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ABSTRACT 

Capsicum annuum ‘Bukang’ is a resistant variety to Cucumber mosaic virus isolate-P0 (CMV-P0), CMV-P1 can overcome the CMV resistance of ‘Bukang’ due to mutations in Helicase (Hel) domain of CMV RNA1. To identify host factors involved in CMV-P1 infection, a 

yeast two-hybrid system derived from C. annuum ‘Bukang’ cDNA library was used. A total of 156 potential clones interacting with the CMV-P1 RNA helicase domain were isolated. These clones were confirmed by β-galactosidase filter lift assay, PCR screening and sequence 

analysis. Then, we narrowed the ten candidate host genes which are related to virus infection, replication or virus movement. To elucidate functions of these candidate genes, each gene was silenced by virus induced gene silencing in Nicotiana benthamiana. The silenced plants 

were then inoculated with green fluorescent protein (GFP) tagged CMV-P1. Virus accumulations in silenced plants were assessed by monitoring GFP fluorescence and enzyme-linked immunosorbent assay (ELISA). Among ten genes, silencing of formate dehydrogenase (FDH) or 

calreticulin-3 (CRT3) resulted in weak GFP signals of CMV-P1 in the inoculated or upper leaves. These results suggested that FDH and CRT3 are essential for CMV infection in plants. The importance of FDH and CRT3 in CMV-P1 accumulation was also validated by the 

accumulation level of CMV coat protein confirmed by ELISA. Altogether, these results demonstrate that FDH and CRT3 are required for CMV-P1 infection in plants. 

INTRODUCTION 

  Viruses are intimately associated with and completely dependent on their host, and interaction with host factor requires for 

infection cycles. Mutations in host factors may abolish the interaction (Whitham et al., 2004). For this reason, host factors have been 

studied in various plants and viruses. For example, Tsip1 which interacts with the CMV 1a and 2a controls CMV multiplication in 

tobacco plant (Huh et al., 2011). And NtTLP1 which directly interacts with CMV 1a protein plays an important role in the regulation 

of CMV replication and/or movement (Kim et al., 2005). 

  CMV has the broadest host range among plant viruses. One of the CMV resistance sources C. annuum ‘Bukang’, which is 

resistance to CMV-P0 strains (CMV-Kor and CMV-Fny). C. annuum ‘Bukang’ contains a single dominant resistance gene, Cmr1 

(Kang et al., 2010) which suppresses the systemic infection of CMV-P0 strains. Recently, a new strain CMV-P1 breaking the Cmr1 

resistance was identified in South Korea. 

  To clarify which RNA genome is involved in breaking the Cmr1, chimeric CMV viruses were constructed by combining CMV-

Fny and CMV-P1 cDNA clones (Kang et al., 2011). 3’ region of CMV-P1 RNA1 helicase domain has been implicated to play a role 

in viral replication and systemic infection (Kang et al., 2011). 

  In this study, we tried to identify host genes that interact with CMV-P1 helicase domain using a yeast two-hybrid system. To 

validate requirement of selected host genes in CMV-P1 infection, selected genes were silenced via VIGS and silenced plants were 

challenged with CMV-P1 harboring the green fluorescent protein (GFP). Later, virus accumulation in silenced plants was assessed by 

monitoring GFP fluorescence and enzyme-linked immunosorbet assay (ELISA). Through these steps it was revealed that formate 

dehydrogenase and calreticulin-3 precursor are essential host genes required for CMV-P1 infection 

MATERIALS & METHODS 

 Yeast two-hybrid screening 

    Primer was designed based on CMV-P1 RNA1 helicase domain sequence. To construct the bait vector, CMV-P1 RNA1 helicase 

domain fragment was prepared by PCR from CMV-P1 cDNA clone. CMV CMV-P1 RNA1 helicase domain fragment was cloned 

into pBD-GAL4 Cam vector (Agilent Technologies, Santa Clara, CA, USA) as a bait. The bait vector (pBD-GAL4 Cam vector) was 

transformed into Saccharomyces cerevisiae strain YRG-2, and was incubated in the selection media (SD-Trp, Leu). C. annuum 

‘Bukang’ cDNA library which was cloned into pAD-GAL4-2.1 vector (Agilent Technologies, Santa Clara, CA, USA) as a prey was 

provided by professor Doil Choi. C. annuum ‘Bukang’ cDNA library screening was conducted as described in the manufacturer’s 

instruction (Agilent Technologies, Santa Clara, CA, USA). The prey vector (pAD-GAL4-2.1 vector) was transformed into YRG-2 

which contains the bait vector (pBD-GAL4 Cam vector), and was incubated in the selection media (SD-Trp, Leu, His).  

