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Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) proteins is a
natural adaptive immune system that some bacterial and most archaeal species present to defend themselves
against invading bacteriophages, which works on the basis of sequence complementarity via cleavage. Genetic
engineering using CRISPR/Cas systems enables accurate and precise genomic modifications. The easiness and
rapidity of execution, low cost, reproducibility and efficiency turns understandable why it is the system of choice for

many genome engineering applications in several fields using different organisms.

CRISPR/Cas systems viral vectors gene editing plant genome engineering

viral resistance

1. CRISPR: From a Natural Bacterial Immune System to a
Gene Editing Tool

CRISPR systems may be divided into two main classes (I and IlI) and six different types (I to VI), defined by the
nature of the nucleases complex and the mechanism of targeting, each presenting a unique nuclease Cas protein.
Class | systems are multicomponent systems composed of multiple effectors; these systems are subdivided into
types I, lll, and IV. Class Il systems include the types Il, V, and VI and are single-component systems consisting of
a single effector guided by the CRISPR RNA (crRNA) [,

The CRISPR/Cas9, belonging to class Il, is based on the immune system of Streptococcus pyogenes. It consists of
the capacity of the bacteria to acquire pieces of DNA from an invading phage or plasmid and incorporating them in
their own DNA, which will further serve to guide Cas9 to cleave homologous RNA, leading to immediate RNA
disruption and further specific RNA disruption in subsequent invasions, thus providing immunity to the bacterial cell
2. The mechanism involved in this natural immune system is very simple and has been the basis for the most

developed CRISPR/Cas genome-editing platform.

The first steps of CRISPR/Cas9 as a successful editing tool, started with the possibility of engineering into a single
RNA chimera (sgRNA), two noncoding RNAs essential for CRISPR, crRNA, and trans-activating crRNA (tracrRNA)
B, crRNA is the genomic complementary region, i.e., the target for Cas (the programmable portion defined by the
user) and tracrRNA is the RNA sequence that provides the stem loop structure to bound Cas. This has simplified

gene editing using CRISPR/Cas9, which can now be accomplished by introducing two components in the same
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cell: the sgRNA and the Cas protein B! and led to efficient genetic manipulation in a wide array of plants, becoming

the most promising, versatile, and powerful tool for plant improvement !,

In CRISPR/Cas9 system (Figure 1), first Cas9 binds to the sgRNA to create the Cas9-sgRNA duplex which
becomes catalytically active and directs the RNA-guided DNA endonuclease Cas9 to target. For target recognition
and cleavage, it is also required the presence of a Protospacer Adjacent Motif (PAM) positioned 3—4 nucleotides
downstream of the 3' end of the target sequence, which differs depending on the species of Cas9 (this sequence
consists of NGG in S. pyogenes) BB, Once the PAM sequence is recognized by the Cas9-sgRNA complex, and
the crRNA portion within the sgRNA (the 5" most 20 nts) anneals to the genomic DNA through Watson—Crick base
pairing, it will cleave both DNA strands, three bases upstream of the PAM, creating sequence-specific blunt end
double-stranded breaks (DSBs) at target site. When a DSB in the DNA is created, the host cell repairs it via
evolutionary conserved DNA pathways such as error-prone non-homologous end-joining (NHEJ) and homology-
directed repair (HDR).
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Figure 1. The mechanism of CRISPR-Cas9-mediated genome engineering in plants. A single guide RNA
recognizes a region in the genome followed by a PAM sequence, and recruits a Cas9 protein that will cleave DNA,
creating a double-stranded break that is repaired by error-prone non-homologous end-joining (NHEJ) and

homology-directed repair (HDR).

NHEJ creates insertions or deletions (indels) at the target site that, if within the protein coding region, can cause a
frameshift mutation that eliminates gene expression, leading to gene knock out [&. HDR is a more precise method
for DSB repair; it requires, besides sgRNA and Cas, a donor repair template with ends homologous to each border
of the target site sequence. When a repair template is provided, HDR will result in the introduction of new

sequences at breaking site and a knock in occurs €. For producing specific desired mutations and genomic
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replacement, DSBs should be repaired by HDR pathway. More recently, a new generation of CRISPR is being
developed by fusing nuclease DNA targeting proteins with deactivated nuclease domains, with enzymes to enable

direct conversion of a single DNA nucleotide into another I without the need of DSB formation.

Genetic engineering using CRISPR/Cas systems enables accurate and precise genomic modifications. Moreover,
this strategy can be used to target different sequences simultaneously with high efficiency 8, achieving a broader

result, as for example immunity against different pathogens.

