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Abstract
Strawberry is the most important berry crop, grown in most temperate regions around the world.
In the early 2000s and in 2012-2013, viral disease devastated strawberry production in California
and Florida respectively; causing multimillion dollar losses. This occurred because viruses were
moving in the field undetected. The modern strawberry (Fragaria x ananassa Duch.) is tolerant
to single and double infections; yet when several viruses infect plants, symptoms as severe as
plant death can occur. To prevent future epidemics, the use of virus-tested planting materials is
essential. In 2019, rhabdovirus-like sequences were detected in strawberry using a combination
of high-throughput sequencing and bioinformatics. This study focuses on several
epidemiological aspects of the two viruses including molecular characterization, phylogenetics,
diagnostics, transmission and incidence in major strawberry-producing areas of the United
States. The genomes of the two viruses have been obtained and phylogenetic analyses of the
most conserved protein, the virus replicase, indicate that the closest relative to the first virus is
Lettuce necrotic yellows virus (67% amino acid identities), the type member of the genus
Cytorhabdovirus. The second virus is distantly related to plant-infecting rhabdoviruses and
therefore is proposed to be the inaugural member of a new genus (Fragarhavirus) in the
Rhabdoviridae. This virus shows some similarity to nucleorhadoviruses, which are unknown to
infect strawberry except Strawberry latent C (SLCV), which was first described in the 1940s, but
there are no molecular or serological data available to date. There has been no original work
published on SLCV in the last 30 years and there are no detection methods other than graft
indexing. The novel rhabdovirus discovered here could be involved in latent C disease and
requires further investigation to determine if a relationship exists between the two.
A survey in four states, including California and Florida, suggest that the two viruses are
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not widespread in production areas. Diagnostics, targeting multiple genes, were optimized based
on available sequences to ensure accurate and reliable detection. The strawberry (Chaetosiphon
fragaefolii) and small bramble aphids (Aphis ruborum) were evaluated as likely vectors of the
two viruses. As a result of this study, transmissibility by two aphid species will be evaluated, and
the genomic data are added to the knowledge of rhabdoviruses and strawberry viruses.
Diagnostic tests are now available for clean plant programs and certification schemes. By
introducing plants tested free of the two viruses to the field, strawberry growers are better
positioned to prevent virus-induced losses.
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Chapter 1. Introduction

1.1 Strawberry Cultivation

History
Strawberry (Fragaria spp.) has rich histories with people around the world. The origin of the
name is unclear, but it has been postulated to originate from the practice of farmers hanging
berries by straw at markets (Darrow, 1966). Archaeobotanical evidence suggests that strawberry
was cultivated by indigenous people in the Americas prior to European settlement (Walshaw,
2009; Gremillion and Sobolik, 1996; Pauketat et al., 2002; Finn et al., 2013; Liston 2014).
Strawberry is found in writings of Roman writers such as Virgil, Ovid and Pliny (Darrow, 1966;
Wilhelm and Sagen, 1974). By the 14th century, it was
common for wild strawberries to grace the gardens of
Europe, including those of the Louvre and the Château de
Couvres, used both as ornamentals and for the fruit
(Darrow, 1966). Strawberries began to appear in religious
paintings of the 15th century to the extent that they were
recognized in Elizabeth Haight’s book, Symbolism of the
Great Masters (1913) (Figure 1). The influential Gart der
Gesundheit, or ‘Garden of Good Health’, published in
1485 by Peter Schoffer included a color illustration of
wild strawberry and is thought to have played part in the popularization of strawberry and its use
in medicine (Hancock, 2020).
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The dessert strawberry (Fragaria x ananassa, Duch.), now the most commonly grown
berry crop in the world, is a hybrid and the result of an accidental cross of two species from
different continents, the beach strawberry (F. chiloensis) from South America and the woodland
strawberry (F. virginiana) from North America. At the beginning of the 18th century, engineer
and explorer Amédée François Frézier, on a mission for King Louis XIV, brought F. chiloensis to
Europe. This newly available species was planted near the woodland strawberry, which had been
imported to Europe in the 17th century (Hancock et al., 2008), leading to the natural
hybridization of the two species (Hummer and Hancock, 2009; Stault, 1999; Darrow, 1966).
Horticulturist Antoine Nicholas Duchesne (1747-1827), had attempted unsuccessfully to
hybridize the European diploid wild strawberry (F. vesca), known for its small, sweet fruit, with
the octoploid F. chiloensis known for its large but comparatively flavorless fruit. The octoploidy
of F. x ananassa parents, unknown to Duchesne, is probably the cause of much larger fruit size
and the other desirable characteristics that made the hybrid the F. virginiana x F. chiloensis a
horticultural success (Sherman et al., 1966; Hancock, 1999; Hancock et al., 2008). Duchesne
acknowledged the significance of the hybrid and contributed considerably to the study of
Fragaria, including publishing Histoire Naturelle des Fraisiers (Natural History of
Strawberries) in 1766, one of the first documents describing the crop in detail. He described
species of Fragaria and made observations that established a framework for the sexual systems
among them. His work likely led to increased attention to strawberry from other scientists while
he conferred with Carl Linnaeus on his observations (Liston et al., 2014). As a relatively new
crop, the dessert strawberry has reached immense popularity, and is now cultivated in most
temperate regions of the world.
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Botany and horticulture
Strawberries are part of the family Rosaceae, subfamily Potentilloidae, with two close relatives,
Duchesnea (mock strawberry) and Potentilla (cinquefoil). They are low-growing, broadleaf
herbaceous perennials with hairy trifoliate leaves and pale undersides. Modern strawberry
cultivars have hermaphrodite flowers with five, typically white petals (Figure 2a), but can vary in
color from slightly pink to yellow to brilliant red.
Strawberry reproduces readily by achenes and asexually
through stolons. Strawberries are not true fruits but rather
fleshy receptacles, or “accessory fruit”, that develop by a
modified stem shoot upon which achenes are arranged
across the surface (Figure 2b). Achenes, commonly called
‘seeds’, are the simple fruits of the strawberry and that
develop with the following successful fertilization best
achieved by insect-pollination (Hollander et al., 2012;
Hollander et al., 2014; Johnson et al., 2014; Bartomeus et
al., 2014).
Stolons, also known as runners, emerge from the
crown of the plant and develop daughter plants that quickly
root nearby (Figure 3). This method is used by the
horticultural industry as it allows for rapid propagation of
plants that are true-to-type. Generally there are two types of strawberry plants, cultivars that
produce fruits as a result of lengthening days (June-bearing) and day-neutral cultivars. June
produce late spring to late summer/early fall with little to no flowering for the rest of the year
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whereas day-neutral varieties are known as improved, modern and productive varieties. Day
neutrals are used increasingly in commercial settings (Samtani et al., 2019) as they are not
strongly influenced by day length and may produce fruit through the season and perform very
well in large-scale commercial systems.
Strawberry plants produce non-climacteric fruit (Shulaev et al., 2012), meaning the
berries ripen due to hormones and signaling after pollination. The efficiency of pollination, best
done by insects in an open-air settings, is extremely important as
it directly impacts fruit yield, size, shape, flavor and shelf life
(Chagnon et al., 1993; Andersson et al., 2012; Bartomeus et al.,
2014; Klatt et al., 2014; Roselino et al., 2009; Wietzke et al.,
2018). Non-climacteric is in contrast to climacteric fruits like
bananas, pineapples, avocados, and tomatoes which are
dependent on ethylene to ripen after harvest (Zhou et al., 2020).
Non-climacteric fruits are not harvested until they reach
physiological maturity; the quality of the fruit only declines
after harvest. For this reason, post-harvest handling is critical in
preserving the quality of the crop. Strawberries are particularly vulnerable to damage in transit,
due to the thin walls of the large fruit cells that develop during ripening (Szczesniak and Smith,
1969). Therefore, thorough quality control measures are necessary to reduce decay and maintain
quality in the time it takes to reach the consumer.
Fragaria spp. are have been shown useful in untangling many evolutionary questions
pertaining to angiosperms, especially due to their range in ploidy (diploid to decaploid) and
diverse sexual systems (Liston et al., 2014). F. vesca was one of the first plants to have its entire
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genome (2n = 2x = 14, 240Mb) sequenced entirely by high throughput methods (Shulaev et al.
2011) and has been proposed as a model system for the Rosaceae. Its short generation time,
small footprint, and ability to be readily transformed (Oosumi et al., 2006) make it a good
candidate as a model for other high value crops such as pome and stone fruit with polyploid
genomes that are recalcitrant to work with. The genome of Fragaria x ananassa has been used to
investigate the evolution of sex determination and chromosome duplication events (Spigler et al.,
2008), giving insights into the evolution of sexual systems in angiosperms.

