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Abstract: Food security is threatened by various biotic stresses that affect the growth and produc-
tion of agricultural crops. Viral diseases have become a serious concern for crop plants as they in-
cur huge yield losses. The enhancement of host resistance against plant viruses is a priority for the
effective  management  of  plant  viral  diseases.  However,  in  the  present  context  of  the  climate
change scenario, plant viruses are rapidly evolving, resulting in the loss of the host resistance mech-
anism. Advances in genome editing techniques, such as CRISPR-Cas9 [clustered regularly inters-
paced palindromic repeats-CRISPR-associated 9], have been recognized as promising tools for the
development of plant virus resistance. CRISPR-Cas9 genome editing tool is widely preferred due
to high target specificity, simplicity, efficiency, and reproducibility. CRISPR-Cas9 based virus re-
sistance in plants has been successfully achieved by gene targeting and cleaving the viral genome
or altering the plant genome to enhance plant innate immunity. In this article, we have described
the CRISPR-Cas9 system, mechanism of plant immunity against viruses and highlighted the use of
the CRISPR-Cas9 system to engineer virus resistance in plants. We also discussed prospects and
challenges on the use of CRISPR-Cas9-mediated plant virus resistance in crop improvement.
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1. INTRODUCTION
Plant viruses are obligatory intracellular parasites made

up  of  nucleoprotein  complexes.  Plant  virus  is  the  second
most notable plant pathogen after fungi, causing 60 billion
dollars  losses  per  year  worldwide  in  both  agricultural  and
horticultural  crops  [1].  Tobacco  mosaic  virus  (TMV)  was
the first plant virus discovered to cause mosaic disease in To-
bacco [2]. As per the classification proposed by the Interna-
tional Committee on Taxonomy of Viruses (ICTV), viruses
are categorized into 7 orders, 111 families, 30 subfamilies,
610 genera, and 3705 species. Of these, around 1407 plant
virus  species  are  distributed  in  73  genera  and  49  families
[3]. Based on the viral genome and synthesized mRNA, Bal-
timore has classified these viruses into seven classes [4]:

Class I: dsDNA viruses: mRNA is synthesized nor-
mally using -ve strand as a template.
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Class  II:  ssDNA viruses:  mRNA is  synthesized  by
double-stranded DNA intermediate.
Class III: dsRNA viruses: mRNA is synthesized by a
complementary strand (template strand).
Class IV: ssRNA viruses: RNA directly functions as
mRNA.
Class V: sense (-) ssRNA viruses: mRNA is synthe-
sized by the synthesis of +ve strand.
Class VI:  (+)  strand RNA viruses:  virus genome is
synthesized by reverse transcription (RT).
Class  VII:  DNA  reverse  transcribing  viruses  with
RNA intermediates.

Further  classifications  of  viruses  based on the genome
types include dsDNA, ssDNA, ssDNA(-), ssDNA(+), ssD-
NA(+/-), dsDNA-RT, ssRNA-RT, dsRNA, ssRNA(-), ssR-
NA(+), ssRNA(-/+) and viroid [4]. Economically important
plant  viruses  belong  to  ssRNA(+),  dsDNA,  and  ssDNA
virus  groups.  Most  destructive  plant  viruses  have  a  single
stranded positive sense RNA genome, i.e., ssRNA(+), and th-
eseinclude  important  families  like  Bromoviridae  [e.g.,
Brome mosaic virus  (BMV), Alfalfa mosaic virus  (AMV),
Cucumber  mosaic  virus  (CMV),  Tobacco  streak  virus
(TSV)], Closteroviridae [e.g., Citrus Tristezaclostero virus
(CTV), Beet yellow virus (BYV), Lettuce infectious yellows
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virus  (LIYV),  Grapevine  leafroll  associated  virus  3  (GL-
RaV-3)], Luteoviridae [e.g., Barley yellow dwarf virus (BY-
D),  Potato  leaf  roll  virus  (PLRV),  Pea  enations  mosaic
virus-1 (PEMV-1)], Potyviridae [e.g., Plum pox potyvirus (P-
PV),  Potato  virus  Y  (PVY),  Blackberry  virus  Y  (BVY),
Wheat streak mosaic virus (WSMV), Sweet potato mild mot-
tle  virus  (SPMMV),  Barley  yellow  mosaic  virus  (BYMV)
and Tombusviridae [e.g., Tomato bushy stunt virus (TBSV),
Carnation mottle virus Necrovirus (CarMV), Tobacco necro-
sis virus (TNV), Maize chlorotic mottle virus (MCMV)]. In
contrast, Bunyaviridae is represented by Tomato spotted wilt
virus (TSWV), a virus with negative-sense (-) ssRNA. The
major  plant  viruses  possessing  DNA  genome  belong  to
Geminiviridae  (ssDNA)  [e.g.,  Bean  golden  mosaic  virus
(BGMV),  Maize  streak  virus  (MSV)]  and  Caulimoviridae
(dsDNA) [e.g., Cauliflower mosaic virus (CaMV), African
cassava  mosaic  virus  (ACMV),  Rice  tungro  bacilliform
virus (RTBV)]. Both these viruses alone are responsible for
causing yield losses ranging from $25 million to $100 mil-
lion annually (Table 1). Plant viruses constitute almost 50%
of plant pathogens that are responsible for the emerging and
habitual plant diseases worldwide [5]. This has unpredicted
consequences on the natural ecosystems and food security.
However, due to the continuous pressure of global climate
change and the ever-growing human population, the manage-
ment of plant viral diseases is becoming a major challenge.
Therefore, it is essential to understand the plant-virus interac-
tion, plant innate immunity against plant viruses, and plant
virus  management  practices.  In  this  regard,  genomics  ad-
vances have offered promise with the development of new
genetic  tools,  such  as  the  CRISPR-  Cas9  genome  editing
tool, for improving plant virus resistance.

2. PLANT VIRUS INTERACTION
Virus  entry  occurs  through wounds or  through vectors

(insects,  nematodes,  mites,  fungi,  and  plasmodiophoroids)
that feed on or infect the plants. The next phase after the vi-
ral entry is the genome decapsidation followed by the transla-

tion and replication of the viral genome and proceeded by
the  proliferation  of  virus  particles  at  the  site  of  infection
[16]. The virus particles then spread to non-infected adjacent
cells as virions, or viral ribonucleoprotein (vRNP) complex-
es through plasmodesmata, and the virus particles move to
distant tissues through the vascular trafficking mechanism of
the  host  plant  [17,  18].  The  accumulation  of  viral  nucleic
acids or proteins inside the cell disturbs the normal function
of the plant and/or induces a symptomatic defense response
[19, 20]. The common symptoms of virus-infected plants in-
clude yellowing or mottling of the leaves, mosaic patterns,
dwarfing and/or developmental  abnormalities of the plant,
and systemic necrotic symptoms [21].