 

 β-Galactosidase Filter lift assay 

    Candidate clones were incubated for 4 days at 30℃ and 3MM paper (Whatman, Maidstone, Kent, UK) was contacted with all of 

the clones. The 3MM paper was dipped in the liquid nitrogen for 15 seconds and thawed for 1 minute. After this step was repeated 

three times, the 3MM paper soaked in the Z buffer with X-gal. It was then incubated at 25℃ for 5 hours in the dark.  

 

 Cloning & sequencing 

    To isolate the candidate cDNA, primer was designed based on pAD-GAL4-2.1 vector sequence (Agilent Technologies, Santa Clara, 

CA, USA). T-Blunt PCR cloning system (Solgent, Daejeon, South Korea) was used for candidate gene TA cloning. Candidate genes 

were amplified by colony PCR from yeast clones containing candidate cDNA. PCR product sequencing was performed at NICEM 

(Seoul national university, Seoul, South Korea).  

 

 Sequence analysis of candidate genes 

    DNA and protein sequence analysis were performed with the BLAST algorithm at the National Center for Biotechnology 

Information (NCBI, Bethesda, MA, USA). Using Capsicum annuum BAC Database Pepper ver. 0.83_contig CLC-Gapfilling 

(Molecular Genetics Laboratory in Seoul national university, Seoul, South Korea), the candidate genes was identified copy number 

and full length sequence in C. annuum.  

 

 Virus-induced gene silencing 

    Agrobacterium containing TRV1 and 10 TRV2::candidate gene (or TRV2::PDS) were incubated in liquid LB media containing 

antibiotics (50 mg/L kanamycin and 50 mg/L rifampicin) for 20 hours at 30℃. The Agrobacterium cells were harvested and 

resuspended in infiltration media (10 mM MgCl2, 10 mM MES, 200 mM acetosyringone). Agrobacterium cells containing 

TRV2::PDS or TRV2::Candidate gene were adjusted to 0.4 OD600 and incubated at room temperature with shaking for 4 hours. 

Agrobacterium cells containing TRV1 was adjusted to 0.3 OD600 and incubated as described previously. TRV1 and TRV2 were mixed 

in a 1:1 ratio and infiltrated into N. benthamiana at the four-leaf stage by a 1ml syringe needle. 

 

 Inoculum preparation and virus inoculation 

    Agrobacterium tumefaciens strain GV2260 containing CMV-P1-GFP constructs were incubated in 3 ml LB media containing 

antibiotics (50 mg/L kanamycin and 50 mg/L rifampicin) at 30℃. After harvest, each cell culture was adjusted to 0.4 OD600, and 

incubated for 4 hours. Then cell cultures were mixed in a 1:1:1 ratio and infiltrated into N. benthamiana. CMV-P1-GFP inoculum was 

prepared from infected N. benthamiana leaves after 14 days of inoculation. One gram of leaves was ground in 10 ml of 0.1 M 

potassium phosphate buffer (pH 7.5). Plants were inoculated by rub-inoculation with light carborundum dusting. Plants were kept in a 

growth chamber at 25℃ until symptom observation. Virus accumulation was tested at 5 and 10 days post inoculation (dpi) using 

DAS-ELISA according to the manufacturer’s instructions (Agdia, Santa Fe Springs, CA, USA). Each sample was measured at 405 

nm absorbance value. 

RESULTS & DISCUSSION 
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 To isolate and characterize host factors interacting with CMV-P1 RNA1 helicase domain from C. annuum ‘Bukang’ 

 To identify of CMV-P1 infection mechanism to C. annuum ‘Bukang’  

 To engineer of CMV resistance using the host factors  

OBJECTIVES 

 Identification of avirulence determinant of CMV-P1 

    To identify the infection aspect of CMV-P1, CMV-Fny and CMV-P1, they were inoculated in C. annuum ‘Bukang’. And the plant 

which was inoculated with CMV-P1 showed leaf distortion symptoms and systemic infection. To identify the avirulence determinant 

in CMV-P1, chimeric CMV viruses were constructed by substituting the genomic regions of CMV-P1 with CMV-Fny. Chimeric 

viruses containing CMV-P1 RNA1 genome able to induce systemic infection, and 3’ region of CMV-P1 RNA1 helicase domain is 

especially related to systemic infection (Kang et al., 2011).  

  

 Isolation of candidate genes interaction with CMV helicase domain 

    To identify host proteins interacting with CMV-P1 RNA1 helicase domain, CMV-P1 RNA1 helicase domain was fused to bait 

vector and C. annuum ‘Bukang’ cDNA library was fused to prey vector. 100,080 transformants were screened on the selection media 

(-Trp, Leu, His) for interaction identification, and 156 candidate clones were identified. To confirm the interactions, we performed β-

galactosidase filter lift assay. The color of 82 candidate clones was changed to blue (Table 1).   

 Then, we performed colony PCR for 82 candidate clones. 80 candidate genes were amplified, and were used for sequence analysis. 

