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Recently, new breeding technologies, and in particular the exciting CRISPR/Cas (clus-
tered regularly interspaced short palindromic repeats/CRISPR-associated proteins)
technology, was shown to be a powerful alternative to engineer resistance against
plant viruses, thus has great potential for reducing crop losses and improving plant
productivity to directly contribute to food security. Indeed, it could circumvent the
“Genetic modification” issues because it allows for genome editing without the inte-
gration of foreign DNA or RNA into the genome of the host plant, and it is simpler and
more versatile than other new breeding technologies. In this review, we describe the
predominant features of the major CRISPR/Cas systems and outline strategies for the
delivery of CRISPR/Cas reagents to plant cells. We also provide an overview of re-
cent advances that have engineered CRISPR/Cas-based resistance against DNA and
RNA viruses in plants through the targeted manipulation of either the viral genome
or susceptibility factors of the host plant genome. Finally, we provide insight into the
limitations and challenges that CRISPR/Cas technology currently faces and discuss a

few alternative applications of the technology in virus research.
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1 | INTRODUCTION to changing environmental conditions and their effective dissemina-

tion facilitated by vector transmission (Anderson et al., 2004). Most
Plant viruses are nucleoprotein complexes that rely mostly on host economically important crops get infected with viruses, causing
cells for their propagation. A large fraction of emerging plant dis- serious viral diseases that are responsible for significant decreases
eases is caused by viruses, mostly because of their ability to adapt in both the yield and quality of harvests worldwide. It is estimated
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that 15% of global crop production is lost due to plant diseases, of
which one-third is accounted for by viruses (Boualem et al., 2016;
Yadav & Chhibbar, 2018). Plant viruses therefore threaten global
food security and agricultural productivity for the ever-increasing
world population.

Plant viruses have small genomes (4-20kb) composed of DNA
or RNA that encode conserved essential proteins such as the coat
protein, movement protein, and replication-associated enzymes,
as well as a number of additional less-conserved proteins (Awasthi
et al., 2016). Viral replication and transcription are dependent on the
host's cellular machinery, making plant viruses obligate parasites.
Plant viruses are transmitted by exposure to wounds, seeds, and
pollen or by a diverse range of vectors including insects, nematodes,
soil fungi or mites (Bragard et al., 2013; Lefeuvre et al., 2019). Unlike
other plant pathogens, viruses cannot be controlled directly by chem-
ical applications on infected material, making preventative sanitary
measures the only approach to manage infections. Currently, control
measures include planting virus-free material, the eradication of in-
fected material that was detected early enough, crop rotation, and
pesticides to control transmission vectors (Fereres & Raccah, 2015;
Tavazza et al., 2017). While agricultural practices often depend on
pesticides, the extensive use of these has been shown to have many
adverse effects on the environment and has given rise to insecticide
resistance in virus-vector populations (Bragard et al., 2013).

The use of plant varieties that have natural genetic resistance
factors constitutes the most efficient and sustainable approach to
control viral infections. The first virus resistance gene was cloned
and isolated from Nicotiana glutinosa. Named the N gene of tobacco,
it confers a gene-for-gene resistance to the viral pathogen tobacco
mosaic virus (TMV) in both tobacco and tomato transgenic plants
(Whitham et al., 1994, 1996). Its cloning ultimately led to a better
understanding of plant virus immune systems. By the introgression
of resistance genes from wild to cultivated plants, a number of these
plants were improved over the past decades and made commer-
cially available. Unfortunately, for many plant-virus combinations
the transfer of a resistance trait to a desired cultivar faces complex
genetic constraints, such as linkage drag and high levels of heterozy-
gosity (Kang et al., 2005). In addition, this approach requires a long
generation time and is not cost-effective for most breeding pro-
grammes. Viruses, like other pathogens, are able to evolve rapidly
through recombination, mutations, and reassortment, making mo-
lecular advances in providing new tools for crop improvement and
durable resistance vital.

Inthe 1980s, when alternative transgenic approaches were being
explored, it was discovered that the inhibition of gene expression
could be engineered by the expression of antisense RNA in plant
cells, a phenomenon named pathogen-derived resistance (PDR)
(Sanford & Johnston, 1985). As further studies were conducted,
resistance was obtained through the expression of partial or non-
coding virus sequences, leading to successful developments of virus-
resistant crops (Lomonossoff, 1995; Wilson, 1993), even though
the mechanisms behind PDR were not completely understood

(Baulcombe, 1996). The RNA-mediated mechanism behind PDR
was later shown to be an antivirus response from plants, a strategy
termed RNA silencing (Tenllado, 2004). By means of regulating gene
expression, the RNA silencing strategy was a breakthrough for anti-
viral breeding and has for more than a decade been used to engineer
resistance in several crops against more than 60 different viruses
(Zhao et al., 2019). More recently, genome-editing technology has
emerged and can be used for virus resistance following two broad
strategies: the first approach targets the virus directly, as with RNA
silencing; while the second approach targets endogenous host plant
susceptibility (S) factors (van Schie & Takken, 2014). S factors are
host factors that viruses use to replicate and complete their lifecycle
in the plant. By modifying these S factors with genome editing, we
can limit their availability and therefore mitigate the pathogenicity of

viruses in plants (Dong & Ronald, 2019).

2 | PLANT GENOME-EDITING
TECHNOLOGIES

Since the emergence of genome-editing technology, the achieve-
ments using this approach have revolutionized the fields of func-
tional genomics and crop improvement. Essentially, genome-editing
technology is the use of sequence-specific nucleases for recogniz-
ing specific DNA sequences and producing DNA double-stranded
breaks (DSBs) at targeted sites in chromosomal loci (Yin & Qiu,
2019). In almost all cell and organism types, a nuclease-induced
break is repaired via either nonhomologous end-joining (NHEJ) or
homology-directed repair (HDR) (Sonoda et al., 2006). These two
pathways differ in their efficiency and the mechanisms they require
to repair the chromosome. If a repair template is absent, the error-
prone NHEJ operates, resulting in the introduction of a single or
multiple insertion/deletion (indel) mutations after a DSB (Figure 1).
These indels can cause a frameshift mutation as they disrupt either
a translational reading frame or the binding sites of trans-acting
factors. Therefore, gene knockouts are created (Song et al., 2016).
Alternatively, the high-fidelity HDR method uses an intact homolo-
gous sequence as a donor template to enable sequence insertions
or introduce point mutations by means of loci recombination (Belhaj
etal., 2013).

Previously, the leading genome-editing tools available were zinc
finger nucleases (ZFNs) and transcription activator-like effector nu-
cleases (TALENSs) (Boch et al., 2009; Kim et al., 1996). Both of these
nucleases are chimeric proteins created by fusing their respective
DNA-binding domains (DBD) with the DNA cleavage domain of the
Fokl restriction enzyme. Sequence specificity of the target DNA is
conferred by the DBD, while the Fokl cleavage domain produces the
DSBs in the targeted site (Christian et al., 2010; Kim et al., 1996).
ZFN- and TALENS-based genome editing has been used with variable
success in several plant species (Cai et al., 2009; Curtin et al., 2011;
Shan et al., 2013; Zhang et al., 2012). Although the use of ZFNs and
TALENSs led to important advances, the customization of these two
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FIGURE 1 Repair pathways for
nuclease-induced double-stranded breaks.
Nonhomologous end-joining leads to the
introduction of random indel (insertion/
deletion) mutations, whereas homology-
directed repair can introduce point
mutations or sequence insertions through
recombination using a donor template.
This figure was created using Biorender.

Non-homologous end-joining (NHEJ)

Genomic DNA

Nuclease-induced

/ double-strand break \

Homology-directed repair (HDR)

L ) ( ~———— Donor template
Vv S —_—
Deletions —
_ o
i IE—— DoC
§ )
Insertions e ey
= |

Variable length indels ‘

Precise insertion

genome-editing platforms requires protein engineering for each new
target, making it a time-consuming and resource-intensive process
(Gaj et al., 2013). During the last decade, a new genome-editing plat-
form naturally surpassed ZFNs and TALENs and their applications

in plants.

