepper (Capsicum species), garden petunia 

(Petunia x hybrida), and tomatillo (Physalis philadelphica). 

Nicotiana benthamiana is a tropical Australian species endemic to the dry regions of Western 

Australia.  N. benthamiana can be infected by a large number of diverse plant viruses and other 

pathogens and is widely used as a model system in which to study host-microbe interactions.  

It is also used in the large-scale production of recombinant proteins, some for human therapeutic 

use. 

Nuclease: an enzyme that can degrade nucleic acids such as DNA and RNA.  Endonucleases 

hydrolyse the internal phosphodiester bonds in DNA and RNA, while exonucleases degrade 

polymeric nucleic acids by releasing nucleotides progressively from the ends of the strands. 

Nucleic acid: a polymeric molecule consisting of covalently linked nucleotide bases.  DNA 

molecules are generally double-stranded and can be very large, up to tens of millions of bases 

in length in animals and plants, because DNA forms the main backbone of eukaryotic 

chromosomes.  RNA molecules range in length from <100 to several thousand bases and 

comprise distinct functional classes such a transfer RNAs (tRNAs), messenger RNAs 

(mRNAs), microRNAs (miRNAs), and the structural ribosomal RNAs (rRNAs).  The pentose 

sugars that form the backbones of nucleic acid polymers are ribose in RNA and deoxyribose in 

DNA. 

Omics: A suffix applied to a group of technologies in biology that involve the analyses of large 

and complete data sets of a particular class of molecule in cells, tissues, or an entire organism.  

The most common uses of the term “-omics” describe the fields of genomics, transcriptomics, 

proteomics, and metabolomics for the comprehensive study of the genome (studies of genes 

and their functions), the transcriptome (all transcribed RNA molecules), the proteome (all 

expressed proteins), and the metabolome (diverse classes of cellular metabolite chemicals), 

respectively. 

Plasmid: an extrachromosomal double-stranded DNA element, found mainly in prokaryotes, 

that is generally circular or (rarely) linear in structure.  Natural plasmids are extremely diverse, 

and often provide an advantage to the host bacterial cell by carrying genes for antibiotic 

resistance or pathogenic proteins.  Small plasmids of ~3,000 base pairs that were engineered 

from naturally occurring elements in the early 1970s made gene cloning a reality and are still 

widely used in molecular biology today.  The species of bacterium used in plant transformation, 

Agrobacterium tumefaciens, harbors at least two large plasmids, one of which, the Ti (tumor-

inducing) plasmid carries the genes necessary to mobilize itself into plant cells and integrate a 

piece of itself (the T-region) into the host plant’s genome. 

Prokaryote: a unicellular microorganism that lacks a membrane-bound nucleus and other 

cellular organelles such as chloroplasts and mitochondria.  Prokaryotes are almost all small, 

between 1 and 10 µm (1-10 millionths of a meter) in size and have adapted to live in almost all 

environments on Earth.  The Prokaryotes consist of two of the three major domains of life, 

Bacteria and Archaea.  Eukaryotes make up the third domain. 
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Protoplast: a plant or fungal cell that consists of the nucleus, cytoplasm, organelles, and plasma 

membrane but not the structural cell wall.  Plant protoplasts are routinely prepared 

experimentally by incubating leaf tissue with enzymes that degrade the rigid cell wall.  

Protoplast preparation generally starts with leaf tissue in which the epidermis has been peeled 

off.  Pieces of the tissue are incubated in a solution containing a mixture of enzymes such as 

cellulase, hemicellulose, and pectinase in the presence of an osmoticum such as mannitol or 

sorbitol.  The protoplasts are released by digestion of the cell walls over time and are recovered 

by low-speed centrifugation. 

Ploidy: a term describing the number of sets of chromosome present in a cell.  A set of 

chromosomes is generally represented as ‘N’.  Almost all animals are diploid (2N), and the 

gametes (sperm and eggs) are haploid (N).  Polyploidy, where the cell has >2 sets of 

chromosomes, has featured prominently into the evolution of plants, and ~50 % of all 

angiosperm species are polyploid.  For example, many species in the genus Nicotiana, such as 

cultivated tobacco (N. tabacum), are tetraploids (4N), as is the forage crop alfalfa, (Medicago 

sativa) while cultivated strawberries are octoploids (8N).  Wild potato species range from 

diploid to hexaploid (6N), although the cultivated varieties are tetraploids.  Durum wheat 

(Triticum durum), used in making pasta, is tetraploid, while bread wheat (Triticum aestivum) is 

hexaploid. 

Promoter: one of a group of cis-acting regulatory elements (non-coding DNA sequences that 

control gene expression) located upstream (5’) to the coding sequence of a gene.  RNA 

polymerase molecules recognize and bind to promoters to initiate transcription (“expression”) 

of the associated gene or genes. 

RNA: a group of polymeric nucleic acids that are similar to DNA, but in which the nucleotide 

bases are adenylic acid, cytidylic acid, guanilic acid, and uridylic acid that are abbreviated A, 

C, G, and U.  RNA molecules are almost always single-stranded in cells.  Messenger RNA 

(mRNA) is transcribed from the coding strand of a double-stranded DNA template by RNA 

polymerases in the cell nucleus and contains the information necessary for translation into 

protein in the cell cytoplasm by ribosomes.  Ribosomes read the mRNA templates in a linear 

fashion beginning at the 5’ end and proceeding toward the 3’ end, adding each specific amino 

acid to the growing protein polymer chain as they go. 

Transcription factors (TFs): a general class of proteins characterized by DNA-binding 

domains that allow them to recognize specific cis-elements that are generally located upstream 

of the start of transcription of a particular gene or a group of genes.  Plants have >60 distinct 

families of TFs that are important in all aspects of plant growth, development, and the response 

to biotic (herbivory, pathogen infection) and abiotic (drought, salt, temperature) stress.  Many 

plant TF families are conserved across eukaryotes (such as bZIP, MYB, and HSF), but some 

are unique to the plant lineage.  Plant genomes contain large numbers of TF genes; for example, 

Arabidopsis thaliana has at least 2,000 TF genes, which is >3 times the number in the genome 

of the fruit fly, Drosophila melanogaster.  Approximately 50 % of Arabidopsis TFs are plant 

specific and possess DNA binding domains found only in plants.  Examples of well-known 

plant-specific transcription factor families are AP2-ERF, NAC, LFY, WRKY, TCP, and 

YABBY. 

  



TBO-151-1-CTR Tobacco Biotechnology and Omics – December 2020 53/64 

Transgenic: transgenic organisms have had their genomes altered by the addition of one or 

more genes (or other DNA sequences), generally from other species.  This is accomplished 

through a process known as genetic engineering.  While most transgenic organisms are 

produced in the laboratory for research purposes (such as to study the expression of certain 

genes), many have been developed for commercial purposes.  Examples are major crops such 

as rice, corn, and soybeans that express genes for resistance to herbicides such as glyphosate 

(Roundup) and/or genes that produce toxic proteins (such as Bt -endotoxins) that will kill 

insects that feed on them.  Transgenic plants, animals, and microbes fall under the general 

classification of “genetically-modified organisms” (GMOs). 

Trans-acting loci: genetic elements such as regulatory genes that encode products that can 

affect the activity of other genes.  Trans-acting loci often encode proteins such as transcription 

factors or repressors, and these genes can be located any place in the genome, not necessarily 

on the same chromosome as the gene(s) that they regulate. 
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