1.2 Strawberry industry
Strawberry is the most economically important berry crop worldwide. In the past 30 years
production has increased by almost 400% and consumption has risen from one to three kg per
capita in the United States (Anonymous, 2021a). The United States has a thriving strawberry
industry, second only to China, with farmgate value of $2.3 billion per year. California is the
largest producer accounting for 91% of the production with Florida following at 8%
(Anonymous, 2021a). In the United States, strawberry sales were over $3.2 billion in 2020; a
16.2% increase from the previous year. Strawberry sales per capita are only surpassed by lettuce,
apple, and grape (Anonymous, 2021b). The production season is the longest in California,
spanning from January to November; reaching its peak between April and June (Harris and
Mitcham, 2007). During winter months, Florida produces fresh strawberries but the market is
largely dependent on imports from Mexico (Huang, 2013).
An important reason for the growing popularity is the advanced knowledge of health
benefits of incorporating strawberries into the regular diet. Studies have demonstrated strawberry
as a relevant source of antioxidant and anti-inflammatory compounds contributing to overall
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wellness (Giampieri et al., 2012; 2014). It is also a source of important micronutrients: vitamin
C, folate, manganese, potassium, iodine, copper, phosphorus, fiber that work synergistically to
benefit human health (Basu et al., 2014). These compounds have been shown to offer
cardiovascular disease protection, antioxidant activity, neuroprotective and anticancer properties
(Afrin et al., 2016; Basu et al., 2014). In response to widespread obesity and obesity-related
illnesses, consumers want to know about these properties in effort to make better food choices
(Dumoitier et al., 2019). For all its benefits, strawberry has been classified as a functional food
consumers can incorporate to their diet to protect their overall health (Basu et al., 2014).
Production systems vary depending on the region, but the vast majority of strawberries in
the U.S. are day-neutral, grown in annual hill production (AHP) systems (Anonymous, 2018;
Poling, 2015) in contrast to perennial matted row (PMR) systems where short-day cultivars are
preferred. With AHP, runners are removed and all fruit comes from the crowns of the individual
plant. In PMR systems strawberries runner uninhibited, and fruit may be harvested from the
mother or daughter plants . Plastic mulches and preplant fumigants are used in commercial
production with drip irrigation to reduce weed, nematode, and soil-borne pathogen pressures
(Samanti et al., 2019). Most production systems are open air, but there has increased interest to
move production to protected tunnels and greenhouses. Though strawberry is perennial, annual
systems are necessary in modern production due to detrimental pathogen accumulation that
occurs over multiple years (Martin and Tzanetakis, 2013). Protected production systems may
become more popular for their considerable advantages over conventional systems given the
reduced pest pressures, expanded growing season and avoided weather damages (Samanti et al.,
2019).
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Other major challenges for the strawberry industry include labor shortage, land
availability and fumigant regulations (Samanti et al., 2019). Labor availability is especially
important as strawberries are labor-intensive and are harvested by hand (Rosenberg, 2003;
Anjom et al., 2018). Efforts are underway to automate harvesting to reduce reliance on human
labor for the viability of the industry when labor may not be available or affordable (Defterli et
al., 2015; Shamshiri et al., 2018), however it is not realistic to expect these innovations to
eliminate the issue in the future. Commercial growers are reliant on fumigations, namely with
methyl bromide (MBr) by a technique that was developed in the 1950s in response to soil-borne
pathogens, however, its use is being phased out due to environmental concerns. The pressure is
on growers to explore alternative compounds, the effectiveness of which is yet to be proven, as
historically important soil-borne pathogens re-emerge (Fennimore and Ajwa, 2012; Wolverton
2014; Watson and Desaeger, 2019; Holmes et al., 2020).

1.3 Strawberry virus diseases
Although strawberries are perennial in nature, commercial production has shifted to annual
systems. This is in large part due to virus accumulation in the field over time, limiting
productivity (Martin and Tzanetakis, 2013). Most modern cultivars exhibit tolerance to single
and often double viral infections. When two or more viruses infect strawberry, they act
synergistically to cause severe symptoms including stunting, reduced fruit size and yield, and
even plant death (Martin and Tzanetakis, 2006) (Figure 4). Whether strawberries are produced in
the field, semi-protected, or in a controlled environment, infection by multiple viruses is still
possible. Strawberry viruses are systemic and transmit with 100% efficiency from mother to
daughter plants during clonal propagation. If mother plants are tested negative for viruses, their
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exponential spread can be prevented. For this reason, a critical part of virus disease prevention is
starting with high quality virus-tested propagation material. Certified-clean strawberries go
through a tiered process, first is the production of ‘nuclear stock - generation 1’ from select
cultivars go through heat therapy followed by meristem culture for virus elimination (Hancock,
2020). Secondly, graft indexing and modern virus detection protocols are performed to verify the
health status of plants. If tests are negative, the plants are moved to protected enclosures and
clonally propagated to produce ‘foundational stock - generation 2’. If any tests are positive,
infected plants are discarded to protect the downstream propagation. Foundation material is
planted in fumigated fields for further propagation (generations 3/4) to be sold to commercial
nurseries as ‘certified stock - generation 4’.
Certification schemes may be in place to test for known viruses, but unknown viruses
pose a risk for the industry, as experienced with the 2002-2004 epidemic in California which was
largely fueled by whitefly-transmitted viruses that were unknown at the time (Tzanetakis et al.,
2006). By investigating the presence of previously undescribed viruses, we can identify them and
study their epidemiology. The goal of these investigations is to develop the tools to combat
potential disease epidemics and concurrent economic losses for the industry. Unknown viruses
are traditionally detected by graft indexing. Clones of two strawberry species, Fragaria vesca
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and Fragaria virginiana, have been used for decades as virus indicators because they often
exhibit symptoms in single virus infections (Converse, 1987). When an infected leaf is grafted
onto one of those clones, the virus can infect the indicator and cause symptoms. This has been
the gold standard of detection in certification schemes, but can take years to yield results, making
it impractical and uneconomical due to the time, labor, and space required. This method is not
infallible, as it cannot detect unknown viruses if they fail to cause recognizable symptoms on the
indicators.
A recently developed tool to detect unknown viruses is high-throughput sequencing
(HTS), also known as next generation sequencing (NGS). This technology, combined with
bioinformatic pipelines that target virus sequences and protein motifs (Ho and Tzanetakis, 2014),
opens doors to allow the detection of previously unknown viruses. The efficacy of bioinformatics
relies on data currently available; the scenario where there is no similarity between the new and
previously described viruses, the new agent may remain undetected, yet it appears superior to
grafting (Villamor et al., 2018) and improves with every new virus described and data added to
the databases. HTS has been proven as an invaluable tool for building a more accurate view of
the virome present in a wide variety of plant hosts all over the world (Al Rwahnih et al., 2015;
Bartsch et al., 2018; Bejerman et al., 2020; de Nazaré Almeida dos Reis et al., 2020; Ma et al.,
2019; Minicka et al., 2020; Pecman et al., 2017; Rott et al., 2017; Vigne et al., 2018; Xiao et al.,
2019; Xu et al., 2019) and can aid in the effort to prevent the spread and subsequent damages of
plant viruses.
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1.4 Major strawberry viruses

1.4.1 Strawberry mild yellow edge virus
Strawberry mild yellow edge virus (SMYEV) is part of a complex causing yellows or
yellow-edge disease and was first described in the 1920s in California (Horne, 1922). SMYEV
has a worldwide distribution and is one of the first virus diseases of strawberry recognized
(Converse, 1987; Thompson and Jelkmann, 2004; Sharma et al., 2018). SMYEV is a potexvirus
(family Alphaflexiviridae) with filamentous particles of 500 x 13 nm (Jelkmann et al., 1990).
The single-stranded RNA genome is about 6 kb with a capped 5’and polyadenylated 3’ termini
and five open reading frames coding for (5’ → 3’): replicase (Rep), triple gene block proteins
1-3 (TGBp1-3), and coat protein (CP) (Jelkmann et al., 1992; Sonnenberg et al., 1978;
Thompson and Jelkmann, 2004). The virus is transmitted in a
persistent propagative manner by the strawberry aphid
(Chaetosiphon fragaefolii) (Figure 5), requiring ~ two days
for acquisition and eight days for transmission (Krczal,
1979). Most commercial cultivars do not exhibit symptoms
with single infections, however studies have found
significant yield losses (30%) and changes in fruit quality in
otherwise asymptomatic plants (Barritt et al., 1973; Babovic,
1976; Converse et al., 1987; Torrico et al., 2018).
Susceptible genotypes exhibit dwarfism, marginal chlorosis,
leaf distortion and decreased fruit size. Mixed infections can
cause synergistic effects that can lead to significant yield losses. RT-PCR detection tests have
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been developed for the virus (Thompson and Jelkmann, 2004) and ELISA tests are
commercially available. SMYEV has been detected in all areas of strawberry production in the
United States and is considered high-risk in California, the Pacific Northwest, and the Northeast
(Martin and Tzanetakis, 2013).

