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ABSTRACT: Viral diseases are an important threat to crop yield, as they are responsible for losses greater than US$30
billion annually. Thus, understanding the dynamics of virus propagation within plant cells is essential for devising
effective control strategies. However, viruses are complex to propagate and quantify. Existing methodologies for viral
quantification tend to be expensive and time-consuming. Here, we present a rapid cost-effective approach to quantify
viral propagation using an engineered virus expressing a fluorescent reporter. Using a microplate reader, we measured
viral protein levels and we validated our findings through comparison by western blot analysis of viral coat protein, the
most common approach to quantify viral titer. Our proposed methodology provides a practical and accessible approach
to studying virus-host interactions and could contribute to enhancing our understanding of plant virology.

KEYWORDS: Microplate reader; CP-PLAMYV; viruses; plant viral quantification; green fluorescent protein; western blot
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1 Introduction

While many plant pathogens can be observed using a light microscope or cultured on Petri dishes,
viruses can only be seen by an electron microscope [1]. In the past century, hundreds of plant viruses have
been characterized, many known to be pathogens for crop plants. Viruses are classified in different families
according to presence or absence of the capsid and the nature of their genetic material [2].

In recent years, viruses have also been harnessed as molecular tools to decipher mechanisms of plant
immunity and plant resistance [3,4]. Plantago asiatica Mosaic Virus (PLAMV) is a prominent model for plant
virologists. Belonging to the Potexvirus genus within the Alphaflexiviridae tamily, PIAMYV is characterized
by a proteinaceous capsid and a positive-sense RNA genome. Initially identified in Plantago asiatica plants in
Russia [5], PIAMV has since been observed infecting edible lilies [6-9], plants of Nicotiana benthamiana and
Arabidopsis thaliana [10,11]. Unlike many RNA viruses, PIAMYV exhibits a slower systemic movement due its
triple gene block (TGB) a hallmark of Potexviruses [12], making it a model for investigating viral and host
interactions [8,13,14]. However, despite its significance in plant virology, rapid detection and quantification
of PIAMYV, which would facilitate studies on viral-host interactions, has not yet been achieved.

Current studies involving viral quantification rely on total viral particle count by Enzyme-Linked
Immunosorbent Assay (ELISA). For example, Edwards et al. (1985) developed a Protein A sandwich ELISA
(PAS-ELISA), method for detecting viruses in plants. This method uses protein A in two distinct applications
to create antibody-antigen-antibody layers, successfully identifying homologous virus isolates and detecting
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prune dwarf virus in 18%-36% of tested Prunus avium seeds [15]. In 2000, Seo et al. introduced a real-time
RT-PCR method to quantify two orchid viruses, Cymbidium Mosaic Virus (CymMYV) and Odontoglossum
Ringspot Virus (ORSV), using four synthesized probes targeting the coat protein (CP) encoding genes. This
method provided a sensitive, high-throughput, and rapid approach to plant virus detection [16-19]. Despite
its high sensitivity, RT-PCR can be challenging for virus detection and quantification due to the presence
of diverse variants, which can lead to mis-priming. Another common approach involves quantifying viral
protein expression through western blot analysis, which is a semi-quantitative approach to viral detection
and requires synthesizing viral-specific antibodies [20,21]. In recent years, the use of fluorescent proteins
in plant-microbe interaction studies has significantly advanced image-based analysis of viral infection
processes. For instance, Pasin et al. (2014) developed a microtiter quantification method for leaf discs using
enhanced fluorescent proteins, which enabled rapid viral quantification [22]. However, such a method faces
a challenge, viruses like PIAMYV often produce uneven infection patterns, complicating the quantification
process, as the fluorescence intensity may not accurately reflect the total viral load or distribution, leading to
inconsistent results.

In this study, we present a viral quantification method utilizing a fluorescent marker to measure
PIAMYV levels with a microplate reader. Compared to western blot analysis, this approach offers a faster
workflow, delivering results in just 30 min, compared to the 8-h process required for protein extraction,
gel migration, and detection. Unlike western blotting and ELISA, this method eliminates the need for
expensive and unstable antibodies, significantly reducing costs. Furthermore, compared to leaf disk-based
methods, it provides more uniform and reproducible quantification, over-coming variability caused by
uneven viral spread in infected tissues. Our approach demonstrates a clear dose-dependent response, offers
linear quantitation, and can be adapted to study various plant viruses, making it a cost-effective and accessible
alternative for virus-host interaction studies.