2.1. Development of Plant Virus Disease Symptoms
Plant viral disease is caused by the outcome of the inter-

action between a susceptible host plant, a virulent pathogen,
and  the  environment.  Such  interactions  are  of  two  types:
consequential virus-host interactions directly contributing to
the establishment of systemic infection, while inconsequen-
tial virus-host interactions do not contribute to the success of
the infection but nevertheless disrupt host physiology. The
virus-induced symptoms and disease development are typi-
cally explained by two general models [20]. A competitive
disease  model  describes  that  plant  viruses  replicate  inside
the host cell by using a substantial amount of host resources.
On the contrary, the interaction disease model is based on
the specific interactions between plant virus and host compo-
nents which disrupt host plant physiology, particularly the
hormone metabolism, cell cycle control, vesicular transport,
protein modifications, allocation of cellular resources, and
cell-to-cell communication [22].

2.2. Molecular Basis of Plant Virus-host Interaction
Infection to the host plant and further successful disease

development is regulated by virus and host proteins. The in-
fection  process  includes  viral  genome  disassembly,  viral
RNA (vRNA)  replication,  movement,  and   encapsidation.

Table 1. Global crop yield losses caused by important plant viruses.

Sr. No. Plant Virus Crop Infected
Cost of Crop Damage Per Year/Crop

Yield Loss Per Year
Location References

1. Cassava mosaic begornovirus Cassava crop $25 million Africa, India and Srilanka [6]

2. Potato leafroll polerovirus Potato $100 million US [7]

3. Potato leafroll polerovirus Potato $30 - 50 million UK [8]

4. Barley yellow dwarf luteovirus
Barley, Oats, Rice, Wheat,

Maize
$13.93 million UK [9]

5. Rice tungro disease (RTD) Rice $1.5 billion South-East Asia [10]

6. Citrus tristezaclosterovirus Cacoa Trees $200 million Worldwide [11]

7. Cacoa swollen shoot virus Citrus trees unknown Togo, Ghana, Nigeria [12]

8. Maize streak virus (MSV) Maize $480 million Africa [13]

9. Banana bunchy top virus (BBTV) Banana $50 million Australia, Africa and Asia [14]

10. Papaya ringspot virus (PRSV) Papaya $11 million Hawaii [15]
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The plant infection process is initiated by the formation of
virions, a mature infectious virus particle or viral ribonucleo-
protein (vRNP) complex inside the host cell and intra-cellu-
lar movement through plasmodesmata (PD) to the adjoining
non-infected cells. The process is continued until the vRNPs
movement through vascular tissues (xylem and phloem) re-
sults  in  systemic  infection  [23].  Positive  sense  RNA  [(+)
RNA] viruses undergo translation and produce viral protein
in the cytoplasm of the invaded host cell. This includes the
viral  proteins  like  viral  RNA dependent  RNA polymerase
(vRdRp),  associated  replication  proteins  (e.g.,  helicase),
coat protein (CP), and movement protein (MP) responsible
for  virus  infection,  replication,  and  movement  in  the  host
plant.  The  ‘viral  factories’  are  described  as  virus-induced
quasi-organelles associated with cellular membranes where
vRNA replication takes place. There are two types of viral
factories;  Spherule-Shape  Viral  Factories  (static,  50  -  400
nm, associated with the membrane of peroxisome, the mito-
chondrion,  and  the  chloroplast)  and  Vesicular-shape  viral
factories (motile, 30 to 300 nm, ER-derived and involved in
the intracellular movement of the vRNA). The viral factories

support viral replication complexes (VRCs) and partitioning
of the vRNA replication to specific  location [24,  25].  The
plant viruses encode a membrane-associated protein that is
part of viral replication complexes (VRCs), which triggers
membrane rearrangement [25]. The host proteins, i.e., endo-
somal sorting complexes required for transport (ESCRT) fac-
tors, host reticulon homology proteins (RHPs), and the early
secretory pathway components are involved in the formation
of viral factory and viral replication [26].

DNA viruses,  such  as  Gemini  viruses,  replicate  inside
the host cells by hijacking host machinery like DNA poly-
merase and RNA polymerase II, which accelerate the rate of
host  cell  division  [27,  28].  The  host-encoded  membrane
spanning proteins (TOM1 and TOM3), eukaryotic transla-
tion  initiation  factor  (iso)  4E  [eIF(iso)4E],  the  translation
elongation factor 1A (eEF1A), and the poly(A)-binding pro-
tein  (PABP)  are  known  to  assist  the  viral  replication  and
their movement in the host plant [25]. A list of various plant
viruses, virus proteins, host proteins, and their functions are
summarized in Table 2.

Table 2. Plant virus and host protein regulating the disease development in the host plant.

Sr.
No

Plant Virus Protein Host Plant Protein/Component Resulting Interaction and Disease Development References

RNA Replicase Related Proteins

1 TMV replicase Aux/IAA proteins Alterations in auxin response pathways, developmental symptoms [30]

2 TMV replicase
P58IPK (inhibitor of dsRNA activat-

ed PKR)
Regulation of cell death [31]

3 RDV P2 ent-Kaurene oxidase Gibberellin synthesis, dwarfing [32]

4 Gemini virus Rep proteins Retinoblastoma protein (pRBR) Cell cycle reprogramming [33]

5 Nib RNA Replicase (PPV), - Virus accumulation and disease development [34]

6
p126/p183 (TMV and PPM-

MoV),
- Transport protein and cell to cell movement [35]

7 2a (CMV) Protein Kinase Formation of replicase complex [36]

8 PSTVd derived siRNA Host mRNA Misregulation of host mRNA, induction of disease [37]

9 TBSV p19
ALY proteins (nuclear shuttle pro-

teins)
Transport [38, 39]

10
Geminivirus NSP (nuclear

shuttle protein)
AtNSI (Acetyltransferase) Disruption of AtNSI acetylation activity [40]

11
Geminivirus NSP (nuclear

shuttle protein)
NIK kinases Reduce NIK kinase activity, disrupt defense response [41]

12
FBNYV 20-kDa protein (F-

box protein)
Skp-1 and pRBR Degradation of pRBR, Cell cycle reprogramming [42]

Coat Protein Gene

13 AMV CP
Translation initiation factors eIF4G

& eIFiso4G,
Interact with the host translation initiation factors, eIF4G and eIFi-

so4G, mimicking the function of host PABP
[43]

14
Wheat yellow mosaic virus

(WYMV): P2
COPII GTPase Sar1

COPII GTPase Sar1 interacts with the P2 protein of Wheat yellow mo-
saic virus (WYMV)

[44]

15 TuMV 6K2 COPII coatomer Sec24a
The COPII coatomer Sec24a recognizes the N-terminal cytoplasmic

tail of the TuMV 6K2 protein, thus facilitating the incorporation of the
viral protein into COPII vesicles

[45]
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Sr.
No

Plant Virus Protein Host Plant Protein/Component Resulting Interaction and Disease Development References

16 CPMV: 60K helicase
ER localized SNARE-like protein

VAP27
Interact with the 60K helicase of CPMV. [46]

17 TuMV: 6K2 VAP27 protein
Binding VAP27; 6K2 associates with Syp71, which is involved in vesi-

cle fusion.
[47]

