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1. Summary 

It is now possible to change the sequence of a particular gene or genes in a plant genome with 

great precision by a process known as genome editing.  Genome editing relies on a type of 

bacterial immune system known as CRISPR/Cas, and this technology has fundamentally 

changed plant research, agriculture, and plant breeding.  CRISPR systems are found in many 

species of prokaryotes (bacteria and archaea) where they function as adaptive immune 

systems to protect the cells from destruction by DNA viruses (bacteriophages).  ‘CRISPR’ 

stands for “Clustered Regularly Interspaced Short Palindromic Repeats”, a term that 

describes arrays of short pieces of unique DNA derived from bacteriophages interspaced in a 

linear array between repeated spacer sequences.  The CRISPR arrays are part of a larger locus 

in the prokaryotic genome that also consists of CRISPR-associated (Cas) proteins.  One of 

the Cas proteins has nuclease activity, and its function is to introduce a double-stranded cut 

in the homologous sequence in the genome of an invading bacteriophage before it can 

replicate and destroy the cell.  The Cas nuclease protein is guided to the bacteriophage 

genome by a ‘guide RNA’ (gRNA) that is transcribed from the CRISPR array and that 

associates with the Cas protein.  Thus, CRISPR systems have ‘memory’ in that previously-

encountered bacteriophages will be recognized and destroyed because a small piece of their 

genomes are maintained in the CRISPR array.  CRISPR/Cas systems are extremely diverse 

but can be grouped into two main classes (1 and 2), each of which has several types that differ 

in the numbers and types of associated Cas proteins.  SpCas9, from Streptococcus pyogenes, 

is the main Cas enzyme that has been extensively modified and repurposed for genome editing 

in higher organisms, including plants.  SpCas9 comes from a class 2, type II CRISPR/Cas 

system in which all of the functions required for genome editing are performed by a single 

large Cas protein, rather than a complex of several Cas proteins as in class 1 systems.  When 

the SpCas9 protein and a specific gRNA are expressed together in a plant cell, they form a 

ribonucleoprotein complex that can recognize and bind to a sequence in a gene that is 

complementary to the spacer sequence in the gRNA and introduce a double-strand break 

(DSB) in the target DNA sequence.  This is where the genome editing happens: when a DSB 

occurs, the cell has several ways to repair the damage, but the major DNA repair pathway 

(non-homologous end joining or NHEJ) is prone to errors, and it is common for a few 

nucleotides to be either deleted or added at the DSB site when the break is reconnected.  

Genome editing relies on NHEJ to introduce mutations at the DSB in order to inactivate or 

change the protein encoded by the target gene.  This process can be very efficient, but SpCas9 

has an absolute requirement for a short nucleotide sequence (the PAM site) adjacent to the 

target sequence.  Without the correct PAM site, SpCas9 cannot recognize the target, which 

limits the design of gRNAs for some genes.  Fortunately, SpCas9 has been engineered to 

recognize additional PAM sites, and other class 2-type Cas enzymes (such as Cas12a) have 

very different PAM site requirements, which can extend the range of possible target 

sequences. 

 

In plant breeding, genome editing now makes it possible to introduce novel alleles of known 

genes into a species’ gene pool by targeting mutations to either the coding sequence of the 

gene or the upstream region that contains regulatory elements (including the promoter).  This 

can increase genetic variability and potentially generate quantitative variation in an important 

trait without introducing a large number of uncharacterized mutations, which is a common 

problem with both chemical mutagens and radiation.  Genome-edited plants differ from 

transgenic plants in that they usually do not have foreign DNA introduced into their genomes, 

which can have a major effect on how such plants are regulated in the field.  The targeted 

nature of genome editing can drastically reduce the time required to develop new varieties 
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because the multiple generations of backcrossing and selection are eliminated.  In addition, 

SpCas9 can target all copies of a gene, even in polyploid species, allowing clonally 

propagated crops to be mutated in the T0 generation. 

 

SpCas9 has been developed as an extremely versatile genome editing system for plants.  In 

addition to traditional Agrobacterium-mediated transformation, SpCas9 can be introduced 

into plant cells by several other methods that include particle bombardment (“gene gun), DNA 

or RNA viruses, and even ribonucleoprotein complexes consisting of the SpCas9 protein and 

one or more specific guide RNAs.  There are many examples of successful genome editing in 

major crop species such as corn, rice, wheat, and potatoes.  Bread wheat is particularly 

challenging because of its large hexaploid genome that contains many multi-copy genes.  An 

example is the  -gliadins, proteins in gluten that cause celiac disease in ~1 % of people.  

Because there are as many as 100  -gliadin genes in the wheat genome, eliminating them by 

breeding is not possible.  But a recent study used SpCas9 to introduce mutations in ~35 of 

these genes simultaneously, resulting in non-transgenic low-gluten wheat.  In tobacco, 

CRISPR/Cas methods and reagents are available for genome editing but are presently 

restricted to research and non-commercial applications.  Because tobacco is an allotetraploid 

with genomes from Nicotiana sylvestris and N. tomentosiformis, most genes are present in 

multiple copies in the genome.  Two recent publications demonstrated that (1) SpCas9 can 

effectively introduce mutations into all six copies of a gene (BBL) involved in nicotine 

biosynthesis to lower nicotine levels, and (2) SpCas9 allowed the characterization of the 

BRANCHED genes that regulate sucker production. 

 

The final section discusses how genome-edited crops are regulated in many countries around 

the world.  The Genetic Literacy Project has defined eight basic categories, ranging from 

minimal regulation as long as the plants do not contain any foreign DNA (seven countries 

including the US, Brazil, and Chile) to mostly prohibited (EU and the UK) because genome-

edited crops currently fall under the same regulations that apply to transgenic GMO crops.  

The present regulatory landscape can be expected to change because in many countries, the 

situation is either under review, regulations have been proposed, or regulations are being 

developed based on ongoing research. 
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2. Introduction 

The third decade of the 21st century will be an interesting and exciting time for plant breeders.  

Never before have human beings had the ability to selectively modify specific plant genes  

in situ to improve important characteristics of the staple crops that feed virtually all of humankind.  

Targeted genome editing promises to usher in the most significant change in agriculture since 

the first phase of the Green Revolution.  During that 20-year timespan (1966-1985), world 

populations doubled, but cereal grain production increased by 3-fold, with yields/hectare more 

than doubling for some crops.  Public investment in crop genetics and production resulted in 

improved germplasm for grain crops such as wheat, rice, maize, sorghum, and millet.  By 1998 

(~30 years), adoption rates for these improved varieties reached 63 % of cropland in developing 

countries.  Contrast this with GM crops, where the overall adoption rate worldwide increased 

>100-fold from 1996 to 2016.  In the US, this rapid acceptance by farmers is exemplified by 

maize, where the area devoted to high-yielding GM varieties reached ~90 % by 2013 (17 years 

after introduction) and has remained at or above that level ever since 

(https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-

us/recent-trends-in-ge-adoption.aspx).  Genome editing, mainly accomplished using one of 

several CRISPR/Cas systems, is having a profound effect on world agriculture.  The development 

of new crop varieties with improved traits such as drought/salt tolerance, stress resistance, and 

increased yield and nitrogen use efficiency will become critically important in an age of 

increasing temperatures and the ecological changes associated with global climate change.  The 

impact of genome editing technologies on sustainable agriculture and food security for a rapidly 

increasing human population could be similar to that of the original Green Revolution. 

This document summarizes and extends the descriptions of genome editing technologies that 

are included in the main text of CORESTA TBO-CTR-151-1.  The purpose of “Genome Editing 

and Plant Breeding” is to provide plant breeders with a more detailed understanding of the 

current state of genome editing in plants, and the information contained herein is current as of 

June 2020.  The emphasis is on how genome editing works in nature, how the CRISPR-Cas 

systems have been repurposed for use in eukaryotic cells, and the applications of genome 

editing to plant breeding in some of the major food crops as well as in tobacco. 

3. Genome editing technologies 

Several molecular technologies have been developed for targeted genome editing in plants and 

other higher organisms.  ZFNs (zinc-finger nucleases) were developed initially in the mid-

1990s, and TALENs (transcription activator-like effector nucleases) were engineered ~15 years 

later.  Both ZFNs and TALENs are hybrid proteins that consist of a sequence-specific  

DNA-binding protein fused to a restriction endonuclease called FokI.  To produce a double-

stranded break in a DNA sequence requires a FokI dimer, so both ZFNs and TALENs have to 

be designed in pairs to cut a specific gene sequence.  ZFN monomers generally bind to relatively 

short sequences of 9-18 base pairs, but it can be difficult to successfully target certain sequences 

because the specificity of some assembled ZF modules may vary, and off-target cleavage has 

been associated with negative effects such as cytotoxicity in mammalian cells.  The  

DNA-binding motifs of the transcription activator-like effector (TALE) proteins from species 

of Xanthomonas bacteria are more predictable (and larger) than those of ZFNs, which makes 

the design and assembly of TALENs more straightforward.  However, the power of a new 

genome editing technology that became known as CRISPR/Cas9 was first demonstrated in 

plants in 2013.  As will be described below, the CRISPR/Cas9 system relies on the precision of 

RNA:DNA base pairing, rather than protein-DNA interactions, to direct a sequence-specific 

https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us/recent-trends-in-ge-adoption.aspx
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us/recent-trends-in-ge-adoption.aspx
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nuclease to a defined genomic target sequence.  The RNA guide sequences are much easier to 

design and construct than are the nucleic acid binding protein “modules” used in ZFNs and 

TALENs, making these earlier approaches all but obsolete.  Therefore, this review will focus 

on the use of the highly robust CRISPR-Cas systems in agriculture and plant breeding. 