The easiness and rapidity of execution, low cost, reproducibility and efficiency turns understandable why it is the
system of choice for many genome engineering applications in several fields using different organisms. The
possibility of using Cas proteins with deactivated nuclease domains can contribute to a broader application of
CRISPR such as regulating gene transcription and inducing targeted epigenic modifications [ In addition,
CRISPR has shown to have potential for other applications besides genome engineering, such as studies on gene
functions and diagnostics. CRISPR/LwaCas13a system was able to highly select and detect up to a single copy of
RNA 29 which may be a very interesting starting point to develop a far more sensitive method than currently

available methods, for the detection of RNA viruses, including gPCR 24,

In plants, this technology has been used for plant breeding including nutrition enhancement and plant resistance
against several agents such as fungi, bacteria, and viruses in many crop plants—including rice 22, tomato 13!,
citrus 14I131 wheat (28] and maize X18__proving its potential to transform agriculture and enhancing world food

safety.

| 2. CRISPR to Engineer Plant Virus Resistance

Due to the devastating losses that plant viruses cause, it is not surprising that CRISPR/Cas technologies have

been applied to develop plant resistance against viral pathogens.

Plant viral resistance using CRISPR/Cas systems can been achieved either through manipulation of plant genome

(plant-mediated resistance), or virus genome (virus-mediated resistance).

The CRISPR/Cas technology was initially thought to be exclusively applied to DNA, which, in terms of its use for
plant viral resistance through manipulation of viral genome, would be restricted to DNA viruses. However, thanks to
the discovery of RNA-targeting CRISPR/Cas effectors that efficiently target and cleave single-stranded RNAs, an
exciting opportunity has been opened for achieving plant resistance also against RNA viruses, which are most of

the plant viruses known (221291,

Below we present several studies that report the use of the CRISPR/Cas system to engineer plant resistance
against several viruses, either by acting on plant genome (plant mediated resistance) or on viral genomes (virus

mediated resistance). These studies have shown the capacity of CRISPR to confer efficient and durable molecular
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immunity to plants against viruses that rely on the integrity of their genome at some point of their replication cycle
[21)[22][23][24][25]

2.1. CRISPR for Plant Mediated Resistance

Plant viruses are dependent on the host’s machinery for their replication, since they interact with many host factors
required for viral replication and movement inside plants, essential to complete their cycle of infection [28],
CRISPR/Cas allows the mutation/deletion of recessive genes that encode critical host factors for viral infection,

conferring recessive resistance, which, as an inherited characteristic is very durable 2.

Considerable knowledge has been generated on the genetics of plant disease resistance and many plant genes
have been discovered as essential for viral infections and have been the focus for the development of plant
resistance using transgenic approaches [281291301 These studies have provided many valuable potential targets for
genome editing and genes—such as the translation initiation-like factors elF4E, elF4G, and their isoforms—that
have shown to be directly involved in the infection process of viruses. Those genes are being subjected to targeted
mutations introduced by CRISPR to engineer plant resistance B, In fact, any host gene encoding a factor required

by the virus is a potential target for CRISPR.

This approach is interesting as it allows that Cas9, as well as other endonucleases which target DNA, to be used to
provide plant resistance to RNA viruses by mutating host factors/genes associated to viral pathogenesis in the
plant 82l |n addition, CRISPR for plant mediated resistance does not require the maintenance of a transgene for

Cas9 and sgRNA in the plant genome, engineering transgenic-free virus-resistant plants [221241(32],

Several studies have achieved plant mediated resistance against viruses using CRISPR/Cas9 (Table 1). For
example, specific mutations were introduced in Arabidopsis thaliana, causing the knock out of elF(iso)4E gene,
which resulted in a stable resistance against Turnip mosaic virus (TuMV) 24 Macovei et al. 24! developed rice
plants resistant to Rice tungro spherical virus (RTSV) through mutation of elF4G gene. Similarly, the disruption of
the cucumber (Cucumis sativus) elFAE gene provided plant resistance to multiple members of the Potyviridae,
namely the ipomovirus Cucumber vein yellowing virus (CVYV) and the potyviruses Zucchini yellow mosaic virus
(ZYMV) and Papaya ringspot mosaic virus (PRSV) 32, Resistance against Clover yellow vein virus (CYVV) was
achieved in A. thaliana plants by targeting the elF4E1 gene using CRISPR/Cas9 22, Very recently, CRISPR/Cas9
has also allowed to perform double mutations on the novel cap-binding protein-1 and protein-2 (nCBP-1 and
nCBP-2) belonging to the elF4E family, on cassava, which increased the resistance to Cassava brown streak virus
(CBSV) [28],

