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Abstract 

Plant diseases associated with viral infections are a serious issue for growers, causing 

significant reductions in yield and plant death. Rapid Prunus Decline (RPD) is an emerging 

disorder resulting in rapid and unexplained death of Prunus species in southern Ontario. In order 

to better understand RPD, disease symptoms in all major Prunus species in the Niagara region 

were surveyed, along with identification of major viruses in diseased Prunus trees. 

Our survey showed that diseased trees often showed symptoms of dehydration, leaf 

chlorosis, reduced new growth, and death. The average mortality rate in the Niagara region was 

20% among all Prunus species with the highest site-specific mortality rate of 67%. In order to 

understand the contribution of viruses to RPD, RNA sequencing was employed to identify viruses 

in diseased trees and characterize viral sequence diversity. In total, 20 unique virus species and 

one viroid were identified in 42 diseased trees, demonstrating a wide diversity of viruses in 

diseased Prunus trees.  

Tomato ringspot virus (ToRSV) infection can result in similar symptoms to those 

observed in RPD trees. Based on these similar symptoms, a total of 507 Prunus trees were surveyed 

and the frequency of ToRSV infection was determined to be 13%. No direct correlation was 

identified between the presence of ToRSV and incidence of RPD, suggesting that other factors are 

involved. 

Multiple ilarviruses were identified in diseased trees including Grapevine associated 

ilarvirus (GaIV), Tobacco streak virus (TSV), Tomato necrotic spot virus (ToNSV), Prunus 

necrotic ringspot virus (PNRSV), and Prune dwarf virus (PDV). GaIV and ToNSV have never 

been previously reported in Prunus trees, or in Canada. GaIV was the most commonly detected 

virus and is an emerging concern for stone fruit production. Mixed infection of ilarviruses could 



 

have synergistic pathological effects, and the interactions between ilarviruses and other viruses are 

poorly understood. 

In summary, over the course of this study, many different viruses were identified in Prunus 

species exhibiting decline, yet no single virus was identified in all Prunus spp. or in all instances 

of the disease, suggesting RPD is a complex disease that could have multiple contributing factors.  
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Thesis Overview 
 

Chapter 1 provides a brief literature review of the fruit trees of the Prunus genus, along 

with viral diseases of Prunus, and disease management options. Virus detection methods, focused 

on PCR and RNA sequencing are discussed. This chapter also provides details on the molecular 

biology and pathology of major fruit tree plant viruses, including the genomic organization, 

transmission, replication, and characteristic symptoms. Chapter 2 describes the symptoms 

associated with Rapid Prunus Decline (RPD) observed in Prunus species orchards in the Niagara 

region of southern Ontario, Canada. RNA sequencing was utilized to identify viruses present in 

diseased trees. Chapter 3 examines the frequency of Tomato ringspot virus (ToRSV) in diseased 

Prunus trees in the Niagara region, along with more specific investigation of the strain-specific 

sequence of this virus identified in Niagara. Chapter 4 further explores the role of ilarviruses in 

RPD in the Niagara region, specifically examining the distribution of GaIV, and co-infection of 

GaIV with other ilarviruses. Chapter 5 discusses the broad implications of plant virus diversity, 

concerns of emerging pathogens, and RPD management for Prunus trees. 
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Chapter 1 

Literature Review 

1.1  Prunus genomics, production, and disease management 

The Rosaceae family contains over 100 genera and 3,000 individual species including 

fruit, ornamental, aroma, herb, nut, and woody plants (Soundararajan et al., 2019). The Prunus 

genus is composed of 400 species of flowering trees and shrubs belonging to the Rosaceae family. 

Prunus tree fruits are popular commercial agriculture products and are a major industry in the 

Niagara region of Ontario. The Prunus genus includes many important cultivated tree fruit crops 

including plum (Prunus domestica), sweet cherry (Prunus avium), apricot (Prunus armeniaca), 

peach (Prunus persica) (Soundararajan et al., 2019).  

Trees in the Prunus genus are believed to have originated in Asia, within the northern 

temperate region (Natic et al., 2020). Tender fruit production, a common term used in Ontario for 

peach, nectarine, apricot, plum, and cherry, is a huge industry worldwide. The Niagara region in 

southern Ontario, Canada, is the largest tender fruit growing area in Ontario due to the ideal climate 

conditions for tender fruit production resulting from a more southern location, proximity to Lake 

Ontario, and further protection from the Niagara escarpment (Gardner et al., 2006). Peach is the 

most commonly grown type of fruit tree in the Niagara region, while cherries are primarily 

produced in British Columbia (Ontario Tender Fruit Growers, 2021; Ministry of Agriculture and 

Food, 2020). Nectarines, plum, and apricots are also grown in Ontario (Ministry of Agriculture 

and Food, 2020). 
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1.1.1 Prunus spp. genome characteristics 

There are multiple species and subspecies within the broad classifications of the Prunus 

genus. While closely related, different Prunus species can be quite genetically diverse. Apricots 

have diploid genomes which are 220 Mb in size and encode 30,436 protein-coding genes (Jiang et 

al., 2019). Sweet cherries have a diploid genome and has a size of 338 Mb with 40,338 protein-

coding genes (Wang et al., 2020; Callahan et al., 2021). Peach is diploid and has a genome size of 

265 Mb and approximately 27,000 protein-coding genes (Verde et al., 2013; Verde et al., 2017). 

Nectarine and peach are classified as the same species (Prunus persica), with nectarine being a 

common variety name (Prunus persica var. nucipersica). Interestingly, European plums (Prunus 

domestica) are hexaploid while Japanese plums (Prunus salicina) are diploid (Zhebentyayeva et 

al., 2019). The genome size of European plums is 1.399 Gb with 130,866 gene models identified 

which is roughly five times larger than the peach genome (Callahan et al., 2021). Apricots and 

peaches are the most closely related Prunus species, and they exhibit high collinearity (Jiang et 

al., 2019). As each Prunus species is distinct, there are potentially different pathogens present in 

different species and potential barriers to pathogen transmission. 

1.1.2 Common diseases of stone fruit trees 

Being long lived annual crops, Prunus spp. are susceptible to persistent infection by plant 

pathogens that can have detrimental effects on tree health and economic value (Pest Management 

Program, 2019). The major classes of pathogens include fungal, bacterial, and viral pathogens. 

Major fungal diseases reported in Ontario include brown rot (Monilinia fructicola), peach leaf curl 

(Taphrina deformans), and peach scab (Cladosporium carpophilum) (Larena et al., 2005; Cisse et 

al., 2013; Lan et al., 2003). Major bacterial diseases in Ontario include bacterial spot 

(Xanthomonas arboricola pv. pruni) and crown gall (Agrobacterium tumefaciens) (OMAFRA 
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360D, 2021; Boudon et al., 2005; Pacurar et al., 2011). Fungicides and bactericides are used in 

integrated pest management practices to control and reduce plant pathogens (Broome & Ingels, 

2012; Adaskaveg et al., 2015; Davis et al., 2013; Koike & Tjosvold, 2020). Few management 

approaches are available for viruses which can be persistent, most methods to control viral disease 

are focused on clean plant programs, or through targeting viral vectors like aphids. 

Major viral diseases reported in Ontario include Plum pox virus (PPV), Prune dwarf virus 

(PDV), Little cherry virus 1 (LChV1), and Prunus necrotic ringspot virus (PNRSV) (OMAFRA, 

2009; Simkovich et al., 2021a). Viruses are particularly problematic pathogens, as there is no 

method available to eliminate viruses from trees once infected (Rubio et al., 2020). Management 

approaches to controlling viral insect vectors and rogueing of infected trees are the only options 

available to prevent the spread of viral pathogens. Biovigilance and virus monitoring programs 

can be used to understand the prevalence of viruses in agricultural production systems and identify 

management priorities (Carisse et al., 2017). Clean plant programs, focused on nursery production, 

is the primary tool to promote plant health in Prunus production systems. Approximately 55 virus 

and 3 viroid species are known to infect Prunus species (Kinoti et al., 2020). The recent rise of 

high throughput sequencing (HTS) technologies has drastically improved our understanding of 

what viruses are present in agricultural production systems, and many novel viruses have been 

discovered recently (Kinoti et al., 2020; Rubio et al., 2020). 

1.2 Virus life cycle and biology 

Viruses can have DNA or RNA genomes that can be single-stranded (ss) or double-

stranded (ds), positive sense (+ve) or negative sense (-ve), non-segmented, segmented, or 

multipartite (Chaitanya, 2019). A total of 49 families and 73 genera of plant viruses have been 

reported and approximately 90% of all plant viruses are +ve ssRNA viruses (Mayo & Brunt, 2008; 
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Ryu, 2017). Many plant viruses have a 5’cap structure analogous to the 7-methylguanylate mRNA 

cap to prevent degradation, and another common feature of many viruses is polyadenylic acid 

(poly(A)) tail (Gergerich & Dolja, 2006). In addition to preventing degradation, the poly(A) tail 

ensures that the RNA molecule is stable and allows the viral RNA to be efficiently translated into 

protein (Gergerich & Dolja, 2006). Most viruses contain multiple ORFs that are translated into 

proteins, but many plant viruses can encode only one long polyprotein, which is typically 

translated from one long ORF (Sicard et al., 2016). Some plant viruses can produce subgenomic 

RNAs for certain ORFs as a way to increase protein translation and accumulation (Sicarde et al., 

2016). Coding capacity of viruses are extremely limited, and most proteins produced can be 

multifunctional and influence host cellular processes in complex ways. 

1.2.1 Virus replication and transmission 

Viruses are obligate intracellular parasites that require host cells to replicate (Gelderblom, 

1996). Virus replication and infection depends on successful virus-host interactions, where viral 

proteins interact with host cellular machinery and manipulate the host to promote viral replication. 

The three main stages of the viral life cycle are entry, replication, and exit (Ryu, 2017). Once a 

virus has entered a cell, the virion is disassembled, releasing the viral RNA. Viral ORFs are then 

translated into individual proteins, or a polyprotein (Li et al., 2013). Depending on the viral family, 

some viruses create replication complexes which can aid to protect the viral RNA from degradation 

(Linnik et al., 2013). For +ve sense viruses, the viral encoded RNA dependent RNA polymerase 

(RdRp) uses the +ve sense RNA to synthesize the complementary negative strand (Li et al., 2013). 

The negative strand is used as a template for the transcription of new +ve sense RNA strands (Li 

et al., 2013).  



 
 

5 

Once replication is complete, the virion can move systemically throughout the plant 

through cell to cell movement which is facilitated by the movement protein, allowing the virions 

to move to new cells through the plasmodesmata (Hipper et al., 2013). The virions exit the 

originally infected cell and continues moving across from the adjoining cells to the plant 

vasculature. First, virions enter the bundle sheath, then across to the companion cells, and finally 

enter the sieve elements where they can be translocated systemically (Hipper et al., 2013). As the 

virion travels throughout the plant, it will create new infection sites in new cells, or spread to 

uninfected plants via horizontal or vertical transmission. Plant viruses can be transmitted between 

plant individuals via pollen, seed, infectious sap, and insect vectors (Fraile & García-Arenal, 

2016). Many viruses and viroids can be transmitted horizontally and vertically through pollen 

(Chen et al., 2006). Depending on the species, viruses can either be present in pollen or located on 

the surface of the pollen grain (Card et al., 2007). Many major viruses of Prunus species including 

nepoviruses and ilarviruses can be transmitted through pollen (Bhat & Rao, 2020). 

1.3 Virus and viroid species identified in Prunus spp. 

1.3.1 Genus Pelamoviroid: Peach latent mosaic viroid 

Viroids are a unique class of sub-viral elements that differ from viruses in that they do 

not encode any proteins, nor contain any ORFs. Viroids are mostly small circular ssRNA 

molecules that depend on host RNA polymerase for replication (Flores et al., 2006). Peach latent 

mosaic viroid (PLMVd) belongs to the Avsunviridae family and the Pelamoviroid genus and is the 

causal agent of peach latent mosaic disease and peach calico disease (Di Serio et al., 2018). The 

genome of PLMVd is a 338 nt +ve ssRNA molecule (Di Serio et al., 2018). They replicate via a 

“symmetrical” rolling circle mechanism which is a unidirectional replication process that can 
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rapidly synthesize multiple copies of circular RNA (Flores et al., 2006). Newly synthesized RNA 

is cleaved to form oligomeric linear RNAs of +ve and -ve polarity (Tsagris et al., 2008).   

PLMVd is widespread in peach production systems worldwide (Tuncel, 2020), and is 

quite common in Ontario (Michelutti et al., 2004; Kim et al., 2008). Some characteristic symptoms 

of PLMVd include leaf mosaic, flower streaking, and fruit deformation and discolouration (Flores 

et al., 2006; Di Serio et al., 2018). PLMVd was originally considered to be latent but it was later 

determined that it can take up to two years post-infection for symptoms to appear. Symptoms can 

be inconsistent year to year, or an uneven distribution of symptoms can be observed within an 

infected tree (Flores et al., 2006). Most commonly PLMVd will infect and cause symptoms in 

peach (Prunus persica) and peach hybrids. However, it can also infect apricot (P. armeniaca), 

plum (P. domestica), sweet cherry (P. avium), almond (P. dulcis), pear (Pyrus communis L.), and 

Citrus spp. (Dubé et al., 2009). PLMVd can be transmitted through grafting, pruning, pollen, and 

aphids (Jo et al., 2015).  

1.3.2 Genus Potyvirus: Plum pox virus 

Plum pox virus (PPV) has been a major issue for growers in Ontario in the past. PPV was 

first reported in plum in Bulgaria in 1917 and was first identified in Ontario, Canada in 2000 

(Atanasoff, 1932; Thompson et al., 2001). PPV is a serious disease of Prunus species in the 

Niagara region and great efforts have been made by the Canadian government to eliminate this 

virus from the region (CFIA, 2022; Wang et al., 2006). Once reported in Canada, federal regulators 

imposed a quarantine zone around affected areas in Niagara and instituted restrictions on the 

movement of seeds and vegetative cuttings to prevent the spread of this virus (CFIA, 2022). As of 

2005, there were over 200,000 trees infected with PPV in Canada that were identified to be 

removed, resulting in considerable costs and setbacks to growers (Kim et al., 2008; Wang et al., 
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2006). A global estimate of the losses incurred from unmarketable fruits, eradication measures, 

surveys, and sample analysis from 1975-2005 could exceed $13 billion CAD (Cambra et al., 2006). 

Currently, PPV is still a regulated quarantine pest in Canada (CFIA, 2021), but the incidence of 

this virus has been greatly reduced. 

PPV is a +ve ssRNA virus in the family Potyviridae and genus Potyvirus. The viral genome 

is approximately 9.8 Kb in length and has one long ORF coding for a polyprotein of approximately 

350 kDa (Wang et al., 2006). The viral particles are long flexuous rods that are 12.5 nm in diameter 

and between 660 to 770 nm in length (Fernandez-Fernandez et al., 2002). PPV can infect a wide 

range of hosts including all Prunus species, European spindle tree (Euonymus europaeus), privet 

(Ligustrum spp.), walnut (Juglans spp.), and numerous herbaceous species including nightshades 

(Solanaceae spp.), petunia (Petunia spp.), white clover (Trifolium repens), tobacco (Nicotiana 

spp.), and Canada thistle (Cirsium arvense; Wang et al., 2006). PPV can be transmitted 

mechanically by budding and grafting, and through insect vectors, primarily the green peach aphid 

(Myzus persicae; Agrios, 2005). Primary symptoms can include dark rings on fruit appearing as 

pox-like marks giving the virus its name, reduction of fruit quantity and quality, severe leaf 

mottling, and vein yellowing (Agrios, 2005).  

1.3.3 Genus Ilarvirus 

There are 22 recognized virus species in the Ilarvirus genus and there are an additional 6 

virus genomes considered unclassified according to the recent International Committee of 

Taxonomy of Viruses (ICTV) report (Bujarski et al., 2019). The derivation of the name ilar- comes 

from “isometric virus particle, labile, and displays ringspot symptoms” (Bujarski et al., 2019). 

Ilarviruses mainly infect woody plants and they are a particular concern for fruit tree production 

(Maliogka et al., 2007). Multiple Ilarvirus species that can infect various Prunus species include 
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Tobacco streak virus (TSV), PDV, PNRSV. Ilarviruses are typically transmitted through pollen 

and can also be vectored by thrips (Maliogka et al., 2007).  

Ilarvirus genomes comprises of three separate RNA molecules. Typical sizes of the RNA 

molecules are approximately 3,500 nt for RNA1, 2,900 nt for RNA2 and 2,200 nt for RNA3. 