1.4.2 Strawberry vein banding virus (SVBV)
Strawberry vein banding virus (SVBV) causes the homonymous disease first described by
Frazier (1955). The disease is also known as yellow vein, chiloensis and eastern vein band.
SVBV was proven as the causal agent of North American vein banding disease in strawberry
(Mahmoudpour, 2003). Previously thought to be restricted to North America, the virus is now
being reported worldwide (Feng et al., 2018). SVBV is a member of the genus Caulimovirus
(family Caulimoviridae), with a 7.8 kb circular dsDNA genome and seven putative open reading
frames (Kitajima et al., 1973; Petrzik et al., 1998), encapsidated in 40 - 50 nm, non-enveloped
icosahedral particles (Martin and Tzanetakis, 2006). It naturally infects Fragaria spp. but the
garden burnet (Sanguisorba minor) can be an experimental host. SVBV is vectored by C.
fragaefolii, C. jacobi and C. thomasi in a semi-persistent manner. Indicators F. vesca UC-6 and
F. virginiana UC-12 are most sensitive to infection and develop the diagnostic symptom of
vein-banding in addition to leaf curl and necrosis depending on the virus strain (Bormans and
Gilles, 1988; Martin and Tzanetakis, 2006). Commercial cultivars do not exhibit typical
symptoms unless in the presence of other viruses, in which case severe disease can occur. In
perennial production, plants exhibiting vein banding disease incurred loss of vigor, stunting,
reduced runner production, and lower yields (Bolton, 1974). Detection of the virus is
accomplished with a highly sensitive real time PCR assay (Miao et al., 2016), conventional PCR
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(Vascova et al., 2002; Thompson et al., 2003b; Xiao et al., 2005; Chang et al., 2007; Martin and
Tzanetakis, 2013) and coupled dot blot hybridization assay (Mraz et al., 1999).

1.4.3 Strawberry crinkle virus
Strawberry crinkle virus (SCV) was first described in the Pacific Northwest in the 1930s after the
‘crinkle’ disease had been observed in several strawberry cultivars but particularly ‘Marshall’
(Zeller and Vaughan, 1932). Modern cultivars are asymptomatic to single infection, however
infection can significantly dampen productivity in perennial systems (Martin and Converse,
1977). SCV is one of the most damaging viruses of strawberry and is considered high-risk in
California and the Pacific Northwest production (Converse, 1987; Martin and Tzanetakis, 2013),
especially considering mixed infections are synergistic and often cause severe symptoms (Barritt
and Loo, 1973; Babovic, 1976; Bolton, 1974). On indicators, SCV causes chlorotic spots and
leaf deformation, crinkling, necrotic spots and reduction in size of petioles and leaves with
severity of symptoms depending on virulence of strain and cultivar sensitivity (Converse, 1987;
Martin and Tzanetakis, 2006). SCV is a cytorhabdovirus (family Rhabdoviridae) infecting
Fragaria spp., Potentilla reptans (Yohalem et al., 2009) as an alternative host, and experimental
hosts in the genera Physalis and Nicotiana (Schoen and Leone, 1995). Enveloped bacilliform
virions of SCV are found aggregated in the cytoplasm membrane, as is typical of plant
cytorhabodviruses (Richardson et al., 1972; Hunter et al., 1990). The single-stranded 14.5 kb
RNA genome has seven open reading frames following typical rhabdovirus genome
organization: 3'-N-P2-P3-M-G-P6-L-5' where N = nucleocapsid protein, P2,3,6 = proteins 2, 3,
and 6 respectively, M = matrix protein, G = glycoprotein and L = polymerase (Schoen et al.,
2004). SCV is transmitted in a persistent propagative manner by Chaetosiphon fragaefolii and C.
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jacobi at a much lower efficiency (Sylvester and Richardson, 1981; 1986; Sylvester et al., 1987).
Under optimal conditions for transmission, the latent period of SCV is 5 days but extends in
cooler temperatures, resulting in lower transmission efficiency (Krczal, 1982). Several RT-PCR
tests have been developed (Posthuma et al., 2002, Thompson et al., 2003b; Klerks et al., 2004,
Chang et al., 2007) as well as a real-time RT-PCR test (Mumford et al., 2004) yet precautions
should be taken, given the limited knowledge of virus diversity.

1.4.4 Strawberry mottle virus
Strawberry mottle virus (SMoV) is the type member of the genus Stramovirus (family
Secoviridae) (Sanfaçon et al., 2020) with known hosts Fragaria spp. and Potentilla reptans, a
close relative often found near commercial strawberry production (Yohalem et al., 2009). SMoV
used to be called mild crinkle, as it was considered a mild strain of SCV, but was demonstrated to
be a separate virus in the 1950s (Converse et al., 1987). Detected worldwide, SMoV causes
symptoms ranging from mild leaf mottle to plant death on indicator species (F. vesca UC-4 and
UC-5 preferred for diagnostics) (Converse, 1987). The virion is an isometric particle
approximately 30 nm in diameter (Kitajima et al., 1971; Leone et al., 1995) containing a
single-stranded bipartite RNA genome (RNA 1 - 7 kb, RNA 2 - 5.6 kb) that is poly A-tailed and
expresses two polyproteins (Thompson et al., 2002). RNA 1 encodes (5’ → 3’) the protease
cofactor (Pro-C), helicase (Hel), viral genome-linked protein (VPg), protease (Pro) and
RNA-dependent RNA polymerase (RdRp) whereas RNA 2 encodes the movement protein (MP),
large coat protein (CPL) and small coat protein (CPS) (Thompson et al., 2002). SMoV is
transmitted by C. fragaefolii, C. thomasi and Aphis gossypii in a semi-persistent manner with
acquisition and transmission periods ranging 15 min - 24 hrs and 7 min - 1 hrs, respectively, with
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aphids losing infectivity within 3 hrs (Eulensen, 1981). Transmission by C. fragefolii is preferred
in experimental settings and can separate mixed infections with the persistently transmitted SCV
(Thompson and Jelkmann, 2003). Experimental hosts of SMoV Chenopodium quinoa, Nicotiana
benthamiana, N. hesperis and N. occidentalis can be infected by aphids or sap (Adams and
Barbara, 1986; Leone et al., 1995). SMoV is considered high risk in all major strawberry
production areas (Martin and Tzanetakis, 2013). Modern diagnostics for SMoV include
molecular hybridization assay (Asinari et al., 2016), RT-PCR detection (Chang et al., 2007;
Thompson et al., 2003a; 2003b), and highly sensitive reverse transcription-loop mediated
isothermal amplification (RT-LAMP) (Ren et al., 2021).

