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ABSTRACT  

Viral disease caused by co-infection of Sweet potato feathery mottle virus 
(SPFMV) and Sweet potato chlorotic stunt virus (SPCSV) is a severe problem that affects 
the production of sweetpotato (Ipomoea batatas) by reducing crop yields by up to 90%. 
RNase III encoded by SPCSV (CSR3) has been shown to be a viral suppressor of RNA 
silencing (VSR) with the ability to counteract the host’s antiviral RNA silencing defense 
by cleaving small interfering RNA (siRNA). This function of CSR3 is responsible for the 
synergistic interaction between SPCSV and SPFMV that causes Sweet potato virus 
disease (SPVD). Thus, CSR3 may be an ideal drug target for the development of a new 
antiviral treatment. Yet, no inhibitor compounds have been developed, and no screening 
has been carried out to identify such inhibitors. Thus, in this study, we sought to identify 
chemical inhibitors of CSR3 in order to diminish viral disease in sweetpotato. 

Inhibitor identification was initiated with virtual screening using computer-
aided Glide docking. In total, 6,620 compounds of 136,353 were selected. Then a novel 
high-throughput screening process based on fluorescence resonance energy transfer was 
carried out, taking into consideration the catalytic activity of CSR3 on siRNA. Of the 
6,620 compounds, 109 potential inhibitors were selected according to their percentage 
of inhibition. Afterward, dose-response assays were performed using our high-
throughput screening approach, followed by affinity binding assays between compounds 
and CSR3 using surface plasmon resonance and microscale thermophoresis. In addition, 
the compounds’ ability to affect viral accumulation in planta was verified using SPCSV 
and SPFMV co-infected sweetpotato plants produced in a culture medium. As a result of 
the experiments, five inhibitor compounds were identified and subsequently divided into 
two classes according to their structural conformation.  

In parallel, an imaging-based approach was used to systematically phenotype 
viral effects in sweetpotato grown in soil. This experiment showed that the effective 
quantum yield of photosystem II (ФPSII), which was measured by chlorophyll 
fluorescence imaging and reflects photosynthesis performance, was correlated with the 
severity of viral disease. Consequently, ФPSII was used to assess the ability of the most 
promising compounds to affect the severity of viral disease in planta. Four compounds 
were confirmed to improve the photosynthesis performance of plants grown in soil and 
reduce SPFMV accumulation in SPCSV and SPFMV co-infected sweetpotatoes. Our study, 
which is the first to identify effective inhibitors for CSR3, opens a path toward the 
development of new strategies to fight SPVD caused by the synergism of SPCSV.  

Keywords: sweetpotato, plant virus, RNAi, RNase III, inhibitor identification, 
high-throughput screening, FRET, affinity assay, validation in planta. 



5 
 

ABBREVIATIONS 

AGO Argonaute 

BQH1 Black hole quencher 1  

ChlF Chlorophyll fluorescence of PSII 

DCL  Dicer-like protein 

dpt Days post-transplanting  

dsRBD dsRNA binding domain  

dsRNA Double-strand RNA  

DSS Drug sensitivity score 

ECR3 RNase III of E.coli 

endoND Endonuclease domain  

F0 Minimal ChlF yield 

FAM Carboxyfluorescein fluorescent dye 

Fm Maximum ChlF yield 

FRET Fluorescence resonance energy transfer  

Fv Variable fluorescence 

Fv’ Variable fluorescence in the light-adapted state 

hpRNA Hairpin RNA 

HTS High-throughput screening 

IC50 Half-maximal inhibitory concentration 

kb Kilobases 

kDa Kilodalton 

MST Microscale thermophoresis  

NPQ Non-photochemical quenching 

nt Nucleotides 

PI Percentage of inhibition  
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PSII Photosystem II 

PTGS Post-transcriptional gene silencing 

qP Photochemical quenching 

QY_max Maximum quantum yield 

RdDM RNA-directed DNA methylation  

RdRP RNA-dependent RNA polymerase  

RISC RNA-induced silencing complex  

RNAi RNA interference 

SCR3 RNase III of SPCSV 

siRNA Small interfering RNA 

SPCSV Sweet potato chlorotic stunt virus 

SPFMV Sweet potato feathery mottle virus 

SPR Surface plasmon resonance  

SPVD Sweet potato virus disease  

ssRNA Single-stranded RNA  

TGS Transcriptional gene silencing  

TIR Thermal infrared 

VSR Viral suppressor of RNA silencing  

ФPSII Effective quantum yield of PSII 
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1 Introduction  

1.1 Sweetpotato and viral disease 

1.1.1 Sweetpotato  

Sweetpotato (Ipomoea batatas L.), an auto-hexaploid (2n = 6x = 90) plant, 

belongs to the Convolvulaceae family (Shiotani and Kawase, 1989; Yang and Li, 2018). It 

originated from tropical regions in Central/South America and spread across the world 

after Columbus arrived in the Caribbean in the 15th century (Austin, 1988; Katayama et 

al., 2017). Since then, sweetpotato has become one of the most important staple food 

crops in the world (Gibson and Kreuze, 2015). In addition to its tuber, which is frequently 

used as a starch resource, the leaves contain many nutritional components, including 

minerals, vitamins, polyphenolics, and flavonoids, and when they are served as a 

vegetable, they can positively impact human health and protect against certain diseases 

(Islam, 2006; Johnson and Pace, 2010). Sweetpotato cultivars have also been used in 

breeding projects for various applications, such as the production of high-starch tubers 

for alcohol (Katayama et al., 2017). Areas in which sweetpotatoes are harvested have been 

recorded by the Food and Agriculture Organization of the United Nations (FAO) since 

1961. The averages reported from 1961 to 2017 indicate that sweetpotatoes are mainly 

produced in South America, Africa, East Asia, and Southeast Asia (Fig. 1).  

 

Fig. 1 Average harvested area of sweetpotatoes from 1961 to 2017. Countries are colored 
according to their average harvested area of sweetpotatoes, but it doesn't necessarily mean that 
sweetpotatoes are harvested in any region of a country (e.g. Alaska State of the USA). The top 5 
countries are China, Uganda, Nigeria, Tanzania, and Indonesia, with harvested areas of 6634813, 
418511.9, 418343.2, 282771.8, and 261460.2 hectares, respectively. Data Source: FAO.  
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 1.1.2 Viral disease in sweetpotato 

Sweetpotato diseases are caused by different pathogens, such as viruses, insects, 

and soil-borne pathogens (Okada et al., 2017). Among these, viruses are the most 

damaging for sweetpotatoes (Valkonen et al., 2015). So far, more than 30 viruses in 9 

families have been reported to infect sweetpotato (Clark et al., 2012). Among them, Sweet 
potato chlorotic stunt virus (SPCSV, genus Crinivirus, family Closteroviridae), which is 

transmitted by whiteflies, is the most harmful because of its key role in synergistic 

infection with many other viruses (Byamukama et al., 2004), such as Sweet potato 

feathery mottle virus (SPFMV, Potyvirus), Sweet potato mild mottle virus (Ipomovirus), 

Sweet potato chlorotic fleck virus (Carlavirus), and Sweet potato latent virus (Potyvirus) 

(Cuellar et al., 2008; Kreuze et al., 2008; Mukasa et al., 2006; Untiveros et al., 2007). 

Sweet potato virus disease (SPVD), which is caused by the synergistic interaction of 

SPCSV and SPFMV, is the most common and devastating disease in sweetpotato 

(Byamukama et al., 2004; Kokkinos and Clark, 2006). Although aphid-transmitted 

SPFMV is one of the most widespread viruses, most sweetpotato cultivars are tolerant or 

resistant to SPFMV, except when co-infected with SPCSV, which causes the accumulation 

of SPFMV to increase up to 1000-fold and leads plants to develop dramatic symptoms 

(Cuellar et al., 2009), such as leaf deformation and reduction, vein clearing, and stunting 

(Fig. 2). Many studies have examined this phenomenon. For example, Cuellar et al. 
(2009) identified the synergistic mechanism of SPVD: class 1 RNase III encoded by 

SPCSV (CSR3) alone canresponsible for the collapse of the plant’s antiviral defense 

system by acting as a viral suppressor of RNA silencing (VSR).  

 

Fig. 2 Photographs representing the effect of viral synergism on sweetpotato. The 
photos show wild-type sweetpotato plants that were healthy, single-infected with SPFMV or SPCSV, 
or co-infected with both viruses. Plants were photographed at 31 days post-transplanting (dpt) from 
in vitro stem cuttings. 
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1.2 Interaction between plant and virus 

1.2.1 Natural defense of plant  

Co-evolution of a pathogen and host plant is frequently illustrated by a zigzag 

model. In this model, pathogen-associated molecular patterns (PAMPs) induce pattern-

triggered immunity (PTI) and the pathogen counteracts with effectors that interfere with 

PTI, resulting in effector-triggered susceptibility (ETS). The host plant counteracts this 

by developing a nucleotide-binding site leucine-rich repeat (NBS-LRR) protein to 

recognize this effector and activate effector-triggered immunity (ETI), an amplified 

version of PTI. This evolutionary arms race between hosts and pathogens involves 

multiple rounds of ETS followed by ETI. Originally, the model was based on bacterial and 

fungal infection, but it was later adapted to viral pathogens where PAMPs are represented 

by viral double-strand RNA (dsRNA), PTI by RNA silencing and ETS is triggered by viral 

suppressor (Gouveia et al., 2016; Niehl et al., 2016; Pumplin and Voinnet, 2013). In 

addition, it is noticeable that vectors play an important role in plant-virus evolution, 

which adds a layer of complexity for the understanding of plant-virus co-evolution 

mechanisms (Kaur et al., 2016).  