Membrane-associated Viral Proteins

18 TBSV: p33
Peroxisome (switch to ER in the

absence of peroxisome)

Upregulates phospholipid biosynthesis, recruits ESCRT factors for
VRCs assembly, vRNA recruitment, interacts with the p92pol, binds

eEF1A to promote VRCs assembly and (-) vRNA synthesis.
[48]

19
Red clover necrotic mosaic

virus (RCNMV): p27)
GTPase, (Arf1)

The GTPase, such as the Arf1, preferentially binds to the C-terminal
region of the viral protein p27 of Red clover necrotic mosaic virus (R-

CNMV).
[49]

20 TBSV: p92pol Peroxisome vRdRp, interacts with p33, recruits GAPDH to the VRCs. [50]

21 BMV: 1a
ER, host reticulon homology pro-

teins (RHPs)

Formation of viral factories, recruits the vRNA to the viral factories,
hijacks reticulons for membrane curvature, RHPs involved in viral fac-

tory biogenesis.
[51]

22 BMV: 2apol ER
vRdRp, interacts with the capsid protein, maybe for genome packag-

ing.
[52]

23 TuMV: 6K2 ER
VRCs assembly, virus intracellular, intercellular, and long-distance

movement.
[53-55]

24 TuMV: P3 ER
Virus pathogenesis, symptom and avirulence determinant, genome am-

plification.
[56]

25 BaMV/ PVX: TGBp1 ER
RNA binding, suppresses host gene silencing, virus movement, regu-
lates the size exclusion limit of the PD, induces the formation of X-

body.
[57]

26 BaMV/ PVX: TGBp2 ER Induces VRCs formation, interacts with TGBp3. [58]

27 BaMV/ PVX: TGBp3 ER Associates with the virions for virus delivery, interacts with TGBp2. [59]

3. PLANT INNATE IMMUNITY AGAINST VIRUSES
Plant pathogen resistance mechanism has been explained

earlier based on the gene for gene theory. This has success-
fully  demonstrated  the  resistance  mechanism governed  by
the host plant against diverse plant pathogens. A single resis-
tance gene (R-gene) encoded by the host recognizes the avir-
ulence (Avr) proteins secreted by a pathogen and triggers a
hypersensitive response (HR) of resistance leading to rapid
cell death [29]. It was elucidated that the R gene (e.g., Ki-
nase protein)  from the host  plant  physically  interacts  with
Avr  (e.g.,  AvrPto  or  AvrPtoBits)  for  virulence  determina-
tion. Several R Genes from different plant species are classi-
fied into two types; (a) genes encoding nucleotide-binding
leucine-rich repeat (NB-LRR) proteins, (b) genes encoding
receptor-like  kinase  (RLKs)/receptor-like  proteins  (RLPs)
[60]. In recent years, plant disease resistance has been ex-
plained by the zig-zag model, which comprises two distinct
defense response levels  (primary and secondary).  The pri-
mary defense level is called pathogen or microbe-associated
molecular patterns (PAMP/MAMP) triggered immunity (P-
TI), and the secondary defense level is called effector-trig-
gered immunity (ETI) [61]. The PAMP-triggered immunity

(PTI) is activated when cell-surface associated pattern recog-
nition  receptors  (PRRs)  of  host  plant  recognize  conserved
structural  motifs  of  pathogen,  i.e.,  MAMPs/PAMPs,
DAMPs (damage-associated molecular patterns of the plant)
(Fig.  1)  [62].  The  plant  immunity  network  ensures  the
biosynthesis  of  specific  defense  molecules  and  enables
plants to respond rapidly and efficiently to a wide range of
pathogens [63, 64]. The second defense response level is trig-
gered when the R gene product directly or indirectly senses
specific  effectors (Avr factors)  secreted by pathogens into
the intracellular host environment and activates effector-trig-
gered immunity (ETI) [67]. Activated ETI leads to hypersen-
sitive response (HR), rapid cell death, production of reactive
oxygen species (ROS) and salicylic acid (SA), as well as ex-
pression  of  defense-related  genes  [68].  The  viral  proteins,
such as replicase (RP), movement proteins (MPs), and coat
proteins (CPs), can act as Avr determinants, an essential fac-
tor for a successful infection process. Thus, ETI defense is
shown to be more robust than PTI (Fig. 1) [65, 69, 70]. The
natural plant viral resistance is classified as R-gene mediat-
ed resistance, recessive resistance, antiviral RNA silencing,
hormone-mediated antiviral defenses, and proteasome degra-
dation [61, 65, 70].
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Fig. (1). Plant innate immunity against viruses. In response to the virus infection, viral mRNAs are translated into the cytoplasm, producing
viral proteins absolutely required for completion of their life cycle, replication protein (Rep), movement protein (MP) and coat protein (CP).
The  viral  replication  proteins  interact  with  plant  cellular  proteins  to  produce  multiple  copies  of  the  virus  genome.  These  newly  made
genomes interact with CPs to form new virions or viral ribonucleoproteincomplexes (vRNP). The next step is the movement of the virus to
neighboring cells, which requires the MP. The intracellular translated viral proteins (Avr) may also provide recognition sites for cytosolic
NB-LR receptors (e.g., R proteins), triggering ETI, which results in HR, necrosis, or SAR similarly to non-viral ETI. R proteins, R co-factors
(CF), and Avr factors form an interacting complex with the SGT1/RAR1/HSP90, and EDS1/PAD4/SAG101 modules to mediate down-
stream changes in SA, JA, ET, NO, and H2O2 levels or to signalvia MAP Kinases cascades, culminating in the induction of defense genes.
NPR1 complexes with TF to induce defense genes via SA signaling, whereas EIN2 is a regulator of ET signaling. Virus infection may also
trigger epigenetic changes. At the first line of defense, replication of viral RNA genomes may provide non-self RNA motifs (ssRNA or dsR-
NA) as virus-derived PAMPs to activate PTI. Alternatively, plant cells may sense viral infection and secrete plant-derived DAMPs, recog-
nized by PRRs. Members of the SERK family also function as coreceptors in viral PTI. Arrows denote unknown or putative paradigms in vi-
ral innate immunity [65, 66]. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

3.1. R-gene-mediated Resistance
The HR-mediated resistance causes cell death and elimi-

nates infected cells to prevent the systemic spread of viral in-
fection. The HR response is characterized by the signaling
of mitogen-activated protein kinase (MAPK), increase in jas-
monic  acid  (JA),  calcium  ion  influx,  high  salicylic  acid
(SA),  membrane permeability modification,  defense genes
activation, accumulation of reactive oxygen species (ROS),
nitric oxide (NO) and callose deposition at the plasmodesma-
ta  (Fig.  1)  [71].  The  majority  of  plant  R  genes  are  nu-
cleotide-binding  (NB)  and  leucine-rich-repeat  (LRR)  do-
main-encoding genes, whereas the proteins of Avr have very
few common characteristics [65, 72]. The N gene encoding
TIRNB-LRR protein from tobacco was the first character-
ized viral R Gene conferring resistance to TMV [73]. More
than 20 viral R genes with the dominant mode of inheritance
have been characterized (Table 3). This class of resistance al-
so  comprises  an  Apaf-1/R  protein/CED  4  (ARC)  domain,
which is involved in the hydrolysis of ATP and intra-molecu-
lar interactions [65, 74]. Some non-NB-LRR classes of pro-

teins (JAX1, RTM1, RTM2, Ty-1, Ty-3, and Tm-1) though
are  not  able  to  induce  typical  ETI-like  defense  response,
such as HR, but may function as sensors of virus infection
(Table 3). Thus, such a non-NB-LRR class of proteins may
act as potential  target sites in CRISPR-Cas9 based editing
and virus resistance development in the plant.

