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Abstract

In recent years, plant biotechnology has witnessed unprecedented technological change. Advances 

in high-throughput sequencing technologies have provided insight into the location and structure 

of functional elements within plant DNA. At the same time, improvements in genome engineering 

tools have enabled unprecedented control over genetic material. These technologies, combined 

with a growing understanding of plant systems biology, will irrevocably alter the way we create 

new crop varieties. As the first wave of genome-edited products emerge, we are just getting a 

glimpse of the immense opportunities the technology provides. We are also seeing its challenges 

and limitations. It is clear that genome editing will play an increased role in crop improvement 

and will help us to achieve food security in the coming decades; however, certain challenges and 

limitations must be overcome to realize the technology’s full potential.

1. INTRODUCTION

1.1 The Role of Genome Engineering in Agriculture

As world population climbs from the current 7.3 billion to a projected 9.7 billion by 2050, 

there will be an increasing demand to efficiently produce and distribute food. It is predicted 

that food demand will increase 59%–98% by 2050,1 which will likely necessitate rethinking 

current agricultural practices. This challenge—along with higher temperatures, drought, 

flooding, pests, and diseases—places food security at the top of the international political 

agenda. Alongside challenges in production, there is an increasing awareness and interest in 

functional foods—those that have healthier characteristics beyond basic nutrition.2 Whereas 

a solution to these challenges is unlikely to come from a single technological advance, it is 

important to critically evaluate new technologies to determine their role in a solution.

One potential solution to improve food security and enhance food quality relates to the 

use of genome engineering to create new crop varieties. Genome engineering (or genome 

editing) can generally be defined as the targeted modification of DNA within living 

organisms. Due to the wide-ranging utility of modifying an organism’s genome, the breadth 

of applications that fall under the genome engineering umbrella is enormous. Examples of 

such applications for agricultural purposes can range from basic biology (e.g., understanding 

gene function) to applied biology (e.g., altering plant structure or characteristics to produce 

a useful product). In general, the common ground for most genome engineering projects 
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is their reliance on tools that are capable of recognizing and altering a user-selected 

DNA sequence. This user-selected DNA sequence can include coding regions within genes 

to noncoding intergenic sequences; the modifications can range from single-nucleotide 

substitutions to large deletions or insertions. Being able to introduce a wide range of targeted 

DNA changes, in turn, results in a wide range of potential products, including those that 

could help address concerns related to food security or quality.

To apply genome engineering to produce useful agricultural products, three major questions 

need to be addressed: (i) what new, useful traits are to be introduced; (ii) what DNA 

modifications are required to generate the traits; (iii) how are these modifications physically 

introduced into a desired crop’s genome? Unfortunately, answering these questions can 

be challenging, particularly for questions (ii) and (iii). For example, limited knowledge 

of the biology underlying certain complex plant traits (e.g., drought tolerance), and the 

inability to transform certain crop varieties can create significant bottlenecks when trying 

to generate new products. Nonetheless, significant progress has been made in applying 

genome engineering in agriculture. Within the last 5 years, numerous products have emerged 

from genome-editing platforms, including those with higher yield, drought tolerance, and 

improved oil characteristics. Here, we review the different types of genome modifications 

that can be introduced in plants and their potential cellular consequences (Section 2), the 

successes of applying genome editing in agriculture (Sections 3 and 4), and the current 

limitations and challenges within this field (Section 5).

2. GENOME EDITING IN PLANTS: POTENTIAL DNA MODIFICATIONS

2.1 Single-Nucleotide Polymorphisms

Perhaps the most subtle targeted genome edit is one that results in a single-nucleotide 

polymorphism. Here, the total size and organization of the crop genome remains unchanged; 

however, one nucleotide (out of the millions or billions within a plant’s genome) is changed 

to a different nucleotide. Surprisingly, this subtle change can have profound impacts on 

cellular function. For example, if positioned appropriately within a gene, a single-nucleotide 

polymorphism can result in the complete inactivation of gene activity or protein function. 

This so-called gene knockout can occur when a single-nucleotide polymorphism transforms 

a codon that normally codes for an amino acid into an early stop codon (Fig. 1B). Having 

an early stop codon within a gene’s coding sequence results in the premature termination 

of protein synthesis, thereby producing a truncated protein with potentially reduced or no 

activity.3–5 Notably, if there are introns downstream of an early stop codon, the mRNA 

can be subjected to nonsense-mediated decay—a cellular response to aberrantly processed 

mRNA, which results in degradation of the message.6 Alternatively, a single-nucleotide 

polymorphism can destroy protein function if a nonsynonymous substitution is introduced 

within a codon that normally encodes an amino acid required for protein function.3,7,8 This 

substitution, for example, can be within an active site where a substrate molecule binds.