1.2.2 RNA silencing  

RNA silencing, or RNA interference (RNAi), which was first reported in the late 

20th century, is a natural surveillance system that exists in most eukaryotic organisms to 

silence homologous gene transcripts based on nucleic acid sequence identity (Fire et al., 
1998; Qu, 2010; Ratcliff et al., 1997). In addition to its role in plant–virus interactions, 

small interfering RNA (siRNA)-directed gene silencing has become a powerful research 

tool for gene function studies and siRNA therapy due to its sequence-specific targeting 

ability (Tuschl and Borkhardt, 2002). Three main RNA silencing pathways have been 

identified: (1) the microRNA (miRNA) pathway (21–24 nt miRNA, originates from an 

imperfect plant’s hairpin-structured RNA), which regulates plant development by 

targeting the mRNA of regulatory-related genes; (2) the siRNA pathway (21–22 nt siRNA, 

originates from long dsRNA), which plays an important role in stress responses, 

especially antiviral defense; and (3) the RNA-directed DNA methylation (RdDM) 

pathway (24 nt siRNA, originates from host or virus), which plays an essential role in 

silencing transposon and redundant DNA elements as well as defending against DNA 

viruses (Wang et al., 2012). Pathways 2 and 3 are both siRNA-guided and involved in 

plants’ defense against viral infection (via viral RNA degradation or viral DNA 

methylation in cytoplasm/nucleus and nucleus, respectively). For both pathways, siRNA 

can be produced by Dicer-like proteins (DCL) from either dsRNA or hairpin RNA (Fig. 
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3). Therefore, siRNA-mediated RNA silencing, as a central gene expression regulator, is 

involved in both transcriptional gene silencing (TGS) and post-transcriptional gene 

silencing (PTGS). TGS occurs when siRNA is homologous with a promoter region of the 

genome, which leads to regulation of gene expression by methylation of the promoter, 

while PTGS occurs when siRNA is homologous with a coding region of the genome, which 

leads to translation inhibiton by sequence-specific RNA degradation (Sharma et al., 

2013). Both TGS and PTGS play critical roles in plants’ resistance to viruses; the TGS 

pathway suppresses DNA viruses, while the PTGS pathway is involved in suppressing 

both DNA and RNA viruses (Raja et al., 2010; Simon-Mateo and Garcia, 2011). 

 

Fig. 3 siRNA-mediated viral gene silencing pathway in plant. Modified from Wang et al. 
(2012). Viral dsRNA can be formed by either direct hybridization between the sense and antisense 
strands of a viral genome or replicative intermediates or by host RNA-dependent RNA polymerase 
(host RdRP) from viral single-stranded RNA (ssRNA). Hairpin RNA can be obtained through the 
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self-annealing of complementary regions within viral ssRNA. Both viral dsRNA and hairpin RNA 
can be processed by Dicer-like proteins (e.g., DCL2–4) in 21–22 nt siRNA in cytoplasm or nucleus 
and/or 24 nt siRNA in the nucleus. Then, they are loaded onto the RNA-induced silencing complex 
(RISC), which contains different endonuclease Argonautes (AGO1–4). Finally, the antisense of 
siRNA guides either the cleavage of homologous viral RNAs in the cytoplasm or the cytosine 
methylation of the viral DNA genome via the RdDM pathway. 

1.2.3 Virus’s ability to counteract RNA silencing  

During the process of host–virus co-evolution, viruses find a way to take 

advantage of the gene silencing mechanism through (1) targeting and diminishing the 

host miRNA involved in the RNA silencing pathway, (2) developing viral siRNA to disrupt 

the host’s RNA silencing or DNA methylation, and (3) acquiring viral RNA-dependent 

RNA polymerase (RdRP) to synthesizes dsRNA of host mRNA and then leading 

widespread silencing of host genes (Wang et al., 2012; Yang and Li, 2018). In addition to 

taking advantage of gene silencing mechanisms, in order to counteract RNA silencing and 

improve their infectivity or adaptability in plants, viruses developed specific VSRs with 

multiple function or variable superession acctivity that target various stages of RNA 

silencing pathways, such as RISC formation, viral siRNA loading to the RISC, or AGO 

activity (Burgyan and Havelda, 2011; Kalyandurg et al., 2019; Niehl et al., 2016). 

Our target, CSR3, was described as an effective VSR with the ability to target and 

cleave siRNAs and, therefore, to prevent RNA silencing (Cuellar et al., 2009; Tugume et 

al., 2013). Interestingly, to counteract this VSR strategy, plants developed specific 

proteins, such as tobacco calmodulin-like protein (rgs-CaM), with the ability of degrading 

certain VSRs while simultaneously enhancing their RNA silencing response by regulating 

the accumulation of components involved in RNA silencing (Jeon et al., 2017). The co-

evolution between plants and viruses has been characterized by such complex 

interactions and adaptations (Fraile and Garcia-Arenal, 2010; McLeish et al., 2019). 

1.2.4 Antiviral application  

Two main strategies are usually implemented to generate virus resistance in 

plants: (1) breeding of plants with natural virus resistance due to dominant or recessive 

resistance genes or (2) Engineered resistance that includes protein-mediated using viral 

coat protein gene transgenic plants by vector Agrobacterium starting 1980s, and RNA-

mediated using cytoplasmic siRNA induced post-transcriptional gene silencing 

mechanism (Ritzenthaler, 2005). RNA-mediated viral resistance uses a natural 

resistance mechanism—RNA silencing—to protect host plants. This powerful approach 

has become very popular and has been employed in a wide range of host plants, including 

rice, potato, cassava, bean, cotton, banana, pepper, and cucumber. More than 100 
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publications on the development of plant protection have focused on RNA silencing 

(Gaffar and Koch, 2019; Simon-Mateo and Garcia, 2011).  

Inhibitor application is another way to protect plants. Along with pesticides (e.g., 

insecticides, fungicides, herbicides, rodenticides, molluscicides, nematicides) (Aktar et 

al., 2009), virucides, also called antiviral drugs, can diminish viral development by either 

deactivating or destroying viruses. According to De Clercq (2001), viruses’ life cycle 

contains ten main steps, from binding and entry in the host cell to assembly and release 

of viral particles. Ideally, all those steps could be targeted by identified inhibitors to fight 

against viral disease. However, since viruses are obligatory intracellular parasites that 

require a complex interplay with host-encoded factors to complete the different steps of 

their infectious cycle, it is likely that antiviral agents targeting those steps might also 

harm or kill host cells (De Clercq, 2001). Nonetheless, a few studies have shown that very 

specific antiviral agents can be successfully selected to suppress virus development 

without having any pernicious effects on host cells. For instance, antibodies to restrict 

virus entry by targeting co-receptors, stabilization agents that block the un-coating 

process, and replication inhibitors that target polymerases or reverse transcriptase have 

been found to be successful (Perera and Efferth, 2012). So far, capsid un-coating and 

replication steps have been targeted in studies that aim to identify inhibitors (De Clercq, 

2001). Thus, there is a need to identify new approaches and develop innovative antiviral 

strategies. 

1.3 Inhibitor identification 

1.3.1 RNase III of SPCSV 

Studies have shown that RNase IIIs are commonly found in different organisms, 

from bacteria to multicellular eukaryotes, and come in a variety of sizes, from 140 to 1,900 

amino acid residues (Court et al., 2013). In general, RNase IIIs are divided into three 

classes according to the number of domains and conformation (Du et al., 2008). Enzymes 

in classes 2 and 3, which are characterized by Drosha and Dicer, respectively, are more 

complicated as they contain several domains (Blaszczyk et al., 2001; Du et al., 2008). 

Class 1 enzymes, which contain only one endonuclease domain (endoND) and one dsRNA 

binding domain (dsRBD), can be found in viruses, bacteria, and fungi (Blaszczyk et al., 

2004; Court et al., 2013; Nicholson, 2014; Nowotny and Yang, 2009). Class 1 RNase III 

that CSR3 belong to,  has been well-studied at both the functional and structural level 

(Fig. 4) in several organisms, including Aquifex aeolicus (AaR3), Mycobacterium 
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tuberculosis (MtR3), and Escherichia coli (EcR3) (Akey and Berger, 2005; Court et al., 

2013; Gan et al., 2006; Kharrat et al., 1995; Liang et al., 2014) .  

Sequences of CSR3 are highly conserved but in SPCSV isolates infecting wild 

Ipomoea species, indicating the ubiquitous function of RNAi suppression of CSR3 

(Tugume et al., 2013). An RNase III-based RNAi suppression strategy has been found not 

only in plant viruses but also animal viruses, such as Pike-perch iridovirus in fish 

(Weinheimer et al., 2015), reinforcing the importance of this viral strategy. At a 

mechanistic level, the active site of class 1 RNase III is comprised of residues with a 

negatively charged side chain, which are essential for two-Mg2+-Ion-mediated hydrolysis 

of the phosphodiester bonds of dsRNA (Fig. 4) (Nicholson, 2014; Yang et al., 2006). 

Despite the important role of class 1 RNase IIIs, no inhibitor of RNase III has been 

reported in the Binding Database and Web of Science. In this study, we sought inhibitors 

of CSR3 that interfere with SPVD caused by viral synergism.  