4. What is CRISPR? 

By now, most of us have heard about “CRISPR” and “CRISPR/Cas9” in the context of genome 

editing and the current agricultural revolution.  There may be some confusion surrounding these 

terms, so it is informative to understand their origins.  “CRISPR” is an acronym derived from 

the descriptive name of a type of microbial DNA structure called “Clustered Regularly 

Interspaced Short Palindromic Repeats” (a palindrome is a DNA sequence that reads the same 

on both strands of a double-stranded molecule in the 5’ to 3’ direction).  This type of sequence, 

in which short “spacers” of 20-50 nucleotides are separated by highly conserved repeated 

sequences of similar lengths, is present in many species of prokaryotes (single-celled organisms 

without nuclei) in the domains Bacteria and Archaea (the archaea are 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), but not in eukaryotes.  

Although most of what we know about the biology of CRISPR-Cas systems comes from basic 

research conducted since 2005, a partial CRISPR structure was first observed more than  

30 years ago in the E. coli genome by Ishino et al. (1987), who identified a tandem array of  

14 highly conserved 29-bp repeats separated by 32-bp sequences downstream from iap, a gene 

that encodes a protein that modifies alkaline phosphatase.  The same 29-bp repeats were also 

detected by the same laboratory in Shigella dysenteriae and Salmonella typhimurium (Nakata 

et al. 1989).  Similar interspersed repeat/spacer arrays were subsequently characterized in the 

genomes of two species of Archaea in the genus Haloferax by Mojica et al. (1995), who showed 

that the repeats were 30 bp long and were located between unique sequences of 33-39 bp in 

structures that were up to ~3,000 bp in length.  Mojica and colleagues initially hypothesized 

(erroneously) that the CRISPR arrays were involved in “replicon partitioning” of DNA into 

daughter cells during cell division.  None of the early studies on CRISPR identified the 

associated genes that encode the enzymes that perform the genome editing function. 

The biological function of the CRISPR repeat arrays and the associated proteins was first hinted 

at in a paper published in 2002.  Using a computational approach that detects patterns of short 

interspaced repeated sequences, Jansen and co-workers searched all sequences deposited in the 

EMBL/GenBank databases at the time and were able to identify CRISPR-type motifs in the 

genomes of >40 prokaryotic species, but not in any eukaryotes or viruses.  All of the repeats 

fell within a size range of 21-37 base pairs, and the nucleotide sequences of the repeats tended 

to be more similar in closely related species (E. coli and Salmonella typhi, for example).  Also, 

the number of CRISPR loci per genome varied considerably, from 1 to 20, as did the number 

of repeated sequences within each CRISPR locus (from 2 to 124).  And while the repeats are 

highly conserved within an individual CRISPR locus, the spacer sequences are not, with most 

being unique.  Another important feature of CRISPR loci is that they are all flanked on one end 

by so-called “leader” sequences that are several hundred bp long and have relatively high 

percentages of A/T base pairs.  In addition to characterizing the CRISPR repeats, Jansen et al. 

(2002) identified a set of four CRISPR-associated (Cas) genes, named cas1 to cas4, that are 

only associated with the presence of a CRISPR array.  Not all of the CRISPR-containing 

prokaryotic genomes had all four Cas genes, but cas1 and at least two other Cas genes were 

present in all of the completely sequenced genomes.  Also, the Cas genes were found to be 

organized in clusters that are generally located close to the CRISPR arrays, within a few 

hundred base pairs (Figure 1.). 
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Figure 1.  Overview of the four CRISPR/cas systems present in Streptococcus thermophilus 

 

The functions of the Cas proteins encoded by two of these genes, Cas3 and Cas4, are suggested 

by their homology to helicases (proteins that can unwind double-stranded DNA) and 

exonucleases (proteins that can cut DNA), respectively, and Cas1 has features of proteins that 

associate specifically with double-stranded DNA. 

The next milestone in the CRISPR saga came in 2005 in a study of CRISPR structures and cas 

genes in two species of Streptococcus.  Bolotin et al. (2005) identified two new cas genes, cas5 

and cas 6, in addition to the previously known cas1-cas4 genes.  They found that there are two 

related types of cas1 genes, cas1A and cas1B, and that cas1A genes were always associated 

with cas2, cas3, and cas4, while cas1B was always associated with cas5 and cas6 in their 

analysis.  By far the most significant finding was that many of the unique spacer sequences 

located between the conserved repeats in the CRISPR arrays showed homology to the genomes 

of diverse bacteriophages (bacterial viruses) that infect Streptococcus.  Bolotin et al. (2005) 

also showed that in Streptococcus thermophilus strains, there was a negative correlation 

between the number of spacers in a CRISPR locus and the relative sensitivity of the strain to 

bacteriophage infection.  This led to the two hypotheses; (1) some of the Cas proteins are 

responsible for adding bacteriophage-derived sequences (as spacers) to the CRISPR array, and 

(2) CRISPRs can protect bacterial cells from attack by specific bacteriophages. 

Further studies conducted since 2007 by many independent research groups have revealed how 

the CRISPR-Cas systems work to protect bacteria and archaea from invading bacteriophages 

and other genetic elements such as mobilizable plasmids (circular DNA elements).  There are 

three distinct phases in functional CRISPR-Cas immunization; (1) adaptation, (2) pre-CRISPR 

RNA transcription and processing, and (3) interference.  The adaptation phase begins with a 
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process called “spacer acquisition”, where one or more of the Cas proteins binds to the invading 

viral DNA and cuts out small pieces of a prescribed length (generally 30-40 base pairs) known 

as a “protospacers”.  A requirement for protospacer selection is that the Cas protein(s) recognize 

a specific short sequence close to the protospacer known as a PAM (protospacer-adjacent motif) 

site.  The foreign DNA is then cut close to the PAM site and again 20-50 bp upstream (5’) to 

release the protospacer.  One of the protospacers, which does not contain the PAM site, is then 

inserted between two repeat sequences in the end of the CRISPR array nearest to the leader 

sequence, where it becomes a spacer.  During the expression-processing stage, the entire 

CRISPR array is transcribed into one single, long RNA molecule called the pre-crRNA that is 

then processed (again by one or more Cas proteins) into a library of mature crRNAs that 

represent the history of bacteriophages that were previously encountered by that strain.  In the 

interference phase, these diverse crRNAs are then assembled individually into protein-RNA 

complexes that contain another short RNA molecule, the trans-activating CRISPR RNA 

(tracrRNA) that is transcribed from the CRISPR locus, and together they function as guide 

RNAs to direct the complex to the homologous sequence present in an invading bacteriophage 

genome.  Successful recognition leads to destruction of the bacteriophage’s DNA genome by a 

Cas nuclease that is part of the guide RNA-protein complex (Figure 2). 

Figure 2.  The stages of CRISPR-Cas adaptive immunity 
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The CRISPR-Cas systems provide adaptive immunity to bacteria and archaea because they 

function to recognize and eliminate invading pathogens, mainly bacteriophages (viruses with 

DNA genomes), while discriminating between ‘self’ and ‘non-self’.  The system is ‘adaptive’ 

because it can change dynamically to protect the cell from viral pathogens that have not been 

previously encountered in the environment.  Unlike the acquired immune system in vertebrates, 

in which immunoglobulin proteins (antibodies) secreted by B cell lymphocytes recognize and 

bind to specific antigens to prevent infection, CRISPR-Cas relies on RNA molecules to guide 

a site-directed nuclease (a Cas protein) to a homologous DNA sequence where it introduces a 

double-stranded break, allowing the target DNA to then be degraded by cellular nucleases.  And 

while the vertebrate immune system acts rapidly to protect the individual organism from 

infection, CRISPR-based immunity functions essentially to provide a selective advantage by 

preventing destruction of the microbial population.  Similar to antibody-mediated immunity 

that can provide protection against a pathogen for many years (or even the organism’s entire 

lifetime), due to the presence of memory B cells, CRISPR-Cas immunity also has ‘memory’ 

because it incorporates small pieces of the invading DNA virus into the CRISPR array.  Unless 

these pieces of viral DNA are eliminated from the CRISPR by recombination or deletion, they 

are maintained in the cell’s genome, where they can become incorporated into CRISPR-Cas 

complexes that protect the cell from infection and destruction by bacteriophages.  Most 

importantly, many CRISPR-Cas systems can distinguish ‘self’ from ‘non-self’; the CRISPR 

array in the host prokaryotic genome is not attacked by the Cas nuclease because the PAM sites, 

which are adjacent to the protospacer sequences in the invading bacteriophage genomes and are 

required for protospacer release, are not present in the spacers that are inserted into the CRISPR 

array. 