Additionally, a single-nucleotide polymorphism can destroy gene function if it occurs within 

conserved intron splice/donor sequences. Plant genes contain highly conserved intron splice/

donor sequences, which include the 5′ splice site (AG/GTAAG) and 3′ splice site (TGCAG/

G).9–11 Single-nucleotide polymorphisms within these splice sites may significantly affect 
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mRNA processing, and potentially result in production of a nonfunctional protein.3,12 For 

instance, mutations in the 5′ splice site can abolish splicing, resulting in inclusion of intron 

sequence within the mRNA transcript.13,14 If stop codons are present within the intron, 

a truncated protein will be produced (Fig. 1C). Alternatively, mutations in the 3′ splice 

sites can result in exon skipping, wherein a single splicing event removes an exon and 

flanking intron sequences (Fig. 1D). Also, mutations in splice sites can activate cryptic 

splice sites, thereby affecting the processing of neighboring exons.15 An example of where a 

single-nucleotide polymorphism affected intron splicing and destroyed protein function can 

be seen with the mutant FAD3C gene in canola.13 FAD3C is a fatty acid desaturase partially 

responsible for the conversion of linoleic to linolenic acid. A G-to-A base substitution was 

identified at the 5′ splice site within intron 6 of FAD3C. This mutation resulted in impaired 

splicing, wherein intron 6 was retained in the mature transcript. Stop codons present within 

intron 6 were predicted to result in early termination of translation and production of a 

truncated and inactive FAD3C polypeptide. Consistent with this prediction, seed oil from 

plants with the FAD3C mutation had significantly lower linolenic acid content than wild 

type—a phenotype expected from having a nonfunctional FAD3C protein.

In addition to destroying protein function, single-nucleotide polymorphisms can attenuate or 

alter protein function. For example, it is possible to dampen or weaken protein activity if a 

polymorphism results in a missense mutation within a codon that code for an amino acid 

not entirely critical for protein function.16,17 Whereas the protein still retains function, the 

overall activity level has been reduced. On the other hand, a polymorphism can change a 

protein’s properties if a structural change occurs that enables or prevents a certain activity 

from taking place. For example, a single-nucleotide polymorphism in a gene’s coding 

sequence can result in an amino acid change that prevents molecules from interacting with 

a certain protein domain. This is seen in the case of the EPSPS (5-enolpyruvylshikimate-3­

phosphate synthase) gene, which produces a protein involved in branched-chain amino acid 

synthesis. One or two amino acid substitutions can change the structure of one of the 

protein’s substrate-binding sites, such that the natural substrate continues to bind; however, a 

chemical analog, glyphosate, is prevented from binding or binding is attenuated.18

2.2 Indels

Another class of subtle genome edits are small deletions or insertions (indels), which are 

typically less than 100 nt. To provide perspective, a deletion of 1–100 nucleotides in a 

crop plant like maize represents 0.00000004%–0.000004% of the total genome (maize has 

a 2.5 Gbp genome). However, like substitutions, small indels can have profound impacts 

on cellular function. For example, gene knockouts can be attained if an indel is introduced 

into a gene’s coding sequence, where the deletion or insertion has a size of −3N+1 or 

3N−1 (where N is a whole number), respectively. This type of mutation, also known as 

a frameshift mutation, frequently leads to early termination of translation and a truncated 

protein, wherein the truncated protein has attenuated or no activity (Fig. 1E).19–22 On the 

other hand, gene knockouts can be attained if the deletion is inframe (−3N) and removes 

codons encoding amino acids critical for protein function (Fig. 1F).19
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In another application, small indels can be introduced to prevent DNA-binding proteins 

(e.g., transcription factors) from recognizing their DNA target. One possible use for this 

approach is to alter expression of a target gene. An example of this application was shown 

with the Os11N3 gene in rice. Os11N3 is a gene that encodes a member of the SWEET 

sucrose-efflux transporter family. Activation of Os11N3 (or so-called OsSWEET14) gene 

expression results in export of sucrose from plant cells, which can help support pathogen 

growth. Gene expression of Os11N3 is induced by pathogenic transcription factors, which 

are injected into rice cells by bacteria. One of these pathogen transcription factors binds to 

a site within the promoter region of Os11N3. When small deletions were introduced within 

the binding site, the transcription factor no longer induced Os11N3 gene expression, thereby 

attenuating pathogenicity.23

2.3 Large Deletions

Genome editing can also generate large deletions (~100 nt to >1 MB). Introducing large 

deletions can enable valuable basic plant biology research, as removal of gene clusters, 

cis-regulatory modules, or noncoding RNA genes can provide information on the function 

of these elements as a group.24 Alternatively, large deletions can be valuable for applied 

research, including crop breeding, by providing a means to remove unwanted loci that may 

be detrimental to fitness or food quality. Notably, introducing large deletions may be one 

of the most “risky” gene edits, as there is a greater chance to remove genes or functional 

elements that are necessary for normal plant growth and function.

2.4 Insertions

One of the more practical types of gene edits involves the targeted insertion of DNA 

sequences into predetermined locations within a plant genome. This is in direct comparison 

to random insertion using biolistics or Agrobacterium-mediated transformation methods, 

where DNA sequences are randomly integrated into a host’s genome. Random integration 

presents numerous challenges, including (i) the need to screen through numerous events 

to find those with stable gene expression, (ii) the possibility that the insertion site causes 

negative effects on agronomic performance, and (iii) the breeding difficulties that arise when 

there are two or more unlinked transgenes. Targeted insertion overcomes most of these 

challenges. A DNA sequence of interest, potentially a gene-coding sequence or promoter, is 

inserted into the host genome, with or without the subsequent removal of host DNA.25–31 

The ability to choose where a gene integrates allows users to select a “safe harbor,” where 

gene expression is reliable and agronomic performance is not affected, or to select a region 

that already contains desired functional elements for the purpose of trait stacking.