2.1 | CRISPR/Cas systems

Clustered regularly interspaced short palindromic repeats (CRISPR)
and CRISPR-associated (Cas) proteins form the CRISPR/Cas system,
which evolved in archaea and bacteria as an adaptive immune system
againstinvading foreign nucleic acids originating from viral or plasmid
pathogens (Barrangou et al., 2007; Barrangou & Marraffini, 2014;
Brouns et al., 2008). While reported for the first time in 1987 by
Ishino et al. (1987), it was only in 2012 that the potential of this
system was realized by the fusion of the CRISPR-RNA (crRNA) and
trans-acting CRISPR-RNA (tracrRNA) to form guide-RNA, an inven-
tion that would earn Jennifer Doudna and Emmanuelle Charpentier
a Nobel prize in 2020 (Jinek et al., 2012). The mechanism of CRISPR/
Cas-mediated immunity (Figure S1) has been the topic of a multitude
of research and review papers over the last decade (for recent re-
views, see Nussenzweig & Marraffini (2020) and Nidhi et al. (2021)).

Since the discovery of the CRISPR/Cas9 system in Streptococcus
pyogenes, related systems in many different bacterial and archaeal
species have been discovered. These have been classified in differ-
ent classes, types and subtypes, based mainly on the functionality
of the effector molecules (Koonin et al., 2017; Shmakov et al., 2015,
2017).

The knowledge of all aspects of CRISPR/Cas systems is con-
stantly expanding. In this review application of the better-known
members in the CRISPR toolbox are described, especially in the con-
text of their use in virus interference.

\ or modification

2.2 | CRISPR/Cas for DNA editing

2.21 | CRISPR/Cas9
The class 2 type Il endonuclease Cas9 from Streptococcus pyogenes
(SpCas9) was the first Cas effector to be adapted as a genome engi-
neering tool. In the natural system, the pre-crRNA is processed into
mature crRNAs by a tracrRNA and the bacterial RNase Ill. An RNA
complex comprising a crRNA and tracrRNA then directs a cluster
of Cas9 nuclease proteins to cleave invading double-stranded DNA
(dsDNA), which essentially gives rise to a target interference (Van
Der Oost et al., 2014). For most applications in genome editing, the
crRNA and tracrRNA are fused into a single guide RNA (sgRNA) with
a specific 20nucleotide (nt) spacer sequence complementary to a
DNA target (Figure 2a). A prerequisite for Cas9 cleavage is the pres-
ence of a short G-rich protospacer adjacent motif (PAM), found im-
mediately downstream of a DNA target sequence. The Cas9 protein
comprises two nuclease domains, RuvC and HNH, each responsible
for the cleavage of one strand of the dsDNA target, generating ei-
ther a blunt DSB (Ran et al., 2013; Sander & Joung, 2014) or a stag-
gered DSB, as more recently discovered (Molla & Yang, 2020).
Several online bioinformatic software tools have been devel-
oped to predict the effectiveness of sgRNAs from whole-genome
information. A well-designed sgRNA should be specific to the DNA
target, meaning it should tolerate as few mismatches as possible,
and none in the 8-12 nt seed region adjacent to the PAM, to reduce
the possible off-target activity of the attached Cas nuclease (Zhang
et al., 2015). Both on-target efficiency and off-target activity are
affected by the unique nucleotide sequence as well as possible sec-
ondary structure of a sgRNA (Uniyal et al., 2019). When applying
the CRISPR/Cas9 system, it is still a concern that high frequen-
cies of off-target mutations may cause genomic instability (Wolt
etal., 2016).
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FIGURE 2 A schematic comparison of the class 2 CRISPR/Cas systems. (a) Cas9 represents a type |l system and is guided by an sgRNA
encoding a spacer bound to a dsDNA target adjacent to a PAM. The HNH and RuvC nuclease domains are activated when the correct base-
pairing occurs and cleave both DNA strands. (b) Cas12a represents a type V system and binds to the DNA sequence complementary to the
single crRNA spacer and adjacent to a PAM. The RuvC nuclease domain is activated when the correct base-pairing occurs and ssDNase
activity cleaves both strands. (c) Cas13 represents a type VI system and binds to a ssRNA sequence complementary to the crRNA spacer.
The HEPN domains are activated when the correct base-pairing occurs for ssRNase activity. This figure was created using Biorender.

The cleavage action of the Cas9 protein is a crucial step in tar-
geted genome editing because this introduces a DSB in the genomic
sequence of interest. Owing to its higher mutation efficiency and
design simplicity, the CRISPR/Cas? system dominates applications
in plants compared to ZFNs and TALENSs. Initially, CRISPR/Cas9-
mediated genome editing was typically used to target one or two
gene loci at the same time. To target multiple genomic loci simul-
taneously, multiplex CRISPR/Cas9 systems were designed to allow
the co-expression of several sgRNAs (Mushtaq et al., 2018). This
multiplex genome-editing approach is valuable for functional gene
knockouts in plants.

In an alternative application called base editing, an inactivated
CRISPR-Cas? effector (Cas9 variants, dCas9 or Cas9 nickase) is
fused to a cytosine or adenosine deaminase, and the CRISPR-Cas9
system can be used to introduce point mutations in the target se-
qguence without generating a DSB. The change of one base to another
has the potential of generating new crop varieties, thereby enhanc-
ing crop improvement processes (Azameti & Dauda, 2021). A recent
evolution of Cas9 applications is prime editing, which allows for the
insertion of a desired sequence at a target site without making use

of HDR. The technology relies on a novel CRISPR/Cas9 complex,
which is composed of a protein consisting of a Cas9 nickase (H840A)
fused to a reverse transcriptase and a prime editing guide RNA (pe-
gRNA). The pegRNA consists of a reverse transcriptase template
and a primer-binding site at the 3’ end of the sgRNA. This primes
the reverse transcription and incorporates the genetic information
from the reverse transcriptase template into the genome (Azameti &
Dauda, 2021). Prime editing, although very promising and versatile,
still suffers from low efficiency in plants.

2.2.2 | CRISPR/Cas12a

A second class 2 effector, Cas12a (formerly Cpf1), was later identi-
fied and categorized as a type V CRISPR/Cas. In contrast to Cas9,
Casl12a contains an RuvC domain but not an HNH domain and
generates a staggered DSB distal from a T-rich PAM located up-
stream from the guide sequence (Makarova et al., 2015; Zetsche
et al., 2015). The staggered DSB is situated close to the 3'-end of
the complementary target sequence, creating a 5'-overhang. The
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production of DSBs with staggered ends by Cas12a may be advan-
tageous for knock-in applications, indeed being able to programme
the exact sequence of a sticky end would allow researchers to de-
sign the DNA insert such that it integrates into the genome in the
proper orientation and at precise positions by using complemen-
tary DNA ends through HDR (Zetsche et al., 2015). Furthermore,
Casl12a requires a shorter crRNA than Cas9 and there is no evi-
dence that a tracrRNA is required (Fonfara et al., 2016). Guided
by a single crRNA and the presence of a T-rich PAM sequence (5'-
TTN-3'), the Cas12a effector can target either ssDNA or dsDNA.
As shown in Figure 2b, the crRNA scaffold is located on the 5'-
end, as opposed to the 3'-end in type Il CRISPR/Cas systems. The
Casl12a proteins also have RNase activity, used to process pre-
crRNAs into mature crRNAs (Jeon et al., 2018). This crRNA pro-
cessing feature can be exploited to simplify multiplexed genome
editing through the use of a single customized crRNA array. The
potential of Cas12a as an alternative to the Cas9 endonuclease
has been demonstrated in mammalian, plant, and microbial cells
(Yan et al., 2017; Zaidi et al., 2017; Zetsche et al., 2015). Another
interesting characteristic of Cas12a (and a few other type V Cas
nucleases) is that specific cis-cleavage of the target DNA induces
collateral trans-cleavage of nontarget ssDNA, a feature that has
been exploited in the development of highly specific and sensitive
nucleic acid detection systems. Recently, another Cas12-variant
was discovered in the genomes of some archaea (Harrington
et al., 2018). This nuclease, named Cas14, is small (40-70kDa)
compared to Cas? and Cas12, cleaves ssDNA, and also demon-

strates indiscriminate trans-cleaving of ssDNA.