1.4.5 Strawberry pallidosis-associated viruses
Strawberry pallidosis is graft-transmissible disease first described in the United States and
Australia 1950s, but the causal agent was unknown (Frazier and Stubbs, 1969). Pallidosis by
definition is a disease that causes marginal chlorosis, leaf distortion and stunting on F. virginiana
(UC-10 and UC-11) indicators whereas F. vesca indicators (UC-4 and UC-5) remain
asymptomatic (Converse, 1987). In the early 2000s, two virus associated with pallidosis were
identified — two criniviruses, Strawberry pallidosis-associated virus (SPaV) and Beet pseudo
yellows virus (BPYV) (Tzanetakis et al., 2004b; 2005). BPYV was first described in California
in the 1960s (Duffus, 1965), but was linked to pallidosis in 2002 (Tzanetakis et al., 2003).
Though commercial strawberry cultivars appear symptomless, early studies showed differences
in runner production and root mass of strawberries carrying the causal agent(s) of pallidosis
(Converse and Volk, 1990). BPYV causes varying symptoms depending on the host affected, but
most correlate with nutritional deficiency or loss of photosynthetic ability such as chlorosis
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around veins, reduced overall vigor and early senescence (Wisler et al., 1998; Tzanetakis et al.,
2013). The bipartite RNA genomes of these criniviruses (family Closteroviridae) are
encapsidated in long flexuous rods that are typically 700 to 900 nm long (Liu et al., 2000). Both
segments of each virus are about 8 kb with the first encoding three ORFs (including a papain-like
protease, helicase, and replicase), and the second encoding eight (including a heat shock 70
homolog, coat proteins and accessory proteins) (Tzanetakis et al., 2004b). SPaV and BPYV are
phloem-limited and vectored semi-persistently by the greenhouse whitefly (Trialeurodes
vaporariorum), which has expanded its geographical range and recently been naturalized to areas
where strawberries are grown in California (McKee et al., 2009). The host range of SPaV has
been demonstrated through whitefly transmission and includes six species outside of Fragaria
spp.: Sibbaldia procumbens, Nicotiana benthamiana, N. clevelandii, Physalis wrightii and Malva
parviflora (Tzanetakis et al., 2006). BPYV, on the other hand, has a broader range of crop,
ornamental and weed hosts including beet, blackberry, cucumber, carrot, dandelion, endive,
muskmelon, spinach, squash, strawberry, flax, lettuce, and others (Duffus, 1965; Wisler et al.,
1998; Tzanetakis and Martin, 2004a; 2004b).
In the early 2000s, California growers experienced a high incidence of strawberry decline
(SD) disease, which is a synergistic effect of infection by multiple viruses and can be detrimental
to production (Martin and Tzanetakis, 2006; 2013). In cases of SD, plants express reddish
coloration of the leaves, decreased root growth and overall decline that can lead to plant death
(Figure 6) (Martin and Tzanetakis, 2006). Plants displaying these symptoms were screened for
viruses, and both SPaV and BPYV were found in a high percentage of affected plants
(Tzanetakis et al., 2004a; Tzanetakis et al., 2006; Martin and Tzanetakis, 2013). This line of
evidence suggests these criniviruses are an important part of the SD complex. As a consequence,
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growers had to implement management strategies for both whitefly and aphid vectors in annual
production systems. Molecular tests have been developed to bypass time-consuming graft
indexing, namely RT-PCR as immunological detection of SPaV can be unreliable, especially in
summer months (Tzanetakis et al., 2004b; Martin
and Tzanetakis, 2013; Wintermantel and Hladky,
2010). SPaV has now been reported in strawberry
production areas throughout the Americas,
Australia, China and Egypt (Wintermantel et al.,
2006; Ragab et al., 2009; Constable et al., 2010;
Martin and Tzanetakis, 2013; Ding et al., 2017)
and BPYV can be found wherever the greenhouse
whitefly is present worldwide (Wisler et al., 1998).

1.5 Rhabdoviridae
The family Rhabdoviridae (order Mononegavirales) is a diverse group of negative-sense
single-stranded monopartite or bipartite RNA viruses that infect a wide range of organisms
including plants, invertebrates, fish, reptiles and mammals (Kuzman et al., 2009). Most
rhabdoviruses are arthropod-borne (Walker et al., 2018) and include economically important
viruses affecting human health and agricultural production (Dietzgen and Kuzmin, 2011). The
most well-known rhabdovirus affecting humans is Rabies lyssavirus (RABV), which is deadly
without medical treatment and kills approximately 59,000 people every year worldwide (Pieracci
et al., 2019).
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The name for rhabdovirus originated from the ancient greek word rhábdos, meaning
“rod” or “wand”, describing the distinctive double-enveloped bullet-shaped or bacilliform
virions of 100-430nm x 45-100 nm (Knudson, 1973; Jackson et al., 2005; Ge et al., 2010;
Dietzgen et al., 2016). The genome size ranges from 10.8 to 16.1 kb (Walker et al., 2018) and
shows high plasticity given the size constraints (Walker et al., 2015). The basic genome structure
includes complementary 3’ leader and 5’ trailer sequences that come together during replication
(Dietzgen et al., 2018) and five structural proteins (3’ → 5’) : nucleocapsid protein (N),
phosphoprotein (P), matrix (M), glycoprotein (G) and polymerase (L) (Figure 7). Rhabdoviruses

Figure 7. Canonical genome organization of the Rhabdoviridae.
may have axillary genes, many of which have unknown functions whereas others contribute to
critical processes such as cell-to-cell movement in plants (Walker et al., 2011). Since
rhabdoviruses do not code for protein in their genomic RNA, the RNA-dependent RNA
polymerase (RdRp) packaged in each virion, must produce mRNA for each gene for ribosomes
to translate. Conserved transcription signals separated by short untranscribed sequences signal
the RdRp to start and stop between each gene, producing individual translatable RNA molecules
for each gene (Dietzgen and Kuzmin, 2012). The reinitiation of the RdRp between genes
happens at 70-80% frequency, controlling expression by producing progressively lower amounts
of mRNA molecules as the polymerase moves downstream (N being the most expressed, L being
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the least). The high genome plasticity observed in this family is likely due in part to their
discontinuous expression strategy, which allows genes to be interspersed and overlapped
(Jackson et al., 2005; Walker et al., 2015). An additional source of genome plasticity is the high
rate of error during replication due to the RdRp’s lack of proofreading capability (Stenhauer et
al., 1992; Drake, 1993); This is a driving force for evolution in all RNA viruses as it rapidly
introduces spontaneous mutations. The high frequency of mutations causes ‘quasispecies’
populations to develop within host cells wherein variants must compete with each other (Holland
et al., 1992). This phenomenon is important to consider when developing diagnostics, as the test
design must reflect the rich diversity that can be present within a species.
The Rhabdoviridae is expanding quickly; in 2015 there were 13 recognized genera and
there are currently 30 with 191 species (2018 ICTV taxonomy release; Walker et al., 2018). The
advancement of high throughput sequencing technologies and bioinformatic tools has facilitated
this increase in newly described rhabdoviruses and awareness of the family’s diversity.
Genera infecting plants include Alpha-, Beta-, and Gammanucleorhabdovirus,
Cytorhabdovirus and Dichorhavirus. Dichorhavirus has a segmented genome with one RNA
molecule coding for the L gene and the second for the rest. Rhabdoviruses replicate and
accumulate in ‘viral factories’ formed on cell membranes. Those infecting plants are classified
by whether this occurs in the nuclear (nucleorhabdoviruses and dichorhaviruses) or cytoplasmic
(cytorhabdoviruses) membranes. Nucleorhabdoviruses and cytorhabdoviruses are transmitted by
aphids, leafhoppers or planthopper vectors, whereas dichorhaviruses are transmitted by
Brevipalpus mites (Dietzgen et al., 2018). Rhabdoviruses are transmitted by their insect vectors
in a persistent propagative manner. This mode of transmission requires the virus to infect several
tissue types of the insect, resulting in intimate and highly specific virus-vector interactions.
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Typically, a rhabdovirus is transmitted naturally by a single or a few closely related species, with
efficiencies varying by insect biotype and virus strain (Ammar et al., 2009). Host plant resistance
to rhabdoviruses is under-studied, so appropriate vector identification and management is critical
to avoid damages (Jackson et al., 2005).
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Chapter 2. Epidemiological studies on a novel strawberry cytorhabdovirus

Abstract
The knowledge of cytorhabdoviruses has expanded considerably since the turn of the century
likely due to the increased availability and affordability of high-throughput sequencing. In 2020,
by a combination of high throughput sequencing (HTS) and bioinformatics, a novel
cytorhabdovirus was discovered infecting strawberry. This is the third known strawberry
cytorhabdovirus, and was found related to Lettuce necrotic yellows virus and Lettuce yellow
mottle virus. This study focuses on the characterization and epidemiology of the new virus
tentatively named Strawberry cytorhabdovirus A. Two aphid species were evaluated for
transmission ability and strawberry producing regions were surveyed for presence of the
cytorhabdovirus.