 

Fig. 4 Structural features and function of class 1 RNase III. Class 1 RNase III enzymes 
assemble in homodimers, represented by orange and cyan ribbons (α-helices are shown as coiled 
ribbons, β-strands as arrows, and loops as lines). Each monomer is composed of one endoND and 
one dsRBD. A flexible link between the two domains provides the dsRBD with the structural 
flexibility needed to bind to dsRNA. The two states of class 1 RNase III, free or interacting with 
siRNA, are represented by the crystal structure of (A) RNase III from Thermotoga maritima 
(TmR3) at 2.0 resolution (1O0W); and (B) AaR3 complexed with dsRNA at a resolution of 1.7 Å. 
Pink and purple ribbons represent siRNA strands. Mg2+ ions at the activation site are represented 
by black spheres. 

1.3.2 Inhibitor identification process  

The development of sequencing technology and methods for determining protein 

structure enabled identification of inhibitors for biological targets on a large scale by 

performing High-throughput screening (HTS) on small molecule libraries using either a 
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virtual or laboratory approach (Macarron et al., 2011). This has allowed structure-based 

drug designs to rapidly develop over the past two decades (Anderson, 2003). The general 

schematic diagram of the inhibitor discovery process shown in Fig. 5 includes many 

steps, including selection of biological targets, selection of chemical libraries, hit 

identification by primary assays of HTS in vitro and secondary assays in vivo (to reduce 

potential side effects and increase metabolic stability), and establishment of clinical trials. 

Another cycle of the process may be performed for hit optimization through lead 

identification based on the structure–activity relationship, which enables the design of 

new drugs and synthesis of newly designed compounds for primary, secondary, and 

clinical assays. This new cycle is termed ligand-based drug design (Anderson, 2003; 

Drwal and Griffith, 2013). In addition, available experimental 3D protein structures, 

developed modelling algorithms, and affordable computational simulations for large 

collections of compounds (thousands or millions) allow for computer-aided virtual 

screening before primary screening (Schmidt et al., 2014; Spyrakis and Cavasotto, 2015).  

 

Fig. 5 Schematic diagram of the drug discovery cycle. Modified from the drug discovery 
page on Wikipedia (https://en.wikipedia.org/wiki/Drug_discovery).  
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1.3.3 Homologous model and virtual screening 

Homology modeling has become an important—and often necessary—part of 

structure-based drug discovery due to the gap between 3D protein structures and 

annotated gene sequences (Cavasotto, 2011). In general, sequence similarity above ~30–

50% is considered acceptable to develop reliable homology models (Hillisch et al., 2004). 

For docking-based screening, an accurate model of the binding site is more important 

than global sequence similarity (Cavasotto, 2011). 

Computer-aided drug design is generally classified into structure- and ligand-

based methods, in which virtual screening depends on the target binding site or the 

similarity of well-known hits, respectively. The most commonly used structure-based 

method is hit identification (Katsila et al., 2016). Molecular docking evolved from the 

original “lock and key” concept, according to which an algorithm was developed to fit the 

ligand (key) to the protein (lock) by either rigid or flexible docking, depending on whether 

the conformation of ligand or protein could shift or not. Nowadays, many docking 

programs and algorithms are available, and flexible docking approaches are widely used 

because of their high accuracy (Chen, 2015).  

In addition, many web tools (e.g., SPIPRED, MODELLER, I-TASSER) are 

available for protein structure analysis, and automatic protein structure comparative 

modeling has been used in drug discovery projects (Cavasotto, 2011; Lohning et al., 2017; 

Sliwoski et al., 2014). For the RNase III protein family, high-resolution structures are 

available for AaR3 and RNase III of TmR3 (PDB 2NUG, 1.8 Å; 1O0W 2.0 Å, respectively), 

which are rather similar to CSR3 in size and have significant overall sequence identity 

(~40%) (Akey and Berger, 2005; Court et al., 2013; Cuellar et al., 2009; Gan et al., 2006; 

Kharrat et al., 1995). A homology model of CSR3, which was developed according to the 

available 3D structures, was used to initiate HTS with structure-based virtual screening. 

1.3.4 Methods for studying protein and small-molecule interactions 

Many different methods for studying the interactions between small molecules 

and proteins in drug discovery have been reported. Biophysical techniques include 

nuclear magnetic resonance (NMR), X-ray crystallography, mass-spectrometry, and 

surface plasmon resonance (SPR) biosensor methods, while thermodynamics-based 

methods include isothermal titration calorimetry, microscale thermophoresis (MST), 

and SPR thermodynamics (Perozzo et al., 2004; Retra et al., 2010). The SPR method is 

used to study the interactions of small molecules and proteins without any labeling by 

immobilizing proteins on the surface of a sensor chip (Nagata and Handa, 2000). MST is 
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used to monitor the interactions of fluorescently labeled proteins and small molecules in 

a solution by recording changes in fluorescence induced by tiny temperature variations 

(Jerabek-Willemsen et al., 2011). Considering the complementarity of these methods, in 

this study both MST and SPR measurement were used to characterize the binding affinity 

between CSR3 and compounds. 

1.3.5 FRET in HTS 

HTS is an inhibitor selection process targeting small drug-like molecules (20–30 

heavy atoms with molar mass 200–400 Da) that could inhibit or stimulate the function 

of macromolecule targets via direct binding (Erlanson et al., 2016). Fluorescence 

resonance energy transfer (FRET) is a mechanism of non-radiative energy transfer 

between light-sensitive dye pairs with a dye distance of <10 nm; thus, FRET is commonly 

applied in distance-related studies (Wu and Brand, 1994). It has been used to study 

protein–protein interactions (Piston and Kremers, 2007) and determine the tracking 

stability, formation, delivery, and degradation of siRNAs in gene silencing studies via 

spectral imaging (Alabi et al., 2012; Jarve et al., 2007). It has been demonstrated that 

this distance-dependent technique is suitable for HTS assay due to its high sensitivity 

(Benz et al., 2011; Boute et al., 2002; Cai et al., 2019; Klostermeier et al., 2004). 

In our study, an HTS assay based on FRET was developed to examine activity of 

CSR3. An siRNA substrate was labeled with a donor dye, carboxyfluorescein fluorescent 

dye (FAM), and a quencher, black hole quencher 1 (BQH1). At the mechanistic level, if 

CSR3 activity is preserved, the siRNA substrate will be cleaved, releasing the FAM dye 

from its quencher and producing a strong fluorescent signal. On the other hand, if CSR3 

activity is impaired, the siRNA will remain intact and BHQ1 will quench fluorescence 

emission from FAM. Thus, changes in fluorescence emission are correlated with the 

efficiency of siRNA degradation. In this way, compounds that affect the activity of CSR3 

can be detected in real-time. 

1.3.6 Evaluation of HTS 

Several rigorous quality assessors can be implemented to evaluate HTS assays. 

The coefficient Z prime (Z’), which was defined by Zhang et al. (1999) and was also known 

as the Z-factor in measurements of statistical effect size. We used it to evaluate the HTS 

assay by tracking signal dynamic range and variation. Z’ is defined by four parameters—

the mean value (μ) and standard deviation (σ) of both the positive control (c+) and 

negative control (c-) as follows: Z’ values of >0.5 usually 

indicate that the HTS assay is successful. Based on the negative and positive controls and 
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signal changes caused by the compounds, the percentage of inhibition (PI) of the 

compounds can be calculated. For dose-response assays, half-maximal inhibitory 

concentration (IC50) is one of the most commonly used parameters to score the 

sensitivity of individual compounds. However, IC50 alone cannot comprehensively 

evaluate a dose-response model. Thus, Yadav et al. (2014) developed the drug sensitivity 

score (DSS), a systematic algorithmic solution (theoretically ranging from 0 to 50) that 

integrates five parameters: the top and bottom asymptotes of the dose-response curve, 

IC50, the slope at IC50, and the minimum activity level.  

1.4 Phenotyping viral infection in plant 

Photosynthesis is the process by which organisms containing chlorophyll 

pigments convert sunlight into chemical energy and store this energy in carbohydrate 

molecules. The efficiency of photosynthesis may differ depending on the function of the 

organism, quality of light, temperature, moisture, and stress (Johnson, 2016). 

Chlorophyll fluorescence (ChlF) imaging analysis is one of the most efficient methods for 

not only studying the mechanisms of photosynthesis but also monitoring physiological 

responses to biotic and/or abiotic factors by non-destructively measuring the ratio of 

fluorescence emission from photochemistry and heat dispersion (Baker, 2008; Gitelson 

et al., 1999). Plant phenotyping using imaging-based technology has been successfully 

employed in previous studies to detect plants’ photosynthesis performance, the stress 

conditions, and plant–pathogen interactions in a robust way in real time (Chaerle et al., 
2007; Perez-Sanz et al., 2017; Walter et al., 2015; Wang et al., 2018b). Current plant 

phenotyping methods utilize a variety of cameras to capture a large spectrum of light, 

including visible (RGB, ~400-700 nm), near-infrared (NIR, ~1400-1600 nm), and 

thermal infrared light (TIR, ~7500-13000 nm), as well as multispectral images (Costa et 
al., 2018; Fahlgren et al., 2015; Perez-Sanz et al., 2017; Thomas et al., 2018a; Thomas et 

al., 2018b). 