3.2. Recessive Resistance
The recessive R genes are plant genes that act as essen-

tial factors required to the virus to complete their biological
cycle. The resistance governed by these genes is often con-
sidered  as  incompatible  virus-host  interaction  wherein  the
virus infects the plant, but further systematic infection is dis-
rupted by host resistance factors.  This includes eukaryotic
translation initiation factors, such as eIF4E and eIF4G, and
resistance is conferred by functional mutations or modifica-
tion of these gene products. In many viral diseases caused
by Potyviruses, Bigmoviruses, Cucumoviruses, Ipomovirus-
es, Sobemoviruses, Carmoviruses, and Waikiviruses, eukary-
otic translation initiation factors, eIF4E and eIF4G, play an
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Table 3. List of plant resistance genes (D: dominant and R: Resistance) against plant viruses.

Sr. No.
Resistance Genes (D: Dominant

and R: Resistance)
Plant Virus Resistance Factors and Features Avirulence Factor References

1. HRT (D) Turnip crinkle virus CC-NBS-LRR (HR) CP [75]

2. JAX1 (D) Platago asiatica mosaic Virus
Jacalin like lectin (Blocks RNA accumula-

tion)
Unknown [76]

3. RCY1 (D) Cucumber mosaic virus CC-NBS-LRR (HR) CP [77]

4. RTM1 (D) Tobacco etch virus
Jacalin family (Blocking systemic Move-

ment)
CP [78]

5. RTM2 (D) Tobacco etch virus
Small heat shock Protein (Blocking Systemic

Movement)
CP [79]

6. RTM3 (D) Tobacco etch virus
MATH-containing protein (Blocking Sys-

temic Movement
Unknown [80]

7. sp1 (r) Turnip mosaic virus eIF(iso)4E (mutagenesis) VPg [81]

8. cum1(r) Cucumber masaic virus eIF4E (mutagenesis) Unknown [82]

9. cum2 (r) Cucumber masaic virus eIF4E (mutagenesis) Unknown [82]

10. BcTuR3 (D) Turnip mosaic virus TIR-NB-LRR (Systemic resistance) Unknown [80]

11. TuRB07 (D) Turnip mosaic virus CC-NBS-LRR (ER) Unknown [83]

12. L(multi-alleles) (D) Tobacco mosaic virus CC-NBS-LRR (HR) CP [84]

13. pvr1/pvr2(multi- alleles)(r) Potato virus Y eIF4E VPg [85]

14. pvr6 (r) Pepper veinal mottle virus eIF(iso)4E VPg [86]

15. Nsv (r) Melon necrotic spot virus eIF4E Unknown [87]

16. Rsv1 (D) Soybean mosaic virus CC-NB-LRR (HR) P3, HC-Pro [88]

17. rym4/5(multi-alleles) (r) Barley yellow mosaic virus eIF4E VPg [89]

18. mo1 (multi-alleles) (r) Lettuce mosaic virus eIF4E CI- Cter, VPg [90]

19. rymv1 (r) Rice yellow mottle virus eIF(iso) 4G, VPg [91]

20. rymv2 (r) Rice yellow mottle virus CPR5(H) unknown [92]

21. I (D) Bean common mosaic virus TIR-NBS-LRR (HR) Unknown [93]

22. RT4-4 (D) Cucumber mosaic virus TIR-NBS-LRR (Systemic necrosis) 2a [94]

23. bc3 (r)
Bean common mosaic

Virus
eIF4E unknown [95]

24. sbm1 (r)
Pea seed-born mosaic

Virus
eIF4E VPg [96]

25. Ty1/Ty3 (multi-alleles) (D)
Tomato yellow leaf

curl virus
RDR (RNA silencing) Unknown [97]

26. Tm1 (D) Tomato mosaic virus
TIM-barrel-like domain (Blocking replica-

tion)
Replication protein [98]

27. pot1 (r) Potato virus Y eIF4E VPg [87]

28. Tm2 (multi-alleles) (D) Tomato mosaic virus CC-NBS-LRR (HR) MP [99]

29. Sw5b (D) Tomato spotted wilt virus CC-NBS-LRR (HR) MP (NSm) [100]

30. Rx (multi-alleles) (D) Potato virus X CC-NBS-LRR (Blocking replication) CP [101]

31. Y1 (D) Potato virus Y TIR-NBS-LRR (HR) Unknown [102]

32. CYR1 (D) Mungbean yellow mosaic virus CC_NB_LRR CP [103]
Abbreviations: MATH: meprin and TRAF domain, CP: coat protein, HC Pro: helper component proteinase, MP: movement protein, RDR-RNA: dependent RNA polymerase, ER:
extreme resistance without any necrotic local lesion, eIF4E: eukaryotic translation initiation factor 4E, eIF(iso)4E: eukaryotic translation initiation factor iso 4E, Pelo: a messenger
RNA surveillance factor, VPg: genome linked viral protein, CPR: constitutive expresser of pathogenesis-related genes, CI-Cter: C terminal of cylindrical inclusion helicase.

essential role in successful infection. The natural variation in
eIF4E confers effective resistance to potyvirus infection in
multiple crop species. This include pvr1 and pvr2 in pepper

[94], sbmlin pea [90], mol in lettuce [104], rym4/5 in barley
[87], pot1 in tomato [105] and zym-FL in watermelon [106],
and Pelo in resistance ty5 genotype of tomato [107]. Thus,
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many of the plant natural resistance genes functioning as es-
sential host factors for virus infection have been mapped and
are being exploited in genome editing technologies for the
development of plant virus resistance.

3.3. RNA Interference-mediated Resistance
One of the major mechanisms for plant antiviral immuni-

ty is RNA interference (RNAi, also called gene silencing),
which is triggered by double-stranded RNAs (dsRNAs) and
recognized as an evolutionarily conserved process in most
eukaryotes. The dsRNAs are processed by DCL (DICER-lik-
eribonuclease III-type) enzymes into 21-24 nucleotide small
RNAs (sRNAs)  and are  incorporated into  RISC (RNA-in-
duced cytoplasmic silencing complex). RISC complex com-
prises AGO (Argonaute) and other proteins, whereas sRNAs
are base paired to their target-mRNA to induce their cleav-
age.  The  key  components  of  the  RNA silencing  pathways
are  the  existence  of  multiple  copies  of  AGO (Argonaute),
DRB  (double-stranded  RNA  binding),  RNA  dependent
RNA polymerase (RDR) and DCL (Dicer-like) genes, which
play  an  important  protective  role  against  invading  viral
pathogens [108, 109]. However, RNAi-mediated resistance
is regularly hindered by several co-evolving viral suppres-
sors  (VSRs),  which  could  enhance  the  viral  pathogenicity
within susceptible hosts [110].