2.3 | CRISPR/Cas for RNA editing

2.3.1 | RCas9 variant

The Cas9 effector derived from Streptococcus pyogenes (SpCas9)
has been extensively utilized for dsDNA genome editing and has
shown that it can be easily reprogrammed for efficient cleavage,
making it a suitable candidate to be repurposed for ssRNA targeting
and manipulation. This was shown by O'Connell et al., who demon-
strated the SpCas9 binding and cleavage of ssRNA in vivo (O'Connell
et al., 2014). In contrast to the native dependence of SpCas? for a
PAM sequence, when synthetic PAM sequences (PAMmers) were
supplied exogenously, the SpCas9 was successfully redirected
to target the ssRNA sequence complementary to the PAMmers
(O'Connell et al., 2014). This indication of RNA targeting was further
tested by including dsDNA with the ssRNA targets and PAMmers.
Interestingly, the SpCas9 and its crRNA targeting counterpart exclu-
sively targeted the ssRNA, avoiding the corresponding DNA in vitro.
Thereafter denoted as an RNA targeting Cas9 (RCas9), this effector
can be used as a programmable RNA binding platform. While RCas9
shows promise for further applications, a concern to consider is the
costly synthesis of PAMmers, as well as the chemical modifications
required to stabilize them in living cells (Nelles et al., 2016).

2.3.2 | FnCas9 variant

Previously shown to mediate DNA cleavage, a Cas9 effector en-
coded from Francisella novicida (FnCas9) was identified and ap-
plied for targeted RNA cleavage in vivo (Price et al., 2015; Sampson
et al.,, 2013; Zhang, Zheng et al., 2018b). Discovered in 2013
(Sampson et al., 2013), the enzyme was shown to target bacterial
mRNA and target gene expression. This novel feature of FnCas9 led
to its use for the targeting of several eukaryotic viruses such as the
human hepatitis C virus (HCV), and cucumber mosaic virus (CMV)
and TMV in plants, with different degrees of successful interfer-
ence (Price et al., 2015; Zhang, Zheng, et al., 2018b). In addition to
the crRNA and tracrRNA, the CRISPR/FnCas9 system also requires
a small CRISPR/Cas-associated RNA (scaRNA) that hybridizes with
tracrRNA, forming a duplex that promotes RNA targeting. Unlike
the RCas9 system, the RNA targeting action of FnCas9 does not de-
pend on a PAM. While some studies highlight the potential that the
CRISPR/FnCas9 system holds for specific RNA targeting, there are
still underlying mechanisms of FnCas9 that remain unknown. Due
to its dual DNA and RNA targeting ability, like the RCas9 system,
FnCas9 is less likely to be selected for RNA manipulation in the nu-
cleus (Price et al., 2015).

24 | CRISPR/Cas13

Using data mining and bioinformatic approaches, three novel class
2 CRISPR systems besides the common Cas9 effector were discov-
ered, namely C2c1, C2c2, and C2c3 (Shmakov et al., 2015). Similar
to Cas12a, C2c1 and C2c3 contained RuvC-like endonucleases and
were therefore classified as type V-B Cas12b and type V-C Cas12c,
respectively. Notably, C2c2 was shown to have unique properties
compared to all other Cas proteins. Thereafter designated as Cas13,
the putative effector was assigned to a novel type, class 2 type VI
(Shmakov et al., 2017). Cas13a was the first class 2 effector found
to solely function as a single RNA-guided RNA-targeting protein.
Analysis of the Cas13a protein sequence resulted in the detection
of two “higher eukaryotes and prokaryotes nucleotide-binding”
(HEPN) domains, which are exclusively associated with RNase ac-
tivity (Anantharaman et al., 2013). The two structurally different
HEPN domains, HEPN1 and HEPN2, are located on the outer sur-
face and when activated lead to the cleavage of the target RNA
outside of the binding region (Figure 2c). The exposed catalytic
site of HEPN is available to all RNAs in a solution, thus explaining
why unspecific cleavage of RNA was detected in bacterial cells (Liu
et al., 2017). Further characterization of the RNA cleavage activity
of Cas13a elucidated that Cas13a is guided by a crRNA containing a
28-nt spacer sequence, an interaction maintained by the presence
of a protospacer flanking sequence (PFS) of A, C, or U (Abudayyeh
et al., 2016). As shown by the Cas12 system, Cas13a proteins can
autonomously process their own pre-crRNAs without the involve-
ment of tracrRNA. This crRNA maturation activity is catalysed by
a domain called Helicall and can be harnessed for multiplexed
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processing (Abudayyeh et al., 2017; East-Seletsky et al., 2016). The
sensitivity of the Cas13a system to single and double mismatches
was analysed and revealed that a central mismatch sensitive “seed”
region is present in the crRNA, opposed to the 5'-seed regions found
in type | and Il systems (Abudayyeh et al., 2016; Liu et al., 2017;
O'Connell, 2019). Consistent with other type V Cas nucleases, Cas13

has nonspecific collateral trans-cleaving activity, but in this case on

Konermann et al. (2018)

O'Connell et al. (2014)
Price et al. (2015)
Sampson et al. (2013)
Abudayyeh et al. (2016)
Abudayyeh et al. (2017)
Smargon et al. (2017)
Yan et al. (2018)

References

ssRNA molecules. The Cas13 nuclease family was shown to contain
three experimentally characterized subtypes, Cas13a, Cas13b, and
Cas13d (Table 1).

241 | Casl3 variants

In its native form, Cas13 can be used for targeted RNA cleavage such
as down-regulation of a specific transcript. The pioneer study that
characterized the functionality of the first Cas13 family representa-
tive, Leptotrichia shahii Cas13a (LshCas13a), later confirmed that
Cas13a solely cleaves ssRNA (Abudayyeh et al., 2016). It was shown
that LshCas13a could provide interference against an MS2 lytic

orthologues)

ssRNA phage in Escherichia coli. Interestingly, this study also identi-

3’-A/U/C-5' (not required by all orthologues)
5'-A/U/G and 3’-NAN or NNA (not required by all

Protospacer requirements

5-NGG-3'
5-NG-3'

fied that once activation by the target RNA was completed, non-
specific cleavage of RNAs other than the target RNA occurred. This
suggests that LshCas13a elicits programmed cell death or dormancy
in the natural system. Fortunately, this type of “collateral activity”
was not detected in eukaryotic cells (Abudayyeh et al., 2017; Cox
et al., 2017). Subsequently, a screening of various Cas13a proteins
identified LwaCas13a from Leptotrichia wadei and the knockdown
ability of LwaCas13a was demonstrated in mammalian cells with

Signature components
Cas9

PAMmer sgRNA
Cas9

sgRNA

Casl13

crRNA

Cas13

crRNA

CasRx

crRNA

no evidence of collateral RNA cleavage (Abudayyeh et al., 2017).
Abudayyeh et al. also verified the functionality of RNA knockdown
by LwaCas13a in plants, with almost all guides exceeding 50% RNA
knockdown in rice protoplasts, suggesting that a wide range of or-
ganisms can be edited using this system (Abudayyeh et al., 2017).
Although the LshCas13a orthologue requires a biochemical PFS,
analogous to the PAM for Cas9, LwaCas13a was shown to be exempt
from this restriction in mammalian cells (Abudayyeh et al., 2017; Cox
et al.,, 2017).

