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Abstract

Potato leaf roll virus (PLRV) uses powerful molecular machines to package its genome into a 

viral capsid employing ATP as fuel. Although, recent bioinformatics and structural studies 

have revealed detailed mechanism of DNA packaging, little is known about the 

mechanochemistry of genome packaging in small plant viruses such as PLRV. We have 

identified a novel P-loop-containing ATPase domain with two Walker A-like motifs, two 

arginine fingers, and two sensor motifs distributed throughout the polypeptide chain of PLRV 

capsid protein (CP). The composition and arrangement of the ATP binding and hydrolysis 

domain of PLRV CP is unique and rarely reported. The discovery of the system sheds new 

light on the mechanism of viral genome packaging, regulation of viral assembly process, and 

evolution of plant viruses. Here, we used the RNAi approach to suppress CP gene expression, 

which in turn prevented PLRV genome packaging and assembly in Solanum tuberosum cv. 

Khufri Ashoka. Potato plants agroinfiltrated with siRNA constructs against the ATPase domain 

of CP exhibited no rolling symptoms upon PLRV infection, indicating that the silencing of CP 

gene expression is an efficient method for generating PLRV-resistant potato plants. Moreover, 

our findings provide a robust approach to generate PLRV-resistant potato plants, which can be 

further extended to other species. Finally, we propose a new mechanism of genome packaging 

and assembly in plant viruses.

Keywords: Plant virus, Genome packaging, P-loop-containing ATPase domain, Packaging 
motor, Capsid protein, RNA interference
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Introduction

Plant viruses cause diverse diseases in crops and are responsible for huge economic losses. The 

potato crop is severely affected by various biotic stresses. Among these stresses, viruses have 

a significant contribution to yield losses worldwide [1]. Due to vegetative reproduction of 

potato, viruses propagate through seed tubers and maintain their life cycle [2]. Tubers used for 

planting in the next season can harbor latent viruses, which subsequently reduce emergence, 

plant vigor, and yield [2]. More than 40 different viruses affect the cultivation of potato crop 

across the globe [1-2]. Potato leaf roll virus (PLRV), which belongs to the genus Polerovirus 

and family Luteoviridae, is a ubiquitous potato virus worldwide and is responsible for more 

than 20 million tons yield loss every year [3-4]. Thus, understanding the mode of infection, 

genome packaging, and assembly of PLRV is crucial for developing control strategies [4-5]. 

Genome packaging is an important step in the process of viral maturation. During virus 

life cycle, genetic information needs to be incorporated into newly produced virus particles [6-

7]. Three types of genome packaging system have been reported in viruses so far [5-6]. In the 

passive type I system, which exists in majority of plant viruses, the capsid proteins (CPs) 

nucleate over the genome and form a mature virus particle without utilizing any energy. On 

the contrary, both type II and III systems, which are found in bacteriophages and large 

eukaryotic DNA viruses, are active, ATP-dependent packaging systems [5-7]. Viruses from 

type II and III system use powerful ATPase motors to achieve genome packaging [6]. These 

motors generate forces as high as 100 pN and translocate DNA into a preformed prohead until 

DNA condenses into crystalline form [8]. These viral packaging motors share a common 

architecture with P-loop superfamily of multimeric ring ATPases that perform diverse 

functions such as chromosome segregation (helicases), protein remodeling (chaperones), and 

cargo transport (dyneins) [9]. 
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Recently, we proposed a novel, expanded sub-classification system for the type I 

genome packaging system and placed many of the plant viruses, including PLRV, under the 

ATP-dependent sub-type IA system based on the ATPase domain present in CP [5]. The 

mechanochemistry of the ATPase motor encoded by plant viruses is hardly explored. How a 

functional CP ATPase oligomerizes and nucleates on the genomic end and initiates its activity 

is not yet known. The ATPase motors drive the difficult task of precisely inserting the viral 

genome into the capsid from the cytoplasmic pool of RNA inside the host cell. Presence of a 

powerful motor across viruses infecting different domains of life might represent a unique 

variation of the genome packaging apparatus acquired and contrived by plant viruses [7]. 

As CP is known to play a crucial role in genome packaging in PLRV [5], we sought to 

analyze its amino acid sequence to identify conserved motifs and use them to develop a 

potential method of developing virus-resistant plants. Our comprehensive bioinformatic 

analysis of CP amino acid sequence revealed a unique P-loop containing ATPase domain with 

two Walker A-like motifs, two arginine fingers, two sensor-like motifs, and one Walker B 

motif, which possess ATP-binding and hydrolysis activities and are spread throughout the 

polypeptide chain of CP. Our structural analysis revealed that these critical motifs are either 

part of the loop or present at the tip of strand and make a flexible active site for ATP binding 

and hydrolysis. The P-loop plays a key role in coordinating ATP hydrolysis with DNA 

translocation. We believe that the ATPase domain of CP has a direct role in genome packaging 

of PLRV. To validate this hypothesis, we conducted RNAi experiments on the CP gene to 

check its effects on PLRV infection. Knockdown of the ATPase domain of the CP gene resulted 

in generation of potato leaves free from PLRV, indicating its role in genome packaging and 

assembly. Further, northern blotting, RT-PCR, and ELISA analyses confirmed that the PLRV 

CP mRNA was not detected in the leaves of plants agroinfiltrated with CP siRNA. However, 

the same mRNA was detected at high levels in the tertiary leaves of control plants (naturally 
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infected) and those agroinfiltrated with the empty vector. As CP homologs are present in almost 

every plant virus, their inhibition via RNAi can be a potential method for generating virus-

resistant plants.