3.4. Plant Hormone-mediated Resistance
Plant hormones have a significant role in the regulation

of  intercellular  and  systemic  signaling  networks  in  viral
plant defense mechanisms [110]. Plant virus interactions re-
sult in the alterations of plant hormone synthesis and signal-
ing in the host plant [20]. The plant hormones which facili-
tate  the  natural  plant  defense  against  viral  disease  include
Auxin  [IAA;  Aux/IAA  proteins  in  TMV  infection],  Gib-
berellin  [GA3  in  RDV],  Ethylene  [CaMV:  P6  expression
and disruption of the ethylene response pathway], Salicylic
acid  (SA)  [activation  of  SAR  in  TMV,  CaLCuV,  Potato
virus  Y  (PVY)  and  Tomato  ringspot  virus  (ToRSV)],  and
Abscisic  acid  (ABA)  [reduces  the  accumulation  of  TMV,
Bamboo mosaic  potyvirus  (BaMV) and  CMV,  and  cell  to
cell  movement  of  the  virus]  [70,  111-113].  The  Jasmonic
acid (JA) synthesis genes were found to be suppressed upon
the  infection  of  geminivirus  [114].  However,  Brassinos-
teroids (BRs) were also observed as a positive regulator for
inducing  a  plant  defense  against  viruses,  such  as  TMV,
TCV,  and  Oilseed  rape  mosaic  virus  (ORMV)  [115-117].
Thus, genetic variation in the phytohormone levels can re-
strict  virus  infection  and  will  offer  an  opportunity  to  en-
hance plant immunity.

3.5. Proteasome Degradation
The ubiquitin-proteasome pathway (UPS) is also an an-

tiviral  defense  strategy  employed  by  the  host  plant.  This
pathway is involved in the fundamental plant processes, in-
cluding degradation, functional modification of cellular pro-
teins, and signaling in response to abiotic and biotic stimuli.
Plant  viruses  exploit  this  pathway  and  inhibit  or  modify
ubiquitin  (Ub)-related  host  proteins,  enabling  successful

host infection. However, UPS also plays a role in the host de-
fense mechanism to eliminate viral components [118]. Sever-
al viral proteins have been observed to interact with differ-
ent subunits of the 20S proteasome or 26S proteasome viz.,
helper component proteases (HcPro) of Lettuce mosaic virus
(LMV), PVY, Papaya ringspot virus (PRSV), bC1 protein of
geminivirus  (TMV),  C2  protein  of  geminivirus  (BSCTV),
RNA-dependent RNA polymerase of Turnip yellow mosaic
virus (TYMV), factor C4 from Beet severe curly top virus
(BSCTV), etc. [119, 120]. In a nutshell, plant viruses exploit
the UPS for regulating the quality of their own proteins and
enhancing their efficacy. In parallel, plants also use this path-
way for basal resistance and for targeting viral proteins for
degradation [70, 121]. Thus the genes involved in this path-
way can be explored to build virus resistance in crop plants.

4. PLANT VIRUS MANAGEMENT STRATEGIES
Several strategies are available for the control of plant

viruses. The chemical, biological and cultural management
practices are mainly based on the control of insect vector(s)
for further spread and transmission of the virus in the field.
Most of the time, these methods are not found very effective
and also associated with environmental hazardous. In this re-
gard, the breeding of virus-resistant varieties is becoming an
important, long-term strategy for the control of viral diseas-
es. However, this strategy requires the availability of a resis-
tant gene pool within the germplasm. The overall plant virus
management strategies are classified into conventional and
advanced methods (Fig. 2) [2]. While the conventional meth-
ods  like  meristem-tip  culture,  thermotherapy,  cryotherapy
and chemotherapy have certain limitations, such as being ex-
pensive,  time  and  labor-consuming,  and  having  an  issue
with acclimatization, variability, production scheduling, and
contamination, the advanced approach, namely RNAi silenc-
ing and cross-protection are not durable and induced resis-
tance is also hindered by viral suppressor at the field level.
The use of the transgenic and gene pyramiding approach is
also time-consuming, costly, and has biosafety concerns. In
this context, the emerging genome editing technology based
upon homing endonucleases (EMNs), zinc finger nucleases
(ZFNs), transcription activator-like effector nuclease (TAL-
ENs),  and  clustered  regularly  interspaced  palindromic  re-
peats (CRISPR-Cas9) repair mechanism has several advan-
tages for the management of plant viruses.

5. BIOLOGY OF CRISPR-CAS9
The  method  based  on  clustered  regularly  interspaced

palindromic repeats-Cas9 (CRISPR-Cas9) is the most pre-
ferred genome editing tool due to its ease, simplicity, speci-
ficity, low off-target effects, and precision [122-125]. CRIS-
PR was initially discovered in E. coli in the year 1987 [126],
and it functions to confer acquired resistance in bacteria and
Archea  against  bacteriophage  [127].  The  short  DNA  seg-
ments (20 - 50 bp) from invading viruses and plasmids are
integrated into their host genomes in between the copies of
20 - 50 bp repeat sequence. The resulting arrangements are
hence  referred  to  as  clustered  regularly  interspaced  short
palindromic  repeats  [128].  Genes  encoding  Cas9 endonu-
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Fig. (2). Plant virus management strategies. (A higher resolution / colour version of this figure is available in the electronic copy of the arti-
cle).

Fig. (3). The biology of CRISPR-Cas9 nuclease system (CRISPR acquisition, biogenesis, interference and surveillance. (A higher resolution
/ colour version of this figure is available in the electronic copy of the article).

clease and two RNAs, viz. CRISPR RNA (crRNA) and tran-
s-activating CRISPR RNA (tracrRNA) are present adjacent
to repeat elements (Fig. 3). The entire CRISPR-Cas9 system
drives  the  bacterial  immunity  against  the  invading viruses
through acquisition/adaptation, CRISPR RNA (crRNA) bio-
genesis, and interference (Fig. 3). In the acquisition process,
foreign DNA is selected, processed, and integrated into the
CRISPR array for storage as a memory of infection [129].