2 Materials and Methods
2.1 Plant Materials and Growth Conditions

Seeds of Nicotiana benthamiana and Arabidopsis thaliana were stratified at 4°C for 4 days to break
dormancy before sowing them on a peat-based commercial potting medium (Seeds of Nicotiana benthami-
ana were obtained from the laboratory of Dr. Peter Moffett at the Université de Sherbrooke, while seeds
of Arabidopsis thaliana were sourced from Prof. Xin Li at the University of British Columbia). Germinated
seedlings were transplanted into individual pots containing Agromix soil. The plants were grown in a
controlled growth chamber set to a 14-h light/10-h dark photoperiod at 23°C with 60% relative humidity,
providing optimal conditions for growth and development.

2.2 PIAMV Inoculation

Plants were watered prior to infection. 10 uL of clarified virion containing plant extract was applied to
each leaf. The PIAMYV vector was kindly provided by Dr. Peter Moffet, and developed by Yamaji et al. [11]
as follows, A binary vector, pPIAMV-GFP, was constructed to express PIAMYV fused with GFP. This vector
was derived from pPIAMV-GFPACP, an infectious cDNA of PIAMV that encodes GFP but lacks the coat
protein (CP), making it movement-deficient. To restore systemic movement, CP cDNA was fused to the
foot-and-mouth disease virus (FMDV) 2A peptide sequence at its 5 terminus and inserted between GFP and
the 3'-untranslated region of pPIAMV-GFPACP at the Spel restriction site. This was achieved using primers
containing Spel sites. This modification enabled the expression of a GFP-2A-CP fusion protein under the
control of the CP sub-genomic promoter. The FMDV 2A sequence allows co-translational cleavage, leading to
the partial processing of the GFP-2A-CP fusion and the production of functional CP in planta. This restored
CP production enables the systemic spread of PIAMV-GFP in infected plants. Inoculation was performed
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via gentle rub inoculation using a 1 mL pipette tip after sprinkling with silicon carbide (Aldrich Chemistry,
#378097, St-Louis, MO, USA) [23]. After 5-min, infected leaves were rinsed to remove excess silicon carbide
particles. The plants were maintained at 23°C for 14 days and viral replication was monitored using a UV
lamp. At designated time points, infected leaves were homogenized in phosphate buffer (100 mM at pH
7.0) containing 2% P-mercaptoethanol (Fisher Bioreagents, #BP176, Ottawa, ON, Canada) using a Tissue
LyserII (Qiagen, Toronto, ON, Canada) at a frequency of 30 cycles/sec for 2 min. The resulting plant mixture
was centrifuged at 16,600x g for 10 min at room temperature. 60 puL of the supernatant was transferred in
a 96-well plate and analyzed for GFP fluorescence using a microplate analyzer (Synergy HI, Biotek, Santa
Clara, CA, USA) at the excitation wavelength of 485 nm and an emission wavelength of 528 nm. GFP
signal was normalized with uninfected tissue signals to account for background fluorescence. The proteins
were analyzed by a western blot analysis using the standard protocol [24] using PIAMV capture antibodies
(Agdia, #CAB91500/0500, Elkhart, IN, USA) at 1:200 dilution, and the bands were quantified using Image
Lab (6.0.1, Bio-Rad). The statistical tests were performed using R Studio (Tidyverse, Pathwork, readxl, R.4.3.1,
Posit) after.

3 Results
3.1 Viral protein can be quantified by using reporter fluorescent protein

To establish our protocol, we employed two well characterized PIAMV susceptible model plants, Nico-
tiana benthamiana and Arabidopsis thaliana (Figs. 1 and A1) [9,10,25,26]. Viral progression was monitored
throughout the experiment using a UV lamp, with Nicotiana exhibiting an initial visible fluorescence at 3 DPI
(Fig. 2a) and Arabidopsis at 5 DPI (Fig. Ala). Leaf samples were collected at 5, 7, 9, and 11 DPI, and clarified
leaf extracts were analyzed using microplate fluorescence assay to measure the viral reporter GFP (Fig. 2b)
and by western blot using PIAMYV coat protein antibodies to measure an intrinsic viral protein (Fig. 2¢). A
band corresponding to PIAMYV coat protein was detected from day 7 and increased at day 9 and 11 (Fig. 2¢,d).
We also performed a Pearson’s correlation analysis to observe the trend between GFP quantitation using
the microtiter plate and the western. We observed a positive correlation with an R2 value of 0.98 (Fig. 2¢)
and, demonstrating that the western analysis and the GFP quantification (microtiter plate) are positively
correlated, we observed similar results for both plant species (Figs. 2 and Al).
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Figure 1: Workflow illustrating the quantification of virus titer using fluorescent protein. (a) Infection of plants with
PIAMV_GFP virions via rub inoculation technique. (b) Monitoring of viral growth during the incubation period using
UV light. (c) Extraction of viral particles from infected leaves by grinding in the buffer. (d) Separation of viral particles
and plant tissue by centrifugation. (e) Quantification of virus titer by measuring GFP fluorescence using a microplate
reader
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Figure 2: Validating the protocol for viral analysis in N. benthamiana. (a) Images of PPLAMV-infected Nicotiana leaves
under white light (WL) and UV light (UV) at 3, 5, and 7 days post-infection. The green speckles in the UV panels
indicate GFP fluorescence. (b) Graph indicating the observed fluorescence in the infected Nicotiana samples at 5, 7,
9, and 11 DPI. (c) Western blot was performed on the supernatant of ground plant tissue at 5, 7, 9, and 11 DPI using
an anti-coat protein antibody, the Coomassie staining indicates the loading of the proteins in all samples. (d) Graph
indicating the western band intensity of the infected Nicotiana samples at 5, 7, 9, and 11 DPL. (e) Scatter plot indicating
the correlation between the band intensity of western blot performed against the antibodies of CP-PIAMV and the
quantified GFP fluorescence of virus titer