Experimental procedures

Sequence analysis, motif identification and structural analysis

The sequences of CP from different strains of PLRV were retrieved from the NCBI database 

(http://www.ncbi.nlm.nih.gov/). Multiple sequence alignments were generated using ClustalW 

[10] and were manually corrected for domain superimpositions. Atomic structure and 

secondary structure of CP were predicted using Iterative Threading ASSEmbly Refinement (I-

TASSER), a tool which builds atomic structures based on iterative template fragment assembly 

simulations and multiple-threading alignment using Locally Installed Meta-Threading Server 

(LOMETS) [11]. This prediction returns structures with good C-scores in the range of −2.04 

to −1.09.

Preparation of siRNA constructs

To generate target-specific siRNAs against the CP gene, the CP-encoding gene fragments were 

amplified using the cDNA of PLRV as template. The amplified fragments were digested with 

Xho I and Kpn I and cloned into the pHANNIBAL vector at Xho I – Kpn I sites in sense 

orientation (pHANNIBAL-sense CP). The primer sequence for cloning of the CP-encoding 

gene fragment in sense orientation was designed manually and synthesized at IDT, USA. These 

sequences are as follows: CPs FP: 5′-CCGGCTCGAGATGAGTACGGTCGTGGTTAGAGG

A-3′; CPs RP: 5′-GCGCGGTACCCTATCTGGGGTTCTGCAAAGCCAC-3′. The 

pHANNIBAL vector contains the CaMV 35S promoter and the NOS terminator in sense 

orientation. Subsequently, the amplified and digested antisense CP gene fragments were cloned 
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into the same vector at Hind III – Xba I sites to generate the antisense construct (pHANNIBAL-

antisense CP). The sequences of these primers are as follows: CPas FP: 5′- 

GGGTAAGCTTCTATCTGGGGTTCTGCAAAGCCAC-3′; CPas RP: 5′- GCGCTCTAGAAT

GAGTACGGTCGTGGTTAGAGG-3′. The resulting siRNA construct containing the sense 

and antisense fragments of the CP cDNA sequence was named as pHANNIBAL-CP. The 

siRNA cassettes were released from pHANNIBAL-CP by Not I digestion and introduced into 

the binary vector pART27 to generate the siRNA construct pART27-CP for plant 

transformation. Subsequently, the orientation of the cloned CP genes was confirmed through 

sequencing at each step.

Transient expression assay

The binary plasmid pART27-CP and the empty vector pART27 were extracted and purified 

from E. coli cultures and were transformed into Agrobacterium tumefaciens EHA101 using the 

freeze–thaw transformation method [12]. The transformed cells of A. tumefaciens were plated 

on Luria-Bertani (LB) agar plates containing 50 g/mL kanamycin, 100 g/mL spectinomycin, 

and 100 g/mL chloramphenicol for selecting successful transformants. Transformation of the 

binary plasmid was further confirmed using colony PCR for the CP gene. For agroinfiltration, 

A. tumefaciens cells harboring the pART27-CP siRNA constructs were grown overnight at 

28C in the LB medium supplemented with appropriate antibiotics. The overnight cultures 

were diluted 1:10 in fresh media containing the above-mentioned antibiotics, 10 mM 2-(N-

morpholino) ethanesulfonic acid (MES), and 200 M acetosyringone to reach an OD600 of 0.3. 

The cells were collected by centrifugation at 5000×g for 5 min and were resuspended in the 

infiltration medium containing 10 mM MES, 10 mM MgCl2, and 200 M acetosyringone. The 

cells were then incubated at room temperature for 2–3 h before agroinfiltration. Solanum 

tuberosum cv. Khufri Ashoka plants were agroinfiltrated by injecting 2 mL of these cells 
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directly into the phloem and leaves using a syringe. Whole plants were covered with a 

transparent plastic bag for 3–4 days. All experiments were repeated thrice with five plants in 

each experiment for each siRNA construct and control. 