The transcription of CRISPR array produces a long pre-
cursor crRNA (pre-crRNA) which is processed within the re-
peat  sequences  to  yield  mature  crRNAs.  When  a  similar
virus or plasmid infects, the interference machinery, mainly
cas9 protein, is guided by crRNAs to cleave complementary

sequences, called protospacers flanked by a protospacer-adja-
cent  motif  (PAM),  in  the  incoming  foreign  nucleic  acids
(Fig. 3) [130]. Based on the presence of Cas genes and the
nature of the interference complex, CRISPR-Cas9 systems
are classified into two classes and subsequently subdivided
into six types and several subtypes, each possessing signa-
ture  Cas  genes  [131].  The  Class  1  CRISPR-Cas9  systems
(types I, III, and IV) possess multi-Cas protein complexes,
whereas, in class 2 systems (types II, V, and VI), single ef-
fector  protein  undertakes  interference  [132].  The  type  II
CRISPR-Cas9 system with little modification (synthetic sin-
gle-guided RNA (sgRNA) designed for trRNA and crRNA)
was  first time  used by  Doudna and Charpentier in 2012 for
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Table 4. Examples of CRISPR/Cas9 mediated for DNA and RNA virus resistance in crop plants.

Virus/Viruses Targeted Host Plant Target Gene Gene Function References

Targeted Viral Genes

BSCTV
N. benthamiana
and A. thaliana

IR, CP, and Rep RCA Mechanism [139]

BeYDL N. benthamiana LIR and Rep/RepA RCA Mechanism [124]

TYLCV, BCTV, MeMV N. benthamiana IR, CP, and Rep RCA Mechanism [140]

CLCuKoV, TYLCV, TYLCSV,
MeMV, BCTV-Logan, BCTV

N. benthamiana IR, CP, and Rep RCA Mechanism [141]

BeYDV N. benthamiana LIR and Rep/RepA Transgene free [124]

BSCTV N. benthamiana and A. thaliana IR, CP, and Rep Transgene free [139]

TuMV N. benthamiana GFP1,2,3, CP and 3’UTR Replication mechanism [142]

CMV, TMV N. benthamianaand A. thaliana ORF,1,2,3, CP and 3’UTR Replication mechanism [120]

Targeted Host Genes

TuMV A. thaliana eIF(iso)4E Host factor for RNA viruses translation [143]

CVYV, ZYMV, and PRSMV Cucumis sativus eIF4E Host factor for RNA viruses translation [144]

RTSV Oryza sativa and L. japonica eIF4G Host factor for RNA viruses translation [137]

genome editing [130].  Subsequently,  this  system has been
extensively exploited for genome editing in all the fields of
life  sciences.  Furthermore,  different  variants  of  Cas9  nu-
clease have been developed and adopted for genome editing.
The  wild-type  Cas9  induces  site-specific  double-stranded
break  (DSB).  The  Cas9  mutant,  i.e.,  Cas9D10A,  has  only
nickase activity and cleaves only one DNA strand, whereas
dCas9 has lost cleavage activity but possesses DNA binding
property  used  for  gene  silencing  or  gene  activation  [131].
The  double-stranded  break  is  repaired  by  a  highly  er-
ror-prone  host  repair  system which  induces  genetic  muta-
tions. The DNA repair pathways, non-homologous end join-
ing  (NHEJ),  and  homology-directed  repair  (HDR)  are  re-
sponsible for random indels, which lead to frameshift muta-
tions [132], whereas, in HDR, exogenously supplied homo-
logues  DNA  sequences  are  integrated  at  the  targeted  site.
Hence,  these  repair  pathways  are  judiciously  exploited  in
CRISPR-Cas9 for precise and targeted genome editing.

6.  USE  OF  CRISPR/CAS9  SYSTEM  TO  ENGINEER
VIRUS RESISTANCE IN PLANTS

The development of virus-resistant plants by using patho-
gen-derived resistance or RNAi gene technology has shown
limited success [133] and has been facing the barriers of reg-
ulatory concerns and public acceptance. On the other hand,
emerging CRISPR-Cas9 genome editing technology directly
disrupts the essential viral genes instead of silencing them at
the RNA level [134, 135]. The utility of CRISPR-Cas9 sys-
tem for plant virus resistance has been reported independent-
ly by several researchers using model species like tobacco
and Arabidopsis (Table 4).

Virus  resistance  through  CRISPR-Cas9  based  genome
editing is achieved either by editing the viral genome or the

host plant genome [136]. Both these strategies are common-
ly employed to develop CRISPR-Cas9 based plant virus re-
sistance. The first strategy aims to develop transgenic plants
through engineering and maintenance of Cas9 and sgRNA
in the genome of the crop plants, while the second strategy
involves the development of non-transgenic mutants during
further segregation of CRISPR-Cas9 machinery [137]. The
process  CRISPR-Cas9  based  genome  editing  methods  for
the development of virus-resistant plants is depicted in Fig.
(4). In general, CRISPR-Cas9 based virus-resistant plant de-
velopments comprises important steps viz. selection of target
sites and gRNA synthesis, cloning of gRNA-CRISPR- Cas9
cassette  into  suitable  transformation  vector  followed  by
plant  transformation,  screening  of  desirable  mutant  lines,
and segregation and selection of desirable mutant line hav-
ing effective on-target activity and rid of the off-target ef-
fect. There are several plant transformation strategies being
deployed for the successful delivery of CRISPR-Cas9 gene
cassettes. The Agrobacterium-mediated and biolistic trans-
formation methods are the most applied transformation meth-
ods  but  have  certain  limitations.  Moreover,  several  other
transformation methods are being adopted for use, for exam-
ple, viral vector-based transformation method, Agro-infiltra-
tion, Floral dip Method, Mesoporous silica nanoparticles (M-
SN)  method,  Carbon  nano-fibres,  Fluorescently  labeled
starch method, Pollen magnetofection and DNA free reagent
delivery method, i.e.,  Ribonucleoprotein (RNP), etc  [138].
Moreover, the commonly available methods for the confir-
mation of genome-edited crops include screening based on
antibiotics  (in  vitro  and  in  vivo),  PCR  amplification  and
RFLP analysis, restriction enzyme (RE) specific targets di-
gestion or AFLP, probe hybridization and microarrays, se-
quencing  for  specific  targets,  morphological  observations,
biochemical analysis, etc. [139].
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Fig. (4). Schematic representation of crispr-cas9 mediated virus resistant plant development. (A higher resolution / colour version of this fig-
ure is available in the electronic copy of the article).

6.1. CRISPR-Cas9-mediated Resistance for DNA Viruses
The power of the CRISPR-Cas9 system to impart resis-

tance against gemini viruses in plants was efficiently demon-
strated  in  model  plants  N.  Benthamiana  and  Arabidopsis
[140] against Tomato yellow leaf curl virus (TYLCV), Beet
curly  top  virus  (BCTV),  and  Merremia  mosaic  virus
(MeMV)  [124],  Bean  yellow  dwarf  virus  (BeYDV)  [139]
and Beet severe curly top virus (BSCTV). Ji et al. transient-
ly expressed Streptococcus pyogenes Cas9 gene and 43 can-
didate sgRNA target sites within the coding and non-coding
regions of the BSCTV genome into Nicotiana benthamiana
and Arabidopsis thaliana  leaves [139].  Furthermore, these
Agro-infiltrated leaves were challenged with Beet severe cur-

ly top virus (BSCTV) after two days of infiltration. The chal-
lenged plants after 10 days of post-infection were examined
towards  symptom development  and  presence  of  viral  load
by qPCR analysis. Control plants exhibited the typical shoot
tip leaf curling symptoms, whereas infiltrated plants did not
show virus symptoms and qPCR revealed more than 90% re-
duction in the accumulation of BSCT virus. The results of se-
quencing of virus DNA showed 1 to10 nucleotide long dele-
tions  in  the  target  region.  The  higher  virus  resistance  was
found in the proportion of higher intensity of expression of
Cas9 endonuclease gene and vis-a-vis.