5. CRISPR-Cas Systems are highly diverse 

Continued sequencing and analyses of microbial genomes have revealed that CRISPR-Cas 

systems are widespread in prokaryotes – approximately 87 % and 45 % of sequenced archaeal 

and bacterial genomes, respectively, are predicted to have CRISPR loci, and these loci are 

highly diverse in terms of the repeat sequences and the number and type of associated proteins.  

All CRISPR-Cas systems consist of three ‘modules’ – the CRISPR array that consists of 

alternating repeats and spacers, the adaptation module, and the effector module.  The adaptation 

module generally consists of the Cas1 and Cas2 proteins, which together cut both the 

protospacer-containing DNA (from an invading bacteriophage, for example) and the CRISPR 

array to insert the newly encountered protospacer between two repeats, usually at the proximal 

end of the array adjacent to the leader sequence.  The effector module consists of the protein(s) 

that form complexes with the crRNA molecules to recognize and bind to specific target sites in 

the genome of the invading bacteriophage.  The effector complex then cleaves the target sites 

to inactivate the bacteriophage.  The adaptation and effector modules are extraordinarily 

complex and diverse; there are no ‘universal’ Cas proteins, and the individual modules have 

undergone semi-independent evolution.  Thus, a complete description is beyond the scope of 

this review.  However, it is important to note that the current CRISPR-Cas classification system 

is based on the organization of the proteins that comprise the effector modules.  Class 1 systems 

have effector complexes made up of multiple proteins encoded by multiple genes, while Class 

2 systems have single, large, multi-domain proteins that are encoded by a single gene.  The two 

major CRISPR-Cas classes are divided into three main types each that differ with respect to the 

numbers and types of signature Cas proteins: types I, III, and IV are in Class 1, and types II, V, 

and VI are in Class 2 (Figure 3). 
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Figure 3.  Class 1 and class 2 CRISPR-Cas systems 

 

Each type can be further divided into subtypes that may have unique, subtype-specific proteins.  

As described below, the Cas effector proteins that have been adapted and engineered for 

genome editing (e.g.  SpCas9) are all members of Class 2. 

6. How CRISPR genome editing works 

The Class 2, type II CRISPR-Cas9 enzyme from Streptococcus pyogenes (SpCas9) was the first 

of this group of proteins that was demonstrated to cut double-stranded DNA in vivo and in vitro, 

and it is the main CRISPR-Cas system that has been engineered for genome editing in plants, 

humans, and animals.  The repurposed CRISPR-Cas9 system consists of two components – the 

SpCas9 nuclease and a single guide RNA (sgRNA) (Figure 4).   
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Figure 4.  Graphical representation of SpCas9 ribonucleoprotein particles 

 

When expressed together in a cell, the two components form a Cas9/sgRNA ribonucleoprotein 

complex that can recognize and bind to a sequence that is complementary to the spacer sequence 

in the sgRNA and introduce a sequence-specific double-strand break (DSB) in the target DNA.  

The fate of the DSB is then determined by the which of the two main DNA repair pathways is 

used by the cell to repair the DSB; NHEJ (non-homologous end joining) or HDR (homology-

directed repair) (Figure 5). 

Figure 5.  Possible fates of double-stranded DNA breaks (DSBs) in CRISPR-Cas genome 

editing in plants 

 



TBO-151-2-CTR Genome Editing and Plant Breeding – December 2020  12/30 

NHEJ, the main DNA repair pathway in somatic cells, can join the two ends of a DSB without 

the requirement for any sequence homology, but this pathway is highly error prone.  During the 

repair process, the loss or gain of 1 to several nucleotides from the end of one DNA strand will 

produce a small indel (insertion or deletion mutation) when the DSB is repaired, resulting in a 

mutation that could produce a non-functional protein.  If the target gene is cut by the engineered 

SpCas9 at two sites, NHEJ can repair the DSB by eliminating the DNA sequence located 

between the two DSBs, resulting in a larger deletion.  NHEJ is also able to incorporate small 

pieces of DNA during repair, causing an insertion mutation.  HDR (homology-directed repair) 

is more precise than NHEJ and has been used in many organisms to introduce small targeted 

mutations and to insert, replace, or repair gene sequences at specific loci.  Genome editing via 

HDR requires a template with nucleotide homology to the target to repair a DSB.  In plants, 

HDR is a much less efficient process than is NHEJ and is active only during the S and G2 

subphases of interphase (preceding mitosis) during the cell cycle.  Difficulties encountered 

when harnessing HDR for genome editing are partly due to the challenges involved in 

introducing the homologous template to the target site.  Efforts are underway to improve the 

efficiency of HDR in plant cells through the use of nCas9, which induces single-strand ‘nicks’ 

that are not substrates for NHEJ repair, and also by mutating genes involved the NHEJ pathway 

(Zhang et al. 2019).  Recently, a strategy involving SpCas9 fused to the Agrobacterium VirD2 

protein (which is involved in integrating T-DNA into the plant genome) and chemically end-

modified repair templates in rice gave a 5- to 6-fold increase in HDR-mediated repair compared 

to Cas9 alone (Ali et al. 2020).  Also, Li et al (2019) were able to replace the wild-type 

acetolactate synthase (ALS) gene in rice with a mutated version via transcript-templated HDR, 

which uses single-stranded RNA as the donor repair template and another class II CRISPR 

system called CRISPR-Cpf1.  The Cpf1 nuclease (also known as Cas12a) is smaller than 

SpCas9, requires a crRNA (rather than an sgRNA) for target DNA cleavage, and recognizes 

the PAM site 5’-TTTN-3’ (where N is any of the 4 nucleotides) that is very different from that 

recognized by SpCas9 (5’-NGG-3’).  A recent list of successful applications of HDR in plants 

using CRISPR/Cas systems can be found in Li and Xia (2019). 

The SpCas9 nuclease from Streptococcus pyogenes has been used successfully for genome 

editing in both monocot and dicot plants, but it does have some limitations.  Firstly, SpCas9 is 

from a bacterium, and the codons that specify the individual amino acids in the gene for the 

Cas9 protein can differ from the codons used in higher plants.  Genetically engineered, codon-

optimized versions of SpCas9, such as pcoCas9, have been developed specifically for use in 

plants (Andersson et al. 2017).  Secondly, SpCas9 and related Cas9-type enzymes are 

temperature sensitive and require high temperatures (up to 37 °C) for optimal genome editing 

efficiency in vivo.  This can be important in experiments involving species such as Arabidopsis 

thaliana that is usually grown at much lower temperatures, typically between 20 and 23 °C.  

Thirdly, all class 2-type Cas enzymes have strict sequence requirements for the PAM 

(protospacer-adjacent motif) sites that they recognize during protospacer excision.  This can be 

important for applications that require precise positioning of Cas9, such as HDR-mediated 

mutagenesis or specific base editing.  The range of target sequences can be extended by using 

Cas9 orthologs from other bacterial species such as Staphylococcus aureus (SaCas9), 

Streptococcus thermophilus (St1Cas9), and Neisseria meningitidis (NmCas9).  These enzymes 

recognize the PAM sequences NNGRRT/NNNRRT, NNAGAAW, and NNNGMTT, 

respectively (N is any of the 4 nucleotides; R is either A or G; M is amino-A or C; W is weak 

interaction A or T), and are all smaller in size than SpCas9 (Table 1 of Murovec et al. 2017).  

The SpCas9 nuclease can also be engineered to recognize other PAM sites.  For example, Hu 

et al. (2018) used a molecular evolution strategy to evolve an SpCas9 variant called xCas9 that 

can recognize a broad range of PAM sequences in mammalian cells, such as the less restrictive 

PAM sequence 5’-NG-3’ as well as GAA and GAT.  xCas9 was found to have greater DNA 
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specificity and lower off-target activity than the wild-type SpCas9 nuclease.  Similarly, 

Nishimasu et al. (2018) engineered a Cas9 variant called SpCas9-NG that recognizes PAM 

sequences such as TGA, TGC, and TGT and has much better cleavage kinetics than xCas9.  

