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Introduction 
 

The global population has increased by over 

25% in the last two decades and is estimated 

to increase from 7.7 billion in 2019 to around 

10 billion by 2050. Supplying adequate 

amount of healthy and nutritious food to the 

burgeoning global population is the biggest 

challenge at present. Nevertheless, the rate of 

grain production does not seem to have kept 

pace with population growth across the globe. 

In addition to confined cultivable land and 

water resources, the global food production is 

also limited by insect pests and disease 

causing pathogens. The yield of crop plants is 

threatened by insect pests which cause yield 

loss of 20-40%, while bacterial and fungal 

pathogens reduce crop yields by about 15% 

and viruses reduce yield by 3-7% (Oerke and 

Dehne, 2004). Yield losses due to plant 
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How dreadful a virus may be - this has been well understood across the globe during the 

COVID-19 pandemic. Viruses pose a serious threat not only to mankind but also to 

agriculture by infecting several economically important crops such as rice, wheat, corn, 

cotton, and vegetables. Conventional methods will not be able to control these quickly 

evolving and emerging plant viruses. Present-day genome-editing techniques have 

emerged as promising tools to introduce desirable traits in target crop plant. The two major 

antiviral strategies, RNA silencing and genome editing have been vividly discussed in this 

review article. RNA silencing strategy has been utilized in antiviral breeding for more than 

three decades. Many crops engineered to stably express small RNAs targeting various 

viruses have been approved for commercial release. Among these technologies, the 

CRISPR/Cas9 system has gained more popularity by virtue of its simplicity, efficiency and 

reproducibility. CRISPR/Cas9 have been exploited to engineer plant virus resistance, 

either by directly targeting and cleaving the viral genome, or by modifying the host plant 

genome to introduce viral immunity. Here, we describe the biology of the CRISPR/Cas9 

system and plant viruses, and how this genome engineering tool has been used to target the 

devastating plant viruses. 
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viruses are not so great compared to that of 

bacterial and fungal diseases, but the outbreak 

of viral diseases may lead to several 

problems. Economic losses due to plant virus 

infection may reach up to 60-80 billion dollar 

in a year. It is so because the bacterial and 

fungal pathogens can be controlled by 

chemical pesticides whereas the same can't be 

done with viruses. Pesticide application and 

use of natural predators against the vectors or 

using physical barriers are few control 

measures for viruses which can be readily 

adopted at present. Development of virus-

resistant varieties is the most effective way to 

reduce yield losses caused by viral diseases. 

Conventional breeding plays a vital role in 

crop improvement for viral resistance but 

usually time-consuming and laborious 

process. The emergence of genetic 

engineering, which directly alters the 

organism’s genetic information using modern 

biotechnology, has significantly accelerated 

the process and efficiency of breeding 

(Christou, 2013). Increasing knowledge about 

the molecular mechanism of plant-virus 

interactions and biotechnological 

advancement provides new opportunities for 

engineering plant resistance to viruses. 

(Mahas and Mahfouz, 2018; Yin and Qiu, 

2019). 

 

Plant Viruses 

 

Global agriculture is threatened by both 

abiotic (cold, drought, salinity, heat etc.) and 

biotic stresses (bacteria, fungi, viruses, 

insects, nematodes etc.). Phytopathogenic 

viruses or plant viruses cause about 10-15% 

reduction in global crop yields each year 

(Mahy and van Regenmortel, 2009). Thus, 

improving host plant resistance against plant 

viruses can mitigate these losses by protecting 

a significant proportion of food crops. The 

mode of infection and transmission of viruses 

provide several potential targets for 

controlling plant viruses; however their huge 

diversity and rapid evolution make such 

control measures difficult (Hanley-Bowdoin 

et al., 2013). Most of the plant viruses are 

transmitted by vectors that feed on plants such 

as insects (whiteflies, plant hoppers, jassids, 

thrips etc.), mites, nematodes and 

plasmodiophores (Whitfield et al., 2015). 