The development of image capture techniques and the increasing availability of 

open-source software enable researchers to generate time-series profiles of plants with 

respect to photosynthesis performance, the stress situation, and plant–pathogen 

interactions in a robust and non-destructive way (Chaerle et al., 2007; Perez-Sanz et al., 

2017; Walter et al., 2015; Wang et al., 2018b). Compared to serological methods (i.e., 

enzymelinked immunosorbent assay (ELISA), dot-blot assays, and western blots) and 

nucleic acid-based methods (i.e., PCR and Fluorescence in situ hybridization (FISH)), 

imaging-based methods are cheaper and less labor- and time-consuming (Martinelli et 

al., 2015; Wang et al., 2018a). The National Plant Phenotyping Infrastructure (NaPPI) 



20 
 

platform, available on Viikki Campus at the University of Helsinki, allows researchers to 

systemically monitor dynamic interactions between viral treatments and plant 

development. For plants under stress, it was shown that the most informative parameters 

are minimal ChlF yield (F0), maximum ChlF yield (Fm), variable fluorescence (Fv), 

maximum quantum yield (QY_max), effective quantum yield of PSII (ФPSII), 

photochemical quenching (qP), and non-photochemical quenching (NPQ) (Kalaji et al., 

2017; Martinelli et al., 2015).  

In addition, it has been demonstrated that the impact of viruses on plant 

photosynthesis and transpiration can be monitored by ChlF of PSII and TIR imaging 

(Fiorani and Schurr, 2013). For example, the depression of ФPSII was measured in 

soybean plants infected with Soybean mosaic virus (SMV) using ChlF (Aldea et al., 2006); 

the decrease in qP was observed in N. benthamiana infected with pepper mild mottle 
virus using ChlF (Pineda et al., 2008; Rahoutei et al., 2000); and thermal increase in 

tobacco plants infected with tobacco mosaic virus or Potato virus Y was monitored using 

TIR (Chaerle et al., 1999; Lenk et al., 2007; Spoustova et al., 2013). All of these results 

indicate that viral infection in a plant leads to reduced photosynthetic electron transport 

or diminished PSII open reaction centers. Recently, a study showed that the QY_max of 

sweetpotatoes co-infected with SPFMV, Sweet potato virus Y, and Sweet potato virus G 

was significantly different from that of healthy plants (Shi et al., 2019). SPVD commonly 

causes symptoms such as leaf deformation, mosaic symptoms, yellowing, vein clearing, 

dwarfing, and stunting (Gutierrez et al., 2003). Moreover, SPVD can reduce chlorophyll 

content, which is correlated with reduction of sweetpotatoes’ photosynthetically active 

radiation (Njeru et al., 2004). 

High-throughput plant phenotyping using an imaging-based method can be used 

not only to monitor plants in a large-scale workflow with semi-automated or even fully 

automated systems but also to diagnose early stress symptoms or responses to biotic and 

abiotic stress before visible damage is evident (Fiorani and Schurr, 2013). It is expected 

that, in the future, more study in imaging-based virus disease detection could provide 

fundamental information to improve the application of the method in the fields 

(Martinelli et al., 2015).  
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2 Aims of the Study  

SPVD, caused by the synergistic effect of co-infection by SPCSV and SPFMV, is 

the most severe disease that affects sweetpotato. Currently, there is no effective treatment. 

The purpose of this dissertation was to develop an efficient antiviral strategy to combat 

SPVD. Considering the essential role of a single viral enzyme, CSR3, in suppressing the 

host’s defense system via RNA silencing, it was hypothesized that screening for inhibitors 

of CSR3 can help to develop such a strategy 

In this study, we searched for compounds that inhibited CSR3 in order to 

diminish the effects of SPVD in sweetpotato plants. The specific aims were as follows: 

1. To create a CSR3 homology model and perform virtual screening of the active 

site of CSR3. 

2. To develop an HTS assay to identify inhibitors of CSR3. 

3. To phenotype sweetpotatoes using an imaging-based method to identify the 

most relevant parameters for evaluating symptoms of viral infection. 

4. To identify compounds that inhibit CSR3 using the HTS assay and other 

biochemical assays in vitro. 
5. To validate the results in planta by screening for viral accumulation in 

sweetpotato cultured on medium and by phenotyping the effects of the 

identified compounds using imaging-based methods. 
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3 Materials and Methods  

The materials, methods, and data analysis tools used in this dissertation are 

summarized in Table 1. Detailed descriptions are provided in the original publication [I] 

and manuscripts [II, III]. 

Table 1. Summary of materials and methods used in this study.

Materials and Methods Publications

Plant material and growth conditions I, III

High-throughput plant phenotyping I, III

RNA isolation and RT-qPCR I, III

Protein expression and purification II, III

CSR3 and CSR3-Ala activity assay II, III

Western blotting II

Homology modeling and virtual screening III

FRET-labeled -siRNA constructs II, III

FRET assay development II

HTS assay based on FRET II, III

Microscale thermophoresis (MST) III

Surface plasmon resonance (SPR) III

Validation of inhibitors in plants III

Data analysis I, II, III
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4 Results and Discussion  

It is widely recognized that VSRs play a crucial role in suppressing hosts’ antiviral 

defense responses by interacting with the components that silence RNA (Burgyan and 

Havelda, 2011; Niehl et al., 2016). The class 1 RNase III encoded by SPCSV, CSR3, can 

act as a VSR and suppress the host’s RNA silencing by cleaving an essential component, 

siRNA (Cuellar et al., 2009). Considering its important role, we aimed to identify 

inhibitors of CSR3 by screening compound libraries. The study was performed with five 

main steps, a scheme of which can be found in Fig. 1 of Paper III. After initial virtual 

screening, an HTS assay was performed for CSR3. Subsequently, affinity binding between 

CSR3 and selected compounds was monitored with MST and SPR. Then, the selected 

compounds were further validated in planta (plants grown in culture medium) by 

analyzing their effect on viral accumulation using a molecular approach (RT-qPCR). 

Following a structural cluster of the hits, a futher validation in planta was carried out 

with an imaging-based technology on plants grown in soil.  

4.1 Genetic and structural characteristics of CSR3 

4.1.1 RNase III expression and purification 

Purification of high-quality CSR3 was important for the laboratory HTS assay. In 

the present study, His-tagged CSR3 and its inactive mutant CSR3-A (D37A, D44A), were 

expressed in E. coli using the pET11d vector and purified by a Ni-NTA agarose column. 

The purified CSR3 and CSR3-A were ~26 kDa in size, as shown by sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) (Paper II, Fig. 1A). Elution 

fractions (e.g., E2) containing the majority of CSR3 and CSR3-A were collected and 

stored in a storage buffer. Denatured and native western blotting analysis showed that 

both enzymes could exist as mixed monomers of ~26 kDa, dimers of ~52 kDa, and 

tetramers of ~104 kDa in storage buffer (Paper II, Fig. 1B; Paper III, Fig. 3A). As 

expected, in native western blots, CSR3 was present mainly in a tetrameric conformation, 

whereas in denatured western blots, CSR3 was present mainly in monomers. The results 

were consistent with the characteristics of CSR3 estimated based on amino acid sequence 

analysis in ExPASy (https://web.expasy.org/compute_pi/): a 6His-tagged CSR3 protein 

is composed of 228 amino acids and has a molar weight of 26.18 kDa, as well as a protein 

isoelectric point of 7.09. In addition, the results were consistent with a previous study 

that employed native western blotting showed CSR3 existing as mixed monomers, dimers, 

and tetramers (Weinheimer et al., 2014) and with previous functional and structural 
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studies on other class 1 RNase IIIs, such as AaR3, are biologically active as dimers 

(Blaszczyk et al., 2001). 

4.1.2 CSR3 activity on dsRNA  

Recombinant CSR3 from three expression batches was collected, and the 

catalytic activity of CSR3 and CSR3-A was evaluated using a 200 bp dsRNA substrate. 

The substrate was cleaved into fragments when incubated with CSR3 but remained 

unchanged when incubated with CSR3-A or without any endoribonuclease enzyme 

(Paper II, Fig. 1D; Paper III, Fig. 3A). We thought that CSR3 can cleave dsRNA of 

various sizes into smaller pieces according to it characteristics. To confirm this, we 

incubated CSR3 with 200 bp dsRNA as well as siRNA, all the substrates were to be 

successfully cleaved after ~30 min at 37 ℃ (Paper III, Fig. 3A). The absence of 

substrate size specificity could be explained by the structural characteristics of class 1 

RNase III enzymes, which contain only one RNA binding domain and one catalytic 

domain, in contrast to other types of RNase III enzymes (such as Drosha and Dicer), 

which are composed of several domains and have more complex structures in order to 

process dsRNAs into certain size (Court et al., 2013; Liang et al., 2014; Nicholson, 2014).  

4.2 Inhibitor screening 

4.2.1 Virtual screening based on structural modeling  

Due to the functional and sequence similarity between CSR3, AaR3, and TmR3, 

a homology model of CSR3 was built with I-TASSER by considering of high-resolution 

crystal structures of AaR3 and TmR3 (Court et al., 2013; Cuellar et al., 2009; Kharrat et 

al., 1995). All these RNase III enzymes are composed of an endoND and dsRBD 

connected by a flexible linker. An amino acid sequence alignment analysis of the enzymes 

(CSR3, AaR3, TmR3, and EcR3) is described in Paper III (Fig. 2A), and the modeled 

CSR3 structure is superposed with the wild-type crystal structure of AaR3 (PDB 2NUG, 

1.8 Å) in Fig. 2B of Paper III. The results showed that at the active site of CSR3 (Paper 
III, Fig. 2A), four amino acids (40E, 44D, 126N, and 129E) are necessary for 

endoribonuclease activity (Akey and Berger, 2005; Court et al., 2013; Gan et al., 2006).  