Viral infectivity assay

Symptomatic potato plants newly emerged from PLRV-infected tubers were used for 

agroinfiltration of pART27-CP siRNA constructs. PLRV-infected tubers were grown in a 

controlled environment of transgenic glass room. The presence of PLRV titer in tubers and 

newly emerged plants were confirmed through enzyme-linked immunosorbent assay (ELISA) 

and PCR using CP-specific primers (FP: 5’ATGAGTACGGTCGTGGTTAGA-3’; RP: 5’ 

CTATCTGGGGTTCTGCAAAGCC-3’). The plants were grown in a transgenic glass house 

at 25 °C with 16 h of light and 8 h of darkness after agroinfiltration. Ten days post 

agroinfiltration (dpi), newly emerged tertiary leaves were harvested for RNAi analysis. The 

RNAi constructs were analyzed using Northern blotting, RT-PCR and ELISA. 

Northern blotting analysis of siRNA

Leaves of 5–10 dpi agroinfiltrated potato plants and healthy control plants were used for small 

RNA isolation. Small RNA was extracted using PAX gene Tissue RNA/miRNA Kit (Qiagen, 

Germany) following the manufacturer’s protocol. Denaturing polyacrylamide gels (15%) 

containing 7 M urea were run at 40 mA (600 V) for approximately 2 h to resolve the total RNA, 

which contained the siRNA pool. The gels were stained for 10 minutes with 0.5 μg/ml ethidium 

bromide (EtBr) in DEPC-treated TBE buffer. A Bio-Rad transblot apparatus (Bio-Rad, USA) 

was used to transfer the RNA onto a Hybond-N + positively charged nylon membrane (GE 

healthcare, USA) at 200 mA (9–10 V) for 3 h followed by crosslinking for 20 min at 1200 μJ 

and drying for 30 min at 50 °C to improve sensitivity. Further, the membrane was pre-

hybridized in pre-hybridization buffer (7 % SDS, 200 mM Na2HPO4 (pH 7.0), 5 μg/ml salmon 
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sperm DNA (SSDNA)) at 40 °C for 30 min. The hybridization buffer was replaced with 

hybridization buffer containing biotin-labeled probes at 50 pmol/mL concentration. The 

membrane was subsequently hybridized at 40 °C for 12 to 16 h with continuous gentle shaking 

followed by rinsing with washing buffer (1× SSC, 0.1% SDS) thrice for a total of 15 minutes 

at room temperature. The membrane was then blocked for 15 minutes with blocking buffer 

using gentle shaking at room temperature followed by incubation with hybridization buffer 

containing stabilized streptavidin-HRP conjugate for an additional 15 minutes. The blot was 

visualized using Amersham typhoon blot imaging systems (GE, Healthcare) after developing 

by ECL (GE Healthcare).

RT-PCR analysis of viral RNA in potato plants

Total RNA was extracted from the newly emerged tertiary leaves (100 mg) of agroinfiltrated 

potato plants and healthy control plants using RNeasy Plant Mini kit (Thermo Scientific, USA) 

following manufacturer’s instructions. RT-PCR was conducted for CP-infiltrated plants 

individually using the PLRV-specific primers. cDNA was synthesized using an RT-PCR kit 

(Thermo Scientific, USA). 

ELISA

Indirect ELISA was performed for the detection of PLRV infection. Tertiary leaves of 

agroinfiltrated plants and healthy control plants (positive and negative) (0.5 g) were macerated 

in 5 mL extraction buffer (0.05 M phosphate-buffered saline, 0.01 M sodium diethylene 

carbamide, pH 7.4). As positive and negative controls, PLRV infected and uninfected/healthy 

potato leaves were considered, respectively. The extracts were centrifuged at 10,000×g for 5 

min. One hundred microliter of the supernatant was added to the ELISA plate, which was 

incubated overnight at 4 C. Further, 200 μL of rabbit polyclonal antibody against PLRV-CP 

(1:5000; Promega) was added to each well and incubated for 3 h at 37 C. After washing, goat 
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anti-rabbit immunoglobulin G conjugated with alkaline phosphatase (Promega, USA) was 

added to the wells and incubated for 3 h at 37 C. The substrate p-nitrophenyl phosphate was 

added to the plate for developing, and absorbance at 405 nm was measured. The absorbances 

of samples and controls were normalized to that of the positive control.

Results

Insights on the structural details of the PLRV CP ATPase domain

CPs are known as plant virus-encoded factors that nucleate over viral genomes and encapsidate 

them by deriving energy from ATP [5]. The motifs necessary for ATP binding and hydrolysis 

are present throughout the polypeptide chain of PLRV CP (Fig 1A & B). Fig 1A presents a 

multiple sequence alignment of CP sequences from different PLRV variants. Intriguingly, our 

sequence analysis revealed a unique pattern of ATPase domain, which contained two sets of 

Walker A, arginine finger, and sensor-like motifs, suggesting divergent evolution within the 

classical P-loop-containing ATPase superfamily. The Walker-A “P-loop” motif is proposed to 

coordinate ATP hydrolysis with DNA translocation. The Walker A-like motif (lavender color), 

with the consensus sequences RGRGSSET, interacts with the β- and γ-phosphates of the bound 