Prominent symptoms of virus-infected plants 

are usually those appearing on the leaves, but 

some may cause symptoms on the stem, fruit, 

and roots. The most common types of plant 

symptoms produced by virus infections are 

mosaics and ring spots. The most common 

viral symptoms are mosaics and ring spots on 

leaves, leaf roll, stunting and dwarfing of 

plants, leaf yellowing, streak, pox, pitting of 

stem etc. (Ghoshal and Sanfacon, 2015). Plant 

viruses are classified into six major groups 

based on their genomes: double-stranded 

DNA (dsDNA) viruses, single-stranded DNA 

(ssDNA) viruses, reverse-transcribing viruses, 

double-stranded RNA (dsRNA) viruses, 

negative sense single-stranded RNA (ssRNA) 

viruses, and positive sense single- stranded 

RNA (ssRNA) viruses (Roossinck et al., 

2015). 

 

Virus Control Strategies 

 

Traditional virus control measures include 

vector management by synthetic pesticides, 

triggering the activity of natural predators, or 

using physical barriers such as reflective 

mulches and UV-absorbing sheets (Legg et 

al., 2014). Cultural practices like early 

sowing, weed management, fallow period, 

virus free planting material and discarding 

infected plants from field have also been 

adopted for control of viral diseases. 

Exploiting genetic resistance in crop plants in 

this regard by boosting plant cellular 

immunity against phytopathogenic viruses is 

comparatively most effective strategy as the 

conventional methods are labour-intensive, 

time consuming and often ineffective 

(Whitham and Hajimorad, 2016). Thus, the 
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most productive approach for disease control 

will likely be the development of virus or 

vector resistant plant genotypes in 

combination with other control measures. 

Therefore, ongoing research is mainly 

focused on the understanding of plant cellular 

mechanisms for virus and vector resistance 

(Mandadi and Scholthof, 2013). Several such 

mechanisms have been discovered and 

artificially introduced or enhanced within 

plants to successfully demonstrate engineered 

virus resistance (Sahu and Prasad, 2015).  

 

Genome Engineering 

 

Genome engineering has come up as a novel 

tool to genetically improve crop plants, by 

introducing desirable traits through the site-

specific modification of the genome (Sovova 

et al., 2016). Besides its ease and 

reproducibility, one fascinating aspect of such 

technologies is that once the desired genome 

modifications have been made, the transgenes 

can be crossed out from the improved variety, 

thus evading public and political worries 

around the utilization of incessant transgenes 

in food crops (Kanchiswamy, 2016). Here we 

elaborate use of three major classes of SSNs 

such as zinc finger nucleases (ZFNs), 

transcription activator-like effector nucleases 

(TALENs), and clustered regularly 

interspaced palindromic repeats/CRISPR-

associated 9 (CRISPR/Cas9) in engineering 

plant virus resistance (Figure 1). Genome 

engineering makes use of site specific 

enzymes (SSNs) that can bind and cleave a 

specific nucleic acid sequence by introducing 

double stranded breaks (DSBs). These DSBs 

thus created can be repaired either through 

non-homologous end joining (NHEJ) or 

homologous recombination. Repair of DSBs 

through NHEJ often leads to the formation of 

small insertions or deletions (INDELs) that 

can lead to loss-of-function mutation. Repair 

through homologous recombination is 

relatively complex as it needs the 

simultaneous delivery of a DNA repair 

template that carries the desired modification 

to be incorporated into the repaired locus 

(Stella and Montoya, 2016).  

 

Engineering RNA silencing-based 

resistance 
 

RNA silencing, also referred to as RNA 

interference (RNAi), is activated by the 

presence of double-stranded RNA molecules 

(dsRNAs) and induces gene expression 

inhibition or suppression in a nucleotide 

sequence-specific manner. In plants, various 

key protein families are involved in RNA 

silencing, including dicer-like (DCL), 

argonautes (AGO) etc. DCL proteins, a type 

III RNase, process dsRNA or miRNA 

precursors into siRNA or miRNA, 

respectively, of 20 to 24-nt long with a two 

base overhang at the 3' end. These siRNAs or 

miRNAs are incorporated into the 

endonuclease AGO proteins to form RNA-

induced silencing complex (RISC). RISC 

bind to target mRNA as directed by its 

siRNA/miRNA and then silence the 

expression of target gene by cleaving target 

RNA and inhibiting the transcription of the 

target gene (Figure 2).  

 

For the RNA silencing based antiviral 

defense, the successful introduction of 

dsRNA to target begomoviruses was first 

reported for a single common bean transgenic 

line expressing a siRNA for Rep gene 

silencing from BGMV (Aragao and Faria, 

2009), which was later demonstrated to 

produce siRNA (Aragao et al., 2013). 