In order to reduce the number of compounds screened with laboratory HTS, we 

performed virtual screening on 136,353 compounds via ligand docking with Glide in 

Maestro. Glide docking is able to systematic calculation of ligand–protein interactions 

and serve as an approximate method to selected hits via systematically search the 

positional, conformational, and orientational space of docked ligands and screen 
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potential docking positions in large compound libraries with high speed and accuracy 

(Allen et al., 2015; Friesner et al., 2004). However, because we used a structural model 

of CSR3 instead of an empirically determined structure in the virtual screening, a 

relatively large number of compounds (6,620) was selected for further laboratory 

screening. 

Other studies have targeted different endoribonucleases for drug discovery, such 

as RNase H of HIV retroviruses, RNase L of mammalian cells, and endonuclease of 

influenza viruses (Parkes et al., 2003; Thakur et al., 2007). Many studies have been 

performed to discover inhibitors of RNase H, and some compounds that can inhibit the 

activity of the isolated RNase H domain have been identified, including N-hydroxyimide 

(2-hydroxy-4H-isoquinoline-1,3dione) (Hang et al., 2004), F3284-8495 (Himmel et al., 

2014), and a series of N-hydroxyimide compounds (Klumpp et al., 2003). However, 

RNase H is functionally different from RNase III (phosphodiester hydrolysis of dsRNA) 

because it hydrolyzes the RNA strand of DNA/RNA duplexes during reverse transcription 

(Klumpp et al., 2003). As expected, none of the reported inhibitors for RNase H 

efficiently docked to the CSR3 active site. 

4.2.2 Development and optimization of HTS  

A FRET-based HTS assay was developed to determine the activity of CSR3 on 

siRNA. One strand of the siRNA was labeled at the 5’-end with a fluorescent reporter 

(FAM) and at the 3’-end with a quencher (BHQ1) to avoid false-positive signals caused 

by disassembly of the siRNA double-strand or by the binding of compounds to the siRNA 

instead of CSR3. This meant that FRET signals could be observed only when the siRNA 

was cleaved by CSR3. A 22 bp siRNA was used because it has the typical structure and 

size of viral siRNAs (21–24 bp with 2 nt overhangs), and it has been demonstrated that 

small RNA duplexes can be processed by CSR3 (Weinheimer et al., 2014). More 

importantly, its size is within the range of Förster interaction radium (< ~10 nm) 

(Didenko, 2001; Piston and Kremers, 2007; Ram et al., 2008). 

The two dyes (FAM and BHQ1) were shown to be photostable and demonstrated 

an extremely high FRET efficiency (Fan et al., 2014; Fang et al., 2014). During assay 

development, real-time relative fluorescence units (RFU) were acquired with 

excitation/emission at 485/520 nm, corresponding to the unquenched fluorescence 

intensity of the reporter. At a mechanistic level, if the labeled siRNA remains uncleaved, 

FAM fluorescence is efficiently quenched by BHQ1 and the excitation energy transfer 

from FAM to BHQ1 is emitted as heat (Jothikumar et al., 2009). However, if the labeled 

siRNA is cleaved, FAM is excited and emits a fluorescence signal. These two conditions 
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were used as positive (reaction without CSR3) and negative (reaction with CSR3) controls 

in the assay. Therefore, any changes in fluorescence reflected changes in CSR3 activity 

caused by compounds. 

To evaluate the effects of compounds on CSR3, negative and positive controls on 

each screening plate were used to normalize the raw data by calculating the PI for each 

compound. Fig. 2 of Paper II shows a schematic representation of both control groups 

of our FRET-based HTS. Reactions containing CSR3 (100 nM) were used as negative 

controls as cleavage of the dye-labeled siRNA (375 nM)  led to a lack of FRET quenching 

and interruption of energy transfer from donor to receptor, resulting in increased 

fluorescence (Paper II, Fig. 2C, FRET absent). Reactions either with CSR3-A or 

without endoribonuclease were used as positive controls as in both cases, the integrity of 

the dye-labeled siRNA was maintained and fluorescence from the reporter was quenched 

by BHQ1, leading fluorescence to remain low (Paper II, Fig. 2C, FRET present). Both 

control reactions were validated by agarose gel electrophoresis, which showed that 

labeled siRNA was cleaved by CSR3 (negative) but maintained integrity in the presence 

of CSR3-A or the absence of any endoribonuclease (positive) (Paper II, Fig. 2D).  

To optimize the HTS assay, a titration experiment was carried out using six CSR3 

concentrations (0–575 nM) with a fixed concentration of dye-labeled siRNA (375 nM). 

We found that the slope of the line representing the trend in kinetic fluorescence 

measurement was dependent upon the concentration ratio of enzymes to dye-labeled 

siRNA. Our data showed that the highest concentration of enzymes leads to the fastest 

increase and the greatest fluorescence intensity at the beginning of the measurement 

(Paper II, Fig. 3A). In addition, the slopes during all detection cycles were calculated, 

and the results suggested that the maximal initial slope for concentrations of 144 nM, 72 

nM, and 36 nM occurred after 5, 10, and 14 reaction cycles, respectively (Paper II, Fig. 
3B), indicating that low enzyme concentrations require a longer kinetic monitoring 

period. The data also showed that it was impossible to monitor kinetic reactions using 

the two highest enzyme concentrations (575 nM and 288 nM) because most cleavage of 

dye-labeled siRNA occurred before the beginning of fluorescence measurements. 

Furthermore, maximal slopes were linearly correlated with CSR3 concentrations (Paper 
II, Fig. 3C). 

As shown in Table 1 of Paper II, the Z’ values (a coefficient used to evaluate the 

suitability of the HTS assay) of optimization assay replicate plates were above 0.9 

(threshold: 0.5) only when enzyme concentrations were 72–144 nM, indicating that 

substrate dye-labeled siRNA and enzyme CSR3 were stable at room temperature (25 ℃) 
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and our assay was suitable for HTS within this range of concentrations. Considering the 

titration results as well as the reagents cost and screening time, we decided to use 100 

nM CSR3 and 375 nM dye-labeled siRNA for 12 cycles (~17 min) of screening. 

Homogeneity and consistency within and between plates are crucial for HTS 

since HTS of the primary inhibitor is usually carried out in a single concentration of 

compounds (Ahsen and Bomer, 2005; Campagnola et al., 2011; Ilouga and Hesterkamp, 

2012). In addition, the rate of fluorescence decay is highly sensitive to many factors, such 

as pH, buffer content, and quenchers (Piston and Kremers, 2007). To address this, three 

repeated whole-plate assays with only positive and negative reactions were carried out 

(the layout is shown in Paper II, Fig. 5A). Fluorescence increased consistently 

throughout the three replicates (Paper II, Fig. 5B), demonstrating the repeatability of 

the HTS method. Moreover, differences between negative and positive control reactions 

could be consistently distinguished as fluorescence increased linearly in the presence of 

CSR3 but remained stable in its absence (Paper II, Fig. 5B). However, the rate at which 

fluorescence increased in cycles 1–4 was not as fast as the rate of increase in cycles 4–12, 

possibly due to the temperature increase from 25 ℃ to 37 ℃ at the beginning of the assay. 

In addition, the slopes of the positive and negative control reactions in the three replicates 

were significantly different (Paper II, Fig. 5C). The absolute values of emitted 

fluorescence varied between plate z01 and plates z02 and z03 because the substrate was 

kept at room temperature for 2 h after the assay with plate z01. This indicates that the 

assay tolerated raw fluorescence value changes between plates without affecting the 

results of the HTS screening. The Z’ values of all three optimization plates were above the 

threshold of 0.5 (0.77 ± 0.08), and the mean values of the signal-to-background (S/B) 

and signal-to-noise (S/N) ratios were 9.84 ± 0.75 and 43.17 ± 8.72, respectively, 

indicating signal homogeneity and consistency within and between plates. 

4.2.3 Laboratory screening using FRET assay 

HTS of the 6,620 compounds selected by virtual screening was carried out with 

a FRET assay using 10 μM compound concentration. All 20 screening plates contained 

32 negative and 32 positive control reactions. Screening produced good results: the 

average Z’ was 0.82 ± 0.04 (threshold: 0.5), the S/B ratio was 11.82 ± 1.89, and the S/N 

ratio was 47.98 ± 11.61. This suggested that the quality of the screening was sufficient for 

selecting inhibitor compounds without screening replicates. The raw fluorescence (i.e., 

RFU) of the negative and positive control reactions is shown in Fig. 3B of Paper III. 

The PI was calculated based on changes in the fluorescence slope for all compounds. By 

setting PI > 30% as the hit threshold, 109 compounds were identified as hits. The PI 
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distribution of those compounds is shown in Table 2 of Paper II. The 12 compounds 

with PI > 90% had diverse structures (Paper II, Figure 6). Two independent dose-

response assays of the 109 identified compounds were carried out using six 

concentrations (1.25 nM to 50 μM). In addition, a parallel dose-response assay was 

carried out with 99 of the 109 compounds (which were ordered from commercial sources). 