ATP, whereas the conserved Asp of Walker B (consensus sequence hhhhDG), located next to 

a β-strand, binds to a metal ion and helps in ATP hydrolysis. The Walker-B (blue) Asp 

coordinates with the Mg2+ cation, while another conserved catalytic Gly residue primes a water 

molecule for the nucleophilic attack on the γ-phosphate of the bound ATP. Our sequence and 

structure analysis found that all the critical motifs are either present at the tip of the strand or 

part of the loop, indicating relatedness of CPs to ASCE P-loop ATPases (Fig 1A). Further, we 

observed that the arginine fingers I and II (red), which are located 9-10 residues downstream 

of sensor I (green) motif and 5-6 residues downstream of Walker A′ (lavender), and the sensor 

motif II (green) present about five residues further downstream of the Arginine finger II motif 
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are strictly conserved across various strains of PLRV analyzed in this study (Fig 1A). Sensor 

motif I (green) is located 48 residues downstream of Walker B and flanking of arginine finger 

I, II and Walker A′ with sensor motifs I and II represents the uniqueness of this novel P-loop-

containing ATPase. Our structure prediction using I-TASSER revealed that the active site of 

PLRV CP comprises all the motifs necessary for ATP interaction except Arginine finger I, 

which is situated far from the rest of the motifs in their folded structure (highlighted in red; Fig 

1B). Arginine finger is a classical hallmark of ATPases and is conserved across many ATPases. 

It completes the active site from a distinct location, forming contacts with the γ-phosphate of 

the nucleotide [13].

Fig 1. (A) Multiple sequence alignment of the ATPase domain of CP from different variants 

pf PLRV. The alignment was generated using Clustal W and manually corrected for domain 

superimpositions. The number(s) in brackets represent the number of amino acids. (B) I-

TASSER predicted atomic model of PLRV CP with all the ATP catalysis motifs (Walker A 

and A′ in lavender; Walker B in blue; Sensor I & II in green and arginine finger I & II in red 

color). [Accession Numbers: PLRV China: QEE13716.1, PLRV Shimla: AFJ11896.1, PLRV 

Beijing: QEE13717.1, PLRV Japan: BBN91709.1, PLRV Yunnan: ACO92389.1, PLRV 

France: AAL77948.1, PLRV Saudi Arabia: AGR87640.1, PLRV Iran: ACK99523.1, PLRV 

Mongolia: AHA43773.1, PLRV Pakistan: ASB17109.1, PLRV Punjab: ASB17109.1, PLRV 

Canada: AYA73305.1, PLRV Netherlands: CAA54535.1, PLRV Czech Republic: 

ABY49848.1, PLRV Kunming: ACO92404.1, PLRV Harbin: AKN09918.1, PLRV UK: 

CAA54537.1, PLRV India: AFJ11862.1, PLRV Germany: QBO24571.1, PLRV Himachal 

Pradesh: AAN31764.1, PLRV Islamabad: ASB17111.1, PLRV Jordan: ACF33055.1, PLRV 

Quedlinberg: AFI93516.1, PLRV Ireland: QJF11910.1, PLRV Korea: AAG14887.1, PLRV 

South Africa: AAB80766.1, PLRV Korea: AAD00221.1, PLRV Argentina: ARS33719.1, 

PLRV Egypt: ATV90882.1, PLRV Assam: QDA76478.1, PLRV Patna: MW027216.1, PLRV 

Peru: APC60287.1]
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Construction of the pART27 binary vector

Specific primers were designed for the amplification of the gene sequence of CP in sense and 

antisense orientations. The generation of siRNA construct is illustrated in Fig 2A. The total 

RNA extracted from infected potato leaves was subjected to RT-PCR to generate cDNA, and 

the desired sequences were amplified from the cDNA using oligo dT primers. This PCR 

yielded two 627 bp bands: one of sense orientation and another antisense (Fig 2B; lanes 1 and 

2). These fragments were cloned into the pHANNIBAL vector (5.8 kb) after digestion with the 

appropriate set of enzymes (Fig 2C; lane 1). The cloning of the CP gene in pHANNIBAL in 

the sense orientation (pHANNIBAL-sense CP) and antisense orientation (pHANNIBAL-

antisense CP) was carefully analyzed using different sets of restriction enzymes (Fig. 2D; lanes 

1–7). Further, the orientation of genes was confirmed through sequencing (IDT). Another 

round of sequencing was performed for the cloning vector carrying both sense and antisense 

CP (pHANNIBAL-CP). The resulting siRNA constructs were further digested by Not I and 

introduced into the digested linear (~11.6 kb) binary vector pART27 (Fig 2E; lane 1) to 

generate the pART27-CP-siRNA construct. The accuracy of siRNA constructs in 

pHANNIBAL (Fig 2D) and pART27 (Fig 2F) binary vector was further confirmed through 

restriction digestion analysis and sequencing.