2.1 Introduction
The United States produced on average 1.2 million tonnes of strawberries in the past five years,
making it the most economically important berry crop in the country (Anonymous, 2021a;b).
The vast majority of strawberries in the United States are produced in California (91%), followed
by Florida (8%). Virus diseases threaten the strawberry industry and have caused catastrophic
losses to growers in both states in the past 20 years (Martin and Tzanetakis, 2006; 2013). Modern
strawberry cultivars are tolerant to single virus infections yet when viruses accumulate, they can
rapidly decline often to the point of plant death (Martin and Tzanetakis, 2006; 2013). Strawberry
decline can occur any time strawberry viruses are present in the field. Strawberry propagation is
done 100% by stolons, in order to achieve homogeneity in horticultural and physiological traits.
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This practice is productive and efficient, however can lead to universal infection by systemic
pathogens such as viruses when a mother plant is infected. Therefore, to avoid widespread
contamination, propagation material must be tested free of targeted viruses.
Viruses are increasingly detected or discovered, and subsequently characterized, using
high-throughput sequencing (HTS) technology (Al Rwahnih et al., 2015; Bartsch et al., 2018;
Bejerman et al., 2020; de Nazaré Almeida dos Reis et al., 2020; Ma et al., 2019; Minicka et al.,
2020; Pecman et al., 2017; Rott et al., 2017; Vigne et al., 2018; Villamor et al., 2019; Xiao et al.,
2019; Xu et al., 2019). HTS along with the virus detection and discovery pipeline VirFind (Ho
and Tzanetakis, 2014) were used in this study in the discovery of a new virus in strawberry, a
putative member of the genus Cytorhabdovirus, family Rhabdoviridae.
The Rhabdoviridae is extremely diverse, infecting vertebrates, invertebrates and plants.
Genera infecting plants include Alpha-, Beta-, and Gammanucleovirus, Cytorhabdovirus,
Dichoravirus and Varicosavirus, with the taxonomic placement of the latter being in flux and
will possibly be removed from the family (Tzanetakis, pers. communication). Rhabdovirids
possess single-stranded negative-sense RNA monopartite genomes of about 10 - 16 kb, with the
exception of Dichoravirus that is bipartite. Our knowledge of the genus Cytorhabdovirus is
expanding rapidly (Walker et al., 2018) with 21 genome sequences publicly available, a notable
increase from the three available in 2005 (Jackson et al., 2005).
Cytorhabdoviruses are known to be vectored by insects in the families Aphidae,
Cicadellidae, and Delphicadae (aphids, leafhoppers, and planthoppers) in a persistent
propagative manner (Nault 1997). Transmission requires significant time for the vector to
acquire the virus and latent periods of days to weeks. After vector acquisition, the virus
replicates within the vector and the insect is infectious for the remainder of its life. In crop
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production settings, viruses of persistent propagative transmission can be avoided if vector
presence is continually monitored and managed. Without management widespread infection is
likely.
This study utilized two aphid species commonly found on strawberry to evaluate their
abilities to transmit the novel cytorhabdovirus: the strawberry aphid (Chaetosiphon fragaefolii),
the major vector of strawberry viruses (Thompson, 2003), and the small bramble aphid (Aphis
ruborum). In addition, newly developed diagnostics were employed for strawberry samples from
common producing regions in the United States, and can be used in the future to prevent the
undetected spread of a pathogen that could contribute to strawberry decline. Profits of strawberry
growers are best protected from viral disease when the detection of known and discovery of
unknown viruses are consistently pursued (Gergerich et al., 2015). Studies focusing on the
characterization and epidemiology of strawberry viruses are critical components of
accomplishing the goal of strawberry decline prevention. In this way, the thriving domestic
strawberry industry can be safeguarded from this threat.

2.2 Materials and Methods

Virus source and high throughput sequencing
The source material was collected in the late 1990s from Maryland (Tzanetakis et al., 2005) and
is now part of the National Clonal Germplasm Repository (Corvallis, Oregon) under accession
CFRA 9094. Double-stranded RNA (dsRNA)-enriched nucleic acids were extracted essentially
as described by Yoshikawa and Converse (1990) and used as a template for HTS. The HTS
library was prepared as described by Shaffer (2020). Sequencing was done at the Oklahoma State
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University Center for Genomics and Proteomics in Stillwater, OK on Illumina NextSeq500/550
platform as a 13-plex with 75 bp unidirectional single end reads.

Genome characterization
The 49.7 million reads generated from HTS were uploaded to Virfind (Ho and Tzanetakis, 2014)
to assess virus presence. Contigs were mapped against reference sequences in CLC Genomics
Workbench v11.0.1 with default parameters to build genome scaffolds. The presence of unique
cytorhabdovirus sequences was verified using reverse transcription-polymerase chain reaction
(RT-PCR) detection using dsRNA as template essentially as described by Poudel et al. (2012)
with the addition of oligodT primers. Initial PCR detection of the unique sequences was
performed with Taq DNA polymerase (Genscript) and virus-specific primers (Supplementary
Table 2.1) using cDNA diluted four-fold as template. Reactions were carried out as described by
Poudel et al. (2013). All amplicons were visualized after UV exposure of a Sodium Borate (SB)
gel stained with GelRed (Biotium) to confirm size. DNA was purified using the GeneJET PCR
Purification kit (Thermo Scientific) and subjected to Sanger sequencing at the Psomagen facility
in Rockville, Maryland (https://lims.psomagen.com). Gaps in the genome scaffold were resolved
by PCR and Sanger sequencing using primer walking. PCRs were prepared with 5 μl 10X LA
PCR Buffer ll (Mg2+plus), 200 μM dNTP mix, 0.6 μM forward and reverse primers
(Supplementary Table 2.1), 2 μl cDNA template, and sterile distilled water to 50 μl. One unit of
LA Taq DNA Polymerase (Takara) was added to the mixture at 94oC and held for one minute
before 40 cycles of 10 sec at 98 oC, 15 sec at 55 oC, and 45 sec at 72 oC, with a final extension
step for 90 sec at 72oC. The 3’ and 5’ termini sequences of the genome were determined by
Rapid Amplification of cDNA Ends (RACE) and Sanger sequencing as previously described
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(Tzanetakis et al., 2005) (Supplementary Table 2.1). One microliter of diluted cDNA was used as
template for PCRs as described above with 1 U of LA Taq DNA Polymerase (Takara) added to
the mixture at 94oC for 2 min, then 40 subsequent cycles of 10 sec at 94oC, 15 sec at (annealing
temperature [TA] included in Supplementary Table 2.1), and 15 sec at 72oC, with a final
extension step for 5 min at 72oC.
Sequences were assembled using VirFind contigs in MEGA X (Kumar et al., 2018) to
generate a draft virus genome. HTS raw reads were then trimmed and mapped to the draft
genome in CLC Genomics Workbench v11.0.1 to ensure an at least 5X coverage. Gaps in
coverage were resolved by at least three RT-PCR reactions using virus specific primers
(Supplementary Table 2.1) and Sanger sequencing, for at least 3X coverage. The genome was
submitted to NCBI’s ORF finder (https://www.ncbi.nlm.nih.gov/orffinder) for genome
annotation and deposited in Genbank under accession number MW480851.

Phylogenetic analysis
The complete genomes of members of the genus Cytorhabdovirus and representative species of
plant-infecting genera of the Rhabdoviridae recognized by the International Committee on
Taxonomy of Viruses (ICTV) (Walker et al., 2018) were accessed in Genbank (Table 2.1) and
used for phylogenetic analysis in MEGA X (Kumar et al., 2018). Available protein sequences of
the replicase (L) were trimmed to conserved motifs of single stranded negative-sense RNA
viruses (Li et al., 2008; te Velthuis et al., 2021), allowing for meaningful alignments. Sequences
were aligned with MUSCLE (Edgar 2004) and the best-fit amino acid substitution model was
determined using default parameters. The maximum likelihood statistical model was used to
draw phylogenetic trees from aligned sequences with 1000 bootstraps and values less than 70%
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were collapsed in TreeGraph2 version 14.0-771beta (Stöver and Müller, 2010). The same process
was applied to full amino acid sequences of the nucleoprotein (N) using the same group of
viruses for analysis (Table 2.1).
Table 2.1 Plant-infecting rhabdoviruses used in phylogenetic analyses (accessed 2/11/21)
Species