According to Yadav et al. (2014), DSS value is correlated with drug efficiency. 41 

compounds were selected in considering the DSS values (range: 0–22.10) in the three 

replicate screenings (compounds from FIMM libraries: FIMM1 and FIMM2; and 

commercial resouces: Comm1) and applying a hit threshold of 4 (Paper III, Fig. 4B 
circle in red)).  

The 109 compounds identified in the primary screening were also screened with 

RNase III of E. coli (EcR3) using the same assay (Z’ = 0.82). Our data showed that there 

was a significant difference in the PI values of the compounds between the CSR3 and 

EcR3 screenings (ANOVA, P < 0.001), with mean PI values of 54.4 and 17.1, respectively 

(Paper II, Fig. 7). In the EcR3 screening, 32 of the 109 compounds showed PI > 30, but 

only 16 of the 109 compounds showed higher PI values with EcR3 than CSR3, which could 

be because the amino acid sequences of EcR3 and CSR3 differ and the fact that the 

compounds were selected based on the primary screening of CSR3 and (Paper II, Fig. 
S1; Paper III, Fig. 2). 

Due to the dsRNA cleavage capability of class 1 RNase IIIs, it is expected that this 

HTS assay can be adapted to RNase IIIs other than EcR3 and CSR3. Moreover, our dye-

labeled siRNA could be used as a probe for tracking or assessing the stability and 

efficiency of the delivery of exogenous siRNAs in studies related to gene silencing (Alabi 
et al., 2012; Jarve et al., 2007), or it could be used as a reverse genetics method to study 

the relationships between gene structure and protein function (Chiu and Rana, 2003). 

In our HTS, which used a 384-well plate with a volume of 20 μl, it took seven 

hours to screen the 6,620 compounds. However, due to the sensitivity of the FRET 

techniques, it could have been possible to use a 1536-well format with a volume of only 

1–5 μl (Rodems et al., 2002). Therefore, our method could easily be adapted to larger 

compound libraries. Regarding measuring time, 8 cycles (11 min) of fluorescence 

measurement were sufficient in the present system, although we decided to perform 12 

cycles (17 min) to obtain more robust results. The detection time is affected by many 

factors, including the concentration ratio of the enzyme to the substrate, the reaction 

buffer, and the reaction temperature. Therefore, optimization must be performed to set 

up new assays in the future. In addition, FRET is a sensitive method for HTS, but there 
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are disadvantages to using FRET for drug discovery (Benz et al., 2011; Klostermeier et al., 

2004). For example, studies have shown that false-positive results are likely (Benz et al., 

2011; Cai et al., 2019). In our study, there were two possible explanations for false-

positive results: (1) compounds could directly interact with the substrate instead of the 

enzyme, preventing cleavage of labelled siRNA, or (2) compounds could exhibit intrinsic 

fluorescence with similar spectra as the FAM reporter. False-negative results were also 

possible, as compounds could quench the FAM fluorophore reporter. To sort out false-

positive or -negative results from the FRET-based screening, it is important to carry out 

additional assays (Hall et al., 2016). Studies showed that several technologies can be used 

as additional assays, depending on the target drug’s specificity, including nuclear 

magnetic resonance, high-performance liquid chromatography, and polyacrylamide gel 

electrophoresis (Cai et al., 2019). In our study, two complementary methods, MST and 

SPR, were used to test the binding affinity between the compounds and CSR3. 

4.2.4 Affinity assays  

Two methods of binding affinity methods were used in this study. MST measures 

the fluorescence change in microscopic temperature gradients, which reflects the motion 

of molecules, and detects changes in hydration shell, charge, or size (Seidel et al., 2013). 

However, since MST is a fluorescence-based method, it is susceptible to disturbances 

from compounds’ intrinsic fluorescence or quenching (Entzian and Schubert, 2016). 

Therefore, it cannot analyze self-fluorescent compounds. In SPR measurement, the 

macromolecular target (i.e., protein) is immobilized on a sensor chip while analytes (i.e., 

compounds) in a solution flow over the sensor surface. Small changes in the optical 

reflective index at the sensor surface caused by the interaction between macromolecular 

targets and analytes are monitored (Patching, 2014). Studies have shown that SPR is a 

very sensitive technique that can be used for compounds with low affinity in drug 

discovery studies (Liu and Wilson, 2010; Retra et al., 2010). However, certain 

compounds cannot properly dissociate from the target, which affects the test of next 

analyte. Therefore, we first tested compounds in one concentration (100 μM) and then 

excluded compounds that did not dissociate. The affinity binding results of both MST and 

SPR measurement were considered in our study as both methods have pros and cons.  

First, the binding affinity of the 99 commercially obtained compounds was 

measured using the MST method. MST is a rapidly developing but relatively new 

technique for studying protein–ligand binding interactions in drug discovery studies 

(Entzian and Schubert, 2016). Of the 99 compounds, 36 were identified as hits based on 

thresholds (Kd < 200 μM, S/N > 5, and response amplitude > 4) (Paper III, Fig. 4C 
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yellow). Based on all hits from the HTS assay (41 compounds) and MST (36 compounds) 

as well as compounds that could not be detected by MST due to their aggregation or 

interference with the assay (13 compounds), 56 compounds were selected for future 

analysis with SPR at a concentration of 100 μM. SPR results showed that 42 compounds 

exhibited nice sensorgram curve. By applying a threshold of 10 for the relative response, 

these compounds were selected for dose-response assay with 12 concentrations (two-fold 

serial dilution, 200 μM to 3 μM) with the same conditions. Based on the steady-state 

affinity and kinetic results of the dose-response assay, 36 of the 42 compounds were good 

binders (Paper III, Fig. 4C green). In total, positive results in the FRET-based HTS 

assay and affinity assay (either MST or SPR) were obtained for 30 compounds (Paper 
III, Fig. 4C circle in red).  

4.3 Phenotyping viral infection in sweetpotato by imaging and 
RT-qPCR 

After identifying compounds at the molecular level using HTS, MST, and SPR, 

potential CSR3 inhibitors were tested in planta. To create an efficient system to monitor 

the effects of the compounds on plants growing in soil, we first systematically phenotyped 

sweetpotato using an imaging-based plant phenotyping platform to assess the severity of 

viral infection (Paper I). It was expected that this platform could be used to efficiently 

determine the correlation between viral treatments and plant growth performance. The 

viral impact on the growth of sweetpotatoes was measured in a wild type cultivar with six 

different viral conditions: (1) healthy wild-type (Wt-H); (2) single virus infection with 

either SPFMV (Wt-F) or (3) SPCSV (Wt-C); (4) co-infection with SPFMV and SPCSV (Wt-

FC); (5) healthy CSR3 transgenic plant (R3-H); and (6) CSR3 transgenic plant infected 

with SPFMV (R3-F). A semi-automatic approach based on plant phenotypes was used to 

monitor photosynthesis performance and plant stress via ChlF of PSII and TIR imaging, 

respectively. Plant height was measured every week for 29 days, and biomass, leaf surface 

area, and the shoot-to-root ratio were measured after 31 dpt. Furthermore, to better 

understand the interaction between SPCSV and SPFMV, the accumulation and 

distribution of the two viruses in sweetpotatoes were measured. To validate the ChlF data, 

photosynthesis-related gene expression was quantified using RT-qPCR. 

4.3.1 Viral effects on plant growth  

Six viral conditions in two growth conditions were carried out to measure viral 

effects on plant growth. Plant growth, represented by the linear coefficient of plant height, 

was significantly affected by growth conditions: compared to plants grown in the NaPPI 
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facilities, plant height decreased by 51% ± 0.07 when grown in a growth chamber (Paper 
I, Fig. 1A). The intensity of light was the main difference between the two conditions 

(60 70 and 260 μmol·m–2·s–1, respectively).  

Differences between the six treatments in the same growth conditions were 

analyzed. In the NaPPI facilities, the height, biomass, and total leaf surface of plants 

exhibited the same patterns in all six treatments. Compared to control plants Wt-H, no 

significant differences were observed for the R3-H and Wt-F plants, however, a 

significant reduction was measured for Wt-C, Wt-FC, and R3-FMV plants, as these 

conditions were clustered in a different subset in the Tukey’s HSD test (Paper I, Fig. 
1B–D). Taken together, the results indicate that SPCSV alone, a combination of SPCSV 

and SPFMV, or SPFMV in the presence of CSR3 can impact sweetpotato growth (see plant 

images in Paper I, Fig. S1).  

As plant organs have different functions (i.e., leaves mainly support 

photosynthesis, stems provide structural support and routes for transport, and roots 

enable absorption of nutrients and water) (Niklas and Enquist, 2002; Poorter et al., 2012), 

the association between biomass allocation and growth conditions were analyzed with 

different viral treatments. The shoot-to-root biomass ratio was significantly larger in the 

growth chamber (6.48) than in the NaPPI facilities (3.94) (Paper I, Fig. 2A), indicating 

that less intense light increases the shoot-to-root ratio. This result is consistent with the 

balanced growth hypothesis, according to which plant biomass is allocated proportionally 

to the plant’s organs with limited resources; for example, leaves are favored if light is 

more limited while roots are favored if nutrients are more limited (Brouwer, 1963; 

Shipley and Meziane, 2002). The shoot-to-root ratio did not show significant differences 

among the six treatments, except for R3-F, in which plants were extremely small, had 

severe disease symptoms, and developed large roots (Paper I, Fig. 2B, Fig. S1). In 

general, even though allocation of biomass is affected by many factors, a lack of 

differences in the shoot-to-root ratio enables one to predict the proportion of roots based 

on the biomass of shoots (Enquist and Niklas, 2002). Our results also indicated that the 

effects of plant–virus interactions are systemic rather than local. This is consistent with 

a recent study that demonstrated SPFMV and SPCSV can move from vines to roots, 

causing systemic problems with plants’ development (Adikini et al., 2019). 