Fig 2. (A) Schematic representation of the generation of pART27-CP siRNA constructs used 

for transient expression by agroinfiltration. CP genes were first cloned in pHANNIBAL 

plasmid in sense and antisense orientations. Subsequently, the complete gene cassette was 

transferred into the binary pART27 plasmid. (B) RT-PCR was performed to amplify sense and 

antisense PLRV CP sequences from the leaves of infected potato plants. Amplified cDNA 

fragments were analyzed by electrophoresis on 0.8% agarose gel. M: 100 bp DNA ladder; lanes 

1 and 2: PCR products of sense and antisense CP (627 bp). (C) The pHANNIBAL plasmids 

were purified from E. coli DH5α cultures and analyzed by electrophoresis on 0.8% agarose 

gel. M: 1 kb DNA ladder; lanes 1: pHANNIBAL plasmid (5.8 kb). (D) Confirmation of siRNA 
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constructs in pHANNIBAL and pART27 binary vector through restriction analysis. M: 1 kb 

DNA ladder; lane 1: undigested pHANNIBAL; lane 2: antisense CP ligated with pHANNIBAL 

(pHANNIBAL-antisense CP construct); lane 3: both antisense and sense CP ligated with 

pHANNIBAL (pHANNIBAL-CP-siRNA construct); lane 4: Hind III and Xba I digestion of 

pHANNIBAL-antisense CP construct shows the release of a 627 bp fragment; lane 5: Xho I 

and Xba I digestion of pHANNIBAL-CP siRNA construct shows the release of a ~ 1500 bp 

fragment; and lane 6: Not I digestion of pHANNIBAL-CP siRNA construct shows the release 

of two fragments of ~ 4 kb (including sense CP, intron, and antisense CP sequence) and 3.5 kb. 

(E) The pART27 binary plasmid was purified from E. coli DH5α culture and analyzed by 

electrophoresis on 0.8% agarose gel. M: 1 kb DNA ladder; lane 1: pART27 plasmid (11.6 kb). 

(F) The whole siRNA cassette (~ 4 kb) was transferred from pHANNIBAL to pART27, and 

this was further confirmed by Not I restriction analysis of recombinant pART27. 

Transient expression of CP siRNA

To determine whether the knockdown of CP could interfere the genome packaging and 

assembly of PLRV in potato, the pART27-CP-siRNA constructs were agroinfiltrated into S. 

tuberosum cv. Khufri Ashoka. Control plants (PLRV infected) (Fig 3A; lane 1) and those 

agroinfiltrated with the empty vector (Fig 3A; lane 2) showed rolling symptoms of PLRV 

infection in the upper leaves, whereas plants that were agroinfiltrated with the CP siRNA 

constructs (pART27-CP) did not show any symptoms of viral infection (Fig 3A; lane 5). 

Rolling symptoms were also observed in the upper leaves of plants agroinfiltrated with 

pART27-sense CP and pART27-antisense CP construct (Fig 3A; lane 3 & 4 respectively). 

These findings indicated that siRNA constructs suppressed viral genome packaging and 

assembly in the plants. 

Fig 3. (A) Symptoms observed in the tertiary leaves of the PLRV infected potato plants. (1) 

PLRV-infected control without agroinfiltration; (2) agroinfiltrated with the empty vector 

pART27; (3) agroinfiltrated with the plasmid containing only antisense sequence (pART27-

antisense CP); (4) agroinfiltrated with the plasmid containing only sense sequence (pART27-
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sense CP); (5) agroinfiltrated with the pART27-CP siRNA construct; (B) Detection of PLRV 

RNA by RT-PCR. Amplified cDNA fragments (627 bp) were analyzed by electrophoresis on 

0.8 % agarose gel. M: 100 bp marker; lane 1: PLRV was observed in control plant; lane 2: 

PLRV from tertiary leaves of the plant containing the empty vector pART27; lane 3: PLRV 

from tertiary leaves of the plant containing the antisense construct (pART27-antisense CP); 

lane 4: PLRV from tertiary leaves of the plant containing the sense construct (pART27-sense 

CP); lane 5: no PLRV in tertiary leaves of the plant containing CP siRNA (pART27-CP). (C) 

Actin PCR was performed as an internal control. (D) Confirmation of expression of siRNA 

using Northern blotting analysis. Higher expression of siRNA in the leaves at 10 dpi (lane 1) 

was observed as compared to 5 dpi (lane 2), whereas empty vector (mock) agro-infected leaves 

did not show any siRNA (lane 3).

RT-PCR analysis of the CP gene

To detect the presence of the virus in the host tissue, total RNA isolated from the upper tertiary 

leaves of agroinfiltrated plants and control plants was subjected to RT-PCR using PLRV-

specific primers. The 627 bp amplified DNA fragment corresponding to the CP gene of PLRV 

was detected in the tertiary leaves of plants agroinfiltrated with the empty vector and control 

leaves; however, it was not detected in the tertiary leaves of plants agroinfiltrated with the CP 

siRNA constructs. Thus, RT-PCR confirmed that PLRV infection was suppressed by these 

siRNA constructs (Fig 3B). RT-PCR for the actin gene was also performed simultaneously as 

an internal control (Fig 3C).