2.5 The Tools

Numerous tools are available to achieve the gene edits described earlier, including sequence­

specific nucleases. Sequence-specific nucleases introduce targeted DNA double-strand 

breaks (DSBs). Normally, DSBs are toxic to cells if unrepaired; therefore, cells have 

evolved pathways to repair such breaks. In general, plant cells have two major DNA-repair 

pathways, non-homologous end joining (NHEJ) and homologous recombination (HR). Both 

pathways can be exploited to introduce sequence changes into a genome. For example, 

NHEJ is naturally error-prone, frequently resulting in small indels at the site of repair. 
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Therefore, introducing a DSB at a locus of interest can result in targeted mutagenesis. On 

the other hand, HR copies information to the break site using a donor DNA template. The 

donor template is usually a sister chromatid or homologous chromosome. Any sequence 

differences in the donor will be copied to the broken chromosome. It is possible to “trick” 

the cell into repairing the break with a user-supplied donor template, thereby allowing 

user-specified DNA sequence changes to be incorporated into the genome.

Currently, most types of genome edits rely on introduction of DSBs. To introduce a 

DSB, users have the choice between multiple technologies, including meganucleases, zinc­

finger nucleases, TALENs, and CRISPR/Cas systems, with the most popular technologies 

being CRISPR/Cas and TALENs. Readers are directed elsewhere for reviews about these 

technologies.32,33 In addition to nucleases, users also have the option to use Cre-lox and 

other site-specific recombination systems for gene edits,34 or CRISPR/Cas deaminases, 

which include Cas9:AID and Cas9:APOBEC1.35 However, both technologies are limited 

in the types of genome edits that can be introduced. Deaminases can be used to create 

targeted SNPs (targeted G→A or C→T changes) at frequencies that are potentially higher 

than performing nuclease-mediated HR. Cre-lox systems are limited to targeted insertion or 

precise deletion at a location, where necessary recombination sequences are already present. 

Together, these tools provide users with the ability to introduce diverse types of DNA 

modifications.

3. AGRICULTURAL DEMANDS AND GENOME EDITING SUCCESSES

3.1 Increasing Food Production

One means to address rising food demands from a growing population is to increase 

crop yield. However, crop yield is a complex trait governed by many different factors, 

both environmental and genetic. With regard to the environment, crop yield can be 

significantly influenced by agricultural practices, which includes nutrient and water supply, 

and management of weeds and pests. With regard to genetics, crop productivity can be 

influenced not only by selecting for crops with higher yield but also by selecting for crops 

that have increased resistance to drought, bacteria, fungi, and viruses, or other factors, such 

as optimal flowering time. Although the use of genome editing to improve crop productivity 

is still in its infancy, there have been numerous successes already reported.

3.2 Increasing Crop Productivity

Perhaps the most direct way to increase yield is to increase the productivity of the crop, 

which includes increasing grain size and weight. Grain weight is mainly attributed to the 

size of the grain (volume) and the degree of grain filling (plumpness).36,37 The genetics 

underlying grain size and weight have been correlated with hundreds of quantitative trait 

loci (QTLs). Several of the major QTLs have been molecularly characterized, unveiling 

the underlying functional elements. In rice, these functional elements include G-protein 

gamma subunit (GS3), serine carboxypeptidase (GS5), protein phosphatase (qGL3/qGL3.1), 

RING-type E3 ligase (GW2), polyubiquitin-interacting protein (GW5/qSW5), IAA-glucose 

hydrolase (TGW6), and Snakin/GASA protein (GASR7).38 In effort to increase yield in 

rice, CRISPR/Cas9 was used to simultaneously knockout three major genes that negatively 
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regulate grain size: GW2, GW5, and TGW6.39 The resulting plants displayed an increased 

grain size and weight between 20% and 30% of wild type. In a different study, CRISPR/Cas 

was employed in wheat to knockout the three homoeoalleles of GASR7.40 The resulting 

wheat plants had significantly elevated thousand kernel weight compared to wild-type 

plants.

Alternatively, yield can be influenced by manipulating flowering time. This was 

demonstrated in tomato by modifying flower repressor genes. Tomato is classified as a 

day-neutral plant, although many cultivars flower during long-day conditions.41,42 Tomato 

is a sympodial plant with indeterminate plant architecture, wherein the plant continually 

grows and produces fruit until it dies. Using CRISPR/Cas9, the flowering repressor SELF­
PRUNING 5G (SP5G) gene was knocked out, resulting in a day-length insensitive tomato.43 

The modified plants exhibited early yield due to rapid flowering and compact determinate 

growth in long-day conditions. In addition to the SPG5G gene, mutations were introduced 

into SELF PRUNING (SP), known to switch plant architecture from indeterminate to 

“bushy” determinate.44 The resulting double mutants displayed rapid flowering bursts and 

earlier fruit ripening when compared to control lines. Whereas overall yield was lower, 

harvest index—defined as total yield divided by plant weight—was increased. These results 

provide information useful to engineer crops for cultivation in different geographical areas, 

to shorten the cycle of crops to minimize impacts of drought, and to open the possibility of 

domesticating weed species with agronomical interest.