However, using a high-throughput screening method to compare Cas9 variants for gene 

knockout and transcriptional activation/inhibition activities, Legut et al. (2020) showed that the 

PAM-flexibility of both xCas9 and SpCas9-NG is associated with a negative cost in the form 

of decreased DNA targeting and cleavage.  Kleinstiver et al. (2015) used structural information 

to modify SpCas9 to recognize alternative PAM sites that extend the range of target sequences 

for genome editing applications.  The engineered SpCas9 variants were shown to “robustly” 

disrupt previously inaccessible DNA sequences in both zebrafish embryos and human cells.  In 

plants, Yamamoto et al. (2019) developed a vector system to test two of these SpCas9 variants, 

SpCas9-VQR and SpCas9-EQR, in Arabidopsis.  The results of this study showed that both 

SpCas9-VQR and SpCas9-EQR induced heritable mutations in two genes adjacent to the novel 

PAM sites NGAN/NGNG and NGAG, respectively. 

7. Naturally occurring class 2 Cas enzymes from other prokaryotes 

Several class 2-type CRISPR-Cas systems in addition to SpCas9 have been developed for 

genome editing in plants, and these are described below: 

7.1 Cas12a  

Cas12a originally known as Cpf1, is a type V RNA-guided CRISPR-associated nuclease that 

differs from SpCas9 in several respects; (1) Cas12a recognizes the PAM sequence TTTN, (2) 

it cleaves dsDNA leaving 4-5 bp 5’ staggered ends, rather than blunt ends, and (3) Cas12a 

requires a crRNA of only ~43 nucleotides in length.  The potential for using Cas12a for genome 

engineering in plants was first recognized by Tang et al. (2017), who characterized the Cas12a 

enzyme from an unknown Lachnospiraceae family bacterium (LbCas12a) and showed that it 

was effective at producing rice plants with mutations in three target genes at high efficiency in 

the T0 generation.  A systematic study of genome editing efficiencies in plants by three different 

Cas12a enzymes at four temperatures was conducted by Malzahn et al. (2019).  This study 

showed that LbCas12a exhibited almost no activity in Arabidopsis at 22 °C, but that genome 

editing activity was rescued by growing the transgenic plant at 29 °C.  Very high frequencies 

of targeted mutations, up to 100 %, were found in T1-generation maize plants when the T0 lines 

expressing LbCas12a were grown continuously at 28 °C. 

7.2 Cas12b 

Cas12b is a compact Cas enzyme, originally named C2c1, that has been identified in several 

species of Gram-positive spore-forming bacteria and was first adapted for genome editing in 

mammalian cells (Teng et al. 2018).  Ming et al. (2020) compared four different Cas12b 

enzymes for their ability to produce mutations in the rice genome.  Cas12b prefers a T-rich 

PAM and generates staggered ends at the site of DSBs.  Like Cas9, Cas12b requires both a 

crRNA and a tracrRNA to target a specific DNA sequence.  Their results showed that AaCas12b 

from Alicyclobacillus acidiphilus is a potent site-specific nuclease with high target specificity 

in rice.  AaCas12b recognizes VTTV PAM sites (V=A, C, or G) in vivo, with a preference for 

ATTV and GTTG PAMs, and induces larger deletions at DSBs (generally 4-14 bp) than the  

1-3 bp deletions induced by Cas9. 
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7.3 Cas13 

Cas13 (originally known as C2c2) consists of a group of class 2 type VI effectors that are the 

only known dedicated RNA-targeting immune systems in prokaryotes.  The Cas13a and Cas13b 

systems require a crRNA for cleavage of the RNA target sequence and have been harnessed for 

effective RNA ‘knockdown’ in mammalian cells and for other functions that rely on RNA 

targeting (Yan et al. 2018).  Cas13d has no requirement for a protospacer flanking sequence 

(PFS; analogous to the PAM for SpCas9), unlike Cas13a, and can also process the pre-crRNA 

transcribed from the CRISPR spacer array to form mature crRNAs required to target specific 

ssRNA sequences.  One advantage of Cas13d over other type VI effectors is that the sequence 

of Cas13d has several deletions that make it ~300 aa smaller than Cas13a.  Mahas et al. (2019) 

tested five different Cas13 effectors (two each Cas13a and Cas13b, and one Cas13d) for their 

ability to interfere with GFP (green fluorescent protein) expression (protein and RNA levels) 

and fluorescence yield from N. benthamiana plants co-infected with the Cas13/crRNA 

constructs and a recombinant form of Tobacco mosaic virus (TMV) containing the GFP gene.  

These experiments showed that CasRx, a Cas13d-type effector from Ruminococcus 

flavefaciens, gave the highest level of RNA interference against the TMV-GFP virus and also 

against three crRNAs that targeted the TMV replicase gene mRNA.  CasRx also provided a 

high level of interference against another virus, Turnip mosaic virus, in transgenic plants of  

N. benthamiana expressing the CasRx effector and several different crRNAs. 

7.4 Cas14 

Cas14 is a family of small (40-70 kDa) effector proteins from uncultured symbiotic archaea 

that cluster into three main evolutionary groups.  One of these, Cas14a, is the most recently 

characterized (and smallest) of the miniature Cas enzymes that can perform programmable 

RNA-guided DNA cleavage.  Unlike Cas9, Cas14a precisely targets single-stranded DNA 

(ssDNA), not double-stranded DNA (dsDNA), and it does not require a PAM sequence.  An 

interesting feature of Cas14a is that its ability to degrade ssDNA depends on nucleotide 

homology between a target sequence and the 20 base-pair sequence in the guide RNA; 

recognition of the target sequence then activates the non-sequence-specific nuclease activity 

towards ssDNA (Harrington et al. 2018).  These unique features of the Cas14-type nucleases 

prompted Khan et al. (2019) to propose engineering Cas14a for use in crop plants that are 

subject to infection by viruses in the families Geminiviridae and Nanoviridae that have circular 

ssDNA genomes. 

8. Genome editing and plant breeding 

The ability to select new plant varieties through breeding has always been driven by genetic 

diversity, whether natural or induced, and all crops grown today are products of artificial 

selection by humans.  Plant breeding began with the process of domestication, and natural 

genetic variation must have been present to allow selection of plants with traits such as larger 

seeds, more seeds, fruits that do not shatter, and erect growth habit, all of which are associated 

with a common “domestication syndrome” in many crops (Milla et al. 2015).  Two good 

examples of this are the wheats (diploid, tetraploid, and hexaploid Triticum species) and barley 

(Hordeum vulgare) that were domesticated, along with a group of species that included lentil, 

chickpea and rye, by Neolithic farmers in the core region of the Fertile Crescent (southeastern 

Turkey and northern Syria) between 9,500 and 12,000 years ago (Kilian et al. 2010) following 

the Last Glacial Period.  Allelic diversity at critical genetic loci then allowed the domesticated 

cereals to adapt to new environments outside of their original centers of domestication where 

they were taken by migrating farmers.  For thousands of years of human history, agriculturists 
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had only natural variants, which arose through mutation, to use in crop improvement.  Without 

a theoretical understanding that traits can vary and are inherited individually, as opposed to a 

consideration of the whole organism, hybridization and selection were not applied to crop 

improvement until after the re-discovery of Mendel’s laws of inheritance in 1900.  Amazingly, 

sex in plants was not described until the very end of the 17th century, and hybridization was 

actively discouraged well into the 19th century on religious grounds as being unnatural and an 

affront to the gods and nature (Stoskopf et al. 1993).  Despite this, several bold scientists 

experimented with plant hybridization; the earliest known investigations were conducted by 

Joseph Gottlieb Kölreuter in Germany in 1760 with two species of “tobacco”.  Inspired by the 

principles of alchemy, Kölreuter was able to produce a hybrid between Nicotiana rustica and 

N. paniculata and was the first to report infertility in the next (F2) generation, although he failed 

in his endeavor to transform one species into the other (Lehleiter 2017). 

After 1900, a fundamental paradigm shift allowed plant breeders to apply scientific principles 

to their programs to incorporate hybridization (both intra- and inter-specific), inbred line 

development, and population management in crop improvement.  Breeders were very 

successful in using controlled crosses (hybridization) to combine genes from different varieties 

or close relatives and then select new crop varieties.  But by the middle of the 20th century, 

geneticists had discovered new tools to induce novel mutations through the use of several forms 

of radiation (X-rays,  -rays, and fast neutrons) or chemicals such as ethyl methanesulfonate 

(EMS) and N-nitroso-N-ethyl urea.  Plant breeders were now freed from their dependence on 

natural variation or spontaneous mutation and rapidly adopted these new strategies, beginning 

with X-ray studies in small-grain crops at the University of Missouri in the late 1920s (Stadler 

1930).  Interestingly, the first commercial cultivar produced with radiation was ‘Chlorina’ 

tobacco in 1930 (Acquaah 2007).  Radiation and chemical mutagenesis had become established 

techniques by the 1940s and the 1950s, respectively (Gaul 1959), and the first conference on 

chemical mutagenesis was held in Gatersleben, East Germany in 1959.  Although radiation and 

chemical mutagens can induce a large number of mutations in a plant genome, mutagenesis is 

a stochastic process, and the mutations are almost always recessive and can thus only be 

detected in the next generation.  Mutations also must have a visible phenotype to allow for 

selection by the breeder.  Most mutations are deleterious, but when a desirable mutation is 

identified in a mutated population, the laborious process of backcrossing to the unmutated 

parental line followed by re-selection begins, and it can take many generations of backcrossing 

and many years before the desired cultivar is released.  Despite the randomness of mutagenesis 

and the slow pace of cultivar development, mutation breeding remains a viable way to increase 

genetic variability and has “generated thousands of novel crop varieties in hundreds of crop 

species, and billions of dollars in additional revenue” (Joint FAO/IAEA Mutant Variety 

Database https://mvd.iaea.org/; also see Oladosu et al. 2016). 