4 Discussion and Conclusion

Our study introduces a florescence-based microplate assay for rapid and quantitative measurement
of viral titers in plants, circumventing labor-intensive traditional methods. Using Nicotiana benthamiana
and Arabidopsis thaliana as our model systems, we harnessed a fluorescently tagged virus to fine-tune
this approach. Unlike established techniques such as real-time qPCR, PCR, and leaf-discs fluorescence
quantification [22,27-29], which often requires more complex preparations and longer processing times,
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our method leverages the sensitivity and rapid throughput of microplate readers. These not only facilitate
quicker assessments but also yield reliable results that correlate well with western blot analysis, using
antibodies against the PIAMV coat protein to confirm viral replication at the protein level. To validate
the robustness of this method, we extended our analysis to Arabidopsis thaliana, a species with distinct
genetic and physiological characteristics from N. benthamiana and also susceptible for PIAMV [1,2]. In
both species, fluorescence measurements from infected samples were normalized against non-infected
controls, effectively minimizing the risk of false positives due to background autofluorescence or non-
specific fluorescence signals. The results demonstrated a strong correlation between fluorescence intensity
and viral protein accumulation, as confirmed by Western blot analysis targeting the PIAMYV coat protein.
This confirms the accuracy of our method in detecting viral replication dynamics across different plant
hosts. By integrating a fluorescent gene with microplate reader technology, our approach not only accelerates
the research process but also enhances its affordability and accuracy, offering substantial promise for broad
application in plant virology research. In conclusion, our study presents a novel approach for quantifying
viral titer in plants using GFP tagged viruses, offering rapid, affordable, and reliable results compared to
conventional techniques thatcould provide valuable insights into PIAMYV infection dynamics. While our
fluorescence-based microplate assay enables high-throughput screening of plant susceptibility across large
plant populations, it provides limited resolution into virus-induced subcellular remodeling. By integrating
our approach with the confocal microscopy methodology developed by Adhab and Schoelz (2019) [30],
which interrogates viral defense evasion mechanisms at the cellular level (e.g., suppression of RNA silencing
via pathogen effectors), we can bridge this gap by providing mechanistic insights into host-pathogen
interactions and ultimately offering a more comprehensive perspective on plant-virus coevolution. This
technique shows a potential for broader application in plant virology research to better understand the
interactions and effects of PIAMV or other FP-tagged virus.
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GFP Green Fluorescent Protein
PIAMV Plantago asiatica Mosaic Virus
CP Coat Protien

WL White Light

UV Light Ultraviolet Light

FMDV Foot and Mouth Disease Virus

CymMV Cymbidium Mosaic Virus
ORSV Odontoglossum Ringspot Virus
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Figure Al: Validating the protocol for viral analysis in A. thaliana. (a) Images of PIAMV-infected leaves under white
light (WL) and UV light (UV) at 3, 5, and 7 days post-infection. The green speckles in the UV panels indicate GFP
fluorescence. (b) Graph indicating the observed florescence in the infected Arabidopis samples at 5, 7, 9, and 11 DPL. (c)
Western blot was performed on the supernatant of ground plant tissue at 5, 7, 9, and 11 DPI using an anti-coat protein
antibody, the Coomassie staining indicates the loading of the proteins in all samples. (d) Graph indicating the western
band intensity of the infected Arabidopsis samples at 5,7, 9, and 11 DPL. (e) Scatter plot indicating the correlation between
the band intensity of western blot performed against the antibodies of CP-PIAMYV and the quantified GFP fluorescence
of virus titer
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