The sequence analysis revealed that 78 candidate genes encoded different kinds of genes in plant. 10 genes were non-relation with 

pathogens, 13 genes had low coverage and identity with NCBI DB,17 genes were related to pathogens and 38 genes were false or 

unknown function. 10 candidate genes were selected based on high identity and coverage from pathogens related group for gene 

characterization (Table 2). Each genes are encoded acireductone dioxygenase, ADP-glucose pyrophosphorylase, ADP-ribosylation 

factor 1, ADP-ribosylation factor, calreticulin-3 precursor, cysteine synthase, formate dehydrogenase, histone-H3, 

phosphomannomutase and polyubiqutin 6PU11.  

Total number 

Of clones 

Number of selected clones 

Y2H 

screening 

β-galactosidase  

filter lift assay 

PCR 

screening 

Sequence 

analysis 

100,080 156 82 80 78 

Table 1. Summary of screening of host genes interacting with the CMV-P1 helicase domain 

Candidate gene Putative Function Sequence ID in C. annuum 

PPM Phosphomannomutase CA08g10130 

FDH Formate dehydrogenase CA02g29530 

CRT3 Calreticulin-3 CA00g87370 

UBI11 Hexameric polyubiquitin 6PU11 CA00g79660 

Cysk Cysteine synthase CA08g04930 

AGP-S2 ADP-glucose pyrophosphorylase CA07g05920 

ARF1 ADP-ribosylation factor 1 CA08g00830 

ARF ADP-ribosylation factor CA01g22680 

H3 Histone-H3 CA04g15130 

ARD Acireductone dioxygenase CA03g06820 

Table 2. List of candidate genes interacting with the CMV-P1 helicase domain. 

 Functions of candidate genes in CMV infection 

    To test the requirement of selected genes for CMV infection, the selected genes were silenced by a TRV-based VIGS system. Ten 

selected genes were cloned into the TRV2-LIC vector. Each gene was silenced in N. benthamiana. Phytoene desaturase (PDS)-silenced 

plants were used as a silencing control. As expected, the silencing of PDS resulted in photo-bleaching at 10 to 12 dpi. To check the level 

of silenced gene expression, real-time PCR using gene-specific primers was performed. Infiltrated TRV2::00 plant was used for 

comparison with candidate gene-silenced plants. Real-time PCR analysis showed that expression levels of 2 candidate genes (formate 

dehydrogenase, calreticulin-3 precursor) were significantly reduced (Figure 1). 

    To investigate whether selected genes play a key role in CMV-P1 infection, gene-silenced plants were challenged with CMV-P1. 

After infection, virus spreads in plants were observed under a confocal laser-scanning microscope. GFP fluorescence in inoculated and 

systemic leaves of silenced plants were monitored at 5 and 10 days post inoculation (dpi). TRV::00 plant was used as a positive control 

and showed GFP signals in the whole inoculated leaves at 10 dpi as well as upper leaves. At 10 dpi, Formate dehydrogenase silenced 

plants showed local infection in inoculated leaves and no CMV-P1-GFP signal in upper leaves. In the case of calreticulin-3 precursor 

silenced plants, there was no CMV-P1-GFP signal in both inoculated and upper leaves (Figure 2).  

    To confirm the virus infection in the candidate gene-silenced plants, CMV-P1 coat protein (CP) was detected by ELISA at 10 dpi. As 

was observed in confocal microscopy analysis, in the leaves of formate dehydrogenase-silenced and calreticulin-3 precursor–silenced 

plants, CMV-P1 coat protein accumulation were greatly reduced and the same results were obtained in the upper leaves.  (Figure 3). 

Taken together, these results strongly suggest that formate dehydrogenase and Calreticulin-3 precursor play a essential role in CMV-P1 

replication. 

Figure 1. Real-time PCR analysis of host 

factor gene expression of in silenced plants. 

The mRNA expression level of each candidate 

gene was evaluated by Real-Time PCR 

analysis. The words which are located left side 

of images are candidate genes. Each candidate 

gene cDNA was amplified at 40 cycles. 

Asterisks indicate statistically significant 

differences relative to empty vector (*p < 0.05) 

Figure 2. Monitoring CMV replication and movement by GFP 

fluorescence in silenced plants inoculated with CMV-P1-GFP. 

GFP fluorescence was observed at 5 dpi and 10 dpi in VIGS plants, and 

TRV::00 plants were used as a positive control. Images on the left are 

optical sections of the inoculated leaves, and those on the right are 

optical sections in the upper leaves. Images top to bottom are GFP, 

autofluorescence, and merged images, respectively. The green 

fluorescence signal indicates CMV-P1 expressing GFP, and red 

fluorescence signal indicates chloroplast. 

Scale bars = 50 μm. 

 

Figure 3. CMV accumulation in plants silenced with candidate host factors. 

Virus accumulation was detected by ELISA. Two leaf discs of the inoculated and 

the upper leaves of the inoculated plants were sampled at 10 dpi. 
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