Analysis of agroinfiltrated potato plants harboring siRNA 

constructs
The expression of siRNA was analyzed by Northern blotting using an equal amount of total 

RNA from the leaf samples of pART27-CP construct and empty vector harboring plants 

respectively, to ascertain whether RNA silencing was initiated in agro-infected potato leaves 

by pART27-CP construct. The agro-infected regions of the leaf were used to isolate total RNA, 
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which was subsequently analyzed for the accumulation of siRNAs at 5 and 10 dpi. The siRNAs 

were detected in the agro-infected region at 5 and 10 dpi (Fig 3D). The RNA band intensity 

suggested higher expression of siRNA in the leaves at 10 dpi (Fig 3D; lane 1) than that at 5 dpi 

(Fig 3D; lane 2), whereas empty vector (mock) agro-infected leaves did not show any presence 

of siRNA (Fig 3D; lane 3).

ELISA for detecting PLRV in host plants

The presence of PLRV in host plants was detected by DAS-ELISA using an anti-PLRV CP 

antibody. The absorbance values of all the samples were normalized to that of the positive 

control. The mean absorbance values for all the samples are presented in Fig 4A. We noted 

that the relative absorbance values of the samples from plants containing the CP siRNA 

construct were similar those of the negative controls (healthy plants). Overall, PLRV CP was 

undetectable in plants agroinfiltrated with siRNA, whereas PLRV was present in high 

concentration in the plants agroinfiltrated with the empty vector, with only the sense construct, 

or only the antisense construct.

Fig 4. (A) ELISA to determine the titer of PLRV. Absorbance values of all the samples were 

normalized to that of the positive control (PLRV infected plant). A healthy uninfected plants 

were considered as negative control. (B) Hypothetical model for the genome packaging and 

assembly in PLRV. CP recognizes the end of the genome (pac site) and nucleates over the 

genome. CP further oligomerizes and encapsidates the unit length genome and leads to the 

formation of mature virion particle. Knockdown of the ATPase domain of CP resulted in either 

inhibition of genome packaging or generation of non-functional/immature virus particle.
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Discussion

Mechanism of genome packaging is reasonably well understood in viruses belonging to the 

type II and III packaging systems [6-7, 14-16]. However, the detailed mechanism of genome 

packaging in plant viruses with type I packaging system remains unclear. Whether plant viruses 

should be placed in a group of energy-dependent packaging system or energy-independent one 

was debatable until we proposed a subgroup of the type I system. In this subgroup, which we 

named as type IA, majority of plant viruses such as PLRV, potato virus X, and other 

geminiviruses were finally classified [5-6]. The plant viruses that possess ATPase domain in 

their CP were placed under this subgroup and for these viruses, direct role of CP in genome 

packaging was hypothesized [5]. Our sequence analysis (Fig. 1A) and atomic structure 

prediction (Fig. 1B) of CP revealed the presence of a novel P-loop-containing ATPase motif. 

The Walker-A motif is a phosphate-binding loop (P-loop) found in possibly the most ancient 

and abundant protein class, so-called P-loop ATPases. Researchers have proposed that the 

Walker-A “P-loop” motif coordinates ATP binding and hydrolysis with DNA translocation 

during active genome packaging in plant viruses and that it is a part of the ATPase motor [18-

19]. During the assembly of viruses, a powerful ATP-driven motor translocates and packages 

DNA into a capsid coat. The crucial Arginine finger I motif is distantly placed in the atomic 

model from the two Walker A, B, sensor, and arginine finger II motifs, which form a cleft or 

active site for the binding of ATP. Once ATP occupies its position in the active site, the arginine 

finger comes into the vicinity of the -phosphate for hydrolysis. The unique arrangement of 

ATP-binding and hydrolysis motifs in the primary and tertiary structure of CP (Fig. 1A & B) 

indicates the structural similarity of CP with the members of the well-known classical P-loop 

ATPase superfamily [17-19]. The role of two Walker A-like motifs (i.e., Walker A and Walker 

A′) during ATP binding and catalysis needs to be experimentally investigated. Replacing the 

critical amino acid residues of these ATPase motifs through site directed mutagenesis (SDM) 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2021. ; https://doi.org/10.1101/2021.05.24.445413doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445413
http://creativecommons.org/licenses/by/4.0/


is underway to further dissect the function of these motifs, especially in terms of active genome 

packaging in assembly. 