RNA1 has one ORF that encodes a helicase protein, which unwinds RNA strands facilitating viral 

replication, while RNA2 contains one ORF that encodes the RdRp (Shimura et al., 2013).  RNA3 

encodes the coat protein (CP) and movement protein (MP). Phylogenetic analysis of Ilarvirus 

genomic sequences can further divide this genus into four subgroups (Orfanidou et al., 2021). The 

distinction between subgroups has implications on their biology and interactions with the host, 

particularly in mixed infections. Ilarviruses in subgroups 1 and 2, including Tomato necrotic spot 

virus (ToNSV) and TSV, contain a second ORF that encodes a putative RNA silencing suppressor 

(RSS) protein, while viruses in subgroups 3 and 4, like PNRSV and PDV, do not (Shimura et al., 

2013; Simkovich et al., 2021b). The RSS protein works to suppress the RNA silencing mechanism 

of the host and can enhance the virus accumulation, promote virus movement within the plant, or 

enhance disease symptoms (Diaz-Pendon & Ding, 2008). Many ilarviruses can also produce a 

fourth subgenomic RNA (sgRNA) that encodes the coat protein, which can help to promote CP 

production (Figure 1.1). The viral CP molecules encapsidate individual viral RNA molecules 

forming a complete virion. The size and shape of Ilarvirus virions can vary depending on which 

RNA molecule is contained within the particle.  



 
 

9 

 
Figure 1.1: Diagram of Ilarvirus genome organization. RNAs 1, 2, 3 and subgenomic RNA 4 
are shown as blue boxes for the ORFs. The black lines indicate untranslated region (UTR). RdRp: 
RNA-dependent RNA polymerase, RSS: RNA silencing suppressor, MP: movement protein, CP: 
coat protein. The general size of each RNA molecule, based on the type member TSV, is indicated 
above each molecule. 
 

1.3.3.1 Tobacco streak virus 

TSV is the type member of the genus Ilarvirus and is in subgroup 1 (Sharman et al., 

2015). TSV is a tripartite +ve ssRNA virus that was first mentioned by Johnson (1936), but the 

properties were described by Fulton (1970). The genome consists of three RNA molecules RNA1, 

RNA2, and RNA3 which are 3,525, 2,898, and 2,211 nt in length, respectively (Padmanabhan et 

al., 2014). The viral particle is between 24 to 36 nm in diameter and is quasi-isometric (Kannan 

2012; Sharman et al., 2015). TSV is capable of infecting a wide range of at least 30 different plant 

families and over 140 genera, including fruit trees, ornamental crops, and weed species 

(Padmanabhan et al., 2014; Kannan, 2012; Wells-Hansen et al., 2016). TSV can cause serious 

diseases in sunflowers (Helianthus annuus), mung bean (Vigna radiata L.), and soybean (Glycine 

max; Kannan, 2012). Symptoms of TSV can include mosaics, ringspots, and chlorotic or necrotic 

local lesions. TSV is pollen and sap transmissible and is vectored via the cotton thrip (Frankliniella 
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schultzei), and some strains have been demonstrated to be vertically transmitted through seeds 

(Kannan, 2012). 

1.3.3.2 Prune dwarf virus 

PDV is a tripartite +ve ssRNA virus in the Ilarvirus genus, subgroup 4. The genome of 

PDV is comprised of RNA1, RNA2, and RNA3, which are 3,374, 2,593, and 2,129 nt in length, 

respectively (Koziel et al., 2017). PDV encodes a sgRNA4 that is encapsidated with RNA3 (Koziel 

et al., 2017). The sgRNA4 encodes the CP and is approximately 850 nt (Koziel et al., 2017). PDV 

can be transmitted through grafting, vegetative propagation, and pollen (Kinoti et al., 2018). PDV 

commonly infects sweet and sour cherries (Prunus avium); however, it has been reported in 

peaches (Pallas et al., 2012). The characteristic symptoms of PDV infection in Prunus species can 

include chlorotic ringspots, dwarfing, reduced fruit production, fewer leaves, and necrosis (Kinoti 

et al., 2018). Severe symptoms occur in mixed viral infections, especially when combined with 

PNRSV (Kim et al., 2011). PDV was reported in cherries in the Niagara region (Davidson & 

Rundans, 1972; Simkovich et al., 2021b) with an incidence from sweet cherry reported at 42%, as 

determined by DAS-ELISA (Simkovich et al., 2021b). Simkovich et al. (2021b) used a full-length 

cDNA clone of the PDV genome to artificially reproduce viral infection via plasmid-based 

transformation. Using this infectious clone, the host range of PDV was tested and shown to be able 

to infect sweet cherry, tobacco (Nicotiana benthamiana), squash (Cucurbita spp.), and cucumber 

(Cucumis sativus; Simkovich et al., 2021b).  

1.3.3.3 Prunus necrotic ringspot virus  

PNRSV is another common Ilarvirus in subgroup 3 that has a broad host range including 

Prunus species, rose and hops (Hammond, 2011). The genome sizes of PNRSV RNA molecules 

are RNA1 at 3,373 nt, RNA2 at 2,979 nt, and RNA3 at 2,053 nt. The virus is non-enveloped 
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composed of isometric or quasi-isometric particles of various sizes (Hammond, 2011). PNRSV 

infection can reduce tree growth by 10-30% and fruit yield by 20-60% (Agrios, 2005). PNRSV 

infected trees can have increased susceptibility to winter injury (Pallas et al., 2012). Sweet cherry 

rugose mosaic, almond calico, and line pattern disease in plum are all caused by PNRSV 

(Hammond, 2011). Primary symptoms of PNRSV may include rings, yellow spots, and chlorotic 

patterns on the leaves (Cui et al., 2012). Typically, symptoms appear in the first year of infection 

and then gradually transition to asymptomatic infection (Pallas et al., 2012). This virus is graft, 

seed, insect, and pollen transmissible (Hammond, 2011).  

1.3.3.4 Grapevine associated ilarvirus  

GaIV is a newly identified virus in the Ilarvirus genus recently identified through HTS of 

fungal-infected grape leaves in Italy and Spain (Chiapello et al., 2020). GaIV clusters 

phylogenetically with ilarviruses in subgroup 1. Researchers were able to recover a full genome 

sequence of GaIV from this metagenomics study, but little else has been reported on GaIV in terms 

of pathology, host range, or transmission (Chiapello et al., 2020). The lengths of RNA1, RNA2, 

and RNA3 are 3,447, 2,834, and 2,230 nt, respectively. RNA1 encodes a methyltransferase and 

helicase proteins, and is 81% identical to ToNSV, another recently identified Ilarvirus (Chiapello 

et al., 2020). Overall, this genus has a broad host range with a few established pathogens like PDV 

and PNRSV, and many new and emerging pathogens like GaIV and ToNSV. Ilarviruses are a 

major concern for fruit production worldwide (Pallas et al., 2012). 

1.3.4 Genus Nepovirus  

There are 40 species classified in the genus Nepovirus, according to the recent ICTV 

report (Thompson et al., 2017). Nepoviruses are bipartite +ve ssRNA viruses (Thompson et al., 

2017). The derivation of the name nepo- is from the characteristics of these viruses to be 
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“nematode-transmitted with polyhedral particles” (Thompson et al., 2017). ToRSV, Cherry leaf 

roll virus (CLRV), Myrobalan latent ringspot virus, Peach rosette mosaic virus, and Raspberry 

ringspot virus are common pathogens of Prunus species (Sanfacon, 2008). Ringspot symptoms 

are characteristic of infection by viruses in this genus but mottling and spots are also commonly 

observed (Thompson et al., 2017). Each Nepovirus RNA molecule is encapsidated in icosahedral 

viral particles. Phylogenetic analysis of nepoviruses indicates that they are divided into three 

subgroups named A, B, and C (Thompson et al., 2017). The organization within the subgroups is 

primarily determined based on the size of the RNA2 molecule and the characteristics of the viral 

genome (Thompson et al., 2017). Subgroup A has the shortest RNA2 molecule, typically 3,700-

4,000 nt, while subgroup B has an RNA2 of 4,400-4,700 nt, and subgroup C has the longest RNA2 

molecule of 6,400-7,300 nt (Thompson et al., 2017).  

Both RNA molecules encode long polyproteins that are processed into smaller proteins 

through viral-encoded proteases. The polyprotein of RNA1 (P1) includes the domains for X1, X2, 

nucleoside triphosphate-binding protein (NTB), viral genome-linked protein (VPg), protease 

(Pro), and polymerase (Pol) (Figure 1.2). The X1 protein function is unknown but the X2 functions 

as a membrane anchor for the viral replication complex (Zhang & Sanfacon, 2006). The 

polyprotein for RNA2 (P2) includes the domains for hypothetical peptides X3 and X4, MP, and 

CP (Figure 1.2). There is considerable conservation of untranslated region (UTR) regions, even 

between RNA molecules.  The 3’ UTR and 5’ UTR of RNA1 are highly similar to the same regions 

of RNA2 (~95% and ~90%, respectively) for subgroup A nepoviruses, and nearly identical for 

subgroups B and C (Thompson et al., 2017).  
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Figure 1.2: Diagram illustrating the genome organization of Nepoviruses. RNAs 1 and 2 are 
shown with respective viral protein domains. The untranslated regions (UTR) are shown as black 
lines. NTB: nucleoside triphosphate binding, Pro: protease, Pol: polymerase, MP: movement 
protein, CP: coat protein. X1, X2, X3, and X4 are putative proteins of unknown function.  

 

1.3.4.1 Tobacco ringspot virus 

Tobacco ringspot virus (TRSV) is a bipartite +ve ssRNA virus in the family Secoviridae 

and Nepovirus genus. TRSV is the type member and is in subgroup A (Yang et al., 2020). The 

genome consists of RNA1 and RNA2 which are 7,512 and 3,899 nt in length, respectively (Yang 

et al., 2020). The P1 polyprotein is 2,303 aa in length with five cleavage sites, while the P2 is 1,101 

aa (Yang et al., 2020). TRSV has a wide host range of at least 300 species including herbaceous 

and woody plants (Zhao et al., 2015). TRSV infected plants can exhibit typical ringspot symptoms 

on leaves, reduced growth of the tree, and reduced yield. However, it can also be asymptomatic in 

Prunus trees (Yang et al., 2020; Zhao et al., 2015; Dong et al., 2010).  

1.3.4.2 Cherry leaf roll virus 

CLRV is a bipartite +ve ssRNA virus in the family Secoviridae and genus Nepovirus within 

subgroup C. Virus particles are icosahedral, non-enveloped particles that are 28 nm in diameter 

(Buttner et al., 2011). The genome consists of RNA1 which is 7.0-8.2 Kb and RNA2 which is 6.3-

6.8 Kb with a 3’UTR of approximately 1,557 to 1,602 nt (Buttner et al., 2011). Unlike other species 
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in the Nepovirus genus, CLRV has not been confirmed to be transmitted through a nematode 

vector; CLRV is transmitted through seed and vegetative propagation (Buttner et al., 2011).  

CLRV has a broad host range, including 17 genera of woody plants and various herbaceous 

plants. Crop losses in sour cherry have been reported as high as 91-98% (Buttner et al., 2011). 

Trees that are co-infected with CLRV, PNRSV and PDV can experience a very rapid decline over 

a one- or two-year period (Buttner et al., 2011). Seeds from trees infected with CLRV, PDV, and 

PNRSV also showed a reduction in germination rate by 20-50% (Buttner et al., 2011). CLRV is a 

regulated plant virus in Canada, which could cause trade issues (CFIA, 2021). Some of the primary 

symptoms of CLRV include yellow vein netting, chlorotic ringspots, mottling, and leaf roll. 

Dieback is often observed in CLRV infected sweet cherries trees (Buttner et al., 2011). 

1.3.4.3 Tomato ringspot virus 

ToRSV is a bipartite +ve ssRNA virus in the family Secoviridae and in subgroup C of the 

Nepovirus genus. ToRSV was first identified by Price (1936) as tobacco ringspot virus 2. Later 

immunological studies confirmed that TRSV and ToRSV are two distinct species (Tall et al., 

1949). ToRSV can infect a wide range of herbaceous and perennial hosts including Prunus trees 

and has been associated with multiple diseases in plants, including peach stem pitting, peach 

yellow bud mosaic, and grapevine decline (Li et al., 2011). Younger trees, two to eight years old, 

are often more severely affected (Sanfacon & Fuchs, 2011). Symptoms of ToRSV infection can 

include yellowing and small leaves, leaf deformation, necrosis at graft union and complete tree 

collapse. Symptom severity can differ based on species of fruit trees and genetic variants of the 

virus (Sanfacon & Fuchs, 2011). Prevalence of ToRSV between 10-28% in Prunus species in 

Jordan has been reported (Al Nsour et al., 2010). ToRSV is a recurrent problem in North America, 
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causing serious disease of fruit trees, but the incidence of this virus in Canada is unknown 

(Sanfacon & Fuchs, 2011). 

1.4 ToRSV transmission and replication 

ToRSV can be transmitted through multiple means including vegetative propagation, 

pollen, seeds, grafting, and nematodes (Tang et al., 2014). A main transmission route of ToRSV 

is through pollen, especially for long-distance spread. Long distance spread of ToRSV can also be 

facilitated by nematodes being carried in soil from farm equipment, irrigation, animal feet, birds, 

produce, and nursery trees (Agrios, 2005). The dagger nematode Xiphinema spp. transmits ToRSV 

and is endemic to the Great Lakes region of North America (Li et al., 2011). Nematodes live in 

the soil where they puncture root cell walls to feed. During this feeding process, Xiphinema spp. 

can facilitate the horizontal transmission of viruses (Agrios, 2005).  

When ToRSV enters the cell, the virion is disassembled followed by viral ORF translation 

into a polyprotein, which is subsequently cleaved by viral encoded proteases to create individual 

viral proteins (Li et al., 2013). To protect viral RNA from the host nucleases and the host defence 

response, the polymerase, host factors, and viral RNA are all sequestered in a replication complex 

created by the virus (Sanfacon et al., 2006). The replication complex is a double membraned 

vesicle that is derived from modified endoplasmic reticulum membranes (Sanfacon et al., 2006; 

Han & Sanfacon, 2003). Within these vesicles, the newly translated viral RdRp uses the +ve RNA 

to synthesize the complementary negative strand which is then used as a template for the 

transcription of new +ve RNA strands (Li et al., 2013). New viral RNA exits the complex for 

translation. The coat protein encapsidates new viral RNA before exiting the cell and moving 

throughout the host. Since ToRSV is a bipartite virus, each RNA molecule is encapsidated 

separately (Sanfacon & Fuchs, 2011).  
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1.5 Genomic organization and strains of ToRSV 

Each ToRSV RNA molecule has a 5’ cap and poly(A) tail. The 5’UTR and 3’UTR are 

highly conserved and identical for both RNA molecules (Sanfacon & Fuchs, 2011; Thompson et 

al., 2017). The 5’UTR is 75 nt and the 3’UTR is 1506 nt in length. RNA 1 is 8,214 nt in length 

with one ORF of 6,591 nt (Rott et al., 1995). The molecular mass of the P1 polyprotein is 244 kDa 

that is cleaved into six individual proteins; X1, X2, NTB, VPg, Pro, and Pol (Figure 1.2; Rott et 

al., 1995; Sanfacon et al., 2006). The RNA1 proteins are responsible for the replication of the viral 

genome (Sanfacon & Fuchs, 2011). NTB plays a role in anchoring the viral replication complex, 

the protease functions to cleave the polyprotein, and the polymerase functions to replicate the viral 

genome. RNA 2 is 7,273 nt long with one ORF of 5,646 nt (Rott et al., 1991). The molecular mass 

of the P2 polyprotein is 207 kDa and is cleaved into four individual proteins; X3, X4, MP and CP 

(Figure 1.2; Sanfacon et al., 2006).  The proteins X1, X2, X3, and X4 are all putative proteins with 

unknown functions. RNA2 proteins direct the local and systemic movement of the virus within a 

plant (Sanfacon & Fuchs, 2011). The CP is the structural component of virions, and the MP is 

responsible for the movement of the virus from the original cell to adjacent plant cells.  

Many ToRSV strains have been identified, from diverse geographical areas and hosts 

(Paudel et al., 2018; Walker et al., 2015). The different strains of ToRSV have been isolated from 

various hosts including raspberry (Rubus idaeus), blueberry (Vaccinium corymbosum), grape (Vitis 

vinifera), tomato (Solanum lycopersicum), and peach (Prunus persica; Paudel et al., 2018; Walker 

et al., 2015). Some of the unique isolates includes raspberry, GYV-2014, PYBM, GVCC, 

Rasp_CL, 13C280, Rasp1-2014, PARC-28, PARC-29, PARC-43, and Staff (Table 1.1). GYV-

2014 was identified from a grape plant (Vitis vinifera) in California and is considered a mild strain. 

Rasp1-2014 is considered a severe strain and was identified from raspberry (Rubus idaeus) in 
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Washington (Paudel et al., 2018). It can be noted that isolates with highly similar 3’UTR region 

can display varying symptoms on indicator plants (Li et al., 2013). There is high genetic variability 

in the coat protein while the 3’UTR is highly conserved, as such the 3’UTR is ideal for detection 

of ToRSV.      