Another recently categorized CRISPR/Cas13 system identified

Ruminococcus flavefaciens

Organism(S) harbouring
respective types
Streptococcus pyogenes
Francisella novicida
Leptotrichia shahii
Leptotrichia wadei
Prevotella buccae
Bergeyella zoohelcum
Eubacterium siraeum

from computational sequence data mining is Cas13b (previously
C2cé), assigned to class 2 and type VI-B (Smargon et al., 2017).
Although Cas13b also contains two HEPN domains and actively tar-
gets ssRNA, it has a novel protein sequence that differs significantly
from Casl13a. In an E. coli essential gene screen, RNA cleavage by
Cas13b was shown to be dependent on a double-sided PFS, one

on each of the 5’- and 3'-ends of the protospacer target sequence

Class and type
Class 2, type ll
Class 2, type ll
Class 2, type VI-A
Class 2, type VI-B
Class 2, type VI-D

(Smargon et al., 2017). Another interesting finding indicated that
Cas13b interacts with two novel proteins, Csx27 and Csx28, of
which Csx27 can repress RNA targeting and Csx28 can enhance
RNA cleavage (Smargon et al., 2017). A study by Cox et al. evalu-
ated a subset of Cas13 enzymes and found that the Cas13b ortho-
logue from a Prevotella sp. P5-125 (PspCas13b) exhibited a higher
level of knockdown efficiency and specificity than the previously

Effector
FnCas9
Casl3a
Cas13b
Cas13d

TABLE 1 Classification of the main CRISPR/Cas RNA-targeting systems
RCas9
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characterized LwaCas13a (Cox et al., 2017). Similar to LwaCas13a,
however, PspCas13b showed no collateral RNase activity or PFS
preference in mammalian cells (Cox et al., 2017).

The most recent addition to the Cas13 subtypes is type VI-D,
which appears to be more distantly related on a primary sequence
level to previous Cas13 effectors (Yan et al., 2018). Cas13d enzymes
are about 20-30% smaller than all the previously reported subtypes
Cas13a to Cas13c, and the orthologues from Eubacterium siraeum
(Es) and Ruminococcus spp. (Rsp) possess associated WYL-domain-
containing accessory proteins for enhanced binding and cleavage ac-
tivity (Konermann et al., 2018; Yan et al., 2018; Zhang, Konermann,
et al., 2018a). Similar to the Casl3 subtypes LwaCasl13a and
PspCas13b, Cas13d shares many commonalities, such as the lack of
PFS requirements for target sequence selection and the innate abil-
ity to process pre-crRNAs (Zhang, Ye, et al., 2019a). Notably, the high
RNase activity of the Cas13d orthologue from Ruminococcus flavefa-
ciens (CasRx) was shown to provide specificity and robust activity in
both mammalian and plant cells when compared to other Cas13 pro-
teins, such as LwaCas13a and PspCas13b (Konermann et al., 2018;
Mahas et al., 2019). In addition, while a seed region was previously
not reported for Cas13d, researchers found a critical seed region for
optimal Cas13d knockdown efficiency between nucleotides 15 and
21 of the gRNA. By performing a set of pooled screens for CRISPR/
Cas13d, they identified optimal gRNA design rules for Cas13d and
developed a predictive model to select gRNAs with optimal effi-
ciency (Guo et al., 2021; Wessels et al., 2020). With reports of fa-
vourable RNA targeting efficiency, this enzyme will enable a wide
scope of RNA manipulations in plants. Already, a CRISPR/CasRx ac-
tivity prediction tool for gRNA target design has been developed for
mammalian cell culture applications (Wessels et al., 2020).

3 | CRISPR/CAS-BASED PLANT VIRUS
RESISTANCE

Plant viruses infect a wide range of plant species and are respon-
sible for substantial losses in the yield and quality of staple crops
(Nicaise, 2014; Oerke & Dehne, 2004). The first studies that looked
at using the genome-editing tool CRISPR/Cas for plant viruses were
designed to target DNA viruses. However, the majority of plant vi-
ruses have RNA genomes and often plant DNA viruses have an in-
termediate RNA stage in their life cycle (Roossinck, 2003), making
effectors with RNA specificity the systems of choice for this applica-
tion (Figure 3).

3.1 | Inactivation of plant DNA viruses

It has been demonstrated that CRISPR/Cas9-mediated DNA edit-
ing can be used as a successful defence mechanism against plant
DNA viruses (Ali, Abulfaraj, Idris, et al., 2015a). The members of the
plant virus family Geminiviridae are composed of ssDNA genomes
but also contain replicative intermediates of dsDNA, making them
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suitable candidates for CRISPR/Cas9 targeting. Three previous
studies reported the successful use of CRISPR/Cas9 to generate
geminivirus resistance in the model plants Nicotiana benthamiana
and Arabidopsis thaliana (Table 2; Ali, Abul-faraj, Li, et al., 2015b;
Baltes et al., 2015; Ji et al., 2015). In these, target regions within the
virus genomes, such as the replicase, coat protein, or intergenic re-
gion, were selected to design sgRNAs. As expected, all of these stud-
ies showed that the transgenic plants that expressed the CRISPR/
Cas9 components and were challenged with the respective virus had
reduced virus loads and symptoms (Ali, Abul-faraj, Li, et al., 2015b;
Baltes et al., 2015; Ji et al., 2015). In another approach targeting a
monopartite geminivirus, Yin et al. used transgenic N. benthamiana
plants expressing Cas9 and sgRNAs that simultaneously targeted
two different sequences in the genome of cotton leaf curl Multan
virus (CLCuMuV). This led to the plants being completely resistant to
CLCuMuV (Yin et al., 2019). The effectiveness of using a multiplexed
gRNA approach to minimize mutant escape formation as much as
possible was also confirmed by successful attenuation of chilli leaf
curl virus (ChiLCV) (Roy et al., 2019).

In addition to the Geminiviridae family, strong virus resistance
was achieved against cauliflower mosaic virus (CaMV), a plant
pararetrovirus with a dsDNA genome. Here, the expression of mul-
tiple sgRNAs, targeting the coat protein region, conferred successful
resistance in transgenic Arabidopsis plants (Liu et al., 2018). There
are some pararetroviruses, such as banana streak virus (BSV), that
may integrate their DNA into the nuclear genome of the plant host,
forming an endogenous virus (eBSV) that can also induce infections
under stress conditions. By generating transgenic banana plants ex-
pressing Cas9 and sgRNAs targeting integrated regions of the eBSV
genome, Tripathi et al. demonstrated the inactivation of the virus.
When the transgenic plants were challenged under water stress con-
ditions, they were resistant to reactivation of the virus when com-
pared to the nontransgenic control plants (Tripathi et al., 2019).

Recently, some studies have translated CRISPR/Cas-mediated
resistance against geminiviruses from model plants to crop plants.
For example, Tashkandi et al. engineered the CRISPR/Cas9 machin-
ery in tomato plants to target tomato yellow leaf curl virus (TYLCV)
genomic sequences, resulting in robust interference of TYLCV
in all tomato plants from the T, to the homozygous T, generation
(Tashkandi et al., 2018). Later, another study showed effective resis-
tance against wheat dwarf virus (WDV) in the monocot plant barley.
The sgRNA-Cas9 construct was developed to introduce mutations
at multiple sites within conserved regions of two WDV strains (Kis
et al,, 2019). In contrast, Mehta et al. attempted to engineer resis-
tance to an important geminivirus using CRISPR/Cas? in cassava, but
failed to induce effective resistance against African cassava mosaic
virus (ACMV) in transgenic cassava plants expressing Cas9 and sgR-
NAs that targeted regions of the virus genome (Mehta et al., 2019).
The probable reason for this is the fact that ACMV replication was
more efficient than CRISPR-cleavage, and that this potentially leads
to the emergence of novel virus mutants that cannot be cleaved by
the original CRISPR/Cas9 system again. In an interesting commen-
tary, Rybicki suggested that the conclusion by these authors may
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CRISPR toolkit can be used to introduce resistance (R) genes. Using
mediate the insertion of an R gene. To avoid whole-gene disruption,
that are associated with a disease-resistant trait. This figure was cre

be premature, because the study lacked a number of important
controls, such as lower concentrations of the challenging virus and
the use of multiple sgRNAs (Rybicki, 2019). However, the Mehta
et al. study highlights the risks surrounding transgenic CRISPR/Cas9
plants, given that they may accelerate the evolution of novel virus
genomes that can escape engineered resistance if they are not mon-
itored correctly (Mehta et al., 2019).

