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ackground: The foundation of modern diagnostics of plant pathogens are based on the confirmation of 

Koch's postulates. However, following the rules of Koch's postulates is not always straightforward for the 

viruses because of their non-culturability and difficulties associated with the inoculation approaches.  

Methods: Biolistic inoculation of plants with partially digested rolling circle amplified (RCA) viral components 

was demonstrated in this study. The verified DNA bands were excised from the gel and self-circularized using 

the rapid DNA ligation kit. The self-ligated viral DNA components were enriched by RCA and partially digested 

with the respective fast digest restriction enzymes. The RCA prep (partially digested 3 µg of virus and 3 µg of 

beta-satellite) was biolistically inoculated into healthy plants of Solanum lycopersicum, Nicotiana tabacum 

and Capsicum annum at the two-true leaf stage.  

Results: By using this method, extracted begomoviruses from cotton [ (Cotton leaf curl Kokhran virus-Burewala 

strain (CLCuKοV-Bu), Tomato leaf curl New Delhi virus (ToLCNDV) and Chili leaf curl virus (ChiLCV) and their 

associated Cotton leaf curl Multan betasatellite (CLCuMB)] were successfully inoculated and propagated from 

the inoculation site. Furthermore, it has been noted that these viruses exhibit diverse behaviors in various host 

plants. The capacity of these viruses to infect systemically in C. annum without causing the typical disease 

symptoms is of interest. 

Conclusion: Biolistic inoculation using partially digested RCA of viral or satellite DNA enables viruses to infect 

plants with either monopartite or bipartite genomes. This method is easy and quick, and allows begomovirus 

cultures to be created without the use of Agrobacterium tumefaciens or whiteflies. 
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Introduction 

Geminiviruses are composed of 14 genera named 

Becurtovirus, Begomovirus, Curtovirus, Capulavirus, 
Citlodavirus, Eragrovirus, Grablovirus, Maldovirus, 
Mastrevirus, Mulcrilevirus, Opunvirus, Topcuvirus, 
Topilevirus, and Turncurtovirus. These genera differ in 

their host range, insect vectors, and genomic 

organization (ictv.global/report/geminiviridae). The 

genus Begomovirus is the largest and most economically 

important group within the family Geminiviridae [1,2] 

with at least 409 virus species (ICTV, 2020). The 

genomes of begomoviruses are either monopartite or 

bipartite. Bipartite begomoviruses comprise two 

genomic components known as DNA-A and DNA-B, 

while monopartite begomoviruses consist of just a 

single component, analogous to the DNA-A component 

of bipartite begomoviruses. Both DNA-A and DNA-B are 

about 2.6 and 2.8 kb in size and are transcribed bi-

directionally [3-5]. The DNA-A component is in charge 

of replication and transcription, whereas DNA-B is 

necessary for inter- and intracellular virus movement. 

For a systemic infection, both components must be 

present [6]. The majority of the monopartite 

begomoviruses are frequently coupled with one or two 

satellite DNAs. Satellite DNAs are classified as alpha-

satellites or beta-satellites based on how their DNA is 

organized and how they affect the symptoms caused by 

the helper begomovirus. They rely on their helper 

viruses for their replication and also help mitigate the 

symptoms they cause [7]. 

Experimental transmission of begomoviruses is 

difficult and requires extensive research efforts. 

Mechanical inoculation from plant to plant is possible 

for some begomoviruses, but only at low rates, and for 

others, it is not possible at all. Graft transmission 

necessitates the presence of a live, diseased plant, and 

not all plants are easily grafted. The whitefly vector can 

easily transmit most begomoviruses from plant to plant, 

but this requires a live, diseased plant and considerable 

facilities for its maintenance. Furthermore, none of 

these methods allow for long-term virus culture storage 

or the manipulation of viral DNA prior to inoculations. 

Inoculation techniques such as agro-inoculation and 

particle bombardment of DNA as an inoculum were 

developed for these reasons [8]. 

In the agro-inoculation method, A. tumefaciens is 

used to deliver binary vectors harboring a tandem repeat 

(dimer) of a cloned viral DNA into host cells [9]. As a 

result, genome-sized viral DNA is produced, which 

spreads systemically throughout the plant and causes 

disease symptoms. Agro inoculation, on the other hand, 

requires time-consuming subcloning processes to insert 

the viral DNA into the binary vector. This method also 

introduces A. tumefaciens, another pathogen, into the 

host plant. Agro-inoculation of cloned begomovirus 

DNA has been demonstrated to not always mimic 

whitefly transmission, which is likely due to the 

challenges encountered with A. tumefaciens in infecting 

particular hosts [10]. 