Table 1.1: ToRSV isolate, host, and location originally identified. 

ToRSV Isolate Name Host Identified From Location Accession Number a 

Raspberry Rubus idaeus Canada DQ641947.1 
GYV-2014 Vitis vinifera California, U.S.A. KM083892.1 

PYBM Prunus persica California, U.S.A. AF135408.1 
GVCC Vitis vinifera Missouri, U.S.A. FJ577800.1 

GYV-Geneva Vitis vinifera California, U.S.A. HM776000.1 
Rasp_CL Rubus idaeus Chile KR911669.1 
13C280 Prunus spp. Washington, U.S.A. KM083890.1 

Rasp1-2014 Rubus idaeus Washington, U.S.A. KM083894.1 
PARC-28 Rubus idaeus Canada HM776002.1 
PARC-29 Rubus idaeus Canada HM776003.1 
PARC-43 unknown Canada HM776004.1 

Staff Vitis vinifera Canada HM776011.1 
Apricot Prunus armeniaca Maryland, U.S.A. HM775997.1 

Rip Owbee unknown Maryland, U.S.A. HM776009.1 
PV-174 Vitis vinifera New York, U.S.A. HM776006.1 
WV18 Prunus persica West Virginia, U.S.A. HM776013.1 
Boyne Rubus idaeus Oregon, U.S.A. HM775998.1 

Amberg Malus spp. New York, U.S.A. HM775996.1 
PARC-18 Vaccinium corymbosum Washington, U.S.A. HM776001.1 
Chickadee Malus spp. Oregon, U.S.A. HM775999.1 
Rasp-OR Rubus idaeus Oregon, U.S.A. HM776010.1 

Taylor Vidal Prunus persica Maryland, U.S.A. HM776012.1 
RIB9001 Ribes rubrum Maryland, U.S.A. HM776008.1 
PV-100 Vitis vinifera California, U.S.A. HM776005.1 

a Genbank accession numbers 

1.6 Virus detection methods 

Viruses can have irregular distributions within plants, which can make detection difficult 

(Maliogka et al., 2018). Some viruses can be limited to the plant vasculature and do not enter into 
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leaf mesophyll cells (Honjo et al., 2020). Historically, multiple approaches for virus identification 

have been used including antibody-based detection techniques. In 1892 Dmitri Ivanovsky 

discovered the first virus, Tobacco mosaic virus (TMV) by filtering infected leaf material and 

discovering that it was still infectious (Ivanovsky, 1892; Lecoq, 2001). Recently, there has been a 

shift towards high-throughput sequencing (HTS). Some of the major methods for detection of 

viruses include enzyme-linked immunosorbent assay (ELISA), polymerase chain reaction (PCR), 

and HTS. Antibody-based ELISA detection of viruses was a major advance in the 1970’s and a 

commonly used approach in virology (Engvall & Perlmann, 1971). In this technique, antibodies 

were produced that could recognize purified viral coat protein molecules (Engvall & Perlmann, 

1971). More recently, PCR-based detection approaches are commonly used for virus detection. 

Roughly 90% of plant viruses have RNA genomes, therefore, reverse transcriptase-PCR (RT-PCR) 

is the most common detection protocol. For viruses that encode poly(A) tails, oligo dT primer is 

used for the RT step, while for viruses that do not encode a poly(A) tail a random hexamer primer 

can be used to initiate the RT step.  

HTS is a powerful technique that can be used to detect multiple viruses simultaneously 

and provide sequence information at the same time (Lightbody et al., 2019). There are many 

downstream applications from determining viral genomic sequences including identification of 

polymorphisms, recombination analysis, determining evolutionary relationships, creation of 

infectious clones, and vaccine development.  

Illumina is a second-generation sequencing platform that sequences by synthesis using 

fluorescent-labeled reversible terminator nucleotides (Slatko et al., 2018). Bridge amplification is 

used where specialized adapters are added to the ends of the sequences to bind to the 

complementary adaptor on the glass slide (Slatko et al., 2018). The sequence 5’ end adaptor binds 
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with the adaptor on the slide allowing the DNA molecule to bend and form a bridge-like structure 

to bind the 3’ end adaptor to the one on the glass slide (Slatko et al., 2018). The polymerase 

replicates these strands, they separate, and the process continues. Using nucleotides that are 

differentially labelled with fluorescent molecules, they are incorporated into a flow cell with the 

DNA and the detected fluorescence determines the nucleotide sequence (Slatko et al., 2018). This 

platform offers the best sequencing accuracy, high throughput, and best cost efficiency compared 

to other sequencing platforms.  

1.7 Multiple virus infection and synergy 

Prunus trees can accumulate multiple viruses over their lifetime, and co-infections are 

common. Mixed infections have been shown to change the host transcriptome (Herranz et al., 

2013), enhance infectivity (Basu et al., 2021), and increase disease severity (Kim et al., 2010). 

Genome activation has been observed in mixed infections leading to the accumulation of viral 

titers (Reusken et al., 1994), some viruses can show an increase in accumulation of one or both 

viruses. A common example of synergy is co-infection with PDV and PNRSV in peach trees, 

which is known as peach stunt disease (Kim et al., 2011). The symptoms of infection with PNRSV 

and PDV individually can range between 15 and 40% yield loss, yet mixed infection can result in 

an 80% death rate and 60% yield loss (Pallas et al., 2012; Caglayan et al., 2011). Many new viruses 

have been discovered recently due to the increased use of HTS detection methods. The interactions 

between many of these newly discovered and emerging viruses are not known. Mixed infections 

can either be synergistic or antagonistic depending on the host; interactions between viruses can 

be complex and often unpredictable. 
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1.8 Rapid Prunus Decline 

Rapid Apple Decline (RAD), also known as Sudden Apple Decline (SAD), is a disease 

that affects young apple trees, resulting in widespread and rapid death of trees (Stokstad 2019). 

Affected trees can exhibit cankers, trunk splitting, and necrosis beginning at the graft union (Liu 

et al., 2018). RAD is affecting dwarf apple trees and correlation to the M9 rootstock has been 

described, although all combinations of varieties and rootstocks seem to be affected (Liu et al., 

2018). Apple luteovirus 1 (ALV-1) was recently discovered in an attempt to identify the cause of 

RAD, but no direct correlation between ALV-1 and RAD was established (Liu et al., 2018). First 

observed in 2013, RAD has been an ongoing issue for apple growers, and to date researchers have 

not been able to identify the cause (Stokstad, 2019). 

Rapid Prunus Decline (RPD) is a new term used here to describe a similar emerging 

disease that results in rapid decline and death of Prunus trees. RPD affected trees are typically 

young, between two to eight years of age. RPD has been observed in all Prunus species in Ontario 

and there are many common symptoms among various Prunus species. The observed symptoms 

are broad and could be attributed to numerous abiotic and biotic causes.  

1.9 Objectives 

RPD affected trees display symptoms that are associated with other viral diseases; 

therefore, it was hypothesized that a viral pathogen is a possible causal agent. In order to 

investigate the potential links between RPD and viral infections, four primary objectives of this 

thesis were developed. 1) Identify and catalogue symptoms associated with decline, the extent of 

decline in Niagara in terms of number of orchards affects, and mortality rate in different Prunus 

species. 2) Identify viruses in diseased Prunus trees using RNA-seq. 3) Determine the frequency 

of ToRSV in declining trees and its correlation with RPD. 4) To determine the incidence of 
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ilarviruses co-infection in diseased Prunus trees and determine the sequence diversity of identified 

ilarviruses.  
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Chapter 2 

Characterization of Rapid Prunus Decline and Identification of Associated Plant Viruses 
 
2.1 Abstract 

Rapid Prunus Decline (RPD) is an emerging disease that results in rapid decline and death 

of Prunus species including apricots, peaches, plums, nectarines, and cherries. RPD has been 

observed in the Niagara region since 2018, and a survey of symptoms was conducted to identify 

common symptoms of decline between different Prunus spp. and understand the extent of this 

emerging decline. There is a wide range of symptoms associated with RPD including leaf 

chlorosis, wilted and smaller leaves, wilting and early ripening of the fruit, trunk splitting, branch 

death, reduced new growth, and death. The average mortality rate from 16 orchards in the Niagara 

region was 20% (n = 5240) among all Prunus species with the highest site-specific mortality rate 

was calculated at 67%. Leaf samples were collected from diseased trees for RNA sequencing 

(RNA-seq) and identification of virus sequences. A diverse group of 21 unique viruses were 

identified in total, but no single virus was present in each case of disease, suggesting species-

specific pathogen loads and complex interacting factors could be influencing this decline. 

2.2 Introduction  

Many tree fruit species are also known as stone fruits or tender fruits, including almonds, 

peaches, nectarines, plums, apricots, and cherries. The Niagara region in Ontario is the largest 

tender fruit growing region in Canada. When young trees become infected by a virus, fruit 

production can be negatively affected throughout the lifetime of the tree. Economic losses due to 

viral infection can be caused by reduced plant growth, delayed/faster fruit ripening, graft 

incompatibility issues, reduced lifespan, and producing smaller or fewer fruit (Diaz-Lara et al., 

2020). Stone fruit trees can accumulate many different viruses that can be latent, can occur with 
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low titers or with irregular within-plant distribution (Maliogka et al., 2018). Inter- and intra- 

species mixed infections can occur in a single tree which can add extra challenges for accurate 

identification of the causal agent (Maliogka et al., 2018).  

Some viruses have caused serious issues from Niagara tender fruit growers in the past. PPV 

is a major issue for growers and this virus can have serious effects on international trade. PPV is a 

regulated quarantine pest in Canada and a serious disease of Prunus species in the Niagara region 

(Wang et al., 2006) and is still a regulated quarantine pest in Canada (CFIA, 2021). The incidence 

of this virus has been greatly reduced and PPV is no longer a major concern. Ilarviruses PDV and 

PNRSV have previously been reported in Ontario Prunus species (Simkovich et al., 2021b). PDV 

commonly infects sweet and sour cherries however it has been reported in peaches (Pallas et al., 

2012). The characteristic symptoms of the virus include chlorotic ringspots, height and fruit 

reduction, fewer leaves, and necrosis. PNRSV has a broad host range including Prunus species, 

rose and hops. Primary symptoms of PNRSV may include rings, yellow spots, and chlorotic 

patterns on the leaves (Cui et al., 2012). RPD is an emerging disease that results in rapid decline 

and death of stone fruit trees with an unknown etiology. There is a wide range of factors that could 

account for the symptomology present in the trees. Viruses are common pathogens of Prunus trees 

and could be contributing to RPD. The objective of this study is to survey RPD affected orchards 

to characterize the symptomology of RPD and to identify viruses present in diseased trees in the 

Niagara region. 

2.3 Materials and Methods 

2.3.1 Sampling procedure 

Sixteen orchard sites in Beamsville, Jordan, and Niagara-on-the-Lake (NOTL), in Ontario, 

Canada, were identified with trees exhibiting severe signs of decline. Common disease symptoms 
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were recorded for each Prunus species at each site. From each site, 10 leaf samples were collected. 

Leaves were taken from various heights and all sides of the tree. Three composite samples were 

taken from nearby asymptomatic trees for apricot, peach, and nectarine from three sites, all in 

Jordan, which were used as controls for RNA sequencing.  

2.3.2 Symptom characterization 

In each plot, symptoms of diseased trees were recorded, and trees were labelled as either 

asymptomatic, collapsing, or dead (Figure 2.1, Figure 2.2). Dead trees were determined by the 

premature death of the vascular cambium underneath the bark above the graft union (Figure 2.1). 

Major symptoms recorded on declining trees were leaf chlorosis, wilting, cankers, gummosis, 

reduced leaves, and dead branches (Figure 2.1). Symptom frequency and mortality rate was 

calculated by counting the number of dead trees and dividing by the total number of trees in the 

plot.  

One orchard containing 169 nectarine trees, cultivar Fantasia Bailey planted in 2017, was 

used to monitor RPD symptoms more closely over a period of three years from 2019 to 2021. 

Leaves were collected from each individual tree in the plot PCR testing described in chapter 3. 

Samples were placed in a cooler bag on ice during sampling period until they were stored at -20˚C. 

In June 2020, new growth in nectarine trees was calculated by measuring from the bud scar to the 

tip of the branch on 10 symptomatic and 10 asymptomatic trees, with five measurements taken 

from each tree from different heights. 

2.3.3 RNA extraction 

Samples for RNA extraction consisted of 200 mg of leaf tissue in a BIOREBA extraction 

bag (BIOREBA AG, Switzerland). The sample was frozen in liquid nitrogen and ground to a fine 

powder using a mortar and pestle. RNA extraction was performed using the Total Plant RNA 
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Extraction kit (Sigma-Aldrich, Missouri, USA) and following the manufacturer’s instructions. 

Modifications to the protocol are described in the following section. Homogenized tissue was 

combined with 1000 µL lysis solution, vortexed, and incubated for 5 minutes at 56˚C. This solution 

was then centrifuged for 3 minutes at 16,000 RPM (CR-1730R CAPP Refrigerated Centrifuge, 

CAPP, Nordhausen, Germany). The supernatant was retained, and the remainder of the steps were 

following the manufacturer’s instructions.  

RNA concentration and quality was determined by measuring RNA absorbance at 260 

nm/280 nm using a nanodrop DS-11 FX Spectrophotometer (DeNovix, Delaware, USA). Total 

RNA concentration was recorded in µg/µL. RNA was flash-frozen in liquid nitrogen for 5 seconds 

and stored at -80˚C until use.  

2.3.4 RNA sequencing and bioinformatics analysis 

Samples were sequenced by Genome Quebec (Genome Quebec, Montreal, Canada) using 

Illumina NovaSeq 6000 with 50 M paired end reads for each sample. rRNA was depleted from 

RNA samples using the TruSeq Stranded Total RNA with Ribo-Zero Plant (Illumina, San Diego, 

USA) by Genome Quebec prior to library preparation to enhance the viral sequence reads. Paired-

end reads were imported into Geneious Prime software package (Geneious, Auckland, New 

Zealand). Sequences were trimmed using the BBDuk program in Geneious Prime with trim 

adapters turned on, trim low-quality minimum set at 20, trim adapters based on paired reads 

overhangs set at 20 bp, and minimum length set at 20 bp. De novo contig assembly was performed 

using the trimmed sequences on Geneious Prime.  

In addition, a script was designed to automate BLAST analysis of assembled sequences 

(Table S1). The assembled sequences were compared to the NCBI BLAST nucleotide database to 

match all contig sequences to known viral sequences. The script filtered through all the sequences 
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and pulled out all viral sequences into an Excel (Microsoft) file (Table S2). Plant virus sequences 

were manually identified and organized by family and genus. The virus coverage was determined 

by the length that the matched with the reference genome (Hit Length) divided by the length of 

the reference genome (Query Length):  

Equation 1: Virus coverage = !"#	%&'(#)
*+&,-	%&'(#)

 

Average genomic coverage was determined by adding all virus coverage values calculated using 

equation 1 and dividing by the sample number (n): 

Equation 2: Average genomic coverage = 
∑ !"#	%&'(#)
*+&,-	%&'(#)

'
 

A minimum of 10% average genomic coverage was required for positive detection. In addition, 

for multipartite viruses, at least one RNA molecule was required to fit the criteria. 

2.4 Results 

2.4.1 Survey of disease symptoms of Prunus species in the Niagara region 

Symptoms associated with RPD were recorded to determine common trends among 

different Prunus species, and to provide preliminary indications of what viruses might be involved. 

Major symptoms of decline were observed at all sites including leaf chlorosis, wilted leaves, and 

wilted fruit (Table 2.1, Figure 2.1). Additional symptoms included smaller leaves, early ripening 

of the fruit, smaller fruit, branch death, reduced new growth, trunk splitting, and death. Overall, 

trunk symptoms including brown vascular cambium, cankers, and gummosa were not as frequently 

observed compared to other symptoms (Table 2.1). Leaf and fruit wilting were the most common 

symptoms observed and were recorded at all sites examined. In full collapse, the tree may appear 

dead with all the leaves and fruit being brown and wilted (Figure 2.2B). Collapsed trees often had 

substantial fruit set that appeared completely wilted, suggesting sudden collapse of the tree, similar 
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to what has been observed with apples in RAD (Figure 2.2C). In general, apricots had more 

symptoms compared to other Prunus species, while plums had less obvious symptoms (Table 2.1).  