Acronym

L Accession

N Accession

Alfalfa dwarf cytorhabdovirus

ADV

KP205452

YP_009177015.2

Barley yellow striate mosaic cytorhabdovirus

BYSMV

NC_028244.1

YP_009177222.1

Cabbage cytorhabdovirus 1

CCyV-1

ATS17313.1

ATS17308.1

Colocasia bobone disease-associated cytorhabdovirus

CBDaV

YP_009362280.1

YP_009362275.1

Lettuce necrotic yellows cytorhabdovirus

LNYV

YP_425092.1

YP_425087.1

Lettuce yellow mottle cytorhabdovirus

LYMoV

YP_002308376.1

YP_002308371.1

Maize yellow striate cytorhabdovirus

MYSV

ATN96443.1

ATN96434.1

Northern cereal mosaic cytorhabdovirus

NCMV

NP_597914.1

NP_057954.1

Papaya cytorhabdovirus

PCRV

AYD37624.1

AYD37618.1

Persimmon cytorhabdovirus A

PeVA

YP_006576506.2

YP_006576501.2

Raspberry vein chlorosis virus

RVCV

QBS46636.1

QBS46629.1

Rice stripe mosaic cytorhabdovirus

RSMV

YP_009553369.1

YP_009553363.1

Strawberry crinkle cytorhabdovirus

SCV

AWK49440.1

AYC54265

Tomato yellow mottle-associated cytorhabdovirus

TYMaV

YP_009352236.1

YP_009352242.1

Wuhan Insect cytorhabdovirus 4

WhIV-4

YP_009300689.1

YP_009300684.1

Wuhan Insect cytorhabdovirus 5

WhIV-5

YP_009300875.1

YP_009300870.1

Wuhan Insect cytorhabdovirus 6

WhIV-6

YP_009301361.1

YP_009301356.1

Yerba mate chlorosis-associated virus

YmCaV

ARA91091.1

AYR67253.1

Trifolium pratense virus A

TpVA

AYH53279.1

AYH53274.1

Trifolium pratense virus B

TpVB

AYH53273.1

AYH53268.1

Bean-associated cytorhabdovirus

BaCV

QAU20941.1

QAU20935.1

Potato yellow dwarf alphanucleorhabdovirus

PYDV

YP_004927971.1

YP_004927965.1

Physostegia chlorotic mottle alphanucleorhabdovirus

PhCMoV

AOT55662.1

AOT55656.1

Rice yellow stunt alphanucleorhabovirus

RYSV

NP_620502.1

NP_620496.1

Eggplant mottled dwarf alphanucleorhabdovirus

EMDV

YP_009094358.1

YP_009094352.1

Maize mosaic alphanucleorhabdovirus

MMV

YP_052855.1

YP_052850.1

Maize iranian mosaic alphanucleorhabdovirus

MIMV

YP_009444713.1

YP_009444708.1
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Table 2.1 Plant-infecting rhabdoviruses used in phylogenetic analyses (accessed 2/11/21) cont.
Species

Acronym

L Accession

N Accession

Morogoro maize-associated alphanucleorhabdovirus

MMaV

AZP55475.1

AZP55470.1

Wheat yellow striate alphanucleorhabdovirus

WYSV

AVV48080.1

AVV48075.1

Taro vein chlorosis alphanucleorhabdovirus

TaVCV

YP_224083.1

YP_224078.1

Sonchus yellow net betanucleorhabdovirus

SYNV

NP_042286.1

NP_042281.3

Blackcurrant betanucleorhabdovirus

BCaRV

AUW36419.1

AUW36414.1

Alfalfa betanucleorhabdovirus

AaNV

QAB45076.1

QAB45070.1

Datura yellow vein betanucleorhabdovirus

DYVV

YP_009176977.1

YP_009176972.1

Diagnostics
Detection primers were designed to amplify a 347 base fragment of the N (N510F
5’-AGAGACCGATGCTGAGAAAAGG-3’/N856R 5’-CATTGTAGGAAACCCACCAAGC-3’)
and an 839 base fragment of the L transcript (L1767F 5’-ATGGGCATGGGTGATAATCAAG
TGC-3’/L2605R 5’-CAGTTTGTCTTAATCCTGCGGTTGGGG-3’) respectively. Reactions
were multiplexed to include amplification of both transcript targets and the 721 nt fragment of
the host NADH dehydrogenase ND-2 subunit transcript as an internal control (Tzanetakis et al.,
2007). Reactions were prepared according to Poudel et al. (2013) with PCR program consisting
of denaturation at 94oC for 2 min, followed by 40 cycles of 94o C for 10 sec, 52o C for 15 sec 72o
C for 30 sec, and a final extension of 72o C for 5 min. The test was then optimized with F. x
ananassa randomly primed diluted cDNA.

Survey of incidence
Six hundred and forty-four (644) leaf samples were received from production fields in Arkansas
(268), California (44), Florida (280) and Oregon (88) in 2014, 2018 and 2019. One hundred
(100) samples were sourced from the Fragaria Collection of the National Clonal Germplasm
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Repository (NCGR) in Corvallis, OR for a grand total of 770 samples. Approximately 50 mg of
leaf tissue from each leaf was placed with two steel beads in each well of a 96-well sample plate
and stored at -80oC for a maximum of two weeks before nucleic acid isolation. Leaf tissues were
submerged in liquid nitrogen for three (3) min, then homogenized using SPEX Geno/Grinder
sampleprep and total nucleic acids were isolated using the automated MagMAX-96 Total RNA
isolation kit with standard protocol (Life Technologies, USA) (Katsiani et al., 2020). Resulting
RNA were reverse transcribed as described previously (Poudel et al., 2012) and cDNA was
diluted ten-fold as templates for PCR using the aforementioned triplex reactions.

Transmission
The strawberry (Chaetosiphon fragaefolii) and small bramble (Aphis ruborum) aphids, were
collected from strawberry plants (F. x ananassa cv. ‘Ozark Beauty’) in Fayetteville, AR. Species
were identified morphologically and by a direct reverse transcription-polymerase chain reaction
(Drt-PCR) assay according to Druciarek et al. (2019) with modifications. Individual adult aphids
were sampled and crushed in 200 µL H 2O, 10 mM EDTA and 100 mM TCEP. Five microliters (5
µL) of the solution was immediately added to the RT mix as previously specified (Druciarek et
al., 2019). Primers targeting conserved regions of the aphids’ cytochrome oxidase subunit 1
(COI) gene (Supplemental Table 2.1) were used for PCR amplification and Sanger sequencing to
confirm identity. Reactions were prepared according to Poudel et al. (2013), and program
consisting of denaturation step at 94oC for 2 min, and 40 cycles of 94oC for 10 sec, 47oC for 15
sec, and 72oC extension for 20 sec and a final extension step of 72oC for 5 min. Amplicons were
visualized post-stained 1.5% SB agarose gel before Sanger sequencing.
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After validation of their taxonomic placement, aphids were reared on virus indicator
plants F. vesca L. ‘UC-5’ clones and first instar aphids were individually transferred by a paint
brush to newly germinated seedlings of ‘Ozark Beauty’. Plantlets were kept at 20/16°C with
photoperiods of 16/8 hrs (light/dark). Aphids were also reared for at least one month on CFRA
9094 to ensure consistent feeding on infected material before transfer to test plants (seedlings of
F. x ananassa cv. ‘Ozark Beauty’). A leaf from CFRA 9094, harboring 30 or more adult aphids,
was placed atop each test plant and removed once aphids moved to the new feeding source.
Aphids were allowed to feed on test plants for 15 days before they were brushed off and plants
maintained in insect-proof cages until the youngest fully-expanded leaves were sampled at 30
and 60 days post-infestation (dpi). Time windows for virus acquisition and transmission were
designed considering a previous transmission study with the strawberry aphid and a
well-characterized rhabdovirus infecting strawberry (Krzcal, 1979). This experiment was
repeated with the strawberry aphid six (6) times with groups of seven (7) seedlings and once
more with four (4) seedlings for a total of 46 strawberry plants infested over a 45 day period.
With the small bramble aphid, the experiment was repeated six (6) times with variable numbers
of test plants - an average of 5-6 test plants per experiment - totaling 33 test plants infested over
30 days. Samples from test plants were stored at -80oC before total nucleic acids were extracted
essentially as described by Poudel et al. (2013) and subjected to the triplex RT-PCR detection
targeting the cytorhabdovirus N and L transcripts and the host NADH transcript, using the Kapa
Hifi PCR Kit (Roche) according to the manufacturer’s instruction and visualized on a 1.5% SB
agarose gel. Prior to infestation, test plants were cultivated in a greenhouse setting with routine
spraying of 0.2% insecticidal soap (Dr. Bronner’s hemp peppermint pure-castile soap) and 0.4%
neem oil solution to manage any pests.
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2.3 Results

High throughput sequencing
Virus outputs of Virfind detection from HTS reads of CFRA 9094 included strawberry mild
yellow edge virus, strawberry palladosis-associated virus, strawberry criniviruses 3 and 4 and
sequences similar to that of viruses in the genus Cytorhabdovirus, family Rhabdoviridae.
Twenty-eight (28) contigs corresponded to cytorhabdovirus sequences by BlastX (Supplemental
Table 2.2), and were assembled into three larger contigs by de novo assembly of 2,909 and 6,235
nt long and most similar to Lettuce necrotic yellows virus (LNYV) (NCBI Reference Sequence:
NC_007642), the type member of the genus (Dietzgen et al., 2006). Mapping of HTS reads to
the draft genome is shown in Figure 2.1, with coverage ranging from 1-62X. Of the 49.7 million
reads, 298,871 mapped to the draft cytorhabdovirus genome, which was ~0.01% of the total
reads. After coverage was verified, the full 12,956 nt virus genome was determined, and used in
subsequent analyses.