Similarly, two independently transformed 

tomato transgenic lines designated to generate 

siRNA cognate to a Rep gene fragment from 

TYLCV have been shown to be immune to 

this begomovirus under field conditions. By 

now, gene silencing has been successfully 

exploited to target over 60 species of 

economically important plant viruses, 
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including Banana bunchy top virus 

(Elayabalan et al., 2013), Papaya ringspot 

virus (PRSV) (Bau et al., 2003 and Ye and Li, 

2010), and Citrus tristeza virus (Soler et al., 

2012). Near about 30 crop species have been 

engineered to stably express small RNAs 

targeting several viruses, dozens of which 

have been approved for commercial release in 

several countries, such as papaya resistant to 

Papaya ringspot virus (PRSV), squash 

resistant to Cucumber mosaic virus (CMV) 

and potato resistant to Potato leaf roll virus 

(PLRV) or Potato virus Y (PVY).  

 

 Several other studies have also 

demonstrated the potential of RNA silencing 

to control the infection of plant viruses. 

Expression of double stranded RNA, which 

target AV1 and AV2 genes from the Sri 

Lankan cassava mosaic virus (SLCMV) and 

AC1/AC2 or AC1/AC2/βC1 from various 

species of Chilli leaf curl virus, has been 

demonstrated to activate post transcriptional 

gene silencing in transgenic lines (Sharma et 

al., 2015). Trans-acting small interfering 

RNA (tasiRNA) targeting AC2 and AC4 of 

the geminivirus Tomato leaf curl New Delhi 

virus (ToLCNDV) has also been used to 

generate resistance in transgenic tomato lines 

(Singh et al., 2015). Similarly, RNAi 

constructs homologous to the intergenic 

region (IR) or targeting the V2 gene from 

Cotton leaf curl Kokhran virus-Burewala 

strain (CLCuKoV-Bu) have exhibited 

resistance in transgenic lines of cotton.  

 

Some other successful applications of the 

RNA silencing based antiviral breeding were 

performed in Maize streak virus (MSV) 

(Shepherd et al., 2007), Maize dwarf mosaic 

virus (MDMV) (Zhang et al., 2013), Soybean 

mosaic virus (SMV) (Gao et al., 2015; Wang 

et al., 2001) and Tomato yellow leaf curl 

virus (TYLCV) (Antignus et al., 2004; 

Fuentes et al., 2006). Above cited are few of 

the many successful instances of RNAi-based 

engineering plant virus resistance. 

Nevertheless, these transgenic innovations are 

not only tedious and costly, but also go 

through certain guidelines and public 

acknowledgement issues. To address these 

constraints and public concerns, several 

approaches which involve exogenous 

application of naked dsRNA proved to 

successfully trigger the RNA silencing 

pathway against the phtopathogenic viruses 

(Lau et al., 2014; Kaldis et al., 2018; Namgial 

et al., 2019; Worrall et al., 2019). One major 

drawback of this system is its short virus 

protection window of 5-7 days after 

application (Mitter et al., 2017). 

 

Engineering ZFN or TALEN-based 

resistance 

 

Zinc finger nucleases (ZFNs) and 

transcription activator-like effector nucleases 

(TALENs) were the first-generation tools of 

genome editing technology. These genome 

editing techniques serve as a new weapon in 

the arsenal against plant viruses. Both ZFNs 

and TALENs are chimeric proteins generated 

by fusing a DNA-binding domain (DBD) to a 

non-specific cleavage domain of the enzyme 

FokI. The DBD determines a specific 

nucleotide recognition in the DNA target and 

the cleavage domain cleaves DNA to produce 

the double-strand breaks (DSB) in the 

targeted site (Zaidi et al., 2017). Zinc finger 

nucleases are chimeric proteins synthesized 

by fusing the DNA-binding domain (DBD) of 

a zinc-finger protein with the DNA cleavage 

domain of the FokI restriction enzyme (Urnov 

et al., 2010). FokI restriction enzyme works 

as a dimer and its catalytic domain cleaves the 

DNA sequence outside of the recognition site 

(Bitinaite et al., 1998). ZFN comprises of two 

monomers that are separated by a spacer 

sequence of 5-7 bp wherein the catalytic 

domains of the chimeric proteins cleave each 

DNA band to produce the DSB (Christian et 

al., 2010).  
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Table.1 Comparison of the strategies used in engineering antiviral plants  