Transgenesis allowed scientists to add novel traits to plants, and the first such crops expressing 

resistance to viruses (tobacco), insects (corn and cotton), and herbicide tolerance (corn, 

soybean, and cotton) went commercial in 1996.  These genetically modified (GM) crops “are 

the most extensively tested crops ever added to our food supply” and have been shown to be 

safe; no adverse effects on human, animal, or environmental health have ever been 

demonstrated (AAAS Statement 2012), and at least 90 % of commercial corn and soybeans 

grown in the US are GM.  Rather, cultivation of insect-resistant crops has dramatically reduced 

the use of chemical insecticides, which saves farmers money and is beneficial for the 

environment.  Inserting foreign genes into crop genomes increases overall genetic diversity and 

represents a gain of function in the gene pool used by breeders.  One important consideration 

is that many of the genes that confer insect resistance or herbicide tolerance in transgenic crops 

originate from bacteria, not plants, and can be subject to rigorous regulatory oversight.   

https://mvd.iaea.org/
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In general, genome editing in plants using SpCas9 and other class 2 CRISPR site-directed 

nucleases introduces small mutations at DSBs via NHEJ at targeted sites in the genome (the 

SDN-1 strategy).  These mutations mimic spontaneous mutations in that they are generated by 

the same cellular mechanisms in vivo, and therefore cannot be distinguished from the products 

of conventional breeding.  The most commonly implemented genome editing strategy is to 

introduce novel mutations that interrupt the coding sequence of a gene, resulting in the 

production of a non-functional protein.  These ‘null’ alleles increase genetic diversity at the 

gene level, and also mimic the domestication process because the domesticated state (vs.  the 

wild state) of a given trait is most often controlled by one (or very few) recessive, loss of 

function alleles with high heritability (Gepts 2002).  One exciting use of CRISPR/Cas genome 

editing is to alter gene expression by introducing targeted mutations into promoter or enhancer 

regions and other cis-elements (non-coding DNA sequences that regulate the expression of 

nearby genes) that bind regulatory proteins such as transcription factors.  These mutations can 

be either small indels that result from DSB repair, or specific changes in one or more nucleotide 

bases induced by a Cas9 that has been modified to act as a base editor.  In one such scenario, a 

nuclease-deficient Cas9 is fused to an enzyme such as cytidine deaminase.  The Cas9 can form 

an active complex with an sgRNA to target a specific sequence (but cannot induce a DSB), and 

the associated cytidine deaminase will induce a C-to-T substitution.  Existing traits can be 

optimized by producing an allelic series in which gene expression level (dosage), expression 

profile, and/or expression pattern (tissue specificity) show a range of variation, which can in 

turn generate quantitative variation in important traits such as grain size, grain yield, and 

flowering time, etc.  (Scheben and Edwards 2018). 

CRISPR/Cas genome editing is a sophisticated technology that offers many advantages to the 

plant breeder over other forms of mutagenesis (chemicals and radiation).  Most importantly, 

CRISPR/Cas editing is targeted to only one or several specific sites in the plant genome based 

on genomic information that is incorporated into the design of the guide RNA(s).  Secondly, 

genome editing can drastically increase the speed of the plant breeding pipeline, and thus lower 

the costs of producing novel or improved cultivars (Figure 6). 

Figure 6.  Comparison of breeding methods used in modern agriculture 
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This is because there is no need for multiple generations of backcrossing the selected mutants 

to the parental line to eliminate the many uncharacterized mutations that result from random 

mutagenesis.  Also, CRISPR/Cas genome editing is currently the only mutagenesis strategy that 

can induce simultaneous mutations in all homologous genes in a polyploid species in a single 

event.  Furthermore, multiple genes can be targeted by CRISPR/Cas9 either by pooling several 

agrobacterium strains carrying separate sgRNA constructs, or by using a multiplexing strategy 

in which the transformation vectors contain the Cas9 gene in addition to a tandem array of 

several different guide RNA expression cassettes, each with its own promoter and terminator 

(Zhang et al. 2020).  Another major advantage of CRISPR/Cas9 mutagenesis is that it can 

produce bi-allelic mutations, in which both copies of the target gene on homologous 

chromosomes (in a diploid species) are mutated in the T0 generation.  This is extremely 

significant for crops that are propagated clonally (not from seeds) on a large scale, such as 

potato, cassava, and banana, where it is not possible to self-pollinate genome-edited plants that 

may be heterozygous for a desirable recessive mutation. 

8.1 Delivering CRISPR/Cas into plant cells 

From a practical standpoint, CRISPR/Cas9 offers some flexibility in the manner in which the 

genome editing ‘machinery’ is delivered to the plant cells.  The major methods found in the 

literature include: 

8.1.1 Stable transformation 

The Cas9-sgRNA construct can be introduced into plant cells using traditional Agrobacterium 

tumefaciens-mediated transformation or via a biolistics approach using the “gene gun”.  In both 

cases, transgenic plants are regenerated from tissue culture under some type of selection 

(antibiotic or herbicide resistance) and are assayed for the presence of mutations in the target 

gene(s).  If the transgenic plants are fertile, they can be self-pollinated or crossed back to the 

parental line to produce mutant plants that do not carry the genome editing construct through 

chromosomal segregation. 

8.1.2 Transient expression 

Genetic constructs can be introduced into plant cells and expressed without having been 

previously integrated into the genome.  This strategy can be useful in a research context to 

rapidly test the efficacy of CRISPR/Cas guide RNAs, and can also be used to produce genome-

edited crop plants that have no transgenic events in their pedigree, potentially satisfying 

European GMO regulations (but see the section on Governmental Regulation below).  Efficient 

genome editing of specific genes has been demonstrated following the transient expression of 

Cas9 and sgRNA genes in cells of tobacco, wheat, and potato.  Using Agrobacterium 

tumefaciens for DNA delivery, Chen et al. (2018) targeted the phytoene desaturase gene (PDS) 

in tobacco leaf explants and recovered albino shoots at the rate of 2.75 % in the absence of any 

form of chemical selection.  This is notable because tobacco is an allotetraploid, and finding 

albino shoots in the T0 generation means that all four copies of PDS were mutated and produced 

non-functional PDS proteins in the initial genome editing event.  In wheat, Zhang et al. (2016) 

used particle bombardment (biolistics) to introduce Cas9/sgRNA constructs into embryos.  The 

embryos were then cultured, and non-transgenic, genome edited shoots were recovered without 

any form of selection.  In hexaploid bread wheat, the frequency of edited shoots varied from  

1-9.5 % for four different genes.  In tetraploid durum wheat, Zhang et al. obtained mutants in 

the GASR7 gene in two different lines at frequencies of >1 %, also without selection, and were 

able to identify plants in which all four copies had been mutated in the T0 generation.  Potato is 

a particularly challenging crop for both traditional breeding and genetic modification because 

it is a tetraploid.  In addition, the established commercial varieties are highly heterozygous and 
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cannot be self-pollinated; thus, it is desirable to add new traits to existing elite varieties.  

Andersson et al. (2017) introduced four constructs with different guide RNAs that targeted 

regions of the granule-bound starch synthase gene (GBSS) and pcoCas9, a plant codon-

optimized version of Cas9, into potato protoplasts via PEG-mediated transfection.  As with 

tetraploid wheat and tobacco, genome edited plants were obtained in the T0 generation in which 

all four copies of GBSS carried knockout mutations (‘tetra-allelic’ mutants).  Mutation 

frequencies for the different constructs and transfection treatments ranged between 2.2 and 

11.6 %, although 10 % of the genome edited plants contained vector DNA sequences at the 

targeted sites. 