4.3.2 Distribution of viruses and synergism  

Viral accumulation was not significantly different between the two growth 

conditions (Paper I, Fig. S4). Viral distribution in sweetpotatoes was assayed using Wt-

C, Wt-F, and Wt-FC at 31 dpt. We used viral coat proteins to indicate virus accumulation 
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in plants (Cuellar et al., 2008; Kokkinos and Clark, 2006) and found that the 

accumulation of SPCSV in leaves increased from the top to the bottom of both single- and 

co-infected plants, while SPFMV slightly decreased in co-infected plants (Wt-FC) (Paper 
I, Fig. 3B). Moreover, the accumulation of SPFMV was greater than that of SPCSV in 

younger leaves of Wt-FC, while older leaves showed an opposite trend, with the cross-

over point around leaf five (Paper I, Fig. 3B, black arrow). Depending on sampling 

location in plants, SPCSV was 1.5 to 54 times higher in Wt-C than in Wt-FC (Paper I, 
Fig. 3B, point). In contrast, SPFMV was extremely low, with an average value of 0.01 

in Wt-F, but was significantly increased in Wt-FC, with an average value of 5.61 (Paper 
I, Fig. 3B, triangle). Virus accumulation was measured in the first fully-developed 

leaves in the six treatments grown at NAPPI facilities. The results showed that the SPCSV 

accumulation did not significantly differ between single-infected Wt-C and co-infected 

Wt-FC plants, while SPFMV accumulation significantly differed between Wt-F, Wt-FC, 

and R3-F (Paper I, Fig. 3C). 

Analysis of plant height, biomass, and total leaf surface area revealed that the 

effects of virus infection were more obvious in Wt-FC than in Wt-C (Paper I, Fig. 1B-
D). However, the total viral accumulation (sum of SPFMV and SPCSV) in Wt-FC was 

much less than the SPCSV accumulation in Wt-C (Paper I, Fig. 3B). There are two 

possible explanations. First, the severity of viral symptoms in Wt-FC may be caused by 

SPFMV instead of SPCSV, considering the relationship between viral distribution and 

symptom development in the plants. A high proportion of SPFMV in Wt-FC could explain 

why these plants showed more severe symptoms than Wt-C plants, even if the total viral 

accumulation was lower than SPCSV accumulation in Wt-C. Second, young leaves usually 

contribute more to plant development than older leaves, and we showed that SPFMV 

tended to accumulate in relatively young leaves while SPCSV accumulated in older leaves. 

The differential viral accumulation in Wt-FC and Wt-C plants could explain differences 

in the severity of their symptoms (Bielczynski et al., 2017). Based on all the results, we 

assumed that one or several SPFMV proteins could directly suppress plant development 

and induce severe symptoms. 

Several studies have shown that CSR3 could help to increase the accumulation of 

SPFMV by suppressing the RNAi defense system of plants (Cuellar et al., 2009; 

Weinheimer et al., 2016). However, in this study, there was no positive correlation 

between viral accumulation and severe symptoms in Wt-FC and R3-F plants (paper I, 
Fig. 1B–D, Fig. 3C). This suggests that the constitutive expression of CSR3 in plants 

has more impact than natural viral CSR3 when plants are co-infected with SPFMV. This 

could be explained by specific activation of the plant’s immune response by SPCSV 



33 
 

proteins other than CSR3. Further study of protein–protein interactions is needed to fully 

understand this viral synergism. 

The effects of SPFMV and SPCSV on sweetpotato plant growth were related to 

virus accumulation and distribution. Qualitatively, our results are consistent with 

previous studies, which found that SPFMV increased 600–1000-fold while SPCSV 

remain low or even slightly decreased in Wt-FC plants compared to single-infected plants 

(Karyeija et al., 2000; Mukasa et al., 2006). However, quantitatively, our data showed 

that viral accumulation can vary dramatically, especially for SPFMV, the concentration 

of which is, on average, 16,000 times higher in Wt-FC plants than Wt-F plants. The 

observed variation may be due to different quantification methods and the precision of 

SPFMV quantification in Wt-F plants, as SPFMV in this condition commonly 

accumulates at very low titers and is almost undetectable (Karyeija et al., 2000). 

Interestingly, SPCSV alone has a significant impact on plant growth, while SPFMV alone 

does not, as reported in previous studies (Adikini et al., 2016; Cuellar et al., 2009). 

4.3.3 High-throughput plant phenotyping  

To systematically estimate viral effects on PSII performance and severity of biotic 

stress caused by viruses, many ChlF and TIR parameters were analyzed every second day 

(for details, see Paper I, Fig. 4, Fig. S3). According to the literature, the most important 

parameters are QY_max, ФPSII, qP, NPQ, and leaf thermography (Baker, 2008). 

Variance analysis of ФPSII showed significant variation among the six viral conditions 

(Paper I, Fig. 4A). Our six viral conditions were classified into four subsets; Wt-C, Wt-

F, and R3-H belonged to the same subset (mean value: 3.35) and with lower value than 

control plants Wt-H (0.38), while Wt-FC and R3-F (0.28 and 2.26, respectively) had 

lower values than Wt-H. Altogether, the results demonstrated that the severity of disease 

symptoms is correlated with a decrease in PSII photochemistry efficiency. 

The statistical results of qP were very similar to those of ФPSII (Paper I, Fig. 
4B). Consistency between qP and ФPSII was expected since the parameters are positively 

related; ФPSII estimates the theoretical proportion of light used by chlorophyll associated 

with PSII (Baker, 2008; Genty et al., 1989), while qP reflects the open proportion of the 

PSII reaction center, indicating photochemistry efficiency (Baker et al., 2001; Lavergne 

and Trissl, 1995). In general, severe disease symptoms are correlated with less efficient 

photosynthesis. In our study, the tight link between physiological and morphological 

parameters reflected by photosynthesis efficiency (Paper I, Fig. 4) and plant 

development (Paper I, Fig. 1) could be easily explained by the fact that photosynthesis 

is mainly associated with the products of carbon fixation, which contribute to plant 
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growth parameters (Fryer et al., 1998). Our results are consistent with those of 

Kyselakova et al. (2011), who showed that a decrease in ФPSII was correlated with the 

severity of symptoms in pea leaves caused by Pea enation mosaic virus. 

QY_max was consistent among the six viral conditions, ranging from 0.803 to 

0.814 over 29 days (Paper I, Fig. 4C). However, R3-F had the lowest value and showed 

greater variation during days 5–11. This can be explained by the upward shift in the F0 

and Fm parameters during those days (Paper I, Fig. S3A, B). In general, we observed 

that lower QY_max values were associated with the most severe viral disease symptoms, 

consistent with many other studies that determined QY_max is a good indicator of plant 

stress (Bresson et al., 2015; Jansen et al., 2009; Kim et al., 2006; Mouradi et al., 2016). 

During the dark reaction of photosynthesis, plants synthesize carbohydrates via different 

pathways. The majority of plants generate a three-carbon compound as their first stable 

product (C3 plants), while a few plants, such as sweetpotatoes, have an additional dark 

reaction pathway in which the first stable product is a four-carbon compound (C4 plants), 

which allows them to avoid photorespiration waste. The QY_max of healthy sweetpotato 

(Wt-H ) was about 0.814 ± 0.016, which is consistent with a previous study showing that 

C4 plants have lower QY_max values but greater variation than C3 plants (0.832 ± 0.004) 

(Björkman and Demmig, 1987).  

NPQ and leaf thermography are powerful tools to detect early stress symptoms 

before the damage caused by pathogens becomes visible (Chaerle et al., 2004). Our data 

showed that the more severe the viral symptoms, the higher the leaf temperature and the 

lower the NPQ value (Paper I, Fig. 4D, E). Changes in NPQ and leaf temperature in 

symptomatic plants might reflect a reduction in transpiration and stomatal density or 

closure, which could be sequentially induced by anti-viral defense processes (Chaerle et 

al., 2007; Chaerle et al., 2006). However, leaf thermography, as an indicator of heat 

dissipation correlated with stress, is more straightforward to measure than NPQ. Thus, 

it has been used to study pathogenic processes, including the infection and spread of 

viruses (Fiorani and Schurr, 2013; Martinelli et al., 2015). QY_max was not sensitive 

enough, as it was unable to differentiate most of the viral conditions, while ФPSII 

perfectly correlated with our viral conditions and was the best parameter to estimate viral 

effects in sweetpotato plants (Paper I, Fig. 1, Fig. 4). Altogether, the results suggest 

that even if infected plants have similar photosynthesis potential (reflected by QY_max) 

when all photosynthetic reaction centers are open in the dark-adapted state, they have 

greater variation under actinic light (reflected by ФPSII and qP). 
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To confirm the reduction in PSII efficiency observed with imaging-based 

methods, the relative gene expression related to the photosynthetic, Calvin cycle, and 

glycolysis pathways was measured in Wt-H, Wt-F, Wt-C, and Wt-FC plants (Paper I, 
Methods). Most of the selected genes were upregulated in Wt-F and Wt-C and 

downregulated in Wt-FC compared to Wt-H (Paper I, Fig. 5A), indicating that 

synergism of SPCSV and SPFMV leads to clear dysfunction of the photosynthesis, 

glycolysis, and gluconeogenesis pathways. The results were consistent with those for 

ФPSII, which indicated that co-infection of SPCSV and SPFMV had an obvious negative 

impact on photosynthesis performance. Our study was consistent with other studies that 

showed downregulation of photosynthetic pathways was correlated with the severity of 

chlorosis symptoms, for example a study about tobacco infected with different Cucumber 

mosaic virus variants, which showed that chloroplast- and photosynthesis-related genes 

were downregulated and correlated with the severity of chlorotic symptoms (Mochizuki 

et al., 2014). However, we observed upregulation, not downregulation, in single-infected 

plants (Wt-C and Wt-F) for most of the genes from the three pathways, which could be 

induced by interaction between plants and viruses. Similar results have been found in 

other plants, such as potatoes, in which numerous photosynthesis-related genes were 

upregulated before downregulation during the early stage of Potato virus Y infection 

(Baebler et al., 2009). Therefore, it was suggested that the upregulation of 

photosynthesis-related genes was a response to the elevated energy demand due to stress. 