Table 2.1: Frequency of Rapid Prunus Decline symptoms observed in diseased Prunus 
species in Niagara.  A checkmark indicates the presence of the symptom in corresponding 
orchards.  

a Small leaves are leaves that are drastically smaller than those on asymptomatic trees (Figure 
2.1G). 
b Early fruit ripening was compared to asymptomatic trees. 
c Small fruit was compared to asymptomatic trees. 
d New growth was measured from the bud scar. 
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Figure 2.1: Symptoms of Rapid Prunus Decline in nectarine, apricot, and plum. A) Random 
mortality of trees within an orchard, B) wilting, C) canker, D) gummosis, E) trunk splitting, F) 
general chlorosis and collapse, and G) reduced plum leaf size. The leaf on the left was taken from 
an asymptomatic tree. 
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Figure 2.2: Canopy symptoms of Rapid Prunus Decline in plum. A) Three trees in decline with 
different symptom severity, B) disproportion of symptoms within a tree, and C) wilted leaves and 
fruit  remaining  on the tree 
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Reduced canopy size and new branch growth was identified in 11 out of the 16 orchards 

(Figure 2.3). To quantify this symptom, new growth was measured from the bud break for a total 

of 10 symptomatic and 10 asymptomatic trees. Symptomatic trees (Figure 2.3) had an average of 

27.1 cm of new growth, while asymptomatic trees had significantly more new growth, with an 

average of 60.0 cm (Student’s t-test, p < 0.01). Multiple branches on symptomatic trees showed a 

lack of new growth, suggesting widespread and systemic pathological issues. 

 
Figure 2.3: Reduced new growth in diseased nectarine trees. A) New growth measurements 
from bud scar to branch tip for asymptomatic and symptomatic trees (n = 10), B) image of 
symptomatic nectarine tree branches, with one branch showing new growth, and a second branch 
with no new growth from the previous year’s bud scar, C) image of an asymptomatic tree branch 
showing new growth. Arrows indicate the bud scar where the measurements began.  
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In the initial survey of RPD, variable symptoms were observed in Prunus species across 

the Niagara region. One of the most striking symptoms of this disorder is the rapid and unexplained 

death of the tree. In order to understand the pathology and regional extent of RPD, the percentage 

of symptomatic and dead trees was determined for each affected orchard and for each Prunus 

species grown in Niagara (Table 2.2). The Beamsville-1 apricot site (n = 138) had the highest 

percentage of symptomatic trees at 88.4%, while the lowest percentage of symptoms was a plum 

site, Jordan-1, with 1.3% diseased trees (n = 400; Table 2.2). On average, peaches were more 

severely affected with 31% symptomatic trees, while plums had the least number of symptomatic 

trees, with an average of 19% (Table 2.2). The total number of dead trees were counted and divided 

by the total number of trees in the orchard plot to determine the mortality rate for each site. 

Mortality rates were variable between sites and tree species, with the highest mortality rates 

recorded in apricots (67.4% dead trees) and the lowest in plums (0.3% dead trees; Table 2.2). 

Overall, there was a high frequency of collapsing and dying trees within the Niagara region. 
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Table 2.2: Age, percent symptomatic, and mortality rate of diseased Prunus trees in Niagara.  

a NOTL – Niagara-on-the-Lake 

 
2.4.2 Nectarine plot monitoring over three years 

In order to better understand the progression of RPD, a plot of young (2 years old) nectarine 

trees were monitored for RPD symptoms over the course of three years from 2019 to 2021 (Figure 

2.4; Figure S1). In early July 2019 at symptom onset, 6.5% (n = 11) trees were dead and by early 

September 2019, 24% (n = 40) were dead (Figure 2.4). Next growing season in late June 2020 

there was 28% (n = 47) dead trees and by late August 2020 there was 31% (n = 51) dead trees 

(Figure 2.4). The following year in late August 2021 there was 35% (n = 59) dead trees (Figure 

2.4). From the onset of this study, the mortality rate increased from 6.5% to 35% over three years.  

 

Species Location Age (years) Scion Rootstock Dead (%) Symptomatic (%) Number of Trees 
Apricot Beamsville-1 6 Harostar Haggith 67.4 88.4 138 

 Beamsville-2 4 Harrow joy Krymsk86 50.0 65.0 40 

 Jordan-3 2 Harrow joy  Krymsk86 36.2 36.2 58 
 aNOTL-1 2 Harrow blush Krymsk1 51.6 51.6 60 

 NOTL-3 4 Harrow star Krymsk86 3.1 14.3 1600 
 NOTL-5 8 Valor Unknown 6.9 13.1 160 
  NOTL-6 8 Valor Unknown 2.9 15.5 103 

Peach Jordan-2 15 Fantasia Bailey 2.7 21.2 400 
 Jordan-5 3 Fantasia Bailey 31.8 40.0 169 
  NOTL-4 10 Fantasia Bailey 3.2 22.4 920 

  Beamsville-4 5 PF27 Bailey 38.2 42.1 321 
Plum Beamsville-3 6 Violette Krymsk1 12.0 22.0 110 

 Jordan-1 6 Empress Krymsk86 0.3 1.3 400 

 Jordan-4 9 Early golden Myrobalan 1.7 30.0 60 
 NOTL-2 10 Empress Mixed 6.8 20.3 644 
  NOTL-7 6 Stanley Krymsk86 1.7 19.3 57 
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Figure 2.4: Disease progression of Rapid Prunus Decline in a nectarine orchard over three 
years in Niagara. Declining trees are those that are alive and symptomatic.  
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2.4.3 RNA sequencing of diseased Prunus trees  

Viruses are common pathogens of tree fruits and could be influencing RPD; therefore, a 

survey of viruses was conducted to determine viral presence. Total RNA was extracted from leaves 

collected from declining trees and sent for RNA sequencing. RNA-seq files were analyzed for the 

presence of known viruses based on sequence homology to viruses present in the NCBI nucleotide 

database. 21 viruses and viroids were identified from 11 families and 13 genera (Table S2; Table 

S3). Two unclassified plant viruses were also identified (Table S2; Table S3). In asymptomatic 

plants, fewer viruses were identified compared to symptomatic plants; on average one virus species 

was identified per asymptomatic sample compared to five from symptomatic samples (Table 2.3). 

Soybean leaf associate mitovirus (SlaMV), Soybean leaf associated ourmiavirus (SlaOurV), 

PLMVd, and PNRSV were the only viruses identified in asymptomatic trees (Table 2.3). Only 

viruses from diseased trees will be considered moving forward. 
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Table 2.3: Plant viruses identified in symptomatic and asymptomatic trees separated in Prunus trees. The number of samples that 
each virus was present in was indicated based on host species and health condition. A dash indicates no virus identification. A number 
indicates the number of samples the virus was identified in. PLMVd: Peach latent mosaic viroid, SlaMV: Soybean leaf associated 
mitovirus, GaIV: Grapevine associated ilarvirus, SlaOurV: Soybean leaf associated ourmiavirus, ApOlV: Apple ourmia-like virus, 
TRSV: Tobacco ringspot virus, NSPaV: Nectarine stem pitting associated virus, TSV: Tobacco streak virus, ClYMV: Clover yellow 
mosaic virus, GaJV: Grapevine associated jivivirus, ToRSV: Tomato ringspot virus, RPaTV: Red clover powdery mildew associated 
totivirus, PNRSV: Prunus necrotic ringspot virus, ToNSV: Tomato necrotic spot virus, GVLV: Grapevine virga-like virus, BMV: 
Brome mosaic virus, CVA: Cherry virus A, PDV: Prune dwarf virus, PVF: Prunus virus F, CLRV: Cherry leaf roll virus, EaTIV: 
Erysiphales associated tombus-like virus.  
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Apricot 1 - 1 - - - - - - - - - - 1 - - - - - - - - 

Nectarine 1 - - - - - - - - - - - - - - - - - - - - - 

Peach 1 1 - - 1 - - - - - - - - - - - - - - - - - 

Total 3 1 1 - 1 - - - - - - - - 1 - - - - - - - - 
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 Apricot 9 - 6 7 6 7 5 - 2 - 4 5 2 2 2 2 - - - - - 1 
Cherry 5 - 3 2 4 3 - - 1 - 2 - - 2 - 2 - 2 2 2 1 - 

Nectarine 6 5 3 2 2 1 2 4 4 1 - - 2 - 2 - - - - - 1 - 
Peach 16 16 4 5 4 - 2 5 1 6 - 1 2 - 1 - 4 - - - - - 
Plum 6 - 2 1 - 2 - - 1 - 1 - - 1 1 1 - - - - - - 
Total 42 21 18 17 16 13 9 9 9 7 7 6 6 5 6 5 4 2 2 2 2 1 
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Many viruses were frequently detected in diseased Prunus trees (Table 2.4). PLMVd was 

identified in 49% of samples (n = 22/45), GaIV was identified in 38% of samples (n = 17/45), 

Apple ourmia-ike virus was identified in 31% of samples (n = 14/45), and TSV was identified in 

20% of samples (n = 9/45). Other notable viruses include Cherry virus A (CVA), CLRV, Prunus 

virus F, and Red clover powdery mildew-associated virus. Interestingly, two soybean viruses were 

identified in high frequency (Table 2.4) which were SlaMV and SlaOurV each identified in 41% 

(n = 18/45) and 36% (n = 16/45) of samples, respectively.  

The average genomic coverage for viruses in all samples in diseased trees was determined 

using NGS sequencing data. Most of the viruses had average genomic coverages between 10-25% 

(Table 2.4). PLMVd and NSPaV, which were often found together in the same tree, had 89% and 

15% coverage, respectively. It is interesting to note that for the tripartite ilarviruses, RNA3 which 

encodes the movement protein and the coat protein usually had higher sequence coverage 

compared to other RNA molecules (Table 2.4). Similarly for bipartite nepoviruses, RNA2 which 

encodes the coat protein had higher sequence coverage compared to RNA1 (Table 2.4).  

 

 

 

 

 

 

 

 

 



 
 

37 

Table 2.4: List of plant viruses identified in Rapid Prunus Decline affected Prunus trees.  

 

 

Prunus is a diverse genus, and little is known regarding potential barriers to virus 

transmission between Prunus spp., or differences in viral host ranges. In order to better understand 

Virus

Acronym Family Genus
Total 

Contigs 

Number of 
Samples/ 

Total 
Samples

Area Mapped to
Average 
Genomic 
Coverage

Peach latent mosaic viroid PLMVd Avsunviroidae Pelmaoviroid 124 22/45 Whole genome 89%

Soybean leaf-associated mitovirus SlaMV Mitoviridae Mitovirus 90 18/45 Whole genome 22%

Whole genome 24%
RNA1 25%
RNA2 25%
RNA3 32%

Soybean leaf-associated ourmiavirus SlaOurV Botourmiaviridae Scleroulivirus 56 16/45 Whole genome 32%

Apple ourmia-like virus ApOlV Botourmiaviridae Ourmiavirus 33 14/45 RdRp 28%

Whole genome 9%
RNA1 6%
RNA2 14%

Nectarine stem pitting associated virus NSPaV Tombusviridae Luteovirus 90 9/45 Whole genome 15%

Whole genome 20%
RNA1 29%
RNA2 18%
RNA3 27%

Clover yellow mosaic virus ClYMV Alphaflexiviridae Potexvirus 34 7/45 Whole genome 10%

Whole genome 14%
RNA1 16%
RNA2 19%
RNA3 24%

Whole genome 6%
RNA1 4%
RNA2 8%

Red clover powdery mildew-associated totivirus RPaTV Totiviridae Totivirus 8 6/45 Whole genome 52%

Whole genome 26%
RNA1 17%
RNA2 20%
RNA3 47%

Whole genome 19%
RNA1 15%
RNA2 15%
RNA3 24%

Grapevine virga-like virus GVLV Unclassified Unclassified 11 5/45 Whole genome 18%

Whole genome 13%
RNA1 14%
RNA2 13%
RNA3 24%

Cherry virus A CVA Betaflexiviridae Capillovirus 62 2/45 Whole genome 17%

Whole genome 43%
RNA1 33%
RNA2 35%
RNA3 65%

Whole genome 11%
RNA1 7%
RNA2 16%

Whole genome 12%
RNA1 9%
RNA2 14%

Erysiphales associated tombus-like virus EaTlV Virgaviridae Tombusvirus 11 1/45 Whole genome 28%

Prunus necrotic ringspot virus

Tomato ringspot virus

Grapevine associated jivivirus 

Tobacco streak virus

Grapevine associated ilarvirus

Tobacco ringspot virus

Cherry leaf roll virus

Prunus virus F

Prune dwarf virus

Brome mosaic virus

Tomato necrotic spot virus

28

39

29

16

17/45

9/45

9/45

7/45

6/45

5/45

5/45

4/45

2/45

2/45

2/45CLRV Secoviridae Nepovirus

361

147

79

29

55

30

27

PDV Bromoviridae Ilarvirus

FabavirusSecoviridaePVF

ToNSV Bromoviridae Ilarvirus

BromovirusBromoviridaeBMV

NepovirusSecoviridaeToRSV

IlarvirusBromoviridaePNRSV

TSV Bromoviridae Ilarvirus

GaJV Unclassified Unclassified

GaIV Bromoviridae Ilarvirus

TRSV Secoviridae Nepovirus
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the distribution of viruses in each separate Prunus species, virus detection frequency was examined 

by tree species. PLMVd and NSPaV were very frequent in peaches (PLMVd n = 17/17, NSPaV n 

= 5/17) and nectarines (PLMVd n = 5/7, NSPaV n = 4/7), and were not detected in any other 

Prunus species (Figure 2.5; Table S2). Ilarviruses were commonly detected in peaches and 

nectarines including TRSV (n = 2/17 peaches and n = 2/7 nectarine), ToNSV (n = 0/17 peach and 

n = 2/7 nectarine), and TSV (n = 1/17 peach and n = 4/7 nectarine), and GaIV (n = 5/17 peach and 

n = 2/7 nectarine) (Figure 2.5).  

 
Figure 2.5: Frequency of major plant viruses identified in diseased Prunus trees in Niagara.  

 
Ilarviruses and nepoviruses were common in apricots. GaIV was the most frequently 

detected virus in apricots (78%, n = 7/9), with TSV and PNRSV also being identified (22%, n = 

2/9 for both viruses). Nepoviruses TRSV and ToRSV were most commonly detected viruses in 

apricots (56%, n = 5/9 for both viruses; Figure 2.5). Ilarviruses were also commonly detected in 
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cherries (n = 5), including PNRSV (40%, n = 2/5), PDV (40%, n = 2/5), GaIV (20%, n = 1/5), and 

TSV (20%, n = 1/5) (Figure 2.5). PDV was only identified in cherry samples (Table 2.4). PNRSV 

and PDV were both identified in cherry samples; co-infection with these two viruses was not 

identified. Plums (n = 6) had the lowest viral incidence and smallest range of viruses (Table 2.4). 

Again, ilarviruses were commonly detected in plums including GaIV (17%, n = 1/6), ToNSV 

(17%, n = 1/6), TSV (17%, n = 1/6), and PNRSV (17%, n = 1/6). These results suggest unique 

virus profiles for each individual Prunus species tested. 

2.5 Discussion  

RPD is a widespread and unexplained disorder causing extensive losses for tender fruit 

growers in Ontario. Using RNA-seq data, 21 virus and viroid species were identified in Prunus 

trees in the Niagara region. Ilarviruses and nepoviruses were the most commonly identified 

viruses. Different Prunus species had specific viral profiles, indicating a complex population of 

viruses in Prunus in Ontario. Many symptoms observed in RPD trees were similar to viral 

infections, and other factors could be acting synergistically with viruses to induce disease.  

Reduced new growth (Figure 2.3) and reduced leaf size were also common features of 

declining trees. Trees that had reduced new growth typically had a smaller canopy size compared 

to asymptomatic trees. Reduction in canopy size could negatively affect nutrient production via 

photosynthesis, which would put further stress on the tree (Burgess et al., 2017). Water and nutrient 

transfer disruption could explain the reduction in canopy size of diseased trees and suggests that 

RPD could be related to systemic nutrient and water transport issues. Drought and dehydration 

could also be negatively impacting tree health or could potentially exacerbate viral effects. 

Evidence of cankers and trunk blockage were also very common among RPD orchards. Cankers 

and tree trunk vasculature blockages could prevent water and nutrient transport through the tree, 
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resulting in wilting, reduced new growth, and branch death. Luteoviruses are considered to be 

phloem-limited viruses and could be impacting nutrient and water transport through these tissues 

(Granoff et al., 1999). Apple luteovirus 1 is a recently discovered virus that was associated with 

RAD (Liu et al., 2018). Related Luteovirus NSPaV was identified to be widespread in declining 

peaches and nectarines in this study. Further investigation into the role of luteoviruses in tree fruit 

production systems could help to better understand the symptoms caused by this genus of viruses.   

Recent research has postulated that for RAD extreme cold weather could play a role as it 

is weakening trees and making them susceptible to pathogens (Stokstad et al 2019; Singh et al., 

2019). Interestingly, PNRSV infection has been reported to cause an increase in susceptibility to 

winter injury, possibly playing a role in the range of symptoms observed in Prunus trees (Pallas et 

al., 2012). RPD is a complex disorder that may have multiple contributing factors that result in 

synergistic interactions including viral, bacterial, and fungal pathogens, rootstock choice and scion 

compatibility, chemical pesticides, drought, and extreme weather.  