3.3 Increasing Resistance to Plant Pathogens

Crop losses caused by pathogens, animals, and weeds are estimated to reduce global 

agricultural productivity between 20% and 40%.45,46 Efforts to reduce crop losses can 

indirectly result in an increased yield. Genome editing has been successfully deployed to 

engineer crops with increased resistance to bacteria and fungi. For example, genome editing 

was used to improve plant disease resistance in rice to thwart bacterial blight. Bacterial 

blight, caused by Xanthomonas oryzae, is a devastating disease that affects millions of 

hectares throughout the world. Yield losses in Southeast Asian countries are estimated to 

range from 10%–20% in moderate conditions to up to 50% in conducive conditions.47 To 

facilitate pathogenesis, X. oryzae injects effector proteins via a Type III secretion system 

into the cytoplasm of plant cells. Some of the effector proteins are TAL effectors, which 

specialize in activating expression of certain genes that help provide a suitable environment 

for the pathogen to persist. One of these genes, Os11N3 (also called OsSWEET14) is 

activated when TAL effectors bind to a DNA sequence within the gene’s promoter. To 

disrupt the binding of the X. oryzae-derived TAL effectors, TALENs were designed to 

mutate disease susceptibility elements in the Os11N3 promoter.23 Rice plants with mutations 

in the TAL effector binding elements showed increased resistance to bacterial blight.

Another example of using genome editing to confer disease resistance involved modifying 

the wheat genome to confer resistance to powdery mildew. Powdery mildew is a 

fungal disease caused by Blumeria graminis f.sp. tritici (Bgt).48 Yield losses range 

from 10% to 15%, but can reach as high as 40% under heavy epidemics.49 It was 

known in barley, Arabidopsis and tomato that the mildew-resistance gene (MLO) was 
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associated with increased resistance to Bgt.50–52 To introduce Bgt resistance in wheat, 

the three MLO homoeoalleles were targeted using TALENs. Wheat plants containing 

homozygous knockout mutations in all three homoeoalleles displayed heritable, broad­

spectrum resistance to powdery mildew.22

3.4 Weed Management

Effective weed management is critical to achieve maximum crop growth and productivity. 

One management method is to spray herbicides that kill or stunt the growth of weeds, 

but have limited impact on crop plants. Herbicides generally work by binding to and 

inactivating proteins necessary for normal cellular function. For example, the most widely 

used herbicide, glyphosate, functions by inactivating the enzyme 5-enolpyruvylshikimate-3­

phosphate synthase (EPSPS), thereby shutting down the shikimate pathway. Specifically, 

glyphosate binds to a pocket within the EPSPS protein that normally binds phosphoenol 

pyruvate. The binding of glyphosate to the phosphoenol pyruvate site mimics an 

intermediate state of the ternary enzyme–substrate complex.53 By preventing the conversion 

of the substrate shikimate 3-phosphate to 5-enolpyruvylshikimate-3-phosphate, the plant is 

unable to produce aromatic amino acids required for survival.

Genome editing has been employed to generate plants that are tolerant to herbicides, 

including glyphosate. One general mechanism for introducing herbicide tolerance involves 

protein-structure changes, such that the herbicide no longer binds, but the protein remains 

functional. For example, certain mutations within the phosphoenol pyruvate binding site 

within EPSPS can prevent glyphosate binding, but still permit phosphoenol pyruvate 

binding. This was demonstrated in Linum usitatissimum (flax) using CRISPR/Cas and 

single-stranded oligo repair templates to introduce the mutations.54 Two SNPs were 

introduced within the EPSPS gene, resulting in a T178I and P182A (TIPA) substitution 

within the phosphoenol pyruvate binding site. When sprayed with glyphosate, edited 

flax lines showed significantly higher levels of tolerance as compared to wild-type 

plants. Mutations were also introduced into the rice EPSPS gene using CRISPR/Cas 

and an intronreplacement strategy.55 Whereas plants heterozygous for the gene edit had 

significantly higher levels of glyphosate tolerance, plants containing homozygous gene edits 

were not viable, suggesting that modification of the endogenous EPSPS gene in rice resulted 

in insufficient EPSPS protein activity to maintain plant viability.

In addition to EPSPS and glyphosate tolerance, protein-structure changes can be introduced 

into acetolactate synthase (ALS) gene(s) for increasing tolerance to ALS-inhibiting 

herbicides. ALS, also called acetohydroxyacid synthase (AHAS), is a conserved protein 

required for biosynthesis of the branched-chain amino acids, namely, valine, leucine, and 

isoleucine. ALS is the primary target for five structurally distinct classes of herbicides, 

including sulfonylureas (e.g., chlorsulfuron), imidazolinones, triazolopyrimidines, sulfonyl­

aminocarbonyl triazolinones, and pyrimidinyl thiobenzoates. Common mutations in ALS 

that confer resistance to these herbicides occur at positions A122, P197, 205, W574, and 

S653, in reference to the Arabidopsis ALS protein. There have been several examples of 

the use of ZFNs and CRISPR/Cas to introduce mutations in ALS, including in tobacco, 
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soybean, maize, and rice.56–58 Results from these studies demonstrate the power of genome 

editing to rapidly introduce herbicide tolerance into plants.

3.5 Increasing Resistance to Abiotic Stress

Other factors influencing yield are abiotic stresses, including drought. Unfortunately, the 

biological basis of drought tolerance is complex and not well understood, thereby slowing 

progress toward developing drought-tolerant crops. Nonetheless, one potential method 

to introduce drought tolerance includes modulating levels of phytohormones, chemicals 

that control plant growth and development. Of the plant phytohormones, ethylene has 

been demonstrated to play a role in a wide variety of physiological processes, including 

stresses due to drought and temperature change.59 Reducing the sensitivity of the ethylene 

response in maize resulted in enhanced drought tolerance. Reduced sensitivity was initially 

achieved in maize by overexpressing ARGOS genes—negative regulators of the ethylene 

response.60,61 Recently, a genome-editing approach was used to generate drought-tolerant 

maize.31 Here, the native maize GOS2 promoter was inserted upstream of the ARGOS8­

coding sequence, thereby increasing the expression of ARGOS8. Modified plants showed an 

increase in grain yield by five bushels per acre under flowering stress conditions, with no 

yield loss under optimal conditions. This work demonstrates not only that genome editing 

can be used to enhance drought tolerance, but also that a single endogenous gene can be 

modified to positively affect a complex trait.