8.1.3 DNA viruses 

Several plant viruses have been used to deliver the Cas9-gRNA cassette into plant cells for 

genome editing in the absence of stable plant transformation.  Yin et al. (2015) used a vector 

based on an attenuated plant geminivirus, Cabbage Leaf Curl virus (CaLCuV), for genome 

editing in Nicotiana benthamiana.  CaLCuV is a single-stranded DNA virus with a genome that 

consists of two circular replicons, one of which can carry foreign DNA sequences.  CaLCuV 

infects many species in the cabbage family (Brassicaceae), as well as species in the Solanaceae, 

one of which is N. benthamiana.  These authors demonstrated efficient targeting of the phytoene 

desaturase (PDS) gene in N. benthamiana.  Inhibiting expression of PDS disrupts chlorophyll 

biosynthesis and causes visible bleached areas on the leaves of infected plants.  Similarly, Gil-

Humanes et al. (2017) engineered another geminivirus, Wheat dwarf virus (WDV), to use as a 

transient expression system for genome editing in wheat.  The WDV replicon carrying Cas9-

sgRNA gave gene targeting frequencies 12-fold higher than non-viral delivery methods, and 

because the recombinant WDV replicon attains very high copy numbers in the cell, they were 

able to demonstrate targeted gene integration via HDR in the three homeoalleles on the A,B, 

and D genomes in hexaploid wheat.  A third geminivirus replicon based on Bean yellow dwarf 

virus (BYDV) was used for targeted mutagenesis and gene replacement in tomato.  Dahan-Meir 

et al. (2018) showed that the high copy number of the engineered BYDV replicon allowed for 

efficient and precise HDR-mediated repair of a fruit color gene containing a 281-bp deletion in 

the coding sequence. 

8.1.4 RNA viruses 

The vast majority of plant viruses have genomes that consist of one or more single-stranded 

RNA molecules.  Several of these viruses have been engineered for use in plant biotechnology, 

one of which is Tobacco rattle virus (TRV), a species of Tobravirus.  Infectious recombinant 

TRV-based vectors have been used to effectively reduce the expression of specific plant genes 

in hosts such as Nicotiana benthamiana and other species of Nicotiana, petunia, pepper, tomato, 

poppy, and Arabidopsis via post-transcriptional gene silencing (Liu and Page 2008).  Ali et al. 

(2018) showed that TRV and another Tobravirus, Pea early browning virus (PEBV), can both 

be used as vectors to deliver sgRNAs into transgenic plants that express the Cas9 protein.  Both 

viruses were effective at inducing targeted mutations in two genes in N. benthamiana, although 

the efficiency of PEBV was nearly twice that of TRV-based vectors for the same sgRNAs. 

A major advance in the use of RNA plant viruses as vehicles for CRISPR genome editing was 

recently reported by Ellison et al. (2020), who showed that adding RNA sequences that are 

transported in the phloem to sgRNAs resulted in efficient mutation of specific genes in 

transgenic plants of N. benthamiana that express spCas9.  In addition, multiple sgRNAs could 

be linked in a single construct to induce deletion mutations in several genes simultaneously.  

The phloem-mobile RNAs were either tRNAs (transfer RNAs) or the FT mRNA, and the 

sgRNA constructs were carried in recombinant TRV vectors.  FT (FLOWERING LOCUS T) is 

a gene that is expressed in the leaves, but the FT protein is transported in the phloem to the 
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apical meristem, where it interacts with other proteins to reprogram the meristem to produce 

flowers.  FT mRNA is also mobile in the phloem.  An implication of this work is that the 

mutations induced in the parent plants that had been infected with the TRV-sgRNA vectors 

were directly transmitted via the seed to their progeny at frequencies up to 100 %, thus 

obviating the need to use tissue culture to recover plants carrying mutated alleles of the targeted 

genes. 

8.1.5 Ribonucleoprotein Complexes 

The Cas9 nuclease and CRISPR-associated RNAs (crRNA, tracrRNA, or sgRNA) will 

spontaneously assemble into a ribonucleoprotein (RNP) complex when combined in the proper 

ratios in a test tube.  The RNAs needed to guide the Cas9 protein to its target site can be either 

transcribed from a DNA template or can be synthesized chemically.  [RNPs are important 

cellular components; a major example is the eukaryotic ribosome that consists of two subunits 

made up of 4 RNA molecules and 79 proteins.] Cas9/guide RNA RNPs show site-specific 

nuclease activity against circular or linear DNA molecules in vitro (Jinek et al. 2012) and have 

been directly introduced into human cells as reagents for genome editing via both NHEJ 

(knockout) and HDR (knock-in) pathways (Schumann et al. 2015).  RNPs have also been used 

for efficient genome editing in plants.  Pre-assembled RNPs consisting of Cas9 and specific 

guide RNAs were delivered to immature embryo cells of wheat and maize via particle 

bombardment.  In the absence of any selection, up to 4.4 % (wheat) and 2.4-9.7 % (maize) of 

the regenerated plantlets had mutations in the target genes, and an unexpected benefit was that 

the frequency of off-target mutations was drastically reduced in both species.  In addition, co-

delivery of Cas9 RNP with a ssDNA template resulted in precise homology-dependent gene 

editing in maize (results summarized in Wolter and Puchta 2017).  Cas9/guide RNA RNPs can 

be delivered to plant protoplasts for induction of targeted mutations.  Woo et al. (2015) used 

established methods to transfect protoplasts from Arabidopsis, rice, lettuce, and Nicotiana 

attenuata with re-assembled Cas9 RNPs carrying guide RNAs designed to target six different 

genes.  The mutations were stably maintained in plants regenerated from the treated protoplasts 

and were transmitted to the progeny.  More recently, Andersson et al. (2018) demonstrated 

successful genome editing in potato protoplasts using RNP delivery to target GBSS, a gene that 

encodes an enzyme (granule-bound starch synthase) that is important in starch synthesis.  Two 

lines of potential commercial importance with mutations in all four copies of GBSS were further 

characterized.  All four copies of GBSS had unique small deletions (1-12 bp) at the target sites 

that were predicted to produce non-functional proteins.  In addition, there were no additional 

DNA insertions at the target sites, and the starch isolated from microtubers stained red-brown 

with iodine, indicating the absence of amylose. 

9. Recent significant examples of successful genome editing in 

major crop species 

1) Breeding of new lines of corn (Zea mays) is a lengthy and expensive process that requires 

at least six generations of backcrossing and/or self-pollination to produce inbred lines that can 

be tested in hybrid combination.  Kelliher et al. (2019) demonstrated a strategy called “HI-Edit” 

that drastically shortens the timeframe required for inbred line development.  HI-Edit relies on 

native haploid inducer (HI) lines and CRISPR/Cas9 genome editing.  Transgenic HI maize lines 

expressing Cas9 and one or more gRNAs were used to pollinate elite inbreds.  Haploid offspring 

were identified in the F1 generation by a visual marker in the HI line and verified by flow 

cytometry of leaf nuclei.  The true haploid plants were then screened via PCR for the desired 

mutations, which were found in ~5-10 % of the haploids, depending on the maternal parent.  In 
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this system, the paternal genome is eliminated early in the post-fertilization period, so none of 

the genome-edited haploid plants carried the Cas9/gRNA constructs.  Fertile doubled haploid 

lines can then be generated by treating selected haploids with mitotic inhibitors such as 

colchicine.  A nearly identical system called IMGE (Haploid-Inducer Mediated Genome 

Editing) was published by Wang et al. (2019). 

2) Rice (Oryza sativa) is one of the most intensively researched crops in the world and is 

presently a staple food for at least 50 % of the human population (>3.5 billion people).  

Maximizing rice yield will be critical to meet the needs of an estimated 8.5 billion people by 

2030, many of whom will live in developing countries.  Many quantitative trait loci (QTLs) 

that affect grain yield have been identified and mapped, and many have been cloned since the 

first version of the rice genome became available in 2002.  QTLs associated with increased 

yield have been discovered in diverse genetic backgrounds, and the process of introducing 

multiple high-yield QTLs into elite cultivated varieties can take many years.  Zhou et al. (2019) 

used multiplex CRISPR/Cas9 genome editing to introduce mutations into three QTL genes 

simultaneously in three elite japonica rice varieties.  The genes OsGS3, OsGW2, and OsGN1a 

are known to negatively regulate grain size, grain width and weight, and grain number, 

respectively.  Grain yield in the triple mutants was increased significantly in all three genetic 

backgrounds, and analysis of the single, double, and triple mutants showed that the effects of 

the individual components of yield varied with respect to genetic background.  Lacchini et al. 

(2020) used this approach in a proof-of-concept experiment to introduce “domestication loci” 

into a cultivated African landrace of O. sativa.  Using CRISPR-Cas9, they targeted the same 

three yield-related genes as in Zhou et al. (2019) for mutagenesis in a multiplex genome editing 

construct.  In addition, they separately targeted a fourth gene, OsHTD-1 (high tillering and 

dwarf), because oshtd1 mutants show increased tiller numbers and reduced height.  The 

landrace ‘Kabre’ from northern Ghana was chosen for transformation because it will readily 

produce large numbers of plantlets from calli in tissue culture.  Adult plants of ‘Kabre’ are 

normally tall with small seeds and small panicles, unlike high-yielding cultivated O. sativa rice 

varieties.  Analysis of T1- and T2-generation mutant plants showed that gn1a single mutants 

had panicles that were 49 % longer than in wild-type ‘Kabre’ plants, and that gn1a gs3 gw2 

triple mutant plants produced seeds that were both longer and wider than in wild-type, resulting 

in a 24 % increase in seed weight (grain yield).  In addition, bi-allelic oshtd1 mutant plants were 

significantly shorter than wild-type and showed excessive tiller production, two traits that are 

essential for domestication in rice. 