Overall, apricots appeared to be more severely affected, while plums appeared more 

resilient. The highest mortality was observed at one apricot orchard. Anecdotally, this orchard was 

planted with a new rootstock variety known as Krymsk86 (Kathryn Carter, OMAFRA, personal 

communication). Krymsk86 was recently imported from Russia and had not been previously 

evaluated for performance in Canadian orchards. New rootstock varieties could cause issues 

including graft incompatibility but could also introduce new viruses to fruit production 

ecosystems.  

The most common plant viruses and viroid identified include PLMVd and NSPaV in 

peaches, while PDV and PNRSV were more frequent in cherries, and GaIV and ToRSV were more 

widespread (Table 2.5). PDV has previously been identified in high frequencies (42%) in Niagara 
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region cherries (Simkovich et al., 2021b), however, there was a very low detection rate of PDV in 

this study. It is interesting to note that the frequency overall of viruses in cherry samples examined 

here was much lower compared to other Prunus species. Peaches had a higher incidence of viruses 

and a more unique viral profile compared to other Prunus species. Recently, using similar and 

comparable sequencing methods, Jo et al. (2020) analyzed diseased plum leaf samples (n = 6) from 

Korea and there were 7 viroid and viruses identified. Surprisingly, viral profiles from this study 

were not similar to the viruses identified in Ontario, with only PNRSV being identified in both 

studies. Clearly there are a number of different pathogens of Prunus trees; identification of these 

viruses can allow for more specific management approaches to reduce viral impact and spread. 

Two soybean viruses were identified in high frequency which are SlaMV and SlaOurV, 

which were identified in 41 and 36% samples, respectively (Table 2.4). SlaMV is in family 

Mitoviridae (previously Narnaviridae) and genus Mitovirus and SlaOurV is in family 

Botourmiaviridae and genus Scleroulivirus (previously Ourmiavirus) (Marzano & Domier, 2016; 

ICTV, 2020; Ayllón et al., 2020). Typically, mitoviruses infect fungi and ourmiaviruses have been 

known to infect plants as well as fungi (Marzano & Domier, 2016). This could suggest high levels 

of fungal infection in these trees, which could also impact RPD severity. To the best of our 

knowledge, there are no major disease symptoms associated with ourmiaviruses, however, the high 

frequency of these viruses is concerning.  

In conclusion, this is the first report of RPD symptoms from 16 commercial orchards in the 

Niagara region of southern Ontario, Canada. Plums appeared to be more resilient to RPD while 

apricots had appeared more susceptible. GaIV was identified in high frequencies in all Prunus 

species examined. A diverse group of viruses was identified in diseased Prunus species, but no 
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single virus was present in each case of disease, suggesting complex interacting factors are causing 

this disorder.  
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Chapter 3 

Role of Tomato ringspot virus in Diseased Trees in the Niagara Region 

 
3.1 Abstract 

Tomato ringspot virus (ToRSV) is a plant virus that infects a wide range of hosts 

including most Prunus species. This virus can cause a wide range of symptoms which can be host-

dependent including yellowing and small leaves, leaf deformation, necrosis at the graft union, and 

complete collapse of the tree. As symptoms of ToRSV infection can be similar to those observed 

for RPD, in particular complete collapse of the tree, the frequency of ToRSV was determined in 

diseased and asymptomatic Prunus trees to better understand the relation between this virus and 

RPD. ToRSV was identified in 11.3% of asymptomatic trees and 13.2% of diseased trees and no 

correlation between the presence of the virus and RPD was identified. ToRSV was more common 

in peaches (27%) but was less common in cherries and plums (6% and 5%, respectively). While 

no direct correlation was observed, it is possible that sequence variation within the ToRSV genome 

could result in more virulent strains of the virus and could result in increased incidences of disease. 

In order to investigate this possibility, the 3’UTR was sequenced from a diseased apricot tree from 

Niagara. The 3’UTR sequence from a Niagara apricot had high nucleotide identity to Rasp_CL, 

an isolate from Chilean raspberries (Rubus idaeus), which is not known to be a particularly virulent 

strain of the virus. This study showed that ToRSV is present in the Niagara region, but there was 

no association found between RPD and the presence of ToRSV. 

3.2 Introduction 

ToRSV is prevalent worldwide, including local tender fruit production regions in New 

York, USA and Ontario, Canada (Powell et al., 1991; Xiao et al., 2018; Li et al., 2011). ToRSV 
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can infect a wide range of herbaceous and perennial hosts including Prunus trees and has been 

associated with multiple diseases in plants, including peach stem pitting, peach yellow bud mosaic, 

and grapevine decline (Li et al., 2011). Symptoms generally include yellowing and small leaves, 

leaf deformation, necrosis at the graft union and complete collapse of trees (Fuchs et al., 2010). 

Symptoms in Prunus species associated with ToRSV include spongy bark, pitting at the trunk 

base, reduced growth, chlorotic leaves, a sparse canopy, and tree death (Halbrendt et al., 1994). 

As the symptoms associated with ToRSV infection are similar to the symptoms observed for RPD, 

the role of ToRSV in RPD was further investigated.  

3.3 Materials and Methods 

3.3.1 Sample collection  

Sample collection protocol was previously described in section 2.3.1. A plot of 169 

nectarine trees (Fantasia Bailey) was used to monitor RPD symptoms in 2019, 2020, and 2021. 

The plot was located in Jordan, Ontario and each tree in the plot was sampled in September 2019. 

3.3.2 RNA isolation and RT-PCR 

Homogenization and RNA extraction was previously described in 2.3.3, RNA was used 

directly for cDNA synthesis following the manufacturer’s protocol (New England Biolabs, 

Ipswich, USA). The cDNA synthesis reaction contained 2 µL oligo dT, 2 µL 10X Moloney Murine 

Leukemia Virus (M-MuLV) Buffer, 1 µL M-MuLV reverse transcriptase (RT), and 1 µL 

deoxynucleoside triphosphate (dNTP) mix, and 1,000 ng of RNA for each sample. Samples were 

incubated at 42˚C for 1 hour and then 65˚C for 20 minutes and stored at -20˚C until use. 

ToRSV primers for RT-PCR detection were designed from the conserved 3’UTR of both 

RNA molecules producing an amplicon size of 181 bp (Table 3.1). The master mix contained 2 

µL 10X Taq DNA polymerase with standard Taq reaction buffer (New England Biolabs, Ipswich, 
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USA), 1.2 µL MgCl2, 0.4 µL dNTPs, 0.4 µL forward primer, 0.4 µL reverse primer, 0.1 µL Taq 

DNA polymerase (New England Biolabs, Ipswich, USA), and 13.5 µL of nuclease free H2O. Using 

a C1000 Touch Thermal Cycler (Bio-Rad Laboratories, USA), samples were incubated with the 

following settings: initial denaturation for 30 seconds at 95˚C, 40 cycles of denaturation for 30 

seconds at 95˚C, annealing at 59.3˚C for 30 seconds, extension at 72˚C for 15 seconds, and one 

final extension step at 72˚C for 2 minutes. The PCR products were visualized using electrophoresis 

on 2% agarose gel using 0.5 µL of 100 bp DNA ladder (Froggabio, Concord, Canada).  

Table 3.1: Primers and RT-PCR details for ToRSV detection and 3` UTR sequencing. 

Primer Name Genomic 
Region Primer Tm 

(°C) 
Amplicon 
size (bp) 

ToRSV-F 3’UTR 
RNA1 & 2 

GAATGGTTCCCAGCCACTT 59.3 181 ToRSV-R AGTCTCAACTTAACATACCAC 
ToRSV-R1-3UTR-6693F 3’UTR 

RNA1 
GCCGTTAGCAGCTTCCAAAA 59.0 1506 ToRSV-R1-3UTR-8199-R GACAAAGTTCGACACTACGAAAG 

 

3.3.3 Sanger sequencing 

In order to sequence the 3’UTR of ToRSV, ToRSV positive RNA was amplified using 

primers ToRSV-R1-3UTR-6693F and ToRSV-R1-3UTR-8199-R (Table 3.1). PCR products were 

run on a 1% agarose gel and excised for gel extraction purification using the QlAquick gel 

extraction kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions and sent for 

Sanger sequencing at the Mobix lab (McMaster Genomics Facility, Montreal, Canada). This 1506 

nt PCR amplicon of the 3’ UTR was then used for Sanger sequencing with primers designed every 

500 bp from the forward and reverse primers with overlapping regions to ensure complete 

sequencing coverage (Table 3.2), using the Q5 high fidelity DNA polymerase (New England 

Biolabs, Ipswich, USA).  
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Table 3.2: Primers used for Sanger sequencing of ToRSV 3’UTR. 
Primer Name Gene Region Primer 

ToRSV-R1-3UTR-5751F RNA1 3’UTR GCCGTTAGCAGCTTCCAAAA 
ToRSV-R1-3UTR-8199-R RNA1 3’UTR GACAAAGTTCGACACTACGAAAG 
ToRSV-R2-3UTR-6023F RNA2 3’UTR CTGTGGTGCCATGTGAGGAA 
ToRSV-R2-3UTR-7206-R RNA2 3’UTR GCAGCGTTTTGAAACACAAA 
ToRSV-R1-3UTR-7219R RNA1 3’UTR GGTTAGCCAACCCAAGTCCT 
ToRSV-R1-3UTR-7140-F RNA1 3’UTR AGTTGTCATAGCCTACCGATGAG 
ToRSV-R1-3UTR-7789-R RNA1 3’UTR ACTTCCAGACTCGCGTGGTA 
ToRSV-R1-3UTR-7632-F RNA1 3’UTR TGTCGTGTTTTCCACACGTT 
ToRSV-R1-3UTR-8038-F RNA1 3’UTR TCGGATACGGTCGAGTTACC 
ToRSV-R2-3UTR-6667-R RNA2 3’UTR CATGCTACTCTTATCCCTCAACG 
ToRSV-R2-3UTR-6506-F RNA2 3’UTR GCTATTGTTCCAGGCGTTTC 
ToRSV-R2-3UTR-7012-F RNA2 3’UTR GCCGTTAATTCGGTGCTTTA 

 
3.3.4 Phylogenetic analysis 

Individual sequence reads for the ToRSV 3’ region was assembled using SeqMan Pro 

(DNASTAR, Madison, USA) to create a consensus sequence. The reverse compliment of this 

sequence was used in the alignment. This 3’ UTR sequence from a Niagara isolate of ToRSV was 

aligned with the 3’UTR sequences of all known isolates of ToRSV available on NCBI using 

MEGAX (https://www.ncbi.nlm.nih.gov/) (HM776013.1, HM776012.1, HM776011.1, 

HM776010.1, HM776009.1, HM776008.1, HM776007.1, HM776006.1, HM776005.1, 

HM776004.1, HM776003.1, HM776002.1, HM776001.1, HM776000.1, HM775999.1, 

HM775998.1, HM775997.1, HM775996.1, KR911669.1, KM083890.1, KM083894.1, 

KM083892.1). All sequences were aligned with each other, and a maximum likelihood 

phylogenetic tree was created using MEGAX with 500 bootstraps.  

3.4 Results 

3.4.1 ToRSV prevalence within the Niagara region 

ToRSV infection can result in symptoms similar to those observed for RPD. Therefore, a 

survey was conducted to determine the presence of ToRSV in healthy and diseased Prunus trees. 

Using a RT-PCR based detection assay, ToRSV was identified in 65% (n = 15/23) of orchards 
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sampled in Niagara (data not shown). A total of 507 trees were tested from these 23 orchard sites 

and ToRSV was detected in 13% (n = 65) of Prunus trees (Figure 3.1). When examining the 

presence of ToRSV based on the health of the tree, ToRSV was identified in 11.3% (n = 13/115) 

of asymptomatic trees and 13.2% (n = 52/392) of symptomatic trees demonstrating decline 

symptoms (Figure 3.1). There was no significant association between the presence of ToRSV and 

tree health based on a chi-square test [χ2 (1, N = 507) = 0.31, p = 0.58].  

Since ToRSV can infect most Prunus spp., it is possible this virus could be having unique 

effects on disease in a particular Prunus species, but not others. Therefore, the species-specific 

frequency of ToRSV was determined. The frequency of ToRSV was highest in peaches (27%, n = 

45), followed by apricots (15%, n = 117), nectarines (12%, n = 239), plums (6%, n = 86), and 

cherries (5%, n = 20; Figure 3.2).  

 

 

 
Figure 3.1: Frequency of ToRSV detection in Prunus trees in the Niagara region. The sample 
size is below each bar column. No significant association was observed using Chi-square test [χ2 
(1, N = 507) = 0.31, p = 0.58]. 
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Figure 3.2: Frequency of ToRSV in different Prunus tree varieties. The sample size is 
indicated below each bar column.  

 
 
3.4.2 ToRSV detection in the nectarine orchard 

Since regional surveys are broad, they can often miss minute details, especially related to 

the presence of viruses. To assess the potential relationship more accurately between ToRSV and 

RPD, one nectarine orchard with active evidence of decline was observed over a period of three 

years and every tree was tested for ToRSV with RT-PCR based assay using primers ToRSV-F and 

ToRSV-R (Table 3.1). In total, 19/157 (12%) trees tested positive for ToRSV, 10 symptomatic 

trees (14%) and 9 asymptomatic trees (10%; Figure 3.3). No significant difference in the detection 

of ToRSV was observed in asymptomatic compared to symptomatic trees based on a chi square 

test [χ2 (1, N = 157) = 0.48, p = 0.49; Figure 3.3].  
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Figure 3.3: Plot map of ToRSV detection for each tree in a nectarine plot. (A) Plot map of the 
nectarine trees. + or – indicate ToRSV positive or negative, respectively. An X within the square 
indicates a tree that was not sampled. (B) The frequency of ToRSV positive trees in asymptomatic 
compared to symptomatic trees and the percentage is in parentheses.  

 
3.4.3 ToRSV strain identification 

While no significant relation between the presence and ToRSV was identified, it is possible 

that individual strains of the virus could be causing disease on a case by case basis. In order to 

better understand what strain of ToRSV was present in the Niagara region, the sequences of 

ToRSV recovered using RNA-seq was further analyzed to determine the most closely related viral 

strain (Table 3.3). The assembled contigs with high sequence identity to ToRSV were typically 

short, ranging from 150 nt-600 nt in length and did not cover substantial regions of the genome. 

ToRSV genome coverage was an average of 6% from all samples (Table 3.3). In general, fewer 
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than 400 reads were identified in each sample (Table 3.3). These sequences were BLASTed against 

the NCBI nucleotide database and determined that all sequences recovered for ToRSV had the 

highest nucleotide sequence identity with the Rasp_CL isolate, ranging from 87-100% nucleotide 

identity (Table 3.3). No major differences were observed between peach and apricot isolates (Table 

3.3).  

Table 3.3: Summary of reads mapped to ToRSV genome from diseased Niagara Prunus 
samples.  
 

Sample 
Name 

Year 
Sampled 

Location Species Raw Reads Trimmed 
Reads 

ToRSV 
Mapped 

Reads  

Contigs Identity 
(%) 

Hit Length Isolate 

18-6 2019 Beamsville Apricot 156,688,072 18,224,364 84 5 91-99 153-326 Rasp_CL 

18-10 2019 Beamsville Apricot 201,658,244 22,150,300 108 15 88-98 175-368 Rasp_CL 

19-12 2019 Beamsville Apricot 120,848,546 21,607,162 347 16 94-99 186-370 Rasp_CL 

20-8 2019 Beamsville Apricot 259,442,166 27,950,218 41 6 89-98 169-312 Rasp_CL 

21-7 2019 Beamsville Peach 191,959,800 32,214,534 22 2 97-98 156-307 Rasp_CL 

6.3-3 2020 Beamsville Apricot 160,108,678 23,711,540 177 11 87-100 173-620 Rasp_CL 

 

In order to determine the identity of the isolate of ToRSV, a 1,200 nt region of the full 3’ 

UTR was PCR amplified and sequenced from one apricot sample, labelled as 18-10. The Niagara 

isolate sequence had the highest percent identity to Rasp_CL with 97% identity (Figure 3.4). A 

maximum likelihood phylogenetic tree was created based on the 1,200 nt region of the 3’UTR, 

along with available sequences from GenBank. Sample 18-10 clustered with the Rasp_CL, 

RIB9001, and PV-100 isolates (Figure 3.4).   



 
 

51 

 
Figure 3.4: Maximum likelihood phylogeny of 3’UTR sequences of ToRSV. Niagara isolate, 
18-10, from diseased apricot indicated by a pink circle. The scale bar indicates nucleotide 
substitutions for branch length. The 3’UTR region of Tobacco ringspot virus (TRSV) Budblight 
isolate was used as an outgroup to root the tree.  