Table 1. CRISPR/Cas for viral resistance in plants by targeting viral genome (virus mediated resistance) and host

factors (plant mediated resistance).
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. . Type of . . .
Plant Species Target Virus Resistance Targeting Genomic Regions
. DNA virus .
N. benthamiana BeYDV mediated sgRNAs targeting LIR and rep/RepA
A. thaliana and N. DNA virus .
benthamiana BSCTV mediated 43 sgRNAs targeting BSCTV genome
. DNA virus .
N. benthamiana TYLCV mediated sgRNAs targeting Rep and CP
CLCuKoV
TYLCV
TYLCSV
. DNA virus . .
N. benthamiana MeMV mediated sgRNAs targeting non-coding IR, CP and Rep
BCTV-
Worland
BCTV-Logan
A. thaliana TuMV Plant mediated elF(iso)4E knock out
CVYV
Cucumis sativus ZYMV Plant mediated elFAE knock out
PRSV
A. thaliana CYvv Plant mediated elFAE1
Oryza sativa RTSV Plant mediated elF4G knock out
. DNA virus .
A. thaliana CamMVv mediated sgRNAs targeting CP
. CMV . )
A. thaliana and N. RNA virus 22 sgRNAs targeting CMV genome and 3
benthamiana ™V mediated SgRNAs targeting TMV genome
N. benthamiana TuMV RNA.VIrUS sgRNAs targeting HC-Pro and CP
mediated
Cassava CBsv Plant mediated NnCBP-1 and nCBP-2 (elF4E family)
DNA virus .
Barley WDV mediated sgRNAs targeting MP, CP, Rep(Rep A and LIR
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. . Type of . . .
Plant Species Target Virus Resistance Targeting Genomic Regions
T™V
N. benthamiana and SRBDSV RNA virus sgRNAs targeting 5 regions in TMV,
Oryza sativa mediated 3in SRBDSV and 3 in RSMV
RSMV
Banana (Gonja DNA virus .
manjaya) eBSV mediated sgRNAs targeting ORF1, ORF2 and ORF3 jciated to
(ol lccess of
Potato (Solanum RNA virus . o
tuberosum) PVY mediated sgRNAs targeting P3, CI, NIb and CP promising

P1armt tTurtctuorts.

2.2. CRISPR for Virus Mediated Resistance

Another approach to achieve plant viral resistance through CRISPR systems is by directly targeting viral genomes.
In this approach, the problems that may arise by interfering with genes, that may also be associated to other plant
functions—such as growth, reproduction, or others—are surpassed. However, for this type of mediated resistance,
CRISPR/Cas systems must specifically directly target and cleave DNA of DNA viruses, or RNA of RNA viruses 23],

CRISPR for virus mediated resistance was first exploited to fight DNA viruses, as the discovery of CRISPR/Cas
systems that can cleave RNA was more recent Bl29 The discovery of such systems (class I, type VI Cas
effectors, and Cas9 variants)—namely Casl3a (C2c2), Cas13b (C2c6), Casl3c (C2c7), Casl3d, FnCas9, and
RCas9 (RNA targeting SpCas9) WIEIETIEEISNAE0] \was a great benefit—enabling direct targeting of RNA viruses

which represent most plant pathogenic viruses.

Several studies have demonstrated the potential of CRISPR to impart plant resistance by targeting either DNA or
RNA viral genomes, causing delayed or reduced accumulation of viruses and significantly attenuating symptoms of
infection 411, Some of those studies which directly mutate DNA and RNA viruses in plants expressing CRISPR/Cas

machinery are described below (Table 1).

There are two major groups of plant DNA viruses, the double stranded caulimoviruses and the geminiviruses, the
later which, although single stranded, replicate within the plant cell as double stranded DNA 2. According to the
latest report of the international Committee on Taxonomy of Viruses (ICTV), the Geminiviridae is the largest group
of plant viruses, with 485 species 3. Geminiviruses infect many economically important crops such as cassava,
watermelon, squash, petunia, tobacco, pepper, potato, tomato, bean, soybean, cowpea, cotton, and others, leading
to reduced crop yields worldwide 443l Due to this reason, it is not surprising that most DNA virus mediated
resistance studies have been applied to geminiviruses (Table 1). Ali et al. 481 used sgRNA molecules targeting
coding (rep genes and coat proteins) and non-coding sequences (conserved intergenic region) of the Tomato
yellow leaf curl virus (TYLCV) genome, that were delivered via Tobacco rattle virus (TRV) system into Nicotiana
benthamiana plants expressing Cas9, causing a reduction of accumulation of viral DNA and reduction of symptoms