4. CREATING HEALTHIER AND MORE NUTRITIOUS FOOD

Whereas increasing food production is paramount, consumers are also looking for 

improvements in food nutrition and quality. In developing countries, as household incomes 

rise, consumers demand not only a greater quantity of food but also food of higher quality. 

Globally, consumers are showing unprecedented interest in how food is produced, and 

processed, with increased awareness of claims such as “gluten-free,” “reduced cholesterol,” 

“excellent source of vitamins and minerals,” or “100% whole grain.” Later we provide 

examples of genome editing successes related to food quality.

4.1 Improving Oil Composition

Oils are ubiquitous ingredients in most processed foods and play an important role in food 

quality and nutrition. Oils high in monounsaturated fats are considered heart healthy and 

can help reduce bad cholesterol levels. Such oils typically have a longer shelf life and 

enhanced oxidative stability.62 In addition, higher intakes of specific dietary fats, including 

polyunsaturated fatty acids, have been associated with lower risk of heart disease.63 

Unfortunately, high levels of polyunsaturated fats are associated with low oxidative and 

frying stability. This problem was conventionally solved by partial hydrogenation—a 

process that reduces levels of polyunsaturated fatty acids but also produces trans fats, which 

have been linked with coronary heart disease and the buildup of plaque in arteries.64 In 

June 2015, the Food and Drug Administration announced that partially hydrogenated oils 

are not “generally recognized as safe” for use in human food. A problem with certain plant 

oils, including soybean oil, is that they have high levels of polyunsaturated fatty acids and 

frequently undergo partial hydrogenation to improve stability. Improvements in fatty acid 
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composition within plants may avoid the need for partial hydrogenation, which, in-turn, can 

result in healthier oils.

In an effort to improve oil composition in soybean, the fatty acid synthesis pathway was 

modified using TALENs. Soybean oil is primarily composed of palmitic acid (unsaturated), 

stearic acid (unsaturated), oleic acid (monounsaturated), linoleic acid (polyunsaturated), and 

linolenic acid (polyunsaturated), wherein these five fatty acids are present in soybean oil 

at approximately 13%, 4%, 20%, 55%, and 8%, respectively. Two gene families, FAD2 
and FAD3, are responsible for the production of most of the polyunsaturated fatty acids 

found in seed oil: FAD2 is responsible for converting oleic acid into linoleic acid, and 

FAD3 is responsible for converting linoleic into linolenic acid. Using TALENs, two FAD2 
genes, FAD2–1A and FAD2–1B, were simultaneously knocked out, resulting in soybean 

oil with significantly higher levels of oleic acid (~80%, compared to ~20% in wild type), 

and significantly lower levels of both linoleic (~5%, compared to ~55% in wild type) and 

linolenic acid (~5%, compared to ~8% in wild type).19 To further improve oil composition, 

TALENs were used to create knockout mutations in the FAD3 gene, FAD3A, on top of the 

FAD2–1A and FAD2–1B mutations.20 Triple homozygous mutant soybean plants exhibited 

increased oleic acid levels (82.2%) and reduced linoleic (2.7%) and linolenic acid (2.5%). 

In addition to soybean, the fatty acid composition of the oil seed plant Camelina sativa 
was modified using genome editing.65 Here, CRISPR/Cas was employed to knockout the 

FAD2 gene, resulting in plants with increased oleic acid (50%, compared to 16% in wild 

type), decreased linoleic acid (<4%, compared to 16% in wild type), and decreased linolenic 

(<10%, compared to 35% in wild type). The methods and materials within these studies 

provide solutions for the demand for oil with increased oxidative stability.

4.2 Reduced-Acrylamide Potatoes

Acrylamide—a suspected human carcinogen—is produced from carbohydrate-rich foods 

during high-temperature cooking, with a large percentage of intake coming from French 

fries and potato chips. The accumulation of acrylamide in potato is directly related to storage 

and processing practices. To ensure a continuous supply of potatoes for direct consumption 

and processing, potatoes are stored in cold temperatures. During cold storage, potatoes 

accumulate the reducing sugars glucose and fructose, which are generated from the cleavage 

of sucrose by the vacuolar invertase protein (VInv).66 However, subsequent cooking of 

the potatoes results in a Maillard reaction between the reducing sugars and free amino 

acids, thereby producing acrylamide. In effort to reduce the accumulation of acrylamide 

in potatoes, TALENs were used to knockout the VInv gene. Nontransgenic potato plants 

comprising mutations in all four VInv alleles were identified. Cold-stored tubers from 

modified potato plants exhibited lower levels of fructose and glucose, as compared to 

wild-type plants. Further, after frying, the resulting chips exhibited less browning and a 

73% reduction in acrylamide content.21 Results from this study suggest that genome editing 

is likely to be an effective approach for minimizing acrylamide formation in processed 

potatoes.
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4.3 Fruits With Increased Antioxidants