3.2

| Inhibition of plant RNA viruses

The majority (more than 60%) of plant-infecting viruses have RNA
genomes and pose a serious threat to agricultural production
(Lefkowitz et al., 2017). The discovery of CRISPR/Cas variants from
various bacterial strains such as RCas9, FnCas9, and Cas13a/b/d
have led to these being used to target RNA in vivo (Abudayyeh
et al., 2017; O'Connell et al., 2014; Sampson et al., 2013). The first

the cellular homology-directed repair (HDR) machinery, Cas9 can
Cas9 base-editing technology can be used to make specific mutations
ated using Biorender.

report of CRISPR/Cas%-engineered plant immunity for an RNA
virus was performed by a group that targeted CMV and TMV using
FnCas? and observed a reduction in virus accumulation in both
transgenic tobacco and Arabidopsis plants (Table 2) (Zhang, Zheng,
et al., 2018b). Applications of RNA virus interference by CRISPR/
Cas13 in plants have been described in recent literature. Aman
et al. first demonstrated the RNA targeting ability of CRISPR/Cas13
as a tool to combat viruses in plants (Aman, Ali et al., 2018a). The
study used LshCas13a for engineered interference against a green
fluorescent protein (GFP)-expressing turnip mosaic virus (TuMV), a
member of the Potyvirus genus, in N. benthamiana. Leaves of plants
stably transformed with a codon-optimized LshCas13a were infil-
trated with mixed Agrobacterium cultures carrying TuUMV-GFP and
crRNAs that target different regions of the virus genome. After infil-
tration, a ¢.50% reduction in GFP signal was detected in the leaves
for two of the tested crRNAs targets. These initial results indicated
the functional capacity for CRISPR/Cas13 in plants. The same group
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conducted a study with the same objectives in A. thaliana (Aman,
Mahas et al., 2018b). RNA interference against TuUMV-GFP virus rep-
lication was successful in A. thaliana too.

A preliminary study demonstrated that the LshCas13a system
can target and degrade viral RNA genomes and confer resistance to
an RNA virus in a monocot grain plant (Zhang, Zhao, et al., 2019b).
Transgenic rice plants harbouring the CRISPR/Cas13a system were
generated, with three crRNAs each targeting the RNA genomes of
southern rice black-streaked dwarf virus (SRBSDV) and rice stripe
mosaic virus (RSMV). Inhibition of viral infection was confirmed in
the transgenic rice plants, indicating that CRISPR/Cas13a can ef-
fectively target viral RNA in monocot plants too. Zhan et al. veri-
fied that the CRISPR/Cas13a system can be engineered to deliver
broad-spectrum resistance to transgenic potato plants against mul-
tiple potato virus Y (PVY) strains (Zhan et al., 2019). Confirmed by
enzyme-linked immunosorbent assays (ELISA) and reverse transcrip-
tion quantitative polymerase chain reaction (RT-gPCR), the trans-
genic potato plants expressing Cas13/sgRNA showed a significant
reduction in PVY accumulation. In a recent study in grapevine, Jiao
et al. compared FnCas9 and LshCas13a for efficacy against grape-
vine leafroll-associated virus 3 (GLRaV-3) and demonstrated that
while both systems could confer resistance, the latter provided bet-
ter interference efficiency against this virus (Jiao et al., 2022).

In another study, Mahas et al. characterized multiple Cas13 pro-
teins from three different Cas13 subtypes (a, b, and d) for their ef-
ficiency to target viral RNA in N. benthamiana (Mahas et al., 2019).
To improve cellular localization, each Cas13 orthologue was fused
to either a nuclear localization signal or a nuclear export signal.
Transient and stable overexpression assays were conducted using
a TMV-RNA-based overexpression (TRBO-G) system expressing
GFP, as well as a GFP-expressing TuMV, as interference targets.
The TRBO-GFP construct served as a reporter system that is not
capable of systemic movement, while the TuUMV-GFP virus was used
to test whether the variants could limit systemic spread efficiently
(Lindbo, 2007). Overall, while the variants LwaCas13a, PspCas13b,
and CasRx all showed high interference activities (over ¢.50% virus
reduction), CasRx mediated the most robust interference in both
stable and transient assays (Mahas et al., 2019). In addition, it was
shown that CasRx can target either one or two RNA viruses simulta-
neously, making CasRx a variant that is potentially amenable to mul-
tiplex targeting of RNA plant viruses. Likewise, Cao et al. recently
expanded on the applicability of CasRx and was able to show a
CRISPR/CasRx-mediated RNA interference against an array of RNA
viruses (Cao et al., 2021).

For viral interference applications, these reports are encourag-
ing for future multiplex strategies that can simultaneously either
target multiple species of viruses within the same family to provide
broad virus protection or target multiple regions of a single virus
genome to evade the possibility of evolutionary resistance to the
CRISPR/Cas system from occurring. A recent study showed that sin-
gle polyvalent gRNAs (pgRNAs), designed for one spacer to be able
to target multiple viral target sequences, in complex with the CasRx
effector can effectively suppress virus spread and gene expression

in planta, better than those with a monovalent gRNA counterpart
(Bagchi et al., 2022). This observation of enhanced antiviral suppres-
sion is related to improvements reported by CRISPR antiviral treat-
ments with multiple gRNAs, and future studies could now also use
multiple pgRNAs to further increase the number of target sites. The
impressive catalytic activity and high specificity of CasRx therefore
enables diverse RNA manipulations in plants and it appears that it
will continue to be favoured for viral RNA genome degradation. In a
recent surprising finding, Sharma et al. reported a system that they
termed “Cas13-independent guide-induced gene silencing (GIGS)”".
Using a CRISPR/Cas13 system, they demonstrated effective gene si-
lencing in three plant species when multiple gRNAs were expressed
in the absence of Cas13 (Sharma et al., 2022).

3.3 | Editing of host plant factors for
virus resistance

As mentioned earlier, another approach to obtain virus resistance
in plants is the targeting of the so-called susceptibility (S) genes.
Indeed, the success of viral infection depends on the deployment of
host cell machinery, including host-encoded virus-compatible pro-
teins or S factors, and whose modification may cause loss of suscep-
tibility, passive resistance, or recessive resistance (Kan et al., 2022).