In the present study, the efficiency of CP siRNA constructs to silence and inhibit PLRV 

assembly was assessed. The siRNA constructs were designed against CP of PLRV and 

agroinfiltrated into infected potato plants. The agroinfiltrated plants did not show PLRV 

infection. Suppression of viral infection could be attributed to the reduced expression of CP 

due to its silencing by the siRNA constructs. The present study indicated that the transient 

expression of CP constructs resulted in specific and efficient inhibition of PLRV. Northern 

blotting, RT-PCR, and ELISA also confirmed that the PLRV CP mRNAs were not detected in 

the leaves of plants agroinfiltrated with CP siRNA, whereas these mRNAs were detected at 

high levels in tertiary leaves of control plants (naturally infected) and those agroinfiltrated with 

the empty vector. These findings further confirm the earlier reports and suggest that CP ATPase 

has a direct role in the genome packaging, and suppression of genome packaging may lead to 

genome deficient and non-functional viral particles [5,20]. Thus, the presence of three basic 

types of viral DNA packaging motors probably indicates independent innovations.

To the best of our knowledge, this is the first study that presents a novel P-loop 

containing ATPase fold of CP comprising several repeat motifs and demonstrates that the 

suppression of CP expression using siRNA constructs can lead to resistance against PLRV. 

The inhibition of the expression of CP by gene silencing is an efficient and promising method 

to introduce resistance to PLRV [2, 4-5, 21]. As PLRV causes severe crop yield losses in the 

potato growing regions worldwide [22-23], our findings will be helpful for developing PLRV-

resistant potato crops. This approach can also be applied to an extensive range of plant species 

to develop resistance against various viral diseases. We are developing strategies for the 

development of PLRV-resistant potato varieties using the RNAi approach by targeting multiple 

genes. 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2021. ; https://doi.org/10.1101/2021.05.24.445413doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445413
http://creativecommons.org/licenses/by/4.0/


Acknowledgement

This work was supported by grants from the Science and Engineering Research Board (SERB), 

Department of Science and Technology, Govt. of India, New Delhi (India) (File No. 

SRG/2019/002223) to TR. We would also like to thank Bihar Agricultural University, Sabour, 

for providing the basic infrastructure for conducting the research works. 

Competing interests 

The authors have declared no competing interests exist.

Data Availability: Not applicable

References:
1. Palukaitis P. Resistance to viruses of potato and their vectors. Plant Pathology Journal. 

2012;28: 248–258. DOI: http://dx.doi.org/10.5423/PPJ.RW.06.2012.0075.

2. Kumar RR, Ansar M, Rajani K, Kumar J, Ranjan T. First report on molecular basis of 

potato leaf roll virus (PLRV) aggravation by combined effect of tuber and prevailing 

aphid. BMC Research Notes. 2020;13(1):1-4. DOI: https://doi.org/10.1186/s13104-

020-05370-1.

3. Kreuze JF, Souza-Dias JAC, Jeevalatha A, Figueira AR, Valkonen JPT, Jones RAC. 

Viral Diseases in Potato. In: Campos H., Ortiz O. (eds) The Potato Crop Springer. 

2020;389–430. DOI: https://doi.org/10.1007/978-3-030-28683-5-11.

4. Kumari P, Kumar J, Kumar RR, Ansar M, Rajani K, Kumar S, Ranjan T. Inhibition of 

potato leafroll virus multiplication and systemic translocation by siRNA constructs 

against putative ATPase fold of movement protein. Scientific reports. 2020;10(1):1-1. 

DOI: https://doi.org/10.1038/s41598-020-78791-4.

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2021. ; https://doi.org/10.1101/2021.05.24.445413doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445413
http://creativecommons.org/licenses/by/4.0/


5. Ranjan T, Pal AK, Prasad BD, Kumar RR, Kumar M, Shamim M, Jambhulkar S. 

Reassessing the mechanism of genome packaging in plant viruses with lessons from 

ATPase fold. Australasian Plant Pathology. 2021;1-4. DOI: 

https://doi.org/10.1007/s13313-020-00772-y.

6. Chelikani V, Ranjan T, Kondabagil K. Revisiting the genome packaging in viruses with 

lessons from the “Giants”. Virology. 2014; 466:15-26. DOI: 

https://doi.org/10.1016/j.virol.2014.06.022.

7. Chelikani V, Ranjan T, Zade A, Shukla A, Kondabagil K. Genome segregation and 

packaging machinery in Acanthamoeba polyphaga mimivirus is reminiscent of 

bacterial apparatus. Journal of virology. 2014;88(11):6069-75. DOI: 

https://doi.org/10.1128/JVI.03199-13.

8. Vafabakhsh R, Kondabagil K, Earnest T, Lee KS, Zhang Z, Dai L, Dahmen KA, Rao 

VB, Ha T. Single-molecule packaging initiation in real time by a viral DNA packaging 

machine from bacteriophage T4. Proceedings of the National Academy of Sciences. 

2014;111(42):15096-101. DOI: https://doi.org/10.1073/pnas.1407235111.

9. Thomsen ND, Berger JM. Structural frameworks for considering microbial protein‐and 

nucleic acid‐dependent motor ATPase. Molecular microbiology. 2008;69(5):1071-90. 

DOI: https://doi.org/ 10.1111/j.1365-2958.2008.06364.x.