One way to improve nutritional characteristics in crops is to increase and stabilize 

the levels of certain secondary metabolites, including anthocyanins. Anthocyanins are 

pigments found in leaves, stems, roots, flowers, and fruit tissues, and are known to act as 

effective antioxidants. Increasing intake of anthocyanins in animal disease models results in 

increased cardioprotection, life extension in cancer-prone mice, and inhibition of adipocyte 

development.67 Anthocyanin production within plant cells is controlled primarily by the 

activity of transcription factors, particularly the Myb transcription factors. In an effort to 

increase anthocyanin production in tomatoes, TALENs and CRISPR/Cas were employed to 

increase the expression of the Myb transcription factor gene, ANT1. Here, a strong promoter 

(CaMV 35S) was inserted upstream of the ANT1 gene in the tomato variety, Micro Tom.68 

The resulting plants displayed increased levels of anthocyanins as determined by the deep 

purple pigmentation found in many tissues, including stems, leaves, and fruits.

5. CHALLENGES AND FUTURE OUTLOOK

5.1 Challenges in Delivering Genome-Editing Reagents

One of the most important steps in practicing genome editing in crops, and also one of 

the most challenging steps, is the delivery of genome-editing reagents and subsequent 

generation of modified plants. Unfortunately, transformation and regeneration methods for 

most crops are low efficiency, time consuming and labor intensive, or they are simply 

unavailable. These shortcomings have created significant bottlenecks in implementing 

genome editing in crops. Furthermore, each transformation method has limitations and 

undesirable features, which can reduce the likelihood of obtaining a properly modified plant. 

The three most popular delivery techniques are Agrobacterium, biolistics, and protoplast 

transformation. Understanding the strengths and limitations of each system is necessary for 

implementing genome editing in crops.

5.2 Agrobacterium

Agrobacterium-mediated transformation has been extensively used for delivering genome­

editing reagents. The transformation process begins when plant cells are contacted with 

Agrobacterium. Agrobacterium then injects T-DNA/protein complexes into the cytoplasm of 

the plant cell, and the T-DNA/protein complexes then traffic into the nucleus. Once inside 

the nucleus, the T-DNA/protein complex can randomly integrate into the host’s genome, or 

it can remain extrachromosomal. If the T-DNA/protein complex remains extrachromosomal, 

then transient gene expression can be achieved. For most genome engineering applications, 

T-DNA is stably integrated into the plant genome. Examples of genome editing by stable 

integration of T-DNA can be found in corn, soybean, barley, Brassica oleracea, potato, and 

rice.69–77

Advantages of using Agrobacterium to deliver genome-editing reagents include the high 

probability of achieving single-copy insertions, and protocols have been developed and 

optimized for transforming many different crops. Disadvantages include: (i) the need 

for long tissue culture periods to recover transgenic plants, (ii) low frequency of stably 

transformed plants, (iii) the narrow range of genotypes within a crop species that can be 
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transformed, and (iv) the host-range limitations of certain Agrobacterium species.78 Further, 

transformation efficiency and regeneration capacity of target cells are usually negatively 

correlated.79 Methods to expand the number of genotypes that can be transformed, as well 

as reducing the need for tissue culture, may help increase the utility of Agrobacterium for 

delivering genome editing reagents to crops.

5.3 Biolistics

Biolistics, or particle bombardment, is a common method for nuclear plant transformation, 

and for transformations that require DNA to be delivered to chloroplasts and mitochondria. 

Biolistics is based on the direct delivery of DNA into plant cells using gold or tungsten 

particles.80 The gold or tungsten particles are coated with DNA which are shot at plant tissue 

at high velocity and can become lodged inside plant cells. Once inside the cell, the DNA 

elutes off the particles and becomes transiently expressed or stably integrates into the host 

genome. The physical delivery of DNA to cells circumvents host-range limitations, as is 

sometimes encountered with Agrobacterium. Biolistics has been employed to successfully 

deliver genome-editing reagents in multiple crop plants, including corn, cotton, soybean, and 

wheat.22,25,28,58,81

Advantages of biolistics include: (i) many different tissues and cell types can be 

transformed, (ii) no binary vector is required, (iii) it is possible to deliver multiple plasmids 

with high frequencies of cotransformation, (iv) the transformation protocol is simple, (v) 

large DNA fragments can be delivered, and (vi) the system can be adapted to deliver 

mRNA or protein.40,82 Disadvantages include: (i) messy integration patterns, (ii) relatively 

low throughput, (iii) high input cost, and (iv) the cellular target cannot be controlled (i.e., 

cytoplasm, nucleus, mitochondria, or plastid).

5.4 Protoplast Transformation

Protoplast transformation involves the direct delivery of DNA to individual plant cells using 

polyethylene glycol or electroporation. Once inside the nucleus, the DNA can be transiently 

expressed or stably integrated into the genome. Of the three methods discussed here, 

protoplast transformation has arguably the highest efficacy, where it is possible to achieve 

over 70% transformation frequency. Protoplast transformation has been used to successfully 

deliver genome-editing reagents in multiple crop plants, including potato, wheat, rice, and 

flax.21,54,83–85

Advantages of protoplast transformation include: (i) delivery of multiple plasmids with high 

levels of cotransformation, (ii) no binary vector required, (iii) high frequency transformation, 

and (iv) most plant species are amenable to protoplast isolation and transformation. 

Disadvantages include limited plant species that are amenable to regeneration from 

protoplasts, and among those that are amenable, the technique is time consuming and labor 

intensive.