A well-known S factor is the eukaryotic translation initiation
factor 4E (elF4E). As shown in Table 3, there are a number of ex-
amples in literature where the gene(s) encoding elF4E have been
edited and subsequent resistance to viruses observed. For example,
Chandrasekaran et al. (2016) used the CRISPR/Cas9 system to induce
mutations in the elF4E gene of cucumber and reported the effective
resistance of these cucumber plants against three different poty-
viruses, which have RNA genomes, namely zucchini yellow mosaic
virus (ZYMV), cucumber vein yellowing virus (CVYV), and papaya
ringspot mosaic virus-W (PRSV-W) (Chandrasekaran et al., 2016).
After three generations of backcrossing, homozygous nontrans-
genic cucumber plants showed broad virus resistance. Similarly, by
introducing site-specific mutations in the A. thaliana elF(iso)4E locus
using CRISPR/Cas9, resistance to the potyvirus TuMV was con-
ferred (Pyott et al., 2016). An investigation by Macovei et al. (2018)
demonstrated novel sources of resistance against rice tungro spher-
ical virus (RTSV) in rice (Oryza sativa) through biomimicking of elF4G
alleles (Macovei et al., 2018). T, plants selected from this study were
resistant to RSTV and tested negative for the presence of Cas9.
More recently, the CRISPR/Cas9-based targeting of two of the five
cassava elF4E isoforms (nCBP-1 and nCBP-2), found to interact
with the viral genome-linked protein of cassava brown streak virus
(CBSV), significantly suppressed the symptoms of the disease in cas-
sava plants (Gomez et al., 2019). In addition to this, these plants did
not exhibit any observed mutations in potential off-target sites. In
barley, thanks to the rym4 and rym5 allelic variants of the HvelF4E
gene, more than two-thirds of current European winter barley cul-
tivars are resistant to the bymoviruses barley yellow mosaic virus
(BaYMV) and barley mild mosaic virus (BaMMYV). However, several
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strains of BaYMV and BaMMV have already overcome rym4- and
rym5-mediated resistance. For this reason, Hoffie and colleagues
saw the need to generate new resistance alleles using CRISPR/Cas9
(Hoffie et al., 2021). In this work, a homozygous mutation in the first
exon generated a premature stop codon and presumably a nonfunc-
tional protein, and the plants showed resistance to mechanical inoc-
ulation with BaMMV. Surprisingly, the plant yield was not affected
in greenhouse conditions.

The editing of elF4E in tomato has been reported in four dif-
ferent publications in the last twoyears (Table 3), with all results
demonstrating resistance to viruses. It is interesting to note that
tomato contains three elF4E genes, elF4E1, elF4E2, and elF(iso)4E,
and from these studies it is evident that the level of susceptibility
to a virus is related to the specific elF4E gene editing. For example,
the editing of elF4E1 reduced susceptibility to the pepper mottle
virus (PepMoV) (Yoon et al., 2020), potato virus Y N strain (PVYN),
and cucumber mosaic virus (CMV) (Atarashi et al., 2020), while the
knockout of elF4E2 produced full resistance to one isolate of pepper
veinal mottle virus (PVMV) but only partial resistance to another iso-
late (Kuroiwa et al., 2022). A double knockout of elF4E1 and elF4E2,
as well as the single mutants for these genes, was further analysed
in a study by Kumar et al. (2022) and it was confirmed that elF4E1 is
responsible for resistance to PVY and that the editing of both genes
affected plant growth (Kumar et al., 2022). The mutants were also
challenged with CMV, eggplant mild leaf mottle virus (EMLMV),
pepino mosaic virus (PepMV), and tomato brown rugose fruit virus
(ToBRFV) to verify if a broad-spectrum resistance was obtained,
but the edited plants did not show reduced susceptibility to these
viruses. Surprisingly, the authors noticed a higher accumulation of
the coat proteins of CMV and PepMV in the mutants compared to

1711
Molecular Plant Pathol
oleclarPiant Pthology @ VAT oAV Mk

wild-type plants. These findings link to a previous study by Zafirov
et al. (2021) in which it was found that the loss of function of elF4E1
in A. thaliana led to higher susceptibility to turnip mosaic virus
(TuMV). The authors suggest that knockout of elF4E genes could ex-
pose the plant to the severe threat of potyviruses able to recruit al-
ternative elF4E copies and that a better strategy could be the use of
CRISPR base-editing technology to create functional alleles. A nice
example of this type of approach was given by Bastet et al. (2019) in
A. thaliana where CRISPR-Cas9 cytidine deaminase was successfully
used to introduce the N176K mutation in the elF4E gene to confer
transgene-free resistance to clover yellow vein virus (CIYVV). Using
base editing to create additional mutations in a resistance allele can
lead to resistance pyramiding against several viruses, thus expand-
ing the resistance spectrum and/or increasing resistance durability
(Bastet et al., 2019).

In addition to elF4E, other host S genes have been edited. For
example, coilin encodes a major structural scaffolding protein nec-
essary for Cajal body formation and mediates plant-virus interac-
tions. By deploying CRISPR/Cas9-based ribonucleoprotein (RNP)
complexes to the apical meristematic tissue of potato plants using
biolistic bombardment, the editing of at least a single allele of coilin
in the tetraploid potato genome resulted in successful resistance
against PVY (Makhotenko et al., 2019). Isoflavonoids are an essential
group of secondary metabolites in leguminous plants and also play
an important role in the regulation of plant-environment interac-
tions. The multiplexed CRISPR/Cas9 targeting of GmF3H1, GmF3H?2,
and GmFNSII-1 from the phenylpropanoid pathway resulted in both
increased isoflavone content and enhanced resistance to soybean
mosaic virus (SMV) in soybean plants (Zhang et al., 2020). A re-
cent addition to the list of S genes targeted with genome editing

TABLE 3 Summary of studies that have employed CRISPR/Cas? strategies for the targeting of host susceptibility genes

Name of the susceptibility (S)

Plant species

gene targeted

Arabidopsis thaliana AtelF(iso)4E
elF4E1
Hordeum vulgare (barley) elF4E1
Manihot esculenta (cassava) nCBP-1/2
Cucumis sativus (cucumber) CselF4E
Nicotiana benthamiana CLC-Nbla/b
Oryza sativa (rice) OselF4G
Solanum tuberosum (potato) Coilin
Glycine max (soybean) GmF3H1/2, FNSII-1
Solanum lycopersicum (tomato) TOM1
elF4E1
elF4E1
elF4E1
SlelF4E1, SlelF4E2
Triticum aestivum (wheat) TaPDIL5-1

Virus name

Turnip mosaic virus (TMV)

Clover yellow vein virus (CYVV)
Barley mild mosaic virus (BaMMV)
Cassava brown streak virus (CBSV)

Zucchini yellow mosaic virus (ZYMV)
Cucumber vein yellowing virus (CVYV)
Papaya ring spot mosaic virus-W (PRSV-W)

Potato virus Y (PVY)

Rice tungro spherical virus (RTSV)

Potato virus Y (PVY)

Soybean mosaic virus (SMV)

Tomato brown rugose fruit virus (ToBRFV)
Pepper mottle virus (PepMoV)

Cucumber mosaic virus (CMV)
Potato virus Y (PVY)

Pepper veinal mottle virus (PVMV)
Potato virus Y (PVY)
Wheat yellow mosaic virus (WYMV)

Reference

Pyott et al. (2016)

Bastet et al. (2019)

Hoffie et al. (2021)

Gomez et al. (2019)
Chandrasekaran et al. (2016)

Sun et al. (2018)
Macovei et al. (2018)
Makhotenko et al. (2019)
Zhang et al. (2020)
Ishikawa et al. (2022)
Yoon et al. (2020)
Atarashi et al. (2020)

Kuroiwa et al. (2022)
Kumar et al. (2022)
Kan et al. (2022)
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is TOBAMOVIRUS MULTIPLICATION1 (TOM1). TOM1 is necessary for
efficient multiplication of tobamoviruses in Arabidopsis (Ishikawa
et al., 2022). The authors described how the simultaneous knockout
of the four TOM1 homologues in tomato confers strong resistance
to ToBRFV and that obvious defects in growth or fruit production
were not observed. Importantly, it was noticed that when only three
of the four TOM1 homologues were disrupted, TOBRFV coat pro-
tein accumulation was detectable but greatly reduced, but this led
to the emergence of mutant viruses capable of more efficient multi-
plication. Ishikawa and colleagues hypothesized that the emergence
and spread of resistance-breaking mutants as observed in Sltomlacd
triple mutant plants is caused by the low rate of viral accumulation in
these plants, and that can be avoided with the complete knockout of
all functional TOM1 homologues.