10. Larkin MA, et al. Clustal W and Clustal X version 2.0. Bioinformatics. 2007; 23:2947–

2948. DOI: https://doi.org/10.1093/bioinformatics/btm404.

11. Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER suite: Protein 

structure and function prediction. Nat. Methods. 2015; 12:7–8. DOI: https://doi.org/ 

10.1038/nmeth.3213.

12. Jyothishwaran G, Kotresha D, Selvaraj T, Srideshikan SM, Rajvanshi PK, 

Jayabaskaran C. A modified freeze–thaw method for efficient transformation of 

Agrobacterium tumefaciens. Current science. 2007;93(6):770-2. DOI: 

http://eprints.iisc.ac.in/id/eprint/15095.

13. Guo P, Driver D, Zhao Z, Zheng Z, Chan C, Cheng X. Controlling the revolving and 

rotating motion direction of asymmetric hexameric nanomotor by arginine finger and 

channel chirality. ACS nano. 2019;13(6):6207-23. DOI: 

https://doi.org/10.1021/acsnano.8b08849.

14. Al-Zahrani AS, Kondabagil K, Gao S, Kelly N, Ghosh-Kumar M, Rao VB. The small 

terminase, gp16, of bacteriophage T4 is a regulator of the DNA packaging motor. 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2021. ; https://doi.org/10.1101/2021.05.24.445413doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445413
http://creativecommons.org/licenses/by/4.0/


Journal of biological chemistry. 2009;284(36):24490-500. DOI: 

https://doi.org/10.1074/jbc.M109.025007

15. Feiss M, Catalano CE. Bacteriophage lambda terminase and the mechanism of viral 

DNA packaging. In Viral Genome Packaging Machines: Genetics, Structure, and 

Mechanism 2005 (pp. 5-39). Springer, Boston, MA. PMID: NBK6485.

16. Ortiz D, Ordyan M, Pajak J, Sippy J, Catala A, Oh CS, Vu A, Arya G, Smith DE, 

Catalano CE, Feiss M. Functional dissection of a viral DNA packaging Machine's 

Walker B Motif. Journal of molecular biology. 2019;431(22):4455-74. DOI: 

https://doi.org/10.1016/j.jmb.2019.08.012

17. Iyer LM, Makarova KS, Koonin EV, Aravind L. Comparative genomics of the FtsK–

HerA superfamily of pumping ATPases: implications for the origins of chromosome 

segregation, cell division and viral capsid packaging. Nucleic Acids Research. 2004; 

32:5260-5279. DOI: https://doi.org/10.1093/nar/gkh828.  

18. Ortiz D, Ordyan M, Sippy J, Oh CS, Keller N, Feiss M, Catalano CE, Smith DE. 

Walker-A motif acts to coordinate ATP hydrolysis with motor output in viral DNA 

packaging. Journal of molecular biology. 2016;428(13):2709-29. DOI: 

10.1016/j.jmb.2016.04.029

19. Romero ML, Yang F, Lin YR, Toth-Petroczy A, Berezovsky IN, Goncearenco A, Yang 

W, Wellner A, Kumar-Deshmukh F, Sharon M, Baker D. Simple yet functional 

phosphate-loop proteins. Proceedings of the National Academy of Sciences. 

2018;115(51):E11943-50. doi: 10.1073/pnas.1812400115.

20. Rakitina DV, Kantidze OL, Leshchiner AD, Solovyev AG, Novikov VK, Morozov SY, 

Kalinina NO. Coat proteins of two filamentous plant viruses display NTPase activity 

in vitro. FEBS letters. 2005;579(22):4955-60. DOI: 

https://doi.org/10.1016/j.febslet.2005.07.083.

21. Arif M, Thomas PE, Crosslin JM, Brown CR. Development of molecular resistance in 

potato against potato leafroll virus and potato virus Y through Agrobacterium-mediated 

double transgenesis. Pak. J. Bot. 2009;41(2):945-54.

22. Polder G, Blok PM, de Villiers HA, van der Wolf JM, Kamp J. Potato virus Y detection 

in seed potatoes using deep learning on hyperspectral images. Frontiers in plant science. 

2019;10:209. DOI: https://doi.org/10.3389/fpls.2019.00209.

23. Munoz FJ, Plaisted RL, Thurston HD. Resistance to potato virus Y in Solanum 

tuberosum spp. andigena. American Potato Journal. 1975;52(4):107-15. DOI: 

https://doi.org/10.1007/BF02852043.

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2021. ; https://doi.org/10.1101/2021.05.24.445413doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445413
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2021. ; https://doi.org/10.1101/2021.05.24.445413doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445413
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2021. ; https://doi.org/10.1101/2021.05.24.445413doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445413
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2021. ; https://doi.org/10.1101/2021.05.24.445413doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445413
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2021. ; https://doi.org/10.1101/2021.05.24.445413doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445413
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2021. ; https://doi.org/10.1101/2021.05.24.445413doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445413
http://creativecommons.org/licenses/by/4.0/