Figure 2.1 Trimmed reads from HTS mapped to the novel cytorhabdovirus draft genome
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Sequence analysis and phylogeny
Open reading frames (ORFs) were identified in the virus genome by NCBI’s ORF finder using
standard genetic code (https://www.ncbi.nlm.nih.gov/orffinder). The ORFs encode signature
cytorhabdovirid genes in the order 5’-N-P-4b-M-G-L-3’, where N = nucleoprotein, P =
phosphoprotein, 4b = a protein likely involved in cell-to-cell movement, M = matrix protein, G =
glycoprotein, and L = RNA-dependent RNA polymerase (RdRp) (Dietzgen et al., 2006) (Table
2.2). The genome contains a 3’ leader sequence of 174 nt, a 5’ trailer sequence of 197 nt, and 12
base-pair complementarity at the 5’ and 3’ termini with the exception of one guanine deletion at
the 5th position of the 5’ end (Figure 2.2). Phylogenetic analyses of amino acid sequences of the
conserved portion of the L (Figure 2.3) and the full N (Figure 2.4) revealed the novel virus to
cluster within one of the two clades of the Cytorhabdovirus genus, with LNYV and LYMoV that
were previously identified as closest relatives by BlastX.

Table 2.2. Open reading frames (ORFs) identified in the novel cytorhabdovirus genome

Gene

Putative
function

Start-Stop
(nt)

Length
(aa)

Closest relative,
accession

Identity
(%)/E-value
(Blast P)

N

nucleocapsid

175-1551

458

LNYV, AJS10608.1

51.00/5e-159

P/4a

phosphoprotein

1718-2605

295

TpVB, AYH53269.1

42.61/2e-64

4b

movement

2760-3737

325

LNYV, YP_425089.1

60.37/1e-116

M

matrix protein

3899-4408

165

LNYV, YP_425090.1

43.48/4e-42

G

glycoprotein

4522-6174

550

LYMoV, YP_002308375.1

49.54/0.0

L

polymerase

6742-12759

2005

LYMoV, YP_002308376.1

59.11/0.0
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Figure 2.2. 3’ and 5’ termini complementarity
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Figure 2.3. Maximum likelihood phylogenetic tree based on conserved amino acid sequences of
the L gene of Strawberry cytorhabdovirus A and plant-infecting rhabdoviruses, shown in Table
2.1. Branches with <70% bootstrap values were collapsed. Virus abbreviations are (top to
bottom): Alfalfa dwarf virus (ADV), Raspberry vein chlorosis virus (RVCV), Strawberry crinkle
virus (SCV), Trifolium pratense virus A (TpVA), Tomato yellow mottle-associated virus
(TYMaV), Wuhan insect virus 6 (WhIV6), Persimmon virus A (PeVA), Wuhan insect virus 5
(WhIV5), Wuhan insect virus 4 (WhIV4), Cabbage cytorhabdovirus 1 (CCyV-1), Strawberry
cytorhabdovirus A, Lettuce necrotic yellows virus (LNYV), Trifolium pratense virus B (TpVB),
Lettuce yellow mottle virus (LYMoV), Barley yellow striate mosaic virus (BYSMV), Maize
yellow striate virus (MYSV), Northern cereal mosaic virus (NCMV), Colocasia bobone
disease-associated virus (CBDV), Rice stripe mosaic virus (RSMV), Yerba mate
chlorosis-associated virus (YmCaV), papaya cytorhabdovirus (PCRV), Bean-associated
cytorhabdovirus (BaCV), Fragarhavirus A (FrVA), Sowthistle yellow vein virus (SYNV), Datura
yellow vein virus (DYVV), Sonchus yellow net virus (SYNV), Blackcurrant-associated
rhabdovirus, Alfalfa nucleorhabdovirus (AaNV), Coffee ringspot virus (CoRSV), Clerodendrum
chlorotic spot virus (ClCSV), Citrus chlorotic spot dichorhavirus (CiCSV), Orchid fleck
dichoravirus (OFV), Maize fine streak virus (MFSV), Taro vein chlorosis virus (TaVCV),
Morogoro maize-associated virus (MMaV), Maize mosaic virus (MMV), Maize iranian mosaic
virus (MIMV), Wheat yellow striate virus (WYSV), Rice yellow stunt virus (RYSV), Potato
yellow dwarf virus (PYDV), Eggplant mottled dwarf virus (EMDV), Physostegia chlorotic
mottle virus (PhCMoV). Substitution bar represents 0.3 amino acid changes/site.
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Figure 2.4. Maximum likelihood phylogenetic tree based on amino acid sequences of the N gene
of Cytorhabdovirus A and plant-infecting rhabdoviruses, shown in Table 2.1. Branches with
<70% bootstrap values were collapsed. Virus abbreviations are (top to bottom): Alfalfa dwarf
virus (ADV), Raspberry vein chlorosis virus (RVCV), Strawberry crinkle virus (SCV), Trifolium
pratense virus A (TpVA), Tomato yellow mottle-associated virus (TYMaV), Wuhan insect virus
6 (WhIV6), Persimmon virus A (PeVA), Wuhan insect virus 5 (WhIV5), Wuhan insect virus 4
(WhIV4), Cabbage cytorhabdovirus 1 (CCyV-1), Strawberry cytorhabdovirus A, Lettuce
necrotic yellows virus (LNYV), Trifolium pratense virus B (TpVB), Lettuce yellow mottle virus
(LYMoV), Barley yellow striate mosaic virus (BYSMV), Maize yellow striate virus (MYSV),
Northern cereal mosaic virus (NCMV), Colocasia bobone disease-associated virus (CBDV), Rice
stripe mosaic virus (RSMV), Yerba mate chlorosis-associated virus (YmCaV), papaya
cytorhabdovirus (PCRV), Bean-associated cytorhabdovirus (BaCV), Fragarhavirus A (FrVA),
Sowthistle yellow vein virus (SYNV), Datura yellow vein virus (DYVV), Sonchus yellow net
virus (SYNV), Blackcurrant-associated rhabdovirus, Alfalfa nucleorhabdovirus (AaNV), Coffee
ringspot virus (CoRSV), Clerodendrum chlorotic spot virus (ClCSV), Citrus chlorotic spot
dichorhavirus (CiCSV), Orchid fleck dichoravirus (OFV), Maize fine streak virus (MFSV), Taro
vein chlorosis virus (TaVCV), Morogoro maize-associated virus (MMaV), Maize mosaic virus
(MMV), Maize iranian mosaic virus (MIMV), Wheat yellow striate virus (WYSV), Rice yellow
stunt virus (RYSV), Potato yellow dwarf virus (PYDV), Eggplant mottled dwarf virus (EMDV),
Physostegia chlorotic mottle virus (PhCMoV). Substitution bar represents 0.3 amino acid
changes/site.
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Survey of incidence
Seven hundred and seventy (770) strawberry plants sourced from four states were tested for the
novel cytorhabdovirus, and one plant from the NCGR was tested positive. The full N and partial
L of the additional isolate were sequenced and we found to be closely related to the original
isolate, at approximately 98% nt identity for both genes.

Transmission
Strawberry and small bramble aphids reared on virus source plant CFRA 9094 separately and
were transferred to 46 plants over seven (7) experiments and 33 plants over six (6) experiments
respectively, at optimal conditions for transmission. The cytorhabdovirus was not detected in any
plants infested with either aphid species using the triplex PCR detection at either the 30 day or
60 day point after initiation of aphid feeding.