 

Strategies Advantages Disadvantages 

RNA silencing High efficiency  Many viruses can encode 

VSRs to counter the defense 

of RNA silencing 

CRISPR/Cas9 targeting DNA The eukaryotic plant 

viruses have not evolved to 

possess the ability to 

counter this immune 

defense coming from 

prokaryote 

The targeted DNA viruses 

might be repaired and escape 

the engineered resistance 

 

CRISPR/Cas9 targeting RNA The targeted RNA is 

further degraded and has 

less chance to produce 

mutant viruses 

Off-target effect may affect 

the expression of some host 

genes, but will not change 

the plant genome 

Host factors editing The gene editing machinery 

can be removed by 

backcross, so it is able to 

engineer virus resistant 

plant which is transgenic-

free 

Loss-of-function of some 

host factors may lead to 

lethality or impaired growth 

 

Fig.1 Three major types of genome engineering platforms: A. Zinc finger nucleases (ZFNs), B. 

clustered regularly interspaced palindromic repeats/CRISPR-associated 9 (CRISPR/Cas9) and C. 

transcription activator-like effector nucleases (TALENs)  

 
 

 
 

 

A 
B 

C 
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Fig.2 Schematic diagram depicting RNA silencing and CRISPR/Cas strategies to target plant 

viruses 

 

 
 

An effective ZFN consist of more than three 

zinc-finger domains in each DNA-binding 

module to increase specific DNA recognition 

(Gaj et al., 2013). An artificial zinc finger 

protein (AZP) in planta targeting a 19 bp 

fragment in the intergenic region (IR) of Beet 

severe curly top virus (BSCTV) was 

developed by Sera in 2005. In vitro assays 

have been conducted to predict inhibition of 

Tomato yellow leaf curl virus (TYLCV) with 

the help of AZP technology by blocking the 

Rep binding site of the virus (Koshino-

Kimura et al., 2009; Mori et al., 2013). 

Likewise, AZP technology was also 

harnessed to reduce the replication of Rice 

tungro bacilliform virus (RTBV) in transgenic 

Arabidopsis thaliana carrying a zinc finger 

protein capable of recognizing and blocking 

promoter sequence of the virus (Ordiz et al., 

2010). 

 

TALEN is a fusion of a transcription 

activator-like effector and the non-specific 

cleavage domain of the restriction enzyme 

FokI. Transcription activator-like effectors 

(TALEs) are nothing but proteins encoded by 

phytopathogenic bacteria Xanthomonas spp. 

which are delivered into the host plant cells in 

order to promote pathogen growth through 

manipulation of plant processes (Schornack et 

al., 2013). Once these proteins are delivered 

into the plant cells they translocate to the 

nucleus and bind to the target DNA. TALEs 

are composed of three different domains such 

as: a) N-terminal secretion and translocation 

domain, b) central DNA Binding Domain 

(DBD) and c) C-terminal transcription 

activation domain (Schornack et al., 2013). 

The intergenic region (IR) of geminiviruses 

contains a stem-loop structure which is 

required for viral replication by an initiator 

protein (Rep) binding. The transgenic 

artificial zinc finger protein AZP efficiently 

binds the IR of Beet severe curly top virus 

(BSCTV), thus blocking the Rep binding and 

subsequently suppressing the infection of the 

virus (Sera, 2005). TALEs, lacking the 

nuclease domain compared to TALEN, were 

developed to target conserved motifs among 

begomoviruses. Tobacco plants expressing 

the TALEs showed resistance to TbCSV and 

partial resistance to Tomato leaf curl Yunnan 

virus (TLCYnV) was partial (Cheng et al., 

2015).  
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Engineering CRISPR/Cas9 based 

resistance 

 

ZFNs and TALENs have expeditiously been 

outstriped by a new emerging genome editing 

tool in plants popularly known as 

CRISPR/Cas9 system of genome editing since 

its advent. The clustered regularly interspaced 

short palindromic repeats/ CRISPR-associated 

protein (CRISPR/Cas) system is based on an 

adaptive immune system that eliminates entry 

of foreign viral DNA via cleavage in bacteria 

and archaea (Bhaya et al., 2011). The system 

comprises an endonuclease Cas protein and a 

guide RNA (Figure 2). CRISPR/Cas system is 

a renowned for its simplicity, higher 

efficiency and affordability compared to 

preceding tools such as ZFN and TALEN. 