 
3.5 Discussion 

Little is known regarding the frequency of ToRSV in Prunus trees in Ontario. Other studies 

examining the frequency and distribution of ToRSV have demonstrated a frequency of 5% (n = 
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650) in blueberry (Vaccinium corymbosum) from New York, USA, strawberry (Fragaria × 

ananassa) from Oregon, USA at 7% (n = 227), and a frequency of 52% (n = 23) in white ash 

(Fraxinus americana L.) from New York, USA (Fuchs et al., 2010; Converse, 1981; Ferris & 

Castello, 1988). The frequency of ToRSV in Prunus trees (11-14%) in Niagara is not as high as in 

white ash (52%), but it is consistent with incidences of this virus reported for commercial fruit 

production in the region. Overall, the frequency of ToRSV was fairly consistent between different 

regions and plant species, however, peaches had the highest incidence at 27% (Figure 3.2). A study 

from Jordan determined the frequency of ToRSV at 16% in 2546 Prunus individuals, which is also 

consistent with results from this study (Al Nsour et al., 2010). ToRSV has a wide host range, is 

widely prevalent worldwide, and is a major concern for fruit production. Still, no strong correlation 

between ToRSV and RPD was observed, suggesting that ToRSV is not directly implicated in RPD. 

Based on genomic sequencing results, the closest identity of all sequences of ToRSV 

recovered from the Niagara region was the Rasp_CL isolate. This was further confirmed by 

targeted re-sequencing of the 3’UTR of one isolate of ToRSV, suggesting the primary strain of 

ToRSV is most closely related to Rasp_CL, an isolate from Chilean raspberries (Rubus idaeus; 

Rivera et al., 2016). Five ToRSV isolates have been identified in Canada, including raspberry, 

PARC-28, PARC-29, PARC-43, and Staff, from diverse hosts including raspberry (R. idaeus) and 

grape (Vitis vinifera; Walker et al., 2015; Li et al., 2011). The ToRSV isolates raspberry, PARC-

28, PARC-29 were isolated from raspberry (Li et al., 2011). The ToRSV isolate PARC-43 has an 

unknown host and ToRSV isolate Staff was originally identified from grapevine (Li et al., 2011). 

The Niagara isolate does not cluster with any of the previously identified Canadian isolates of 

ToRSV (Figure 3.4). Unfortunately, full genomic sequence of the virus was not obtained despite 

the high detection rate. In this study, multiple samples were amplified to sequence ToRSV, 
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however, only one sample was successful. Future studies should expand sequencing of ToRSV in 

order to better understand strain differences between all Prunus species, and from heathy and 

diseased trees. Sequencing should also be expanded beyond the 3’UTR to include other major 

domains including the RdRp and CP to fully understand the strain diversity within Niagara Prunus 

trees.  

Nematodes are a major transmission pathway for ToRSV, but it can also be transmitted 

through grafting and pollen. The dagger nematode (Xiphinema spp.) can transmit ToRSV and other 

nepoviruses. Dagger nematodes are endemic to the Niagara region and can be very prominent in 

orchards in Northern USA (Li et al., 2011; Dr. Tahera Sultana AAFC, personal communication). 

Treating for nematodes has fallen out of practice in Ontario recently. Implementing management 

practices, including applying fumigant nematicides, crop rotations, and nematode-resistant 

rootstocks, could help to reduce incidences and transmission of ToRSV in commercial fruit 

production.  
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Chapter 4 

Ilarviruses and Mixed Infections of Prunus Trees 
 
4.1 Abstract 

Ilarviruses are commonly found in Prunus trees and can be associated with a wide range 

of diseases and symptoms. Co-infection of ilarviruses in Prunus species can often result in severe 

symptoms and tree death. Accumulation of multiple viruses can cause long term negative effects 

on the trees resulting in a reduction in fruit yield and growth. Ilarviruses were the most frequent 

genus of viruses identified in Prunus trees with a 59% detection rate. The pathology of these mixed 

infections can be unpredictable; therefore, analysis of ilarvirus co-infections in Prunus trees was 

performed. Full genome sequences were De novo assembled for all identified ilarviruses. The 

sequences were aligned and used to create a phylogeny to understand the diversity of ilarviruses 

present. Using RNA sequencing data, viral co-infections were identified in diseased Prunus 

species where 33% of samples had two or more ilarviruses present and 5% of samples had three 

ilarviruses present. Grapevine associated ilarvirus (GaIV) was identified in numerous diseased 

Prunus trees (40%), often identified in co-infection with other ilarviruses. GaIV has not previously 

reported to infect Prunus species and has not previously been reported in Canada. Together this 

research shows the importance of utilizing HTS approaches for the detection of emerging viruses 

and for studying interactions between multiple viruses in the same host. 

4.2 Introduction 

Viruses in the genus Ilarvirus have been associated with a wide range of symptoms and 

are found primarily in woody plants and herbaceous species including stone fruits and tomatoes 

(Pallas et al., 2012; Kim et al., 2010).  Ilarviruses are considered labile viruses and have a tripartite 

genome that encodes for four or five proteins depending on the serological group (Pallas et al., 
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2013; Agrios, 2005). RNA 1, RNA 2, and RNA 3 encode for the helicase, RdRp, MP, and CP. 

Subgroups 1 and 2 encode a fifth protein, the RNA silencing suppressor (RSS). The genomic 

structure of multipartite viruses allows for the RNA molecules to evolve independently and have 

an increased replication rate. Many ilarviruses cause a shock to the host upon infection causing 

leaf and branch death, but plants can recover following the initial infection and show few 

symptoms (Pallas et al., 2013). In some cases, further symptoms can include leaf deformation and 

chlorosis, yield reduction, and increased susceptibility to winter injury (Pallas et al., 2012).  

Mixed infections of ilarviruses can produce more severe symptomology compared to singular 

infections. A common example of this phenomenon is co-infection by PDV and PNRSV which 

can cause peach stunt disease in peach (Kim et al., 2011). New viruses are frequently emerging 

and interactions between these viruses are complicated and poorly studied. Ilarviruses have been 

previously identified in Niagara Prunus trees in high frequency (Chapter 2), including the newly 

emerged GaIV. The objective of this study was to determine the frequency of all ilarviruses in the 

Niagara region and examine mixed infections of ilarviruses. 

4.3 Materials and Methods 

4.3.1 RNA sequencing and bioinformatics 

RNA sequencing and virus detection was performed and described in thesis section 2.3.4; 

however, additional steps were performed. Sequences were mapped to the reference genome of 

PDV, PNRSV, TSV, ToNSV, and GaIV using De novo assembly program on Geneious Prime 

(Geneious, Auckland, New Zealand) to create scaffolds. Scaffolds were aligned to the reference 

genome for each virus and a multiple sequence alignment was manually performed using SeqMan 

Pro (DNASTAR, Madison, USA).  
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4.3.2 Phylogenetic analysis 

Aligned sequences from section 4.3.1 and reference genome sequences for each Ilarvirus 

species available on NCBI GenBank were aligned with each other using the MUSCLE program 

(Multiple Sequence Comparison by Log-Expectation) in Geneious Prime (Geneious, Auckland, 

New Zealand). A maximum likelihood tree was created using MEGAX (Molecular Evolutionary 

Genetics Analysis, Philadelphia, USA) with 500 bootstraps. 

4.4 Results 

4.4.1 Presence of ilarviruses in declining trees 

Multiple ilarviruses were detected in diseased trees from the Niagara region through a 

survey of viruses using RNA-seq data. Ilarviruses were identified in 59% (n = 25/42) of diseased 

Prunus trees (Figure 4.1). GaIV was the most commonly detected virus and was identified in 40% 

(n = 17/42) of diseased samples (Figure 4.1). TSV was the second most frequent Ilarvirus 

identified (21%, n = 9), followed by ToNSV (12%, n = 5), PNRSV (11%, n = 5), and PDV (5%, 

n = 2) (Figure 4.1). Two or more ilarviruses were detected in 33% (n = 14/42) of diseased Prunus 

trees and three ilarviruses were detected in 5% (n = 2/42) of diseased Prunus trees (Figure 4.2). 

Nine of the 17 GaIV positive samples were identified in co-infection with another Ilarvirus. The 

majority of those co-infections were GaIV and TSV (Figure 4.2). Overall, GaIV and TSV were 

found together in 12% (n = 5/42) of the samples, while PDV (5%, n = 2/42), PNRSV (2%, n = 

1/42), and ToNSV (9%, n = 4/42) were also identified in co-infection with GaIV (Figure 4.2). The 

two samples that had three ilarviruses present were both with GaIV, TSV, and ToNSV (Figure 

4.2). When analyzing the incidence of ilarviruses, co-infections by fruit species, cherries and plums 

had few ilarvirus co-infections, while multiple co-infections were identified in apricots.  
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Figure 4.1: Frequency of Ilarvirus species in diseased Prunus trees in the Niagara region.  
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Figure 4.2: Ilarvirus co-infections in diseased Prunus trees. A) Total number of positive 
ilarvirus samples. B) Diagram representing the detection of each ilarvirus and the corresponding 
sample to visualize instances of co-infection of multiple ilarviruses. Blue square indicates positive 
viral detection in RNA-seq samples. Multiple blue squares horizontally indicate co-infection. 

 
4.4.2 Diversity of ilarviruses in diseased Prunus trees 

Complete genomic sequences for each ilarvirus were assembled from RNA-seq data sets 

derived from diseased Prunus trees, in order to evaluate genetic diversity. As ilarviruses are tri-

partite, each of the three RNA molecules can assort independently and show unique selective 
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pressures. One complete PDV genomic sequence was obtained from a cherry sample, 13c.7-1, 

which shares 98%, 95%, and 98% identity to the PDV reference genome sequence for RNA1 

(MT013233.1), RNA2 (MK522388.1), and RNA3 (L28145.1), respectively (Table 4.1). Complete 

TSV genomes were assembled from cherry sample 24.9-3 and nectarine sample 3.6-1. Both 

isolates show high nucleotide sequence identity to the published TSV reference sequences for 

RNA1 (97%, NC_003844.1), RNA2 (96%, NC_003842.1), and RNA3 (95%, NC_003845.1; 

Table 4.1). Although the cherry and nectarine TSV isolates have the same level of nucleotide 

sequence similarity to the reference sequence, they share 96%, 96%, and 98% nucleotide sequence 

similarity to each other for RNA1, RNA2, and RNA3, respectively, suggesting there could be 

different strains of the virus circulating in different Prunus species. 

Complete GaIV genome sequences were recovered from two apricot samples, 6.3-3 and 

6.8-3. Isolate from sample 6.3-3 shares 96%, 99%, and 98% identity to published GaIV sequences 

RNA1 (MN520742.1), RNA2 (MN520743.1), RNA3 (MN520744.1), respectively. Sample 6.8-3 

shares 97%, 98%, and 99% identity to published sequences of GaIV for RNA1, RNA2, and RNA3, 

respectively (Table 4.1). Samples 6.3-3 and 6.8-3 share 97%, 98% and 99% identity to each other 

for RNA1, RNA2, and RNA3, respectively. In all instances, the recovered genomic sequences of 

Niagara ilarvirus isolates clustered closely with the reference genome of each species on the 

phylogenetic tree of all representative species (Figure 4.3). 
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Table 4.1: Nucleotide sequence identity of ilarvirus isolates from Niagara compared to 
reference sequences.  

RNA molecule Virus Name Sample Name Fruit Species Identity (%) GenBank 
Accession 

RNA1 

GaIV 6.3-3 Apricot 96 MN520742.1 
6.8-3 Apricot 97 MN520742.1 

TSV 24.9-3 Cherry 97 MT669377.1 
3.6-1 Nectarine 97 MT669377.1 

PDV 13c.7-1 Cherry 98 MT013233.1 
PNRSV 6.3-3 Apricot 98 NC_004362.1 

RNA2 

GaIV 

6.3-3 Apricot 99 MN520743.1 
6.8-3 Apricot 98 MN520743.1 

21.10-3 Peach 99 MN520743.1 
27.2-3 Plum 99 MN520743.1 

ToNSV 3.10-3 Nectarine 94 MH780155.1 

TSV 24.9-3 Cherry 96 MT669378.1 
3.6-1 Nectarine 96 MT669378.1 

PDV 13c.7-1 Cherry 95 MK522388.1 
13c.3-2 Cherry 99 MK522388.1 

PNRSV 24.5-2 Cherry 95 NC_004363.1 
24.9-3 Cherry 97 NC_004363.1 

RNA3 

GaIV 

21.10-3 Peach 99 MN520744.1 
27.2-3 Plum 99 MN520744.1 
6.3-3 Apricot 98 MN520744.1 
6.8-3 Apricot 99 MN520744.1 

ToNSV 3.10-3 Nectarine 95 MH780156.1 

TSV 24.9-3 Cherry 95 KR017710.1 
3.6-1 Nectarine 95 KR017710.1 

PDV 13c.7-1 Cherry 98 L28145.1 
13c.3-2 Cherry 99 L28145.1 

PNRSV 
24.5-2 Cherry 99 MH427285.1 
6.3-3 Apricot 99 MH427285.1 
24.9-3 Cherry 99 MH427285.1 
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Sequences of Niagara ilarvirus isolates were aligned with all representative ilarvirus 

species sequences to highlight the diversity of ilarviruses identified. For RNA 1, two isolates of 

GaIV clustered with the reference sequence, while two isolates of TSV were slightly more 

divergent (Figure 4.3). One isolate of PDV and PNRSV clustered with their respective type 

species. For RNA 2, all isolates of TSV, ToNSV, PNRSV, and PDV were slightly diverged from 

the reference sequence whereas GaIV was not (Figure 4.4). For RNA 3, only TSV and ToNSV 

diverged from the reference sequences (Figure 4.5). The RNA2 and RNA3 molecules were fully 

sequenced for ToNSV but there was not full coverage for RNA1 (Table 4.1). The Niagara isolate 

was from a nectarine tree that showed 94% and 95% nucleotide identity to the reference sequences 

of ToNSV (Table 4.1). Four isolates clustered with GaIV (MN520742.1, MN520743.1, and 

MN520744.1). Two isolates (3.6-1, and 24.9-3) of TSV were recovered with 96-98% identity to 

one another. However, RNA3 from these two isolates appear more divergent, suggesting that 

recombination or reassortment of RNA3 occurred in Prunus sp. TSV isolates (Figure 4.5). 
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Figure 4.3: Molecular phylogenetic tree of ilarviruses species RNA 1 molecule in diseased 
Prunus species. All Ilarvirus sequences available in GenBank of NCBI were used to construct the 
phylogeny. A maximum-likelihood tree was constructed using MEGAX. Coloured circles indicate 
different Prunus species; pink: apricot, dark orange: nectarine, light orange: peach, purple: plum, 
and red: cherry. Scale bar indicates the rate of nucleotide substitutions.  Brome mosaic virus was 
used as the outgroup.  
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Figure 4.4: Molecular phylogenetic tree of ilarviruses species RNA 2 molecule in diseased 
Prunus species. All Ilarvirus sequences available in GenBank of NCBI were used to construct the 
phylogeny. A maximum-likelihood tree was constructed using MEGAX. Coloured circles indicate 
different Prunus species; pink: apricot, dark orange: nectarine, light orange: peach, purple: plum, 
and red: cherry. Scale bar indicates the rate of nucleotide substitutions.  Brome mosaic virus was 
used as the outgroup. 
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Figure 4.5: Molecular phylogenetic tree of ilarviruses species RNA 3 molecule in diseased 
Prunus species. All Ilarvirus sequences available in GenBank of NCBI were used to construct the 
phylogeny. A maximum-likelihood tree was constructed using MEGAX. Coloured circles indicate 
different Prunus species; pink: apricot, dark orange: nectarine, light orange: peach, purple: plum, 
and red: cherry. Scale bar indicates the rate of nucleotide substitutions.  Brome mosaic virus was 
used as the outgroup. 
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4.4.3 Sequence diversity of GaIV 
 

GaIV was the most frequently detected virus and was identified in all Prunus species tested. 

GalV genomic sequences recovered in Niagara were 96-99% similar to the GaIV reference 

sequence genome (MN520742.1, MN520743.1, MN520744.1; Figure 4.6) (Chiapello et al., 2020). 