3) Bread wheat (Triticum aestivum) is a complex domesticated hexaploid species with 42 

chromosomes in three genomes (AABBDD) that originated from hybridization between two 

progenitor species, tetraploid T. dicoccoides (AABB; 28 chromosomes) and diploid Aegilops 

tauschii (DD; 14 chromosomes).  As many as 1 % of the world’s population suffers from celiac 

disease, a serious autoimmune condition in which ingestion of wheat products containing gluten 

protein causes damage to the small intestine.  The  -gliadin protein family is the main group 

of grain proteins that are responsible for the development of celiac disease, but it is essentially 

impossible to eliminate gluten using traditional mutagenic methods because there are ~100 

genes and pseudogenes in the T. aestivum genome that code for  -gliadins.  Using 

CRISPR/Cas9, Sánchez-León et al. (2018) generated non-transgenic T1-generation lines of 

both bread wheat and durum wheat with mutations (insertions and deletions at the conserved 

target sites) in up to 35  -gliadin genes, resulting in low-gluten wheat lines in which 

immunoreactivity was reduced by 85 %.  The low-gluten phenotypes were genetically stable 

and highly heritable, and the mutant lines were morphologically indistinguishable from the 

wild-type progenitors. 
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4) Enzymatic browning caused by the action of polyphenol oxidases (PPOs) is a problem in 

many fruits and vegetables.  In potato (Solanum tuberosum) enzymatic browning limits the 

storage time and reduces the quality of cut or peeled raw potatoes.  González et al. (2020) used 

CRISPR/Cas9 genome editing to target the major PPO gene, StPPO2, that accounts for 55 % 

of the PPO enzyme in potato tubers.  Ribonucleoproteins (RNPs) were assembled using in vitro 

transcribed sgRNAs and a commercial Cas9 preparation, and the RNPs were introduced into 

potato protoplasts (cultivar ‘Desiree’) via polyethylene glycol-mediated transfection.  Of the 92 

independent regenerated shoots analyzed, 36 carried a mutation in at least one copy of the 

StPPO2 gene, and nine shoots carried mutations in all four copies of the gene (‘Desiree’ is a 

tetraploid).  The majority of the characterized mutations were small deletions, although there 

were some larger deletions and several plants carried mutations with insertions of potato 

genomic DNA at the target site, and there were no off-target mutations detected in any of the 

other nine StPPO genes.  The fully mutated plants displayed no phenotypic abnormalities, and 

enzymatic analyses showed a reduction in tuber PPO activity of nearly 70 % compared to the 

control.  This correlated with similar significant reductions in the level of enzymatic browning 

in cut tubers exposed to air for 1-2 days.  As in the example cited above for genome editing of 

GBSS in potato, reducing PPO activity by genome editing using Cas9/SgRNA RNPs in potatoes 

is very significant; the multi-allele mutations occurred in the T0 generation and the mutant 

plants can be clonally propagated on a large scale.  Genome-edited plants with novel 

phenotypes that do not carry (and were never exposed to) transgenes will not be subject to a 

lengthy and costly regulatory process in some countries (US, Canada, Argentina, and Australia, 

for example), but the 2018 ruling by the Court of Justice of the European Union (CJEU) 

regarding the interpretation of the GMO Directive on mutagenesis makes it unlikely that such 

plants will be grown in the EU any time soon (see the section on Governmental Regulation 

below). 

5) Tomato (Solanum lycopersicum) is one of the world’s most important horticultural 

vegetable crops and is also a model species in which to study traits such as fruit development, 

evolution, and disease resistance in the Solanaceae.  Ueta et al. (2017) were able to demonstrate 

efficient targeting of SlIAA9, a gene involved in auxin signaling, in two tomato cultivars.  

Knock-out mutations in this gene resulted in plants that produced fruits without the need for 

flower pollination, a condition known as parthenocarpy.  The seedless-fruit phenotype was 

observed in the T0 generation and was found to be fully heritable.  Kwon et al. (2020) showed 

that by using CRISPR-Cas9 genome editing to target only three genes (SP, SP5G, and SlER), 

it is possible to convert large growing, indeterminate tomato plants into compact, early 

maturing, determinate forms.  The resulting “triple determinate” mutants grew well in the field 

and produced large numbers of fruit with no yield reduction, making them well suited for urban 

agriculture.  Tomato is a host for many diseases caused by bacteria, viruses, fungi, and downy 

mildews (oomycetes) that can severely impact fruit yield, and many genes involved in host 

immunity and specific host-pathogen interactions have been identified in this species.  Zhang 

et al. (2020) conducted a large-scale mutagenesis CRISPR-Cas9 experiment using 195 guide 

RNAs to generate 361 T0-generation plants, of which 245 (68 %) had mutations in one or more 

of the 63 targeted genes known to be associated with disease resistance/immunity in tomato.  

The mutations were characterized by DNA sequencing, and no off-target mutations were 

detected.  The mutant plants from this study will be a valuable resource for understanding the 

molecular bases of host-microbe interactions. 
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10. Using CRISPR/Cas in tobacco 

Methods and reagents for using CRISPR/Cas systems in agriculture developed at the Broad 

Institute are generally available to the plant research community free-of-charge.  From the 

Broad Institute website: (https://www.broadinstitute.org/partnerships/office-strategic-

alliances-and-partnering/information-about-licensing-crispr-genome-edi): 

“For academic and non-profit research use, no written license is necessary.  For these 

communities we make CRISPR tools, knowledge, methods and other IP for genome-editing 

freely available for research.” 

However, the Broad has taken an ethical stance in three areas that affect agriculture – gene 

drive, sterile seeds, and tobacco.  Their position on tobacco is reflected in a statement from Issi 

Rozen, Chief Business Officer of the Broad Institute (29 September 2016): 

“We prohibit the use of the licensed technology to modify tobacco for any use other than (i) in 

the context of a model organism for research not directed to the commercialization of tobacco, 

and (ii) for manufacturing purposes of non-tobacco products” 

(https://www.broadinstitute.org/news/licensing-crispr-agriculture-policy-considerations). 

From this statement, it is quite clear that the tools for CRISPR-Cas genome editing are available 

from the Broad Institute for use in tobacco, but only for research purposes.  As of December 

31, 2019, the University of California (UC) system owns 20 issued US patents that cover a wide 

range of uses, reagents, and modifications to the CRISPR-Cas9 genome editing system in 

prokaryotic and eukaryotic cells/organisms.  This is the largest and most comprehensive single 

CRISPR-Cas patent portfolio at present (news.berkeley.edu/2019/06/25/crispr-timeline/).  UC 

has an open-licensing policy that allows universities and non-profit organizations to use the 

technology for non-commercial research and educational purposes.  Licensing of UC CRISPR 

genome editing technology for commercial applications is handled through Caribou 

Biosciences (Berkeley, CA), and their ethical position on tobacco is unknown, although we can 

assume that it will be similar to that of the Broad Institute. 

11. Recent applications of CRISPR/Cas to genome editing in 

tobacco 

Its large tetraploid genome (~5 billion base pairs) makes tobacco an ideal subject for 

CRISPR/Cas genome editing.  The genome of Nicotiana tabacum originated from hybridization 

between the diploid species Nicotiana sylvestris and N. tomentosiformis (or their immediate 

ancestors) followed by chromosome doubling ~200,000 years ago.  As a consequence, the vast 

majority of tobacco genes are present in four copies rather than two (as in a diploid).  As 

described previously for potato, a single guide RNA can serve to introduce mutations into all 

four copies of a gene provided that there is a region of at least 20 bp of conserved DNA sequence 

adjacent to a PAM sequence.  Potential targets for mutation in tobacco are the genes that control 

nicotine levels in the plant.  In March 2018, the US Food and Drug Administration (FDA) 

issued an advance notice of proposed rulemaking (ANPRM) to obtain information aimed at 

setting a product standard to reduce the maximum concentration of nicotine in cigarettes to 

“non-addictive” levels.  From publicly available information, this level is probably 0.5 mg 

nicotine per gram of tobacco, which is ~3 % the level found in commercial cigarettes.  Although 