In barley, the protein disulphide isomerase-like 5-1 (HvPDIL5-1)
gene encodes a chaperone protein involved in the quality check sys-
tem of correct protein folding. Indeed, the loss of HvPDIL5-1 con-
fers broad-spectrum resistance to multiple strains of bymoviruses,
including BaMMV and BaYMV. Kan et al. (2022) edited the wheat
orthologues TaPDIL5-1-4A, TaPDIL5-1-4B, and TaPDIL5-1-4D, and
demonstrated that triple editing of the three TaPDIL5-1 homoeo-
alleles was sufficient to achieve reliable resistance against wheat
yellow mosaic virus (WYMYV) in hexaploid wheat and that it did not
affect agronomic performance, thus providing another option for
genome editing with CRISPR/Cas9 to achieve virus resistance in
crops (Kan et al., 2022).

To advance the practical applications of this CRISPR technology
approach for plant virus resistance, there is an urgent demand for
the identification of novel virus S genes from our understanding
of plant-virus interactions, as is well illustrated in the reviews by
Makinen (2020) and Hashimoto et al. (2016).

4 | CRISPR/CAS COMPONENT DELIVERY
AND EXPRESSION IN PLANTS

The effective delivery and subsequent expression of CRISPR/
Cas components in plant cells are crucially important for success-
ful editing in plants. The three primary methods for delivery are
Agrobacterium-mediated transformation, a physical means such as
biolistic bombardment, or protoplast transfection. These all de-
pend on plasmids, viruses, or RNPs to carry the required coding
sequences or the functional proteins into cells (Kuluev et al., 2019).
Agrobacterium-mediated delivery of CRISPR/Cas components is
the most common approach, but generates transgenic plants be-
cause desired sequences are integrated into the host genome.
Likewise, biolistic bombardment of microprojectiles coated with
a plasmid vector encoding the CRISPR components allows for the
random integration of these sequences in the plant genome, poten-
tially leading to multiple copies of the introduced genes (Sandhya
et al., 2020).

The negative perceptions and onerous regulatory processes
associated with transgenic plants has led to the development

of a number of effective transgene-free (or DNA-free) delivery
methods. The most widely used is the transient expression of the
CRISPR-related transgenes, which can be achieved by agroinfiltra-
tion of plasmids containing these sequences (Nester, 2015). In one
such application, Agrobacterium-mediated transient expression
of a base editor targeting specific genes allowed for the regen-
eration of T-DNA-free edited tomato and potato plants (Veillet
et al.,, 2019). Moreover, DNA-free genome-editing approaches
based on the biolistic delivery of an RNP complex have been de-
veloped. These RNPs comprise a Cas nuclease complexed with
one or more sgRNA(s), and have shown significantly improved ed-
iting efficiency (Kuluev et al., 2019). Yet another approach is the
direct transformation of protoplasts, using a transfecting agent
like polyethylene glycol (PEG) or by electroporation. The trans-
fection of the CRISPR/Cas components, either a plasmid or a pre-
assembled Cas/sgRNA RNP, into protoplasts and the subsequent
regeneration of transgenic or nontransgenic plants, respectively,
has allowed for the successful introduction of desired mutations
in several plant species such as rice, tobacco, and lettuce (Woo
et al., 2015; Xie & Yang, 2013). Protoplast transfection with RNPs
is a relatively quick process, making it useful to validate the mu-
tagenesis efficiency of a CRISPR/Cas system (Yue et al., 2020).
However, protoplast isolation and whole-plant regeneration from
protoplasts remains a challenge for many plant species, especially
crop plants (Sandhya et al., 2020).

Harnessing plant viruses to act as delivery vectors is a prom-
ising approach to obtain CRISPR/Cas-edited plants without the
challenges that accompany transgene delivery. When viruses in-
fect plants, they replicate and move systemically in their hosts,
making them excellent vehicles for the delivery, high-level expres-
sion, and distribution of CRISPR components in plants, leading to
overall improved genome-editing efficiency (Varanda et al., 2021).
Recently, a number of viral vectors for the delivery of genome-
editing components to plant cells have been developed (Zaidi &
Mansoor, 2017). Among these are the RNA viruses tobacco rattle
virus (TRV) (Ali, Abul-faraj, Li, et al., 2015b; Ghoshal et al., 2020),
TMV (Cody et al., 2017), pea early-browning virus (PEBV) (Ali
et al., 2018), and beet necrotic yellow vein virus (BNYVV) (Jiang
et al., 2019); all these have been shown to be efficient vectors
in delivering CRISPR/Cas components to N. benthamiana, A. thali-
ana, and Beta macrocarpa plants. Virus-mediated gRNA delivery
provides a number of advantages compared to the conventional
promoter-driven expression of gRNAs, such as the rapid replica-
tion and systemic spread of the virus, which ensures effective am-
plification of the gRNA, while the small genome size allows for
multiplexing and simple cloning strategies (Ali, Abul-Faraj, Piatek,
et al., 2015c). Single-stranded DNA viruses, typically geminivi-
ruses, have also been modified to carry heterologous coding se-
quences for increased protein expression in plants (Gil-Humanes
et al., 2017; Yin et al., 2015). Interestingly, a recent study found
that a geminiviral replicon-based expression vector was more effi-
cient at LwaCas13a-mediated RNA targeting than a regular binary
vector in N. benthamiana (Yu et al., 2020).
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It is therefore clear that the method employed to deliver and
express CRISPR/Cas components can significantly affect the effi-
ciency of CRISPR/Cas-based genome editing. Notably, the success
of a delivery method in plants is dependent on the species, the tissue
type, and its totipotency.

5 | CHALLENGES AND FUTURE
PROSPECTS

5.1 | Virus evolution and development of
resistance

Despite the many technological advantages and an impressive track
record in terms of applications in modern commercial agriculture,
CRISPR/Cas technology still has a number of limitations and con-
cerns, specifically for the development of disease-resistant crop
plants and especially for virus resistance. Mutation and recombina-
tion are the main driving forces in the evolution of plant DNA and
RNA viruses, therefore the deliberate direct targeting and mutating
of virus genomes may contribute to accelerated virus evolution, as
demonstrated in a study by Mehta et al. that reported the failure
of African cassava mosaic virus (ACMV) resistance in transgenic
cassava plants expressing Cas9 and an sgRNA targeting a genome
region of the virus (Mehta et al., 2019). The study suggested that
between 33% and 48% of the edited ACMV genomes evolved a con-
served single-nucleotide mutation that protected the virus against
CRISPR/Cas9 cleavage. In a subsequent analysis of this work,
Rybicki commented on the novel aspects of this study, but also high-
lighted several shortcomings and limitations, among others the fact
that only Cas9 was tested and also a single gRNA. He suggested
that the conclusions of the Mehta study probably only hold true
for single-stranded DNA viruses and specifically for geminiviruses
(Rybicki, 2019). Strategies to avoid the occurrence of new viruses,
like the targeting of multiple viral genome regions, the deletion of
larger genome stretches using CRISPR-based nickases, or the use of
alternative RNA-targeting nucleases, should be investigated in both
DNA and RNA viruses. Multiplexing of gRNAs has the further po-
tential to establish resistance to multiple viruses in crops. Moreover,
current strategies to introduce CRISPR/Cas-based virus resistance
by directly targeting the virus DNA or RNA genomes requires consti-
tutive maintenance and expression of CRISPR components in plants.
Such approaches not only pose the risk of subsequent unwanted mu-
tations, but also potentially add a “GMQ” label to the plant. Finally,
the effectivity and durability of CRISPR/Cas-based engineered virus
resistance remains to be evaluated, especially under natural condi-
tions in field trials.