Particle bombardment for gene transfer gained 

significant attention from genetic engineers for a 

particular reason. The particle gun works where other 

procedures fail on occasion. In the 1960s, plant 

virologists developed the first generation of micro-

projectile techniques by using high-velocity micro-

projectiles (DNA-coated tungsten or gold particles) to 

injure plant cells and facilitate the entry of virus 

particles or DNA. This micro-projectile approach had 

the advantage of being technically simple and was 

applicable to all plant species [11]. By particle 

bombardment, plants have also been inoculated with 

cloned begomovirus DNA (using either monomer or 

dimer), which resulted in a high inoculation efficiency, 

thus limiting the need for complex DNA modifications 

and facilitating genetic analysis of begomoviruses 

[12,13].  

This manuscript describes the development of a novel 

approach to inoculate test plants with begomoviruses. 

The partially digested rolling circular amplified viral 

DNA was used to develop a rapid and simple method. 

The versatility of this approach with regard to different 

begomoviruses and inoculated plants is demonstrated. 

Methods 

Test Plants  

The following plants were selected as host plants in this 

study: S. lycopersicum L. (cultivar Nagina), C. annuum 
L. (cultivar F1-Henna), and N. tabacum L. (cultivar 

Samsun). Certified seeds of S. lycopersicum, N. tabacum, 

and C. annuum were kindly provided by Dr. Idrees 

Ahmad Nasir (Centre of Excellence in Molecular Biology, 

University of the Punjab, Lahore, Pakistan). The seeds 

were sown in Pro-Mix and transferred to small, ideally 

4-inch diameter plastic pots containing sterilized sandy 

loam soil when the seedlings were 3 weeks old. Plants 

were grown in an insect-free growth room under 

controlled conditions at 25-28 °C with a photoperiod of 

16 h light/8 h dark, respectively.  

Gene Gun Method 

The RCA product was prepared and micro-projectiled by 

a hand-held gene gun (CEMB Laboratory). 

Preparation of RCA Product for Bombardment 

Procurement of Viral Clone 

The different monomers of begomoviruses, CLCuKοV-

Bu (Accession no. HF567942), ToLCNDV (Accession no. 

HM134234), and ChiLCV, and their associated 

betasatellite (CLCuMB) (Accession no. HF567946), were 

obtained from the Virology lab of the Faculty of 
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Agricultural Sciences, PU, Lahore, Pakistan. These 

clones have been preserved and archived. 

Restriction Digestion of Recombinant Plasmid and Self-

circulization 

Digestion of recombinant plasmids carrying the full-

length genome of a virus/satellite were performed with 

the respective fast digest restriction enzymes (Pst I, 

Hind III and Sal I) (Thermo Scientific). Following 

restriction, the digested DNA was run on a 1% agarose 

gel stained with ethidium bromide at 80 V for 2 h in 

order to separate the 2.8 kb virus, 1.4 kb betasatellite, 

and 3 kb vector bands. The confirmed DNA fragments 

were gel purified by using the GeneJET gel extraction kit 

(Thermo Scientific) according to the protocol provided 

by the manufacturer. Each purified DNA was self-

circularized using the rapid DNA ligation kit (Thermo 

Scientific) and used as a template for RCA. 

Rolling Circle Amplification  

Self-ligated viral DNA was enriched by RCA using the 

TempliPhi DNA amplification kit (GE Healthcare). For 

RCA, 3 µL of the template was added to 15 µL of sample 

buffer in a sterilized autoclaved tube. The sample was 

heated to 95 °C for 3 min, to convert double-stranded 

DNA into single-stranded DNA. After cooling, the 

sample was mixed with 15 µL of reaction buffer and 0.6 

µL of enzyme mix and incubated at 30 °C for 18 h. At the 

end of this incubation, the ɸ 29 DNA polymerase was 

deactivated by heating at 65 °C for 10 min. The resultant 

RCA products were confirmed by restriction digestion 

with the respective restriction enzymes. After 

confirmation, the RCA product was partially digested 

and used for the coating of tungsten particles. 

Optimization of Biolistic Inoculation of Plants 

Preparation and Coating of Tungsten Particles 

Tungsten particles were used as microprojectiles for the 

delivery of DNA into plant cells. 5.0 mg of tungsten 

particles (1.1 microns [um] =M 17A) were taken in an 

eppendorf tube. Particles were washed with 100% 

ethanol, allowed to dry in laminar air flow, and re-

suspended in 100 µL of sterile distilled water (SDW). 