GaIV is also 97-98% similar to two other viruses Solanum nigrum ilarvirus (SnIV; MN216370.1, 

MN216373.1, MN216376.1) isolated from European night shade (Solanum nigrum; Ma et al., 

2020), and unpublished sequences available on NCBI named Erysiphe necator associated ilar-like 

virus (EnaIV; MN630191.1, MN630189.1, MN630188.1). The genomic sequences of these three 

isolates share 97-98% identity to each other (Figure 4.6), suggesting that they are very closely 

related and could be considered the same viral species.  
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Figure 4.6: Pairwise nucleotide sequence similarity heatmap of Niagara isolates and 
Grapevine associated ilarvirus, Solanum nigrum ilarvirus, and Erysiphe necator associated 
ilar-like virus. A) Niagara isolate sequences that mapped to GaIV RNA 1 were compared to highly 
similar published sequences on NCBI (MN520742.1, MN216370.1, MN630191.1), B) Niagara 
isolate sequences that mapped to GaIV RNA 2 were compared to highly similar published 
sequences on NCBI (MN520743.1, MN216373.1, MN630189.1), C) Niagara isolate sequences 
that mapped to GaIV RNA 3 were compared to highly similar published sequences on NCBI 
(MN520744.1, MN216376.1, and MN630188.1). 

 
4.5 Discussion 

GaIV was present in all Prunus species tested from the Niagara region. Interestingly, this 

virus was only recently discovered in 2019, from Italian and Spanish grape samples through a 

metagenomics based approach on mixed-fungal infected samples (Chiapello et al., 2020). The very 

closely related SnlV was also identified in a metagenomic study of tomatoes and its wild relatives 

(Ma et al., 2020), while EnalV is associated with fungal infected plant tissues, based on the sample 

description accompanying the sequence entry on NCBI. The genomic sequences of GaIV, SnIV, 



 
 

67 

and EnaIV share 97-98% identity to each other indicating that they are very closely related. The 

International Committee on Taxonomy of Viruses does not list any specific nucleotide sequence 

identity cut-offs for determining new viral species for ilarviruses. Instead, it is recommended to be 

based on serology, host range, and sequence diversity (Burjarski et al., 2019). While these isolates 

are closely related, the host range of this viral complex is not exactly clear and if any sequence 

diversity defines particular host ranges for this species complex. To date, it is not clear if these 

viruses are infecting the plant, or the fungi associated with the plant hosts. Clearly this virus is 

widespread in the Niagara region commercial Prunus production, but the implications of this are 

not clear and worthy of further study. Even just considering Prunus spp. GaIV was recovered from 

apricots, peaches, cherries, and plums in the Niagara region, suggesting a broad host range within 

the Prunus genus. 

ToNSV is another emerging ilarvirus not previously associated with infection of Prunus 

spp. or of woody plants (Bratsch et al., 2019). ToNSV has only been previously identified in 

tomatoes (Solanum lycopersicum L.) from Indiana, U.S.A. in 2018 (Bratsch et al., 2019). There is 

only one full genome sequence available on the NCBI database that was published by Bratsch et 

al. (2019). In this study, only a partial genome consisting of complete RNA2 and RNA3 molecules 

was recovered from one nectarine sample. This is the first report of this virus in woody species 

and in tree fruits, further surveys of this virus should be conducted to determine its distribution 

and define its host range further. The identification of two tomato associated ilarviruses in Prunus 

production could suggest that ilarviruses and co-infection of ilarviruses are urgent issues that 

should be investigated further. 

Mixed infection in ilarviruses is also a serious concern and how GaIV interacts with other 

ilarviruses is a particularly interesting topic. Peach stunt disease causes severe symptoms in 
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peaches compared to PDV and PNRSV in singular infections which produces mild symptoms 

(Kim et al., 2011). Other instances of mixed infections were identified by Zong et al. (2015) and 

found that 82% (n = 62) of sweet cherries in China had co-infections with two or more viruses and 

47% were infected with four or five viruses. The researchers found that the most common viruses 

detected in mixed infections were PNRSV, PDV, CVA, and Little cherry virus 2 (LChV-2; Genus 

Ampelovirus). Similarly, we identified PDV, PNRSV, and CVA in diseased Niagara sweet cherry 

trees. Viral profiles from sweet cherry trees in China are similar to sweet cherry trees in Niagara 

(Zong et al., 2015). However, the symptoms observed from infected trees in Niagara differ from 

those in China. The China sweet cherry trees exhibited disease symptoms such as rugose mosaic 

in leaf, irregular shaped leaf blades or small leaf blades (Zong et al., 2015).  

Another interesting aspect of mixed infection of ilarviruses is the possibility for mutualistic 

interactions between ilarviruses to suppress host responses and promote their own replication. TSV 

CP has been demonstrated to be able to bind to the 3’ UTR of Alfalfa mosaic virus (AlMV) RNAs 

and can activate the AlMV genome promoting RNA replication (Reusken et al., 1994). Many 

ilarviruses were identified in Niagara samples and could have mutualistic effects. RNA silencing 

suppression is another interesting aspect of Ilarvirus biology and could affect potential interactions 

between ilarviruses and host responses. Ilarviruses are divided into four main groups, two of which 

contain an RSS, while two are not known to express an RSS (Orfanidou et al., 2021). Groups 1 

and 2, which putatively express an RSS, include GaIV, TSV, and ToNSV, while viruses not known 

to encode an RSS include PDV and PNRSV (Shimura et al., 2013; Orfanidou et al., 2021; 

Simkovich et al., 2021b). Viruses that encode RSS could facilitate co-infection with other 

ilarviruses, especially those that lack the RSS. GaIV in particular could have synergistic effects on 
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pathology when combined with PDV or PNRSV, which could have implications on decline issues 

in Niagara. 

Tree fruits are commonly long-lived crops that accumulate many viruses over the course 

of their life and mixed infections are worthy of further study. HTS is a useful tool in virus detection, 

especially in investigating mixed viral infections. Using this approach, we demonstrated that 

ilarviruses were the most frequently detected genus of viruses and were widespread in diseased 

Prunus trees in Niagara. Further research is urgently required to better understand the pathology 

of GaIV and its interaction with ilarviruses and other viruses.  
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Chapter 5 

General Discussion 

Viruses are a serious concern for food production and plant health. Here I investigated the 

presence of viruses in Prunus trees in the Niagara region and demonstrated that multiple viruses 

belonging to different genera are present in the region. Specifically relating to RPD, diseased trees 

often had higher viral loads than healthy trees, but no common virus was detected in all incidences 

of the disease (Chapter 2). The incidence of ToRSV in the Niagara region was determined to be 

high in peaches compared to other Prunus species (Chapter 3). Applications of HTS allowed the 

detection of multiple viruses in diseased trees, and mixed virus infections are a major concerns in 

tender fruit production. Ilarviruses are shown to be particularly frequent in diseased trees, and 

GaIV is an emerging pathogen, and its role in Prunus pathology should be further studied (Chapter 

4).  

5.1 Plant virus diversity in Niagara Prunus trees 

Each Prunus species had distinct viral profiles, information that could be used to develop 

species-specific management approaches or to identify priorities for future research. In this study, 

RNA-seq identified 8 viral species in diseased peach and nectarine, in which PLMVd, NSPaV, 

and BMV were only identified in peaches and nectarines, and were not identified in other Prunus 

species. NSPaV is an emerging Luteovirus distantly related to Apple luteovirus 1. It isn’t clear how 

this virus is transmitted, or many aspects of the underlying pathology of this virus. To the best of 

our knowledge, NSPaV has only been identified in nectarine and peach trees and it has been 

associated with severe stem-pitting symptoms. Luteoviruses have been reported to cause 

economically important diseases or as helper viruses for other pathogenic viruses (Bag et al., 

2015). It is possible that NSPaV could be acting as a helper virus aiding in aphid-transmission 
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(Murant, 1990). This virus could be a serious concern for peach production and further studies 

should examine interactions between NSPaV and PLMVd, which were both prominent in peaches.  

Two nepoviruses were identified in diseased Prunus trees, ToRSV and TRSV. Both viruses 

were not found in asymptomatic trees but were common in diseased apricot trees. While ToRSV 

presence was not correlated with RPD, this could still be causing serious issues and reducing fruit 

production. The strains of ToRSV identified in this study were closely related to Rasp_CL, 

RIB9001, and PV-100 isolates, which have not been reported in Canada previously. ToRSV is still 

prevalent in the region and can infect other plants that grow in the area which may contribute to 

decline in trees. Surveying local fruit production systems for nematode vector could help to reduce 

the spread of these viruses. 

5.2 Grapevine associated ilarvirus as an emerging pathogen 

GaIV was first reported in 2019 and little is known regarding its host range, pathology, or 

distribution worldwide. In this study GaIV was identified for the first time in multiple Niagara 

Prunus orchards as early as 2019. Given how prevalent this virus is, many questions remain 

regarding the transmission, infectious cycle, symptoms, molecular pathology, and host range of 

this virus. Since little is known, development of an infectious clone for GaIV would be a useful 

tool to investigate the pathology of GaIV. An infectious clone would also be very useful to test 

Koch’s Postulates to fully determine the role of GaIV in RPD. Sequence variations identified in 

the Italian grape isolates, SnIV, or EnaIV would be interesting to examine in relation to the 

pathology of this virus on different Prunus hosts. Beyond GaIV, exploring interactions between 

GaIV and other ilarviruses would also be very interesting. Infectious clones have been developed 

for PDV and PNRSV and could be used in combination with GaIV to understand their interactions 

more closely (Simkovich et al., 2021b; Cui & Wang, 2017). In this study, GaIV was recovered 
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from apricots, peaches, cherries, and plums in the Niagara region, suggesting a broad host range 

within the Prunus genus. ToNSV is another emerging ilarvirus not previously associated with 

infection of Prunus spp. or of woody plants. ToNSV has only been previously identified in 

tomatoes (Solanum lycopersicum L.) from Indiana, U.S.A. in 2018 (Bratsch et al., 2019). The 

identification of two tomato associated ilarviruses in Prunus production could suggest that 

ilarviruses and co-infection of ilarviruses are urgent issues that should be investigated further. 

5.3 Rapid Prunus Decline and implication for management 

RPD is a complex disorder that likely has multiple causes. Multiple viruses were identified 

in this study that could be contributing to RPD in cryptic ways. Nepoviruses have been serious 

issues in the past and improved soil fumigation could promote plant health in Niagara. Some 

viruses have evolved to be transmitted via pollen or seeds, such as ilarviruses and nepoviruses. 

Many insects are vectors to these pollen transmitted viruses and further the spread of the viruses 

to healthy plants. PNRSV has been shown to invade pollen grains and seeds causing a reduction 

in pollen germination (Amari et al., 2007; Amari et al., 2009). No management approaches are 

currently available for ilarviruses like PDV and PNRSV. Therefore, virus-tested clean plants 

should be implemented in orchards as a prevention measure. Further studies regarding mechanisms 

of pollen transmission and development of approaches to reduce this transmission pathway could 

help to reduce viral loads and incidence of disease. 

While no single virus was identified infecting all diseased trees in this study, multiple viruses 

were identified that could be contributing to RPD. Many other factors could also affect RPD and 

determining specific causes for this decline could be difficult. Rapid climate change and 

fluctuating weather pattens could cause severe stress on trees, which would influence viral 

infections in unpredictable ways (Singh et al., 2019). Bacterial and fungal pathogens could also be 
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contributing to RPD and potentially interacting with viruses indirectly. Mixed infections are 

common in agriculture and can result in an increase of disease severity (Mascia & Gallitelli, 2016; 

Hull, 2013). In addition, increased chemical use, or long-term chemical use and other aspects of 

intensive industrial agriculture could be having overall negative effects on tree heath, which could 

in turn negatively impact resistance to viral infection (Ruiz et al., 2017). RPD is a serious, complex 

issue that is causing serious losses for growers, further research is required to fully explore cryptic 

combinations of stress that could result in tree collapse. One key observation is the widespread 

extent of drought and wilting symptoms, all of which could be related to viral infection of the plant 

vasculature resulting in blockages or inhibition of water/nutrient transport, which could provide 

openings for advantageous pathogens and result in decline.  
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Supplementary Figures and Tables 
 

 
Supplemental Figure S1: Rapid Prunus Decline disease progression over two years. Green 
squares indicate a asymptomatic or asymptomatic tree. Yellow squares indicate a collapsing tree 
exhibiting mild symptomology associated with Rapid Prunus Decline. Red squares indicate the 
complete collapse and death of the tree. An X within the square indicates that this dead tree either 
has no leaves and fruit or was removed after death and therefore cannot be sampled.  
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Supplemental Table S1: BLAST automation coding. A file should be created with the 
corresponding code inside. All files should be placed in a folder named “blast_scripts”.  

File Name Code 
Blast_summary.sh echo ------------------------ 

echo BLAST input: $1 
echo BLAST output: $2 
echo Sample ID: $3 
echo ------------------------ 
echo Preparing input file... 
time python3 qton.py $1 
echo " " 
echo Running BLAST... 
time blastn -db nt -query $1 -max_target_seqs 1 -out $2 -evalue 1e-60 -num_threads 2 -outfmt 
"6 qseqid sseqid pident length mismatch gapopen qstart qend sstart send evalue qlen slen 
staxids sscinames scomnames sblastnames sskingdoms stitle salltitles"  
#sed -i 
'1s/^/qseqid\tsseqid\tpident\tlength\tmismatch\tgapopen\tqstart\tqend\tsstart\tsend\tevalue\tq
len\tslen\tstaxids\tsscinames\tscomnames\tsblastnames\tsskingdoms\tstitle\tsalltitles\n/' $2 
echo " " 
echo Extracting viral sequences, summarizing results... 
time python3 digest.py $2 $3 
echo " " 
echo Summary written to: "$3"_blast_summary.csv 

Digest.py import re 
import sys 
## Call this script in the command line with: 
## python3 digest.py <blastresultsfile> <sampleID> 
if len(sys.argv) < 3: 
    print("Not enough arguments.\nEnter: python3 digest.py <blastresultsfile> <sampleID>") 
    quit() 
# load blast hits for sample n 
def loadhits():  
    fin = open(sys.argv[1]) 
    blasthits = list(map(lambda x: x.split('\t'), fin.readlines())) 
    fin.close() 
    return blasthits 
# trim to top hits only 
def tophits(blasthits): 
    top = [] 
    logged = [] 
    for h in blasthits: 
        if not(h[0] in logged): 
            top.append(h) 
            logged.append(h[0]) 
    return top 
# trim to viruses, only keep relevant info, sort by virus into dictionary 
def virustrim(tophits): 
    virushits = list(filter(lambda x: 'Viruses' in x, tophits)) 
    short = list(map(lambda x: [x[0], x[1], x[2], x[3], x[14], x[11], x[12]], virushits)) 
    virkeys = list(map(lambda x: x[4], short)) 
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    vhitsdict = dict.fromkeys(list(dict.fromkeys(virkeys))) 
    for key in virkeys: 
        vhitsdict[key] = list(filter(lambda x: x[4] == key, short)) 
    return vhitsdict 
# sorts hits by contig count, then min length (for summary) 
def summaryorder(hit): 
    hit = hit.split(',') 
    lower = re.compile('[0-9]+') 
    hlow = int(lower.findall(hit[4])[0]) 
    return int(hit[3])*-1000000 - hlow 
# summarize contigs data 
def summarize(hitsdict): 
    summary = []  
    summary.append('\n') 
    summary.append('Sample '+sys.argv[2]+' BLAST summary\n') 
    summary.append(',,Virus,Contigs,Hit Length,Identity\n') 
    hitlist = [] 
    for k in hitsdict: 
        #virus = k 
        contigs = str(len(hitsdict[k])) 
        hitlens = list(map(lambda x: int(x[3]), hitsdict[k])) 
        hlrange = str(min(hitlens))+' - '+str(max(hitlens)) 
        pidents = list(map(lambda x: float(x[2]), hitsdict[k])) 
        idrange = str(min(pidents))+' - '+str(max(pidents))  
        hitlist.append(',,'+','.join([k, contigs, hlrange, idrange])+'\n') 
    hitlist.sort(key=summaryorder) 
    summary.extend(hitlist) 
    summary.append('\n')    
    return summary 
# create output file 
def output(hitsdict): 
    data = [] 
    lst = [] 
    for k in hitsdict: 
        lst.extend(hitsdict[k]) 
    contig_num = re.compile('_[0-9]+') 
    #annotate = re.compile(f'\|{sample}\|.*') 
    access = re.compile('\|[^a-z]+\.[0-9]+') 
    for hit in lst: 
        contig = contig_num.findall(hit[0])[0][1:] 
        virus = hit[4] 
        pid = hit[2] 
        alnlen = hit[3] 
        annotation = 'N/A' 
        qlen = hit[5] 
        slen = hit[6] 
        accession = access.findall(hit[1])[0][1:] 
        data.append(','.join([sys.argv[2], contig, virus, pid, alnlen,  
                              annotation, qlen, slen, accession])+'\n') 
    lowpid = list(filter(lambda x: float(x.split(',')[3]) < 95, data)) 
    lowpid.sort(key = lambda x: float(x.split(',')[3])) 



 
 