Transgenic N. benthamiana plants conferring resistance
to  Bean  yellow  dwarf  virus  (BeYDV)  were  generated  by
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Baltes  et  al.  [124].  The  researchers  exploited  11  sgRNAs
and targeted Rep motifs, Rep-binding sites, hairpin, and the
nonnucleotide sequence of BeYDV. The constitutively ex-
pressed Cas9 and sgRNAs (gBRBS+ or gBM3+) into N. ben-
thami  showed reduced symptoms and copy number  of  the
BeYDV  genome.  The  transgenic  N.  benthamiana  plants
showed an 87% reduction in virus load and symptom devel-
opment  due  to  the  induction  of  mutations  in  the  BeYDV
genome. Ali et al.  expressed the CRISPR-Cas9 machinery
into  N.  benthamiana  plants  which  exhibited  resistance
against tomato yellow leaf curl virus (TYLCV) [140]. The
SgRNAs specific to various kinds of tomato yellow leaf curl
virus genes, like capsid protein (CP), RCRII motif of the re-
plication  protein  (Rep)  and  intergenic  region  (IR),  were
used.  Among  all  these  tested  sgRNAs,  the  targeted  stem-
loop invariant IR sequence showed high interference and sig-
nificantly  reduced  viral  replication.  Moreover,  they  tested
this  gRNA  against  Beetcurly  top  virus  (BCTV)  and  Mer-
remia mosaic  virus  (MeMV) and induced mixed infection
immunity  by  single  sgRNA  developed  on  conserved  se-
quences  of  multiple  viral  strains.

Besides  highlighting  the  efficiencies  of  the  CRISPR-
Cas9 tool, Ali et al. also described the emergence of mutat-
ed viruses and their capability to replicate and move systemi-
cally  [141].  This  study  has  shown  that  sgRNA-Cas9  de-
signed  in  the  coding  and  non-coding  sequences  of  Cotton
leaf curl Kokhran virus (CLCuKoV), MeMV, exhibited dif-
ferent  severe  and mild  strains  of  TYLCV, resulting  in  the
generation of viral variants which were capable of replicat-
ing and escaping from genome editing machinery [142-144].

Zaidi et al. stated that sgRNA-Cas9 designed on the tar-
gets of non-coding intergenic sequences worked efficiently
than the coding regions, which produced high levels of virus
interference,  and  provided  potential  strong  resistance  in
Geminiviruses [145]. Furthermore, this technology was ef-
fectively  implemented  and  proved  against  dsDNA viruses
like Cauliflower mosaic virus (CaMV) in the model plant,
Arabidopsis.  Besides  the  applications  of  CRISPR-Cas9  in
model plants, recently, the strategy has been successfully de-
monstrated in cultivated species of barley for the develop-
ment of plants resistant to the Wheat dwarf virus [146].

6.2. CRISPR-Cas-mediated Resistance for RNA Viruses
Besides the use of the CRISPR-Cas9 system to develop

immunity against DNA viruses, the technique has been ex-
plored to target plant viruses with RNA genomes [147]. The
RNA viruses utilize plant host factors towards maintaining
their life cycle. The important host factors of plants being uti-
lized  by  RNA  viruses  are  eukaryotic  translation  initiation
factors or host susceptibility genes, i.e., eIF4E, eIF(iso)4E,
and eIF4G [148], which can be used as potential target sites
for  inducing  mutation  through  CRISPR-Cas9.  Chan-
drasekaran et  al.  successfully induced mutation within the
two different sites of the cucumber (Cucumis sativus) transla-
tion initiation factor eIF4E gene by CRISPR-Cas9 and devel-
oped Cucumis eIF4 Emutant [144]. The testing of homozy-
gous  Cucumis  mutant  plants  against  a  member  of  the  Po-

tyviridae family revealed resistance against Cucumber vein
yellowing  virus  (CVYV),  Zucchini  yellow  mosaic  virus
(ZYMV), and Papaya ringspot mosaic virus-W (PRSV-W).
In another study, the isoform of the eIF4E gene locus was
targeted in Arabidopsis thaliana to introduce a 1 bp site-spe-
cific mutation within the gene [143]. The GE-edited plants
showed  complete  resistance  to  Potyvirus,  Turnip  Mosaic
Virus (TuMV) without any significant off-target effects.

CRISPR technology has also been applied for the con-
trol of RNA viruses. Zhang et al. expressed FnCas9 and tar-
geted Cucumber mosaic virus (CMV) and Tobacco mosaic
virus (TMV) by using specific sgRNAs in N. benthamiana
and  Arabidopsis  plants  [120].  The  authors  recorded  40  -
80%  reduced  accumulation  of  viruses  and  obtained  resis-
tance stability of sgRNA-FnCas9 against Cucumber mosaic
virus (CMV) and Tobacco mosaic virus (TMV) up to T6 gen-
eration. This study also showed that instead of the endonu-
clease  activity  of  FnCas9,  its  RNA-binding  activity  was
found  responsible  for  making  interference  with  the  CMV
genome, suggesting that such a mechanism would help re-
strict the escape mechanism of mutated viral variants. Aman
et al. exploited RNA-guided ribonuclease Cas13a and manip-
ulated  Turnip  mosaic  virus  (TuMV)  RNA  genome  [142].
The authors targeted four different viral genes, namely two
targets on green fluorescent protein (GFP) and two on each
of the target sites in the helper component, namely protei-
nase  silencing  suppressor  (HC-Pro)  and  coat  protein  (CP)
gene.  The  effective  virus  interference  was  obtained  in  the
edited HC-Pro and GFP2 genes, which could result in a dec-
line in the multiplication of Turnip mosaic virus (TuMV) in
tobacco, indicating reduced replication and spread of TuMV
in tobacco leaves.  A recessive trait  of  RTSV resistance in
rice (Oryza sativa) is controlled by the translation initiation
factor  4  gamma  gene  (eIF4G).  Macovei  et  al.have  devel-
oped  three  gRNA’s  at  SNPs  nucleotide  positions  of  4387
and 4390 of eIF4G, depicting reaction to RTSV; they also
exploited CRISPR-Cas9 based editing towards the induction
of mutation in the eIF4G alleles of rice [137]. Furthermore,
Agrobacterium-mediated transformation used in IR-64 culti-
var and progenies were advanced up to T2 and T3 genera-
tion.  The  study  successfully  generated  RTSV  resistant
IR-64.