2.4 Discussion
The virus possesses the canonical genes the Rhabdoviridae 3’-N-P-M-G-L-5’, encoding the five
structural proteins and the accessory gene 4b, possibly involved in virus movement (Martin et
al., 2012). Phylogenetic analyses of the L and the N proteins confirmed the virus does belong to
the genus Cytorhabdovirus, and is the third known to infect strawberry. The 3’ and 5’ termini of
the genome were found to be complementary, typical of single stranded negative-sense RNA
viruses, and crucial to the replication process (te Velthuis et al., 2021). These sequences are
almost identical to their counterparts in LNYV and LYMoV.
Additional isolates were not recovered from the field samples collected in this study. To
make conclusions about the prevalence of this virus in the field, further sampling is required in
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California, as this state has the largest strawberry acreage, and the Northeastern United States,
where the type isolate was - most probably- retrieved from the field in the 1990s. Due to the
extended length of time our original isolate has been out of field circulation, it is possible the
virus species could have evolved past detectability with our current test. Testing strawberry
samples from the era of the original isolate collection could allow for the identification of
additional isolates. Diagnostics could then be improved to capture diverse isolates and determine
population structure. Further testing is clearly required in order to make any conclusions about
the prevalence of the novel virus in strawberry producing regions of the United States.
The two aphids species utilized in this study were unable to transmit the cytorhabdovirus
to F. x ananassa cv. ‘Ozark beauty’ seedlings. There are many possibilities for the observed
results. Firstly, viruses co-evolve tightly with their vectors, therefore it could be aphids from
Arkansas in 2019 are incompatible biotypes with the virus, which probably originated in
Maryland in the 1990s. In many systems, differential transmission ability based on the vector
species and biotype, as well at the strain of virus, have been observed (Ammar et al., 2009; Gray
et al., 2002; Lu et al., 2017; McGrath and Harrison, 1995; Saksena et al., 1964; Thottappilly et
al., 1972; Verbeek et al., 2009). Unfortunately, the study of specific vector-virus interactions is
extremely difficult given the enormous diversity of both actors, but this field of research is
expanding (Dietzgen et al., 2016). Another important fact to consider is the isolation of the virus
from the field. The reference isolate has been replicating in a single clone for more than 20 years,
and due to the strict limits on genome size of plant viruses they quickly lose genetic information
that is not necessary (Zwart et al., 2013; Miyashita and Kishino, 2010). This occurs by rapid
evolution of the virus within the plant (Tromas et al., 2014), which may favor non-transmissible
variants if selective pressure is removed from the system. By this logic, it is possible the isolate
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used for transmission lost its ability to be transmitted by arthropods over time without the
selective pressure of vector transmission.
In future research, the green peach aphid (Myzus persicae Sulzer) should be investigated
as a ubiquitous vector of viruses. Based on current knowledge, aphids are likely vectors of any
cytorhabdovirus in strawberry, however they are not alone. Leaf and planthoppers are also
known to transmit cytorhabdoviruses in plants, though never before in strawberry, and should be
considered as possible vectors. Recently, the transmission of Bean-associated cytorhabdovirus
(BaCV) was successful by whiteflies (Bemisia tabaci MEAM1). This is the first report of
rhabdovirus transmission by whiteflies and the results of the study suggest this was not occurring
in a persistent propagative mode (Pinheiro-Lima et al., 2020), which conflicts with previous
assumptions and is critical in management decisions. This unexpected finding highlights the
need for further epidemiological research so proper control measures may be designed when
needed.
The discovery of this novel cytorhabdovirus in strawberry contributes to the overall
knowledge of rhabdoviruses and viruses infecting strawberry. The key aspect of viral disease
prevention is the methodical screening of strawberry for viruses, which first requires knowledge
of the viruses themselves. As a result of this study, a diagnostic test for this virus has been
developed and is available for the industry. By introducing clean virus-tested plants to the field,
the chance of multiple infections decreases and growers are in the best position to avoid yield
loss due to viruses (Gergerich et al., 2015).
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2.6 Supplemental Data
Supplemental Table 2.1. Primers used in this study
Purpose

Name

Sequence (5’-> 3’), TA (if applicable)

Genome coverage

4201R

GGATAACTTGTGGCTCGATGGG

Genome coverage

4149R

CACCGAGAGACACCAATGCC

Genome coverage

3665F

TGTCGCTAGGAGAGTTGAGTTGC

Genome coverage

3748F

TGGTATCAGGACCTCTGCTCC

detection L

L1094F

GAGTTGAGACGAGGAGTGTTGCG

detection L

L1795R

CAGCACTTGATTATCACCCATGCCC

detection L

L1767F

ATGGGCATGGGTGATAATCAAGTGC

detection L

L2605R

CAGTTTGTCTTAATCCTGCGGTTGGGG

full N

N40F

CGTAAAGGTACAAAGAATCAAACGCATAAATTAGC

full N

N1737R

GAGCTATCGTCGTGTTCCATGTTAACTCG

detection N

N510F

AGAGACCGATGCTGAGAAAAGGC

detection N

N856R

CATTGTAGGAAACCCACCAAGC

3' end verification

CytoRg1R

TGCCTGTTATTTCTCTTATTCATAA

3' RACE

3'End2

GCTAAAGTCGTAACTAAGTGG, 48oC

3' RACE

3'End3

GGGTACACAGACTACAAGAG, 48oC

Specific RT

3'End2

GCTAAAGTCGTAACTAAGTGG

Specific RT

3'End3

GGGTACACAGACTACAAGAG

Aphids species ID

COI 517R

ATTGATCAGGGGAATAAAGG

Aphids species ID

COI 222F

CCTGATATATCTTTTCCACG
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Supplemental Table 2.2. Virfind outputs from HTS reads of CFRA 9094
Query
ID

Subject ID, virus

Query
Alignment
length (nt) length (nt) Mismatches

E value

%
identity

1367

ABV56125.1, LYMoV

1069

241

139

5.00E-48

39.02

2879

ABV56128.1, LYMoV

3604

522

257

0

50.38

475

ABV56128.1, LYMoV

2387

522

257

0

50.38

2882

ABV56129.1, LYMoV

2751

912

255

0

71.91

722

ABV56129.1, LYMoV

1461

419

217

1.00E-115

47.29

1350

ABV56129.1, LYMoV

1399

463

242

6.00E-122

47.31

132

ABV56129.1, LYMoV

944

303

89

1.00E-138

70.26

193

CAG34083.1, LNYV

1496

443

210

7.00E-157

51

1242

SP|Q4W382.1|, LNYV

1298

426

109

0

74.24

515

SP|Q4W382.1|, LNYV

715

237

111

9.00E-73

53.36

846

SP|Q4W382.1|, LNYV

557

182

49

1.00E-91

73.22

1103

SP|Q9E7N8.2|, LNYV

1236

266

103

2.00E-113

60.37

13286

ABV56128.1, LYMoV

2018

522

257

0

50.38

13210

ABV56129.1, LYMoV

2809

932

294

0

68.34

8209

ABV56129.1, LYMoV

2235

741

242

0

67.2

27507

ABV56129.1, LYMoV

1323

421

217

1.00E-117

47.54

8208

ABV56129.1, LYMoV

1043

342

112

2.00E-138

67.15

5607

ABV56129.1, LYMoV

933

310

154

6.00E-83

50.48

19743

ABV56129.1, LYMoV

291

95

47

2.00E-26

50.52

13186

CAG34087.1, LNYV

3819

443

210

1.00E-147

51

10346

CAG34087.1, LNYV

3768

443

210

5.00E-148

51

2915

ADA68871.1, IVBV

254

83

13

7.00E-45

84.52

41985

ADA68872.1, IVBV

192

62

4

7.00E-35

93.65

2914

SP|Q4W382.1|, LNYV

595

196

52

8.00E-97

73.6

4331

SP|Q4W382.1|, LNYV

517

168

90

2.00E-42

45.29

31974

SP|Q4W382.1|, LNYV

362

49

24

4.00E-10

52

15861

SP|Q9E7N9.1|, LNYV

482

130

70

7.00E-31

46.56
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Chapter 3. A member of a new genus in the Rhabdoviridae infects strawberry

Abstract
The genetic information of strawberry latent C virus (SLCV), a putative nucleorhabdovirus
causing latent C disease on select Fragaria indicator clones, has long been pursued but never
obtained. In the quest to identify SLCV, a novel rhabdovirus was discovered, a virus distantly
related to nucleorhabdovirids. The possible connection between the two viruses infecting
strawberry is unexplored, however this study begins the process by characterizing the genome of
the novel rhabdovirus, investigating its epidemiological properties, and developing diagnostics
that can be used for the strawberry industry. The full genome was obtained, and phylogenetic
analyses were done with all known plant-infecting rhabdoviruses. Strawberries