5.2 | Fitness cost to host plants

The targeting of host factors like S genes may have a fitness cost
because these are often involved in essential endogenous processes
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like plant growth and development. In the case of elF4E, the gene
product is an essential eukaryotic translation initiation factor (also
known as a cap-binding protein), responsible for directing ribosomes
to the 7-methyl-guanosine cap of mMRNAs for subsequent translation.
In this case, the potentially lethal scenario is mitigated by the pres-
ence of an elF(iso)4E paralogue in the genomes of many crop plants.
Exclusively mutating only one of the elF4E isoforms has been shown
to be an efficient way to introduce virus resistance without incurring
a fitness penalty to the host plant (Pyott et al., 2016). It is generally
accepted that the recessive resistance acquired by knocking down
a host susceptibility factor is more durable than dominant resist-
ance genes because of lower selective pressures on the pathogen to
evolve counterdefence strategies (de Ronde et al., 2014). The elF4E
gene is by far the best characterized virus-related S gene, and while
several other host factors have been identified (Garcia-Ruiz, 2018),
an urgent need for the identification of novel virus-related S genes
remains. An alternative approach may be the identification of host
susceptibility genes for insect vectors of plant viruses. CRISPR/Cas-
based inhibition of such S genes may be an effective strategy to pre-

vent the spread and dissemination of economically important viruses.

5.3 | Off-target effects

One of the biggest concerns regarding genome editing by
CRISPR/Cas is the occurrence of off-target mutations (Hahn &
Nekrasov, 2019). These are DNA edits at unintended and nonspe-
cific genomic sites as a result of the tolerance of gRNA sequence
mismatches (Tsai & Joung, 2016) or even modifications in a gRNA-
independent manner (Jin et al., 2019). Off-target editing is also
a critical factor for the CRISPR/Cas13 system, although it has
been shown to produce significantly lower off-target effects com-
pared to the existing RNA-targeting method, RNAi (Abudayyeh
et al.,, 2017; Cox et al., 2017). It is suspected that minimal off-
target modifications to a host plant's transcriptome occur when
the RNA cleavage activity of the CRISPR/Casl13 system is engi-
neered for the specific targeting of RNA viruses or RNA interme-
diates of DNA viruses. At present, the extent to which CRISPR/
Cas13-based RNA editing can give rise to transcriptomic irregular-
ities is not completely understood and further research into this is
required. Efforts to improve the design rules for the generation of
gRNAs with higher fidelity comprise both experimental and com-
putational approaches. Experimental techniques include methods
to detect Cas binding to its target, the detection of Cas-induced
DSBs, and the detection of repair products that result from Cas-
induced DSBs (Bao et al., 2021). Numerous bioinformatic tools
have been developed to identify potential CRISPR/Cas off-target
sites (for a comprehensive review of these, see Bao et al., 2021).
These authors concluded that in their experience, none of the
bioinformatic tools was able to accurately predict low-frequency
off-target editing and recommended the use of at least one bio-
informatic tool in tandem with an experimental approach for the
prediction of potential off-target sites (Bao et al., 2021).
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54 |

GMO status and public acceptance

As stated, if the viral targeting activity of Cas nucleases is in-
tended for heritable purposes, the permanent expression of the
CRISPR/Cas components would be required, which can only be
achieved through the generation of transgenic plants (Taliansky
et al., 2021). Due to current regulation of genetically modified or-
ganisms (GMOs), the practical application of this technology may
therefore be challenged by these regulatory constraints and thus
be a limitation for the development of commercial crop varieties
(Kalinina et al., 2020; Khatodia et al., 2017). However, by opting
for RNA targeting over DNA targeting in plants, it is possible to
confer a temporary or reversible modulation of gene expression,
rather than knockout mutagenesis, which can often be lethal or
have pleiotropic effects (Zhu et al., 2020). Without permanently
editing the genome, CRISPR/Cas13 allows researchers to investi-
gate gene function more systematically and could rather be har-
nessed as a “treatment” application for the transient inhibition of
viruses in important crops. Therefore, the temporary nature of
RNA editing overcomes major limitations relating to DNA target-
ing and its broad application in plant virology could potentially
help overcome GMO regulatory hurdles. Despite this, the failure
of genome-edited food crops to gain acceptance by the general
public, as well as to appease the regulators globally, is prevent-
ing this technology from reaping the fruits of success that it de-
serves. While the lay public in general are uninformed about the
technology, a direct connotation with first-generation genetic en-
gineering persists, a situation that sadly has been “vindicated” by
instances like the EU's decision to declare genome-edited crops as
GMOs. Fortunately, a few progressive-thinking governments have
relaxed regulation of genome-edited crops significantly, with the
result that the first genome-edited crops, including mushroom,
rice, maize, soybean, bristle grass, flax, wheat, and tomato, have
been or are on their way to be commercialized (Menz et al., 2020).
The early detection of plant viruses in combination with virus pre-
vention strategies is of major economic importance in any crop

production system.

5.5 | Alternative applications

Some features of the CRISPR/Cas systems have exciting potential
for pathogen detection and the development of reliable diagnos-
tic systems, none more than the so-called “collateral activity” of
the Cas12, -13 and -14 nucleases. As mentioned previously, after
the recognition of its cognate target (dsDNA for Cas12, RNA for
Cas13, ssDNA for Casl4a), the nuclease is activated, resulting in
target cleavage and subsequent indiscriminate cleavage of nearby
nucleic acids (ssRNA for Cas13, ssDNA for Cas12 and Casl4).
Interestingly, this collateral cleavage is only seen in bacterial cells
(Abudayyeh et al., 2016). This feature has since been combined
with different preamplification technologies, like different ver-
sions of PCR, recombinase polymerase amplification (RPA), or

loop-mediated isothermal amplification (LAMP) to develop de-
tection systems such as specific high-sensitivity enzymatic re-
porter unlocking (SHERLOCK) (Gootenberg et al.,, 2017), DNA
endonuclease-targeted CRISPR trans reporter (DETECTR) (Chen
et al.,, 2018), and the 1-h low-cost multipurpose highly efficient
system (HOLMES) (Li et al., 2018). These detection systems can
employ different read-out formats, like colourimetric visual dis-
play, fluorescent detection, or lateral flow dipstick display, with
limit-of-detection sensitivities reaching attomolar (DETECTR
and HOLMES) to zeptomolar (SHERLOCK) levels (Kaminski
et al., 2021), demonstrating that CRISPR-based detection systems
have evolved in a few years from experimental nucleic acid sens-
ing tools to a dominant diagnostic technology for the fast, afford-
able, and ultrasensitive detection of pathogens, including RNA and
DNA viruses in the clinical and agricultural sectors.

Another exciting example of a very recent alternative application
of CRISPR/Cas technology is that of “live” molecular imaging of mac-
romolecules in cells. By fusing a catalytically inactive Cas9 (dCas9),
complexed with gRNAs, to three different fluorescent proteins, Ma
et al. were able to image multiple genomic loci in live human cells
(Ma et al., 2016). Likewise, Abudayyeh et al. deactivated the two
catalytic residues in the HEPN domains of Cas13 to create a dCas13,
which, complexed to gRNAs, was fused to fluorescent proteins to
image RNA transcripts in live cells (Abudayyeh et al., 2017). For ap-
plications in plant virology, this approach can allow the direct visual-

ization of viral replication with high precision.

6 | CONCLUDING REMARKS

In less than a decade, CRISPR/Cas systems have demonstrated their
immense potential as a genome-editing technology to overcome the
limitations of conventional breeding for the development of resist-
ance to both biotic and abiotic stresses in crop plants. Moreover,
the fact that Cas nucleases are guided by RNA rather than protein
circumvents the major limitations of TALENs and ZFNs. Collectively,
the CRISPR/Cas systems present much promise as simple, robust,
precise, and scalable DNA and RNA targeting platforms and can be
efficiently exploited to achieve virus resistance in plants. The ability
for multiplex targeting at both the DNA and RNA level to create one-
off mutations in a transgene-free manner is a huge added bonus.
CRISPR/Cas13 systems can target specific endogenous RNAs, viral
RNAs, and RNA intermediates of DNA viruses in plants and thus in-
crease possibilities for their application in agriculture. It is our belief
that CRISPR/Cas technology will play a major role in the creation of
disease-resistant food crops in the near future, thereby contribut-
ing significantly to securing the sustainable food supplies urgently
needed to support the world population expansion towards the mid-
dle of this century.
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