5.5 Overcoming Delivery Limitations

Most transformation methods are limited to one or a few genotypes per crop because 

only one or a few genotypes are amenable to regeneration. Unfortunately, amenability 
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to transformation and regeneration is usually not correlated with acceptable agronomic 

performance. In an effort to expand the frequency of transformation and range of genotypes, 

Lowe et al. describe a new method which uses the Baby boom (Bbm) and Wuschel2 
(Wus2) transcription factors.86 Agrobacterium- and biolistic-mediated transformation were 

employed to deliver Bbm and Wus2 to tissues from maize, rice, sorghum, and sugarcane 

varieties. Frequencies of transformation increased in rice, sugarcane, and sorghum from 0%–

3% to 15%–885%. Whereas this method may not have achieved a complete and universal 

genotype-independent transformation system for all crops, this is arguably one of the biggest 

steps in recent years toward this goal.

An alternative means to edit crops that are recalcitrant to transformation is to use virus-based 

in planta delivery systems. Here, a crop plant is infected with an engineered virus that 

harbors genome-editing reagents. As the virus spreads from cell to cell and throughout 

the plant, the genome-editing reagents are expressed and introduce genome modifications. 

Preferably, the virus will spread to meristematic tissue where it can facilitate the introduction 

of heritable genome modifications. As proof of concept, the geminivirus vector, Cabbage 
leaf curl virus, was used to deliver gRNAs for Cas9 in Nicotiana benthamiana.87 Although 

high frequencies of mutations were observed in somatic tissues, the use of geminiviruses 

as delivery vectors precluded production of heritable mutations, as geminiviruses are 

specifically excluded from meristematic cells. In addition to geminiviruses, an RNA 

virus, Tobacco rattle virus (TRV), was modified to deliver genome-editing reagents to N. 
benthamiana and petunia plants.88–90 Unlike geminiviruses, TRV has been shown to enter 

meristematic cells.91 In agreement with this property, mutations (albeit at low frequencies) 

were found in seed from plants infected with engineered TRV, demonstrating that TRV is 

capable of entering meristem cells and delivering genome-editing reagents to create heritable 

DNA modifications. Improvements in virus-based delivery systems may expand the number 

of crops that can be edited and improve the frequency that heritable mutations are created.

5.6 Nontransgenic Genome Engineering

When choosing a delivery method, it is also important to consider governmental regulations 

that may dictate which genome-edited plants can be deployed in the field. In many 

jurisdictions, introduction of foreign DNA into a cell is a trigger for regulation.92 Further, 

the process of delivery may result in undesired off-target modifications due to random 

insertion of nuclease-encoding DNA. Editing plant genomes by transiently delivering DNA 

to cells, or by delivering mRNA or protein, may reduce regulatory and off-target concerns 

related to genome-edited plants. Several approaches have been employed to address this 

concern, including delivery of sequence-specific nucleases as mRNA,40,93 protein,94 mRNA/

protein Cas9-gRNA complexes,57,95 or transient delivery of plasmid DNA or mRNA.21,40 

Results from these studies provide novel approaches to reduce the likelihood of unwanted, 

random DNA integration.

5.7 Trait Gene/Locus Identification

Another significant challenge for genome editing in agriculture is determining types of 

genetic modification(s) needed to create a trait of interest. Identifying a target gene or DNA 

region requires both an understanding of the crop’s genome and gene function. However, 
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many of the traits and targets mentioned herein are based on gene-function studies that 

were performed in model plants. In an effort to provide more information about the genetic 

makeup of crop plants, many genomes are being, or have been sequenced, including bread 

wheat, rice, soybean, corn, and potato.96–100 However, genome sequences are mostly limited 

to one variety within each crop. Due to genomic differences between varieties, there is a 

need to resequence target genes or DNA regions, as SNPs, indels or gross chromosomal 

rearrangements could be present. This resequencing is necessary to carry out accurate 

genome editing, as using genome editing tools relies on having the precise sequence of 

the target region in the variety being modified. Further, due to many crops being highly 

recalcitrant to transformation and regeneration, molecular characterization of gene function 

has been limited. To help address these concerns, our understanding of gene function and 

systems biology in crop plants needs to be advanced.

5.8 Frequency of Introducing a Desired Gene Edit

An additional challenge in implementing genome editing is the efficiency that certain edits 

are introduced. The simplest gene edit, with respect to nuclease technology, is an indel. 

Indels are created by delivering nucleases to plant cells, wherein the nucleases create 

targeted DNA DSBs followed by imprecise repair by the NHEJ pathway. Frequency of this 

type of edit can be extremely high, reaching over 70%.101 However, indels are only one type 

of the many edits that can be made. Other edits include large deletions, single-nucleotide 

polymorphisms, gene insertions, gene replacements, and inversions. Frequencies of creating 

these types of edits are generally much lower than frequencies of creating indels.

Perhaps the most frequent gene edit outside of indels are large deletions, where two 

DSBs are introduced within the same chromosome, and intervening sequence is deleted. 