Tungsten particles (micro-projectiles) were coated with 

partially digested RCA. For this, 100% ethanol, 2.5 M 

calcium chloride, and 100 mM spermidine were filter 

sterilized using a 0.45 µm filter assembly. Tungsten 

particles in SDW were homogenized by vortexing at high 

speed, and 15 µL of RCA prep (3 µg of virus and 3 µg of 

betasatellite) was added. A total of 110 µL of calcium 

chloride and spermidine were added to each tube while 

vortexing at low speed. After 10 min of incubation on 

ice, tubes were spun down for 5 s at 10,000 rpm. The 

supernatant was discarded, and the pellet was washed 

with 250 µL of absolute ethanol. The pellet was re-

suspended in 120 µL of absolute ethanol and placed on 

ice until use.   

Host Plant Preparation for Inoculation 

Plants at the two-true leaf stage were used. Each true 

leaf was inoculated twice, preferably along the main or 

side vein. Prior to inoculation, plants were covered with 

16 oz. plastic cup cages with ventilated tops. Two plants 

per pot were ideal because inoculation stress causes the 

plants to wilt. 

Shooting of Projectiles 

For the bombardment in each experiment, 20 µL 

aliquots per plant were employed. 20 µL of suspension 

(coated tungsten particles) was spread on each filter 

assembly and allowed to dry in laminar airflow. The 

filter assembly was fixed in the leur-lock and the plant 

in the pot to be bombarded was placed in the middle of 

the chamber. Once the needle indicated 28 inches of Hg 

negative pressure, the gun's chamber was carefully shut 

and evacuated. As soon as the pressure gauge read 60 

Kg/cm2, the helium gas vent was opened. The pre-

chamber was closed, and the fire switch was gently 

pressed three times. Turning the tap until the needle 

reaches zero marks allows the inside air to be released. 

The door was unlocked, and the plant was removed from 

the chamber. The inoculated plants were placed in 

growth chamber and covered with cups for 1-2 days so 

that high humidity was maintained. After 2 days, cups 

were removed, and plants were monitored on a regular 

basis for the appearance of symptoms. 

Confirmation of Viral DNA by Polymerase Chain 

Reaction 

The appearance of typical disease symptoms was 

evaluated up to 35 days post-inoculation (dpi). Total 

genomic DNA was isolated from all the biolistically 

inoculated plants using cetyltrimethylammonium 

bromide (CTAB) method [14] and served as a template 

for PCR amplification. In each PCR reaction, 1 µg of DNA 

was used. PCR primers (Core (AV)/Core (AC)) were used 

to amplify 650 bp of the CP gene of DNA-A of the 

ToLCNDV, ChiLCV, and CLCuKοV-Bu. Similarly, 

primers (Beta-F/Beta-R) were used to amplify 1400 bp of 

the CLCuMB. For CP, the thermal cycling was performed 

as initial denaturation at 95 ºC for 1 min, and thereafter, 

at 95 ºC for 1 min, 58 ºC for 1 min, 72 ºC for 1 min for 35 

cycles, and at 72 ºC for 10 min. The cycling parameters 

for beta-satellite were: initial denaturation at 94 ºC for 

2 min, 35 cycles of denaturation at 94 ºC for 45 s, 

annealing at 54.5 ºC for 45 s, and extension at 72 ºC for 

1 min, with a final extension at 72 ºC for 10 min. After 

confirmation, positive plants were maintained under 

insect-proof conditions for transmission studies. 

Results 
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Restriction Digestion of Recombinant Plasmid 

Cloned viral components of DNA-A (ToLCNDV, ChiLCV, 

and CLCuKοV-Bu) and CLCuMB were transformed into 

competent cells of E. coli, and plasmids were isolated. 

With the appropriate restriction enzymes, the isolated 

recombinant plasmids were digested and resolved on a 

2% agarose gel (Figure 1). 

 

Figure 1: 2% Agarose gel showing restriction digestion of 
recombinant plasmid carrying full-length genome of 
begomoviruses and associated betasatellites. Lanes L: 1kb DNA 
ladder (Fermantas), Lane 1: CLCuMB (1400 bp fragment and 3kb 
vector size), Lane 2: ToLCNDV (2700 bp fragment and 3kb vector 
size), Lane 3: ChiLCV (2700 bp fragment and 3 kb vector), Lane 4: 
CLCuKοV-Bu (2700 bp fragment and 3 kb vector size). 

RCA of Self-Ligated Viral DNA and Confirmation by 

Restriction Enzymes 

The confirmed DNA bands were purified from the gel 

and self-circularized using the Rapid DNA ligation kit. 