7. OBSTACLES AND POSSIBLE CHALLENGES
The  occurrence  of  off-target  effects  is  a  crucial  chal-

lenge  in  CRISPR-Cas9  technology.  Besides,  several  other
challenges encountered during CRISPR/cas9 based virus re-
sistance development are outlined below:

Lack  of  availability  of  annotated  genomic  data  in
crop plants.
Frequent occurrence of Off-targets activity: The mis-
matches of sgRNA sequence, optimal expression of
Cas9 nuclease [148], the location and accessibility of
target site inside the host or target genome of an or-
ganism, high homology with the desired target in the
genome, choice of endonuclease, choice of promoter
for  sgRNA  and  Cas9  gene  expression  [149]  influ-
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ence the off-target effects. The off-target activity is
accelerated due to the presence of non-specific tar-
gets, presence of gene paralogs, cultivar to cultivar
polymorphism  within  the  same  species  [150].  The
GC content lower than 30% of sgRNA increases the
chances  of  off-target  activity.  Polyploidy  genome
and  repetitive  DNA  sequences  within  organisms
make it difficult to induce target-specific gene muta-
tion [151]. The larger size genomes have more PAM
sites,  and  this  may  increase  more  possible  targets.
However,  the  mismatch  far  away  from  the  12  bp
seed sequence region also induces unwanted off-tar-
get mutations [152]. The unlimited expression of the
Cas9 nuclease enzyme could result in the occurrence
of  off-target  activity  [153].  The  off-target  activity
could be minimized by reducing sgRNA length from
5’end up to 17 - 18 nucleotides [154].
Lack of efficient regeneration system: The efficient
plant regeneration system enables successful deliv-
ery of CRISPR-Cas9 cassette into the target genome,
but many plants are recalcitrant and lack higher re-
generation potential. Besides, regeneration protocols
also vary from species to species, are genotype de-
pendant, and are also influenced by media composi-
tion  factors.  Such  limitations  can  be  managed
through in-planta based transient methods, PEG, and
electroporation-based protoplast transformation pro-
tocols.
Lack of suitable screening methods and expertise for
the identification of edited plants.
Requirement of a broad range of specific protospacer
adjacent motif (PAM) sites for accurate alteration of
exact nucleotides in a gene of interest.
Knocking the host susceptibility genes, a passive tar-
get of the viruses, may negatively concern plant vig-
or and other traits.
Required knowledge on molecular pathways of plan-
t-virus  interaction  and  the  resources  to  be  used  in
editing.
A containment facility and proper field evaluation is
required for testing the multi-environmental fitness
of  genome-edited  crops  with  special  emphasis  on
changes in their agronomic features, if any.
The introduction of true genome editing technology
rather than targeted mutagenesis, which induces ran-
dom mutations leading to the loss of gene function,
is quite challenging.
In the case of developing transgene-free virus-resis-
tant plants through the CRISPR-Cas9 system, knock-
ing out host factors isessential but it  may impose a
negative influence on plant growth due to their other
functions in plant growth and metabolism. Also, the
redundancy of such host factors/native genes within
the plant may minimize resistance durability against
member viruses.
In case of introduced resistance against DNA viruses
through  CRISPR-Cas9,  there  may  be  frequent
chances of evolving mutations among target viruses
and getting rid of/escape from cleavage activity by

CRISPR-Cas9 [155], which may encourage the evo-
lution of super-viruses.
Another constraint is in polyploidy crops since it is
necessary to study the large numbers of mutants oc-
curring in the multiple alleles [138].

7.1. Strategies to Bypass Off-target Activities
The effect of off-target activities CRISPR-Cas9 can be

minimized by the selection and use of virus-induced promot-
ers during the expression of Cas9 protein in place of a consti-
tutive promoter. Under this situation, the antiviral CRISPR-
Cas9 system would be expressed only after the presence of
the virus in the plant cell. Besides, several other strategies to
tackle such off-target activities are also being tested in mod-
el plants, which include reducing the concentration of CRIS-
PR-Cas9 reagents leading to an increase in specificity of the
targets, selection of target sites possessing high (up to 70%)
GC content, sgRNA truncation at 5' or 3' end, reduction of
sgRNA length from 5’end up to 17-18 nucleotides,  use of
paired Cas9 nickases with sgRNA, the addition of additional
GG at the 5' end and using FokI nuclease in guiding Ca9 pro-
teins,  etc.  [138].  However,  to  avoid off-target  activities  in
virus resistance, in addition to using CRISPR-Cas9 derived
gene editing, chemical-based base modification could be a
promising alternative [156, 157].

Therefore, appropriate selection of target site(s) render-
ing high efficiency of mutagenesis and prediction of fewer
chances  of  off-target  effect  can  be  achieved by the  use  of
several online computational tools and servers for designing
target gene-specific sgRNAs, gene constructs and data analy-
sis [138]. Also, the use of web tool ‘CRISPR-P’ for design-
ing sgRNAs [158], careful choice of the sgRNA sequence,
and various experimental techniques may help to avoid mis-
match and increase on-target genome editing efficiency.

7.2. Multiplex Genome Editing Approach
The  multiplex  genome  editing  approach  in  CRISPR-

Cas9 has certain advantages and can simultaneously mutate
several different target genes and provides resistance against
all types of variants of plant viruses. There are basically two
approaches: the first one comprises the expression of individ-
ual gRNA with its own promoter, whereas the second one
pertains to the expression of multiple gRNAs under a single
promoter to produce a single transcript and cleave individual
gRNAs [138]. The various multiplex genome editing strate-
gies are being utilized for the improvement of plants against
biotic stress tolerance, which are polycistronic tRNA tRNA-
gRNA  (PTG)  based  approach,  intron  based  polycistronic
transfer RNA guide RNAs (inPTGs), CRISPR system with
Yersinia  (Csy4)  nuclease  mediated  approach  and  Drosha
based  multiple  gene-editing  approach.  The  use  of  a  poly-
cistronic tRNA-gRNA (PTG) under a single promoter could
also reduce the construct size suitable for easy transforma-
tion and minimize silencing risk due to the presence of re-
peated sequences of various promoters [159]. The use of a
multiplex genome editing approach with multiple target re-
gions of viral genomes in one system will minimize the de-
velopment of escape mutant among viruses.
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CONCLUSION AND FUTURE PERSPECTIVES
CRISPR-Cas9  based  genome  editing  is  becoming  a

promising technique to induce resistance against DNA and
RNA viruses in crop plants. The technology may also have
public acceptability as the developed virus-resistant plants
will be non-transgenic plants, which may have fewer regula-
tory concerns. Besides, this technology can be explored for a
variety of agronomic traits in agriculture crops by resolving
off-target activity, and accuracy, and increasing the efficien-
cy of the customized enzymes. Moreover, the use of multi-
plex  genome editing  approach,  development  of  highly  so-
phisticated bioinformatics programs, modification in endonu-
cleases, gRNA modifications, and sensitive NGS-based de-
tection methods have to be successfully implemented to in-
crease the genome editing efficiency and prevent the inter-
ruption  of  native  gene  function.  The  CRISPR/Cas9  and
other  related genome editing approaches offer  great  scope
for plant molecular breeding aimed at crop improvement.
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