92 

    lowpid = lowpid[:15] 
    headings = ','.join(['Sample #','Contig #','Virus','Identity', 
                          'Hit Length','Annotation','Query Length', 
                          'Subject Length','Accession'])+'\n' 
    summary = summarize(hitsdict) 
    fout = open(sys.argv[2]+'_blast_summary.csv', 'w') 
    for s in summary: 
        fout.write(s) 
    fout.write('Lowest identity top hits:\n') 
    fout.write(headings) 
    for l in lowpid: 
        fout.write(l) 
    fout.write('\n') 
    fout.write('All hits:\n') 
    fout.write(headings) 
    for d in data: 
        fout.write(d) 
    fout.close() 
output(virustrim(tophits(loadhits()))) 

Nuvselect.py import re 
import sys 
## Call this script in the command line with: 
## python3 select.py <sequencefile> <list> <outputfile> 
if len(sys.argv) < 4: 
    print("Not enough arguments.\nEnter: python3 nuvselect.py <sequencefile> <list> 
<outputfile>") 
    quit() 
fin = open(sys.argv[1]) 
data = fin.read() 
fin.close() 
writethese = sys.argv[2].split(',') 
try: 
    writethese = list(map(int, writethese)) 
except: 
    print('Incorrect list format. Separate each number with ",".\nExample: 3,48,94,213,4089') 
writethese = list(map(str, writethese)) 
contigs = '' 
for num in writethese: 
    hit = re.compile(f'>sequence_{num}\|.+\|.*\n.*\n') 
    findhit = hit.findall(data) 
    try: 
        contigs+=findhit[0] 
    except: 
        print('Contig '+num+' not found') 
 #   hit = re.compile(f'>sequence_{num}\|.+\|.*\n.*\n') 
 #   findhit = hit.findall(data)[0] 
 #   contigs+=findhit 
fout = open(sys.argv[3], 'w') 
fout.write(contigs) 
fout.close() 

Primeselect.py import re 
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import sys 
## Call this script in the command line with: 
## python3 select.py <sequencefile> <list> <outputfile> 
if len(sys.argv) < 4: 
    print("Not enough arguments.\nEnter: python3 nuvselect.py <sequencefile> <list> 
<outputfile>") 
    quit() 
fin = open(sys.argv[1]) 
data = fin.read() 
fin.close() 
 
writethese = sys.argv[2].split(',') 
try: 
    writethese = list(map(int, writethese)) 
except: 
    print('Incorrect list format. Separate each number with ",".\nExample: 3,48,94,213,4089') 
writethese = list(map(str, writethese)) 
contigs = '' 
for num in writethese: 
    hit = re.compile(f'(>Contig_{num}.+\n([A-Z]*\n)+)') 
    findhit = hit.findall(data) 
    try: 
        contigs+=findhit[0][0] 
    except: 
        print('Contig '+num+' not found') 
 #   hit = re.compile(f'>sequence_{num}\|.+\|.*\n.*\n') 
 #   findhit = hit.findall(data)[0] 
 #   contigs+=findhit 
fout = open(sys.argv[3], 'w') 
fout.write(contigs) 
fout.close() 

Qton.py import sys 
## Replace all "?" characters with "N" 
## Call this script in the command line with: 
## python3 qton.py <sequencefile> 
if len(sys.argv) != 2: 
    print("qton.py takes exactly one argument.\nEnter: python3 qton.py <sequencefile>") 
    quit() 
fin = open(sys.argv[1]) 
data = fin.read() 
fin.close() 
data = data.replace('?', 'N') 
fout = open(sys.argv[1], 'w') 
fout.write(data) 
fout.close() 
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Supplemental Table S2: Complete list of all viruses identified in sequenced samples. 44 plant 
viruses were identified, and 73 viruses infect other hosts. Of the other virus hosts, 1 was algal, 8 
bacterial, 51 fungal, 8 insects, and 5 mammalians.  

Virus Host Type Genus Number of Contigs 
Mapped 

Number of 
Samples 

Bremia lactucae associated narnavirus 3 Algae Narnavirus 4 4 

Xanthomonas phage XaF13 Bacteria Inoviridae 1 1 

Pseudomonas phage MR15 Bacteria Siphoviridae 6 2 

Pseudomonas phage phiPSA1 Bacteria Siphoviridae 1 1 

Bacteriophage sp. Bacteria Unclassified 1 1 

Enterobacteria phage RB59 Bacteria Unclassified 1 1 

Escherichia phage vB_vPM_PD112 Bacteria Unclassified 1 1 

Phage 67_12 Bacteria Unclassified 3 3 

Ralstonia phage Raharianne Bacteria Unclassified 4 4 

Plasmopara viticola lesion associated alpha-like virus Fungus Alphavirus 2 1 

Alternaria alternata chrysovirus 1 Fungus Betachrysovirus 87 15 

Acremonium sclerotigenum ourmia-like virus 1 Fungus Botourmiaviridae 2 1 

Cladosporium cladosporioides ourmia-like virus Fungus Botourmiaviridae 145 19 

Epicoccum nigrum ourmia-like virus 2 Fungus Botourmiaviridae 3 2 

Erysiphales ourmia-like virus 2 Fungus Botourmiaviridae 9 4 

Erysiphe necator associated ourmia-like virus Fungus Botourmiaviridae 15 9 

Penicillium sumatrense ourmia-like virus 1 Fungus Botourmiaviridae 110 8 

Phaeoacremonium minimum ourmia-like virus Fungus Botourmiaviridae 94 13 

uncultured chrysovirus Fungus Chrysovirus 1 1 

Erysiphe necator associated fusarivirus 1 Fungus Fusariviridae 7 1 

Alternaria arborescens mitovirus 1 Fungus Mitovirus 45 10 

Alternaria brassicicola mitovirus Fungus Mitovirus 1 1 

Botrytis cinerea mitovirus 1 Fungus Mitovirus 2 2 

Nigrospora oryzae mitovirus Fungus Mitovirus 3 1 

Plasmopara viticola lesion associated mitovirus Fungus Mitovirus 51 17 

Sclerotinia sclerotiorum mitovirus 3 Fungus Mitovirus 1 1 

Setosphaeria turcica mitovirus 1 Fungus Mitovirus 2 2 

Botrytis cinerea binarnavirus Fungus Narnaviridae 5 2 

Erysiphe necator associated narnavirus Fungus Narnavirus 27 5 

Neofusicoccum parvum narnavirus Fungus Narnavirus 22 5 

Plasmopara viticola lesion associated narnavirus Fungus Narnavirus 155 18 

Tetranychus urticae-associated narnavirus Fungus Narnavirus 2 1 

Botrytis cinerea negative-stranded RNA virus 2 Fungus Negarnaviricota 1 1 

Bremia lactucae associated ourmia-like virus 1 Fungus Ourmiavirus 18 5 

Plasmopara viticola lesion associated ourmia-like virus Fungus Ourmiavirus 1471 31 

Alternaria alternata partitivirus 1 Fungus Partitiviridae 80 14 
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Delitschia confertaspora partitivirus 1 Fungus Partitiviridae 2 2 

Hypomyces chrysospermus partitivirus 1 Fungus Partitiviridae 1 1 

Partitiviridae sp. Fungus Partitiviridae 6 2 

Plasmopara viticola lesion associated Partitivirus Fungus Partitiviridae 9 4 

Podosphaera prunicola partitivirus Fungus Partitiviridae 13 1 

Sclerotinia sclerotiorum partitivirus 3 Fungus Partitiviridae 1 1 

uncultured partitivirus Fungus Partitivirus 11 4 

Tetranychus urticae-associated picorna-like virus 1 Fungus Picornavirales 8 2 

Teucrium fruticans picorna-like virus Fungus Picornavirales 1 1 

Plasmopara viticola lesion associated fusarivirus Fungus Riboviria 53 7 

Plasmopara viticola lesion associated mononegaambi virus Fungus Riboviria 26 9 

Plasmopara viticola lesion associated mycobunyavirales-like virus Fungus Riboviria 40 9 

Plasmopara viticola lesion associated orfanplasmovirus Fungus Riboviria 213 17 

Plasmopara viticola lesion associated polymycovirus Fungus Riboviria 9 4 

Plasmopara viticola lesion associated vivivirus 1 Fungus Riboviria 64 11 

Setosphaeria turcica ambiguivirus 1 Fungus Riboviria 1 1 

uncultured totivirus Fungus Totivirus 1 1 

Leptosphaerulina chartarum flexivirus 1 Fungus Tymovirales 36 3 

Botrytis cinerea umbra-like virus 1 Fungus Umbravirus 7 1 

Alternaria alternata fusarivirus 1 Fungus Unclassified 7 1 

Bipolaris maydis partitivirus 1 Fungus Unclassified 1 1 

Coniothyrium diplodiella negative-stranded RNA virus 1 Fungus Unclassified 1 1 

Coniothyrium minitans RNA virus Fungus Victorivirus 7 2 

Sclerotinia sclerotiorum virga-like virus 1 Fungus Virgaviridae 1 1 

Dicistroviridae sp. Insect Dicistroviridae 5 2 

La Jolla virus Insect Iflaviridae 14 1 

Tetranychus urticae-associated nodavirus B Insect Nodaviridae 2 1 

Drosophila A virus Insect Riboviria 6 1 

Riboviria sp. Insect Riboviria 5 3 

Aphis glycines virus 1 Insect Unclassified 2 1 

Bloomfield virus Insect Unclassified 1 1 

Bombus-associated virus Pic2 Insect Unclassified 1 1 

Porcine endogenous retrovirus Mammal Gammaretrovirus 1 1 

Human gammaherpesvirus 4 Mammal Lymphocryptovirus 3 3 

Human adenovirus 2 Mammal Mastadenovirus 4 4 

Human mastadenovirus C Mammal Mastadenovirus 4 4 

Hubei tombus-like virus 23 Mammal Riboviria 9 2 

Pelargonium zonate spot virus Plant Anulavirus 8 1 

Surrounding legume associated ilarvirus Plant Ilarvirus 2 2 

Grapevine partitivirus Plant Partitiviridae 4 1 

Actinidia virus X Plant Potexvirus 1 1 

Fusarium poae dsRNA virus 2 Plant Riboviria 1 1 

Grapevine associated jivivirus 1 Plant Riboviria 29 7 
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Grapevine virga-like virus Plant Riboviria 11 5 

Soybean leaf-associated ssRNA virus 2 Plant Riboviria 2 2 

Soybean leaf-associated ourmiavirus 2 Plant Scleroulivirus 56 16 

Ryegrass mottle virus Plant Sobemovirus 2 2 

Ribgrass mosaic virus Plant Tobamovirus 6 1 

Erysiphales associated tombus-like virus 2 Plant Tombusvirus 11 1 

Plantago mottle virus Plant Tymovirus 1 1 

Triticum polonicum mycotymovirus 1 Plant Tymovirus 1 1 

Brome mosaic virus Plant Bromovirus 28 4 

Cherry virus A Plant Capillovirus 62 2 

Red clover vein mosaic virus Plant Carlavirus 1 1 

Tobacco ringspot virus satellite RNA Plant Circular ssRNA 
satelites 

1 1 

Agrostis stolonifera deltaflexivirus 1 Plant Deltaflexivirus 3 2 

Triticum polonicum deltaflexivirus 1 Plant Deltaflexivirus 7 3 

Prunus virus F Plant Fabavirus 29 2 

Grapevine associated ilarvirus Plant Ilarvirus 361 17 

Lilac leaf chlorosis virus Plant Ilarvirus 1 1 

Prune Dwarf Virus Plant Ilarvirus 39 2 

Prunus necrotic ringspot virus Plant Ilarvirus 30 5 

Tobacco streak virus Plant Ilarvirus 79 9 

Tomato necrotic spot virus Plant Ilarvirus 27 5 

Nectarine stem pitting associated virus Plant Luteovirus 90 9 

Soybean leaf-associated mitovirus 2 Plant Mitovirus 90 18 

Cherry leaf roll virus Plant Nepovirus 16 2 

Tobacco ringspot virus Plant Nepovirus 147 9 

Tomato ringspot virus Plant Nepovirus 55 6 

Apple ourmia-like virus 1 Plant Ourmiavirus 33 14 

Ourmiavirus sp. Plant Ourmiavirus 6 3 

Soybean leaf-associated partitivirus 2 Plant Partitiviridae 3 1 

Peach latent mosaic viroid Plant Pelmaoviroid 124 22 

Maize-associated picornavirus Plant Picornavirales 3 2 

Alternanthera mosaic virus Plant Potexvirus 5 3 

Clover yellow mosaic virus Plant Potexvirus 34 7 

Pepino mosaic virus Plant Potexvirus 5 3 

White clover mosaic virus Plant Potexvirus 41 6 

Tomato Mosaic Virus Plant Tobamovirus 9 1 

Red clover powdery mildew-associated totivirus 4 Plant Totiviridae 8 6 

Prunus yellow spot-associated virus Plant Unclassified 1 1 
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Supplemental Table S3: Frequency of contigs mapped to multiple plant viruses identified in 
diseased stone fruit trees. GaIV had the most contigs mapped compared to other viruses.  

 Year 
Sampled Location Species Raw reads Trimmed 

reads GaIV PDV PNRSV TSV ToNSV BMV PLMVd ToRSV TRSV NSPaV 

4-2 2018 Jordan Apricot 44,467,633 9,532,908   1     
   

9-3 2018 NOTL Peach 83,776,206 17,559,720       9    
18-6 2019 Beamsville Apricot 156,688,072 18,224,364 46   11    

5   
18-10 2019 Beamsville Apricot 201,658,244 22,150,300 42    4   

15 16  
19-7 2019 Beamsville Apricot 175,663,636 19,211,418 36       

 25  
19-12 2019 Beamsville Apricot 120,848,546 21,607,162 53       

16 38  
20-8 2019 Beamsville Apricot 259,442,166 27,950,218 11   10 4   

6   
414-3 2019 Jordan Peach 130,225,224 22,015,890       1    
21-7 2019 Beamsville Peach 191,959,800 32,214,534 16     1 5 2 19  
21-8 2019 Beamsville Peach 128,102,114 20,389,612 20      4    

21-12 2019 Beamsville Peach 112,591,550 16,004,684 22   1   1  3  
6.3-3 2020 Beamsville Apricot 160,108,678 23,711,540 42  6     

11 23  
6.8-3 2020 Beamsville Apricot 130,775,750 22,090,760 22       

 1  
13c.3-2 2020 Jordan Cherry 151,337,186 15,141,460 12 11      

   
13c.4-2 2020 Jordan Cherry 150,008,560 32,307,990        

   
13c.7-1 2020 Jordan Cherry 143,036,044 17,851,854 10 28      

   
24.5-2 2020 NOTL Cherry 140,928,300 21,341,716   11     

   
24.9-3 2020 NOTL Cherry 204,768,882 21,324,010   10 17    

   
3.6-1 2020 Jordan Nectarine 170,873,170 21,968,046    16 3  6   7 

3.10-3 2020 Jordan Nectarine 152,088,836 19,168,162 4   1 10  9   7 
13.1-2 2020 Jordan Nectarine 141,235,286 26,413,160        

   
13.3-3 2020 Jordan Nectarine 184,234,732 26,810,914       4    
16.2-3 2020 NOTL Nectarine 164,778,390 21,814,162    11   12  15 15 

16.9-3 2020 NOTL Nectarine 176,938,740 23,765,468 4   1   18  7 13 
1.1-3 2020 Beamsville Peach 66,410,778 13,728,050       10    
1.2-3 2020 Beamsville Peach 77,009,714 15,202,152       3    
1.4-3 2020 Beamsville Peach 66,476,158 13,508,946       1   6 

1.5-1 2020 Beamsville Peach 83,509,034 15,423,170       4   7 
1.5-2 2020 Beamsville Peach 79,612,840 16,971,276       4   6 

1.6-1 2020 Beamsville Peach 92,179,230 17,704,264       3    
1.7-1 2020 Beamsville Peach 76,978,784 17,582,138       6    
1.9-3 2020 Beamsville Peach 115,296,516 18,912,028       1    

1.10-1 2020 Beamsville Peach 78,033,188 15,524,212       5   5 

21.3-3 2020 Beamsville Peach 133,267,988 18,249,532      12 9   24 
21.4-2 2020 Beamsville Peach 188,334,060 27,720,602 3     10 3    

21.10-3 2020 Beamsville Peach 148,316,970 21,341,716 7     5 6    
5.3-1 2020 Jordan Plum 156,534,574 29,213,536        
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5.8-1 2020 Jordan Plum 125,411,576 22,767,196   2     
   

9.4-2 2020 NOTL Plum 141,130,724 26,068,366        
   

9.7-2 2020 NOTL Plum 138,011,096 22,763,086        
   

27.2-3 2020 NOTL Plum 189,434,222 27,746,900 11    6   
   

27.4-1 2020 NOTL Plum 137,890,634 20,274,492    11    
   

     Total Contigs 361 39 30 79 27 28 124 55 147 90 

 
 