The self-ligated viral DNA components were enriched by 

RCA. For confirmation, RCA products were digested 

with the respective fast digest restriction enzymes 

(Figure 2). 

 
Figure 2: 1% Agarose gel showing RCA confirmation by 
restriction digestion with the respective fast digest restriction 
enzymes Lanes L: 1 kb DNA ladder, Lanes 1-2: ToLCNDV (RCA and 
digested RCA), Lanes 3-4: ChiLCV (RCA and digested RCA), Lanes 
5-6: CLCuKοV-Bu (RCA and digested RCA). 

Biolistic Inoculation of Plants and Symptoms 

Development 

The confirmed RCA products were then partially 

digested with the respective fast digest restriction 

enzymes. The RCA prep (partially digested 3 µg of virus 

and 3 µg of beta-satellite) was biolistically inoculated 

into healthy plants of S. lycopersicum cv Nagina, N. 
tabacum cv Samsun, and C. annum cv F1-Henna at two-

true leaf stage, to evaluate the viral component’s ability 

to infect systemically. Biolistic transformed plants were 

monitored periodically for the appearance of symptoms. 

At 35 dpi, all plants displayed mild to severe 

characteristic symptoms (Figure 3 and Table 1). 

Depending on the virus, infection rates ranged from very 

low to as high as 100%, similar to those obtained using 

the agro-inoculation technique, but with much less 

effort. 

 

Figure 3: Photographs of symptomatic and non-symptomatic S. 
lycopersicum, N. tabacum and C. annuum. Plants were inoculated 
with ToLCNDV (DNA-A and CLCuMB) showed mild to severe 
symptoms (Panel 1), ChiLCV (DNA-A and CLCuMB) showed severe 
symptoms (Panel 2), CLCuKοV-Bu (DNA-A and CLCuMB) showed 
mild to severe symptoms (Panel 3), and Mock inoculated plants 
(Panel 4), Photographs were taken at 35 dpi.  

Due to inoculation stress (which causes the plants to 

wilt), 50% of the plant died, the number of inoculated 

plants was 13. 

Confirmation of Viral DNA by PCR 

The virus infection of biolistically inoculated plants was 

also confirmed by PCR (Figure 4). Total genomic DNA 

was isolated from the leaves of inoculated plants and 

subjected to PCR. A degenerate primer pair, Begomo 

Core (AV) and Core (AC), was used to amplify a 650 bp 

region of the begomovirus CP gene. Similarly, Beta-F 

and Beta-R primers were used to amplify 1400 bp of 

CLCuMB. The predicted size of the CP gene and beta-

satellite could be amplified from symptomatic plants 

(mild to severe), whereas DNA isolated from mock-

inoculated plants yielded no bands (Figure 3, panel 4). 

Overall, the results presented here demonstrated that 

ToLCNDV (DNA-A), ChiLCV (DNA-A), and CLCuKοV-Bu 

(DNA-A), with their associated CLCuMB can manage to 

replicate and spread from the site of inoculation.  
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It is also observed that these viruses behave distinctly 

in different host plants. Without causing characteristic 

disease symptoms in C. annum, the ability of these 

viruses to infect systemically is of interest. This finding 

further suggests that in C. annum, these viruses are 

unable to interact with factors involved in symptoms 

induction. 

 
Figure 4: 1% Agarose gel showing PCR-mediated detection of CP 
(650 fragment) of ToLCNDV, ChiLCV, and CLCuKοV-Bu DNA 
isolated from leaf tissues of S. lycopersicum N. tabacum and C. 
annuum. Lanes L: 1 kb Marker (Thermo Scientific), Lane 1: 
Positive control, Lanes 2-4: ToLCNDV infected plants, Lanes 5-7: 
ChiLCV infected plants, Lanes 8-9: CLCuKοV-Bu infected plants. 

Discussion 

The present study reports a novel approach to inoculate 

test plants with selected begomoviruses and associated 

betasatellite. The partially digested rolling circular 

amplification of self-ligated viral DNA and betasatellite 

was used to develop a rapid and simple method for 

infectivity. The versatility of this approach with regard 

to different begomoviruses and inoculated plants is 

demonstrated. Results of the study presented here 

demonstrated that all the N. tabacum, and S. 
lycopersicum host plants were susceptible and displayed 

severe to mild symptoms when inoculated with 

ToLCNDV, ChiLCV, and CLCuKοV-Bu along with their  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cognate CLCuMB. Shahid et al. [15] reported that 

the betasatellite, commonly associated with 

monopartite begomoviruses, can also enhance bipartite 

begomovirus virulence. Another study also revealed that 

coinfection of ToLCND with CLCuMB in S. lycopersicum 

and Nicotiana benthamiana enhanced viral DNA 

accumulation by suppressing the host defense and 

resulted in systemic infection. However, the movement 

functions encoded by the DNA-B component of 

ToLCNDV may be responsible for the rise in betasatellite 

and perhaps viral levels in co-infected cotton, allowing 

the infection to propagate to tissues that it would not 

typically reach [16].  