It is possible that at least the photosynthetic pathways can be activated in the presence of 

no or less-symptomatic viral stress, but the specificity of this mechanism requires further 

investigation. 

4.4 Verification in planta and the structural cluster of 
compounds  

Validation of inhibitors in planta is an important step not only to ensure that the 

inhibitors are effective but also to confirm that they can be applied in the field. Since there 

are many compulsory endoribonucleases in plants (Green, 1994), it is crucial that 

inhibitors be sufficiently specific and sensitive. Therefore, after compound screening by 

virtual and laboratory assays, we carried out validation experiments in sweetpotatoes. 

First, the effect of compounds on viral accumulation was examined in plants grown in 

culture medium using RT-qPCR. Second, the effect of compounds on plant 

photosynthesis performance was monitored in plants grown in soil using imaging-based 

methods. 
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4.4.1 Validation assay in plants grown in culture medium 

Sweetpotatoes graft-inoculated with both SPCSV and SPFMV from previosu 

study (Wang and Valkonen, 2008) and progated by stem cuttings, which were used to 

evaluate CSR3-inhibiting compounds. Screening was performed on plants grown in 

culture medium supplemented with 50 μM of the compounds. Viral accumulation was 

estimated by measuring the accumulation of the coat proteins coding viral RNA of virus 

SPCSV and SPFMV after 28 days of growth. In total, 30 compounds were selected for 

screening based on the HTS and affinity assay results. Plants treated with seven of the 

compounds exhibited toxic symptoms in leaves or growth defects. Of the remaining 27 

compounds, when the threshold for virus accumulation reduction was set at 60%, 7 

compounds were identified as hits based on SPFMV accumulation and 11 compounds 

were identified based on SPCSV accumulation (Paper III, Fig. 4D, yellow and green 
circle). Five were present in both groups (Paper III, Fig. 4D). The effects of these five 

compounds on the relative viral accumulation of both SPCSV and SPFMV are shown in 

Fig. 4E of Paper III. Compounds FIMM022230 and FIMM005536 were able to reduce 

SPCSV more than three-fold and SPFMV around two-fold; FIMM051696 reduced both 

viruses around two-fold; FIMM000096 was able to reduce SPCSV more than two-fold 

and SPFMV around one-fold; FIMM031755 reduced both viruses around one-fold. A 

picture of the plants is shown in Fig. 4F of Paper III.  

4.4.2 Structural clustering of inhibitory compounds 

The compounds active against both SPCSV and SPFMV were grouped into two 

classes using hierarchical clustering. Compound FIMM000096 was placed in class 1, 

while the other four compounds (FIMM022230, FIMM051696, FIMM031755, 

FIMM005536) were placed in class 2 due to their highly similar structures. To the best 

of our knowledge, class 1 compound FIMM000096 have been approved as powerful 

emetic and also been used in treatment of parkinsonism, but with adverse effects 

( https://www.drugbank.ca/drugs/DB00714). The class 2 compounds identified in our 

study have not yet been used to treat viral or non-viral diseases before this study. More 

detailed information about the five compounds, including their structure, the results of a 

screening based on FRET, the results of a binding affinity assay based on MST and SPR 

measurement, and validation results in planta, is provided in Fig. 5 of Paper III. 

Different binding affinity Kd values were obtained for the class 2 compounds, even 

though their structures and DSS values were similar, which may indicate different 

conformations of the binding site. To identify better inhibitors of CSR3, the binding 

specificity of a series of synthesized derivatives of class 2 compounds could be tested in 
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the future. Such a strategy has been successfully used in many studies to, for example, 

identify inhibitors of sortase A (Lee et al., 2010; Oh et al., 2004). Interestingly, four of 

the five CSR3-inhibiting compounds (FIMM022230, FIMM051696, FIMM031755, 

FIMM005536) share the same structure, suggesting that this structure may be suitable 

for the development of more efficient CSR3 inhibitors. 

4.4.3 Validation assay of plants grown in soil 

To monitor the effect of the compounds on plant growth, we carried out an 

experiment using high-throughput plant phenotyping. Four compounds (FIMM000096, 

FIMM022230, FIMM031755, FIMM005536) were ordered commercially in larger 

amounts to test their effects on the growth of plants in soil. We used ФPSII to monitor 

viral effects on sweetpotato photosynthesis in accordance with our previous results 

(Wang et al., 2019). The results showed that, at the morphological level, none of the 

treated plants exhibited any signs of stress, such as wilting, bleaching, or dried leaf 

margins, after one month of treatment (see the visible light [RGB] images in Paper III, 

Fig. 6B). In addition, there was no significant difference in the plant growth rate between 

the treated and control plants (post-hoc Tukey’s HSD test, P < 0.05), indicating that the 

four compounds did not affect the growth of the plants. At the physiological level, the 

photosynthetic performance of all four treated plants (represented by ФPSII) was 

significantly increased compared to the controls (Paper III, Fig. 6A). This indicates 

that these four compounds can improve photosynthesis performance in SPCSV and 

SPFMV co-infected sweetpotatoes. SPFMV accumulation was significantly decreased in 

all the four treated plants, although SPCSV accumulation was not (Paper III, Fig. S1). 

As SPFMV is the cause of several symptoms of SPVD according to our phenotyping viral 

study (Paper I), the in planta results suggested that the selected compounds could 

reduce SPVD symptoms by improving photosynthesis performance and reducing SPFMV 

accumulation.  

A result summary of all the assay steps is shown in Table S1 of Paper III. The 

hit rate was 4.86% for Glide docking in silico, 1.65% for FRET-based screening, 36.4% for 

MST, 64.3% for SPR, and 18.2% for plants grown in the culture medium. Five candidates 

belonging to two clusters are identified, detailed information is listed in Table S2 of 

Paper III. After further verification in sweetpotato co-infected with SPFMV and SPCSV 

and grown in soil, four compounds were confirmed to be effective against viral infection. 

These compounds can be used to identify even more potent inhibitors of CSR3 in further 

studies. Moreover, because VSRs are critical for successful viral infection (Bivalkar-
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Mehla et al., 2011; Burgyan and Havelda, 2011), and our target, CSR3, is an important 

VSR, we believe that our findings contribute to the literature on suppression of VSRs. 
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5 CONCLUSIONS AND SUGGESTIONS FOR FUTURE 
RESEARCH  

CSR3 is a viral enzyme that is essential for the establishment of SPVD, which 

causes severe yield losses when sweetpotatoes are co-infected by SPCSV and other viruses. 

In this study, we developed a three-step process to identify inhibitors of CSR3: (1) 

development of an effective FRET-based assay for CSR3 HTS; (2) identification of the 

most efficient method to monitor viral effects on sweetpotatoes’ photosynthesis; and (3) 

in silico, in vitro, and in planta screening to identify compounds that could help to 

interfere with SPVD in planta. Of the 136,353 compounds that were screened, four 

appropriate compounds were identified. 

In the future, it should be possible to decipher this newly identified inhibitory 

mechanism by calculating the molecular dynamics of CSR3 and the four identified 

compounds. It will also be important to find more efficient and safer inhibitors, perhaps 

by using ligand-based drug discovery approaches. To use these approaches, it will be 

necessary to resolve the 3D structure of CSR3. In addition, this study did not investigate 

the delivery process of the compounds. As this is a crucial step in the development of 

effective antiviral treatment, it will be essential to conduct such an investigation in order 

to validate our results. Moreover, even if the detailed mechanism by which CSR3 

suppresses RNA silencing or other functions of VSR remains unclear, the identified 

inhibitors can be used to study the functions of CSR3 in vivo, for example, as a substitute 

for CSR3 silencing. Studies about CSR3 localization and related protein–protein 

interactions could also provide interesting insights into the plant–virus interactions 

related to RNA silencing as well as improve the understanding of the functional 

mechanisms of inhibitors. 

Our phenotyping study of viral effects on both photosynthesis performance and 

biotic stress using imaging-based technology showed that certain parameters, such as 

ФPSII and qP (determined using ChlF imaging) and leaf thermography (determined 

using TIR imaging) can be used to monitor the severity of viral disease in sweetpotato in 

controlled conditions. However, these parameters cannot easily distinguish viral stress 

from abiotic stress. Thus, systematic studies are still needed to develop monitoring 

methods for precision agriculture. 
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