Numerous efforts are going on to combat 

human as well as plant viruses using the 

CRISPR/Cas technique (Price et al., 2016).  

 

The original CRISPR/Cas system from the 

bacterium Streptococcus pyogenes, used for 

genome editing with DNA as its target. 

Therefore, the CRISPR/Cas system was first 

used to fight geminivirus targeting the viral 

genomic DNA. Tobacco and Arabidopsis 

were reported for successful use of 

CRISPR/Cas9 to generate resistance against 

geminiviruses. Three groups reported the 

successful use of CRISPR/Cas9 to generate 

geminivirus resistance in tobacco and 

Arabidopsis. Single guide RNAs (sgRNAs) 

were designed to target the IR, Rep or CP 

loci, and thereby reduce symptoms of several 

geminiviruses (Ali et al., 2015; Baltes et al., 

2015; Ji et al., 2015). N. benthamiana plants 

expressing the CRISPR/Cas9 machinery 

exhibited resistance against TYLCV, Beet 

curly top virus (BCTV), and Merremia 

mosaic virus (MeMV) (Ali et al., 2015). 

Virus interference activities in N. 

benthamiana against Bean yellow dwarf virus 

(BeYDV) and Beet severe curly top virus 

(BSCTV), by Baltes et al., and Ji et al., 

respectively (Baltes et al., 2015; Ji et al., 

2015). CRISPR/Cas machinery was 

effectively used in a recent study in barley 

and established efficient resistance against 

Wheat dwarf virus (WDV) (Kis et al., 2019). 

CRISPR/Cas9 has also been proved to be 

effective in inhibiting the virulence of 

Cauliflower mosaic virus (CaMV) in 

Arabidopsis (Liu et al., 2018).  

 

RNA viruses are comparatively more 

damaging to agricultural production than 

DNA viruses. With the advancement of 

CRISPR/Cas system, variants of Cas protein 

such as the Cas9 from Francisella novicida 

(FnCas9) and the Cas13a from Leptotrichia 

shahii (LshCas13a) or Leptotrichia wadei 

(LwaCas13a), have been reported to target 

RNA in vivo (Abudayyeh et al., 2016, 2017; 

Sampson et al., 2013). FnCas9 and its sgRNA 

were engineered to target CMV and TMV and 

virus accumulation was thereby reduced and 

attenuated disease symptoms were observed 

in tobacco and Arabidopsis expressing the 

antiviral system (Zhang et al., 2018). Two 

different groups successfully used the 

LshCas13a system system to inhibit potyvirus 

infection in tobacco and potato (Aman et al., 

2018; Zhan et al., 2019), while resistance to 

RNA viruses in both dicot and monocot plants 

was established by Zhang et al., 2019 (Figure 

2). By using CRISPR/Cas9, knockout of 

Arabidopsis eIF(iso)4E resulted in resistance 

to TuMV without affecting the plant growth 

(Pyott et al., 2016), although these translation 

initiation factors are important for growth and 

reproduction. 

 

In conclusion the application of modern 

biotechnology has huge potential to overcome 

the limitations of conventional viral resistance 

breeding. Both RNAi and genome editing 

technologies are particularly applicable to 

crops with limited genome sequence 

information. These technologies do not 

demand for crossing between different 
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genotypes and further selection in the 

segregating generations. CRISPR/Cas9 

system is an effective way to generate virus-

resistant crops by destroying an essential host 

factor. Through several generations of 

backcross and screening, or even using DNA-

free delivery of in vitro transcripts of 

CRISPR/Cas9 by particle bombardment 

(Liang et al., 2018), virus-resistant crops can 

be generated that are free from transgenes. 

Zinc finger nuclease and TALEN approaches 

are not widely used due to their weaknesses 

related to affordability, simplicity and 

efficiency. Especially, with the rapid 

development of CRISPR technology, there 

are only a few examples of using these 

genome editing approaches to generate virus-

resistant crops. Various biotechnological 

approaches have their own advantages and 

disadvantages (Table 1). The full potential of 

RNAi and CRISPR/Cas systems for 

engineering resistance against eukaryotic 

viruses is yet to be exploited. Intensive 

research is required to improve these systems. 

However the combination of RNA silencing 

and CRISPR/Cas strategies has extraordinary 

potential in antiviral breeding. 
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