The findings of our study are also in line with these 

studies and highlight the potential of betasatellite in 

symptom determination. The complementary sense 

strand of betasatellite has βC1 ORF, which is conserved 

among different betasatellites in terms of size and 

position. Constitutive expression and mutational 

analyses have shown that the βC1 protein is a strong 

symptom or pathogenicity determinant and plays a vital 

role in begomovirus infection [17]. This suggests that 

even relatively benign viruses or virus isolates can 

become aggressive when a beta-satellite is present. But 

these findings are not consistent with our observations 

in the case of C. annuum plants. Capsicum annuum host 

plants, when inoculated with ToLCNDV (DNA-A) and 

CLCuMB, were shown to be susceptible to the virus and 

the systemic spread of virus was confirmed by PCR. 

However, none of the plants displayed any symptoms. 

Numerous factors can contribute to the development of 

symptoms, but they all depend on the accumulation of 

viral proteins or nucleic acids that alter the plant's 

normal function and/or trigger a symptomatic defence 

response [18,19]. Previous studies have reported that the 

Rep of begomoviruses and curtoviruses interacts 

specifically with RBR, a key regulator of the plant cell 

cycle, via a unique motif. Any mutation of these motifs 

in Rep A and Rep leads to fewer symptoms and less virus 

accumulation in plants [20, 21].  

Inoculum  Host species Infectivity (Plants infected/ Inoculated) Symptoms 

Experiment Total PCR 

Positive Plants I II III 

ToLCNDV  

DNA-A+ CLCuMB 

S. lycopersicum 
 

2/5 4/10 4/10 10 Leaf curling, 

Leaf chlorosis, 

Vein thickening. 

ChiLCV 

DNA-A+ CLCuMB 

S. lycopersicum 
 

2/5 4/10 3/10 9 Leaf curling, 

Leaf crinkling. 

CLCuKοV-Bu  

DNA-A + CLCuMB 

S. lycopersicum 2/5 4/10 5/10 11 Leaf curling, 

Mosaics 

ToLCNDV  

DNA-A + CLCuMB 

N. tabacum 

 

2/5 3/10 4/10 9 Vein thickening, 

Mosaics. 

ChiLCV 

DNA-A+ CLCuMB 

N. tabacum 

 

2/5 2/10 3/10 7 Downward leaf curling,  

Vein thickening, 

Stunting growth,  

CLCuKοV-Bu 

 DNA-A + CLCuMB 

N. tabacum 

 

1/5 3/10 2/10 6 Leaf yellowing, 

Stunting growth. 

ToLCNDV  

DNA-A+ CLCuMB 

C. annuum 
 

2/5 3/10 2/10 7 Mild or no visual symptoms 

ChiLCV 

DNA-A+ CLCuMB 

C. annuum 
 

1/5 4/10 3/10 8 Mosaics,  

Leaf curling, 

Table 1: Summary of the results of the infectivity assays 
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This asymptomatic infectivity of ToLCNDV in C. 
annuum suggests that the virus might be unable to 

interact with factors causing symptoms. These factors 

are sometimes thought to be a part of the miRNA 

pathway, which is influenced by variables that 

determine the pathogenicity of viruses [22]. The C4 

protein, which binds to siRNAs, suppresses PTGS and 

determines the pathogenicity of particular 

geminiviruses [23,24]. It has been shown that many host 

proteins, including SK4-1/SKK, and shaggy-like protein 

kinases, interact with the C4 protein in geminiviruses. 

This connection is crucial for C4 protein function to 

inhibit gene silencing and induce disease symptoms 

[25]. These findings imply that virus and host factors are 

important in the development of symptoms, which are 

probably connected to viral sequences and their matches 

to certain plant cellular mRNAs. 

Biolistic inoculation with partially digested RCA of 

viral components proved successful for selected 

begomoviruses. This method allows viruses to infect 

plants regardless of whether they have monopartite or 

bipartite genomes. While we used this method with 

begomoviruses, this same method will most likely work 

with other viruses in the Geminiviridae family and their 

associated satellites.  
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