As proof of concept in plants, Zhou et al. created two DSBs using CRISPR/Cas in the 

rice genome to delete large stretches of DNA, approximately 245 kb, at a high frequency 

(~4/24 transgenic calli).24 It was later demonstrated in Arabidopsis that the frequency of 

the deletion is inversely correlated with its size (i.e., the larger the deletion, the lower the 

efficiency). Whereas plants comprising small deletions of <100 bp were identified at fairly 

high frequencies (~10%), the frequency of plants with phenotypically selected deletions of 

5–120 kb was below 1%.102

Low frequencies of gene edits also plague the introduction of single-nucleotide 

polymorphisms, gene replacements, and gene insertions, as these edits rely on the use of 

the HR machinery. To achieve HR, both nucleases and donor molecules are provided to plant 

cells; the resulting DSBs are repaired by the HR machinery using the information within 

the donor molecule as a template. If the donor molecule has sequence differences from 

the chromosomal target, the differences will be stably incorporated into the host genome. 

In general, the efficiency of HR is about two orders of magnitude lower than NHEJ,103 

with reports of frequencies ranging from ~10% to 0.08% of transformed cells.54,104 Wide 

ranges of gene targeting frequencies are most likely due to numerous confounding variables, 

including nuclease efficiency, nuclease type, DSB overhang, plant species, cell type, cell­

cycle stage, donor homology-arm length, donor structure (e.g., single stranded vs double 

stranded vs circular vs linear), composition of nucleotides within the homology arms, 
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the length of sequence being modified, the way the donor was delivered (T-DNA vs 

plasmid vs virus), and the epigenetic status of the target locus. One solution to address 

the low frequencies of gene targeting is to establish an efficient transformation pipeline 

and screen hundreds of transgenic plants—a brute-force approach. However, this is not 

practical for most research labs, as high-throughput platforms are costly, resource intensive 

and laborious. An alternative solution is to increase the frequency that gene editing events 

occur. Qi et al. demonstrated in Arabidopsis that knockout of genes involved in classical 

NHEJ, ku70, or lig4, resulted in 3- to 16-fold enhancement in HR-based gene targeting 

frequencies.105 Further, knockout of a gene involved in HR-based DSB repair using sister 

chromatids, smc6b, resulted in a three- to fourfold enhancement in HR frequencies. It was 

later shown in rice that concurrent knockout DNA ligase 4 alongside the delivery of Cas9 

and donor molecules, resulted in increased frequencies of HR.56 Several other strategies to 

increase HR frequencies have been demonstrated, including overexpression of RecA and 

RAD54,106–108 overexpression of the DNA-resecting proteins OsRecQI4 and OsExo1,109 

and delivery of donor molecules on replicons.68,110–112

5.9 Breeding Challenges With Genome-Edited Crops

Because only a limited number of genotypes of a given species are amenable to 

transformation, the majority of gene edits are introduced into varieties with poor agronomic 

performance. This usually requires genome-edited crops to be placed into breeding 

programs to transfer the mutations into elite varieties. However, breeding suffers from 

several drawbacks, including an investment of several years for backcrossing, laborious 

crossing protocols for certain crops, cost of continual genotyping, and the potential cost 

and labor of relocating the plants to a different environment (e.g., winter and summer 

nurseries). Whereas breeding can be a viable option for transferring one or a few mutations, 

challenges and costs greatly increase as the number of unlinked gene edits increase. For 

example, when selfing a plant that is heterozygous for a single gene edit, the frequency 

of progeny comprising homozygous edits is high (1 out of every 4 plants); however, if the 

plant is heterozygous for four gene edits, the frequency decreases to 1 out of every 256 

plants, a frequency that is cumbersome to handle for many breeding platforms. In addition 

to low frequency challenges, increasing the number of gene edits simultaneously increases 

the chance that an edit occurs near a locus that negatively effects the overall performance 

of the plant, thereby creating a linkage drag when crossed with elite varieties.113 Lastly, 

for traits such as yield, one needs to carefully compare the value of a product generated 

by backcrossing to a product that could be generated through a traditional breeding and 

selection programs, and the annual yield increases associated with such program.

6. CONCLUDING THOUGHTS

Genome editing is poised to change agriculture in the 21st century and beyond. We are 

already seeing the first wave of genome-edited products emerge, ranging from soybean 

with improved oil characteristics to drought-tolerant maize. With the continued application 

of genome editing in crops, we will better understand the constraints and limitations of 

the technology. These constraints must be addressed before realizing the technology’s full 

potential: two key constraints perhaps being our understanding of plant systems biology and 
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our ability to transform and regenerate elite crop varieties. Reducing or eliminating these 

constraints gets us closer to the ultimate goal of genome editing in agriculture—having the 

ability to truly “design” crops from the ground up.
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Fig. 1. 
Examples of genome edits that can alter gene or protein activity. (A) Illustration of 

transcription and translation of a “normal” gene. (B) Illustration of a single-nucleotide 

polymorphism leading to an early stop codon. (C) Illustration of a single-nucleotide 

polymorphism within the conserved 5′ splice site that can result in missplicing and inclusion 

of an intron. Within this example, the intron is shown to comprise an early stop codon. 

(D) Illustration of a single-nucleotide polymorphism within the conserved 3′ splice site that 

can result in missplicing and exclusion of a downstream exon. (E) Illustration of a single­

nucleotide deletion that can result in a frameshift and early stop codon. (F) Illustration 

an inframe deletion within a site that encodes an amino acid critical for protein function. 

Gray boxes, 5′ and 3′ untranslated regions; white boxes, exons; blue rectangle, DNA region 

encoding amino acids critical for protein function; red lines, mRNA; white circles, amino 

acids; blue circles, amino acids critical for protein function; red circles, amino acids not 

normally encoded by the wild-type gene; NMD, nonsense-mediated decay; forward slash, 

intron–exon or exon–intron junction; dash, deleted nucleotide.
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