FDA dropped this plan in late 2019 (https://www.bloomberg.com/news/articles/2019-11-20/u-

s-drops-plan-to-cut-nicotine-levels-in-traditional-cigarettes?srnd=premium), reduced-nicotine 

tobacco remains a viable research target.  Nicotine biosynthesis in tobacco root cortical cells 

https://www.broadinstitute.org/partnerships/office-strategic-alliances-and-partnering/information-about-licensing-crispr-genome-edi
https://www.broadinstitute.org/partnerships/office-strategic-alliances-and-partnering/information-about-licensing-crispr-genome-edi
https://www.broadinstitute.org/news/licensing-crispr-agriculture-policy-considerations
https://www.bloomberg.com/news/articles/2019-11-20/u-s-drops-plan-to-cut-nicotine-levels-in-traditional-cigarettes?srnd=premium
https://www.bloomberg.com/news/articles/2019-11-20/u-s-drops-plan-to-cut-nicotine-levels-in-traditional-cigarettes?srnd=premium
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involves ~10 enzymatic steps in two major pathways; thus, there are many potential ways to 

interrupt nicotine production through site-directed mutagenesis.  The final oxidation step in the 

biosynthesis of nicotine, anabasine, and anatabine is catalyzed by berberine bridge enzyme-like 

(BBL) proteins.  There are six BBL loci in the tobacco genome, three inherited from  

N. sylvestris and three from N. tomentosiformis.  Schachtsiek and Stehle (2019) were able to 

design a single 20-bp guide RNA to target the same part of the coding sequence in all six BBL 

loci.  Chemical analysis of one T3-generation plant showed a dramatic reduction in the nicotine 

level of 99.7 % (0.4 mg per g dry weight).  Nucleotide sequencing revealed that all six BBL 

genes were mutated at the same site, and all had a single-base pair insertion that caused a frame-

shift mutation, resulting in a non-functional protein.  The T3-generation nicotine-free plant 

showed no phenotypic changes and was also demonstrated to be non-transgenic.  Large 

reductions in nicotine content can also be realized by reducing the expression of pathway genes.  

In tobacco roots, many of the genes in the nicotine biosynthesis pathway are organized into a 

‘regulon’, in which the expression of this group of genes is coordinately regulated by two 

homologous transcription factors in the ethylene response factor family, ERF189 and ERF199.  

Hayashi et al. (2020) showed conclusively that using CRISPR-Cas9 to introduce deleterious 

mutations into these two genes had strong negative effects on the mRNA levels for nine genes 

involved in nicotine biosynthesis, which in turn reduced nicotine levels in vivo.  Alkaloid levels 

in T3-generation plants with mutations in both NtERF189 and NtERF199 were reduced by  

96-98 % in the leaves and 73-86 % in the roots compared to the wild-type control plants.  As 

with the BBL mutations described above, the T3 ERF gene knockout plants showed no 

phenotypic abnormalities at any stage of cultivation and were also transgene-free. 

Another effective use of CRISPR-Cas genome editing technology in tobacco was demonstrated 

by Ding et al. (2020), who characterized the functions of the BRANCHED (BRC) genes in 

regulating axillary shoot outgrowth (suckering) in tobacco.  Similar to the BBL genes, 

N. tabacum inherited three BRC genes each from the progenitor species N. sylvestris and 

N. tomentosiformis.  By introducing individual knock-out mutations in five of the six tobacco 

BRC genes, Ding et al. showed that three are negative regulators of axillary branching, one 

appears to have no function, and one (NtBRC2A) was found to be a positive regulator of 

branching.  This last result was unexpected, although it was confirmed by showing that young 

transgenic plants overexpressing NtBRC2A produce a large number of suckers. 

12. Examples of plant genome editing and governmental 

regulation 

Regulatory issues impose further constraints on the use of CRISPR-based genome editing in 

plants and, more specifically, for tobacco improvement.  The US government uses a product-

based assessment to regulate GMOs under existing laws for all biotechnology products.  The 

USDA has stated that “many genome-edited plants do not meet the regulation criteria to be 

subject to this [existing] regulation [7 CFR part 340]”, and this includes genetic alterations such 

as deletions, single base-pair substitutions, and sequences from sexually compatible plant 

relatives.  The FDA regulates GMO food and feed by their objective characteristics, 

independent of the methods used to produce them, and each new product is subjected to rigorous 

testing on a case-by-case basis.  In 2020, the USDA-APHIS (Animal and Plant Health 

Inspection Service) finalized a rule exempting genome-edited plants from regulation if they 

could have been produced by conventional breeding.  The European Union (EU) regulatory 

framework is fundamentally different, because it is process-based.  Transgenic plants, or plants 

or products derived from transgenic plants, are subject to regulation because their “genetic 

material has been altered in a way that does not occur naturally”, but this GMO Directive 
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originally did not apply to plants derived using mutagenesis techniques.  This situation changed, 

however, on 25 July 2018, when the Court of Justice of the European Union (CJEU; Luxembourg) 

ruled in Case C-528/16 that organisms obtained by mutagenesis are now to be considered GMOs 

and are thus subject to the same lengthy and costly approval process used to regulate transgenic 

plants as originally specified in 2001 (Directive 2001/18/EC).  This ruling was intended to 

address mutagenic methods and new plant breeding techniques (NPBTs) developed since 2001 

(such as genome editing).  The original statement from CJEU Advocat General Michal Bobek 

suggested that while genome-edited plants are to be considered GMOs, they should also be 

exempted from strict regulation if no foreign DNA was inserted.  However, the final CJEU 

ruling stated that only plants derived using conventional mutagenesis methods that have a long 

safety record, such as chemical mutagenesis (EMS)  and radiation, should be exempt from the 

GMO regulations.  Such plants can also be certified as ‘organic’ in both the US and EU. 

The Global Gene Editing Regulation Tracker (https://crispr-gene-editing-regs-

tracker.geneticliteracyproject.org/#jet-tabs-control-1403) monitors the regulation of gene-

edited crops/foods and animals in countries and regions around the world, and has grouped 

them into eight categories based on the level of regulatory restrictions.  Examples of 

countries/regions in each of the categories for crops and food are given below: 

1. Determined: No Unique Regulations (Argentina, Brazil, Chile, Colombia, Israel, 

Paraguay, US).  Gene-edited plants/crops/food are regulated as conventional plants as 

long as they do not contain foreign DNA.  The situation in the US is complicated by the 

fact that three federal agencies (USDA, FDA, and EPA) regulate GMOs, and it is not 

clear whether existing policies will cover all gene-edited crops. 

2. Lightly Regulated (Australia, Canada, Japan).  Australia has deregulated gene-edited 

crops produced by a process that cuts the genome at a specific site but does not specify 

what, if any, DNA sequence will be inserted (the SDN-1 strategy).  In Japan, gene-

edited foods and crops are assessed on a case-by-case basis, and producers are required 

to disclose to the government what genes were targeted and which gene editing method 

was used.  No safety or environmental assessments are required if the gene-edited crop 

does not contain added foreign DNA.  Canada regulates any products that contain novel 

traits, including gene-edited crops, and each case is evaluated individually.  If found to 

contain novel traits, safety and environmental assessments are required prior to 

approval.  Regulation of gene-edited foods and crops in this category is not as strict as 

for transgenic GMOs. 

3. Proposed: No Unique Regulations (Central America, Uruguay, India).  In India, recently 

proposed guidelines that require additional testing of gene-edited crops for regulation 

continue to be discussed and debated.  The Central American nations of Honduras, 

Guatemala, and El Salvador have signed agreements that gene-edited crops that do not 

qualify as GMOs should be regulated as conventional crops.  Honduras and Guatemala 

are also signatories to the 2018 joint statement from a coalition of 13 nations that 

includes the US and Brazil that pledges to “support policies that enable agricultural 

innovation, including genome editing.” 

4. Ongoing Research, Regulations in Development (Russia and China).  In Russia, a 

federal program announced in 2019 exempts some gene-edited crops from a ban 

imposed in 2016 on the cultivation of GE organisms.  A decree that established this 

program considers gene-editing to be equivalent to conventional breeding methods.  In 

China, there is a large amount of gene-editing research being conducted.  However, 

regulations for gene-edited plants have not been announced, but the expectation is that 

they will be treated the same as plants bred by conventional methods. 

https://crispr-gene-editing-regs-tracker.geneticliteracyproject.org/#jet-tabs-control-1403
https://crispr-gene-editing-regs-tracker.geneticliteracyproject.org/#jet-tabs-control-1403
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5. Highly Regulated (New Zealand).  No gene-edited crops or food are grown or produced 

commercially in New Zealand, where genetic modifications, including gene editing, are 

tightly regulated.  Genetic modifications in plants and animals are approved for 

research. 

6. Mostly Prohibited (European Union and United Kingdom).  The EU strictly regulates 

GMOs, including gene-edited crops and foods, and focuses on the process rather than 

on the characteristics of the product, even if it does not contain foreign DNA.  Crop 

research using CRISPR to introduce novel traits is underway in several EU member 

states, but only for research purposes at present.  Because the UK has not formally 

separated from the EU, the process-based regulations remain in effect there. 

7. Limited Research, No Clear Regulations (Mexico, Ukraine).  Neither Mexico nor 

Ukraine has determined the regulatory status of gene editing in crop plants and products, 

and there is little in the way of research and no products are in development.  In Mexico, 

gene-edited products are presently regulated under the highly restrictive laws that apply 

to transgenic GMOs. 

8. Prohibited (none). 
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