in plants. A subsequent study using CRISPR/Cas9 system with a sgRNA targeting a conserved region in multiple
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begomoviruses (CLCuKoV, TYLCV, TYLCSV, MeMV, BCTV-Worland and BCTV-Logan), simultaneously mediated
interference and showed that the targeting of viral non-coding, intergenic sequences was more efficient, limiting the
generation of recovered viral variants that evade CRISPR-mediated immunity by reverting the induced mutations
through NHEJ [22. Other studies have achieved plant viral resistance through the expression of sgRNAs
complementary to sequences either within Bean yellow dwarf virus (BeYDV), Wheat dwarf virus (WDV) or Beet
severe curly top virus (BSCTV) genomes, which reduced virus accumulation and symptoms in plants
overexpressing Cas9 such as N. benthamiana, barley, and A. thaliana 23471481 Simijlarly, CRISPR/Cas9 allowed to

obtain resistance against banana streak disease by targeting endogenous Banana streak virus (eBSV) sequences
[49]

Plant resistance to a caulimovirus was achieved when Liu et al. 22 expressed multiple sgRNAs targeting the
caulimovirus Cauliflower mosaic virus (CaMV) coat protein gene in Arabidopsis plants and 20 days after
mechanical inoculation of the virus, 85-90% of the plants remained symptomless and showed no presence of
CaMV.

Immunity against the RNA viruses Cucumber mosaic virus (CMV) and Tobacco mosaic virus (TMV) was achieved
in N. benthamiana and A. thaliana transgenic plants expressing FnCas9 and a sgRNA complementary to viral
genome delivered through a pCambia based vector Y. Another study showed that N. benthamiana expressing
Casl13a either transiently (using binary vector pK2WG-) or constitutively, and expressing crRNAs complementary
to different Tulip mosaic virus (TuMV) genomic regions, delivered through TRV system, interfered with viral
replication and spread (29, CRISPR/Cas13a (LshCas13a) system showed to target and degrade genomic RNA of
TMV in N. benthamiana plants and to confer resistance to Southern rice black-streaked dwarf virus (SRBSDV) and
Rice stripe mosaic virus (RSMV) in rice plants 21, Zhan et al. 31l showed that transgenic potato lines expressing
Casl13a/sgRNA constructs targeting conserved coding regions of different Potato virus Y (PVY) strains allowed to

confer broad spectrum resistance against multiple PVY strains.

As stated above, many studies have shown the great versatility of the CRISPR technology towards plant virus
resistance and have successfully shown the production of viral resistant plants. CRISPR has the potential to
accelerate viral resistance breeding, since it is more effective and rapid than conventional breeding. In addition,
CRISPR has the capacity to target virus directly and therefore to be applied to crops with limited genome sequence

information.

There are also limitations of the use of CRISPR in virus plant resistance that must not be discarded. Knocking out
essential host factors may always lead to the possibility of plant lethality or impaired growth 5253l Although many
studies concerning mutations of host factors did not report any negative effects, the introduction of point mutations
in host factor genes, instead of knocking out, should be considered, so that it does not interfere with plant growth
but still prevents viral infection B4 Another important limitation of CRISPR is the undesirable genomic
modifications of plant genome, the off-targets. Although much less common to occur in plants than in other
systems, off-target mutations may be avoided by the use of catalytically inactive Cas nucleases B2 or by using

systems that only target RNA, which will be further destroyed by the plant silencing system.
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CRISPR/Cas requires the optimal selection of sgRNA target sites to ensure that targeted viruses do not evolve
mutations that escape from CRISPR/Cas cleavage, and that novel and more severe strains that cannot be cleaved
again do not arise [22I38], Additionally, multiplex targeting and targeting noncoding regions of viral genomes have
shown to reduce viral mutation rates and minimize the formation of new viral strains capable of infection (22 Also,
CRISPR/Cas systems that target or bind RNA can be used together with Cas9 to reduce the RNA intermediates of
DNA viruses, eliminating the viruses that may escape the CRISPR/Cas9 machinery 22, FnCas9 has shown
binding capacity to viral transcripts which probably provides even more durable resistance than nucleases that
provide direct targeting 23],

There is still a long way to go concerning the full potential of CRISPR/Cas systems for engineering plant virus
resistance, and more studies still need to be performed to improve their efficiency. However, it is clear that CRISPR
is a milestone in plant virus resistance and the utilization of this technology in agriculture will certainly result in
higher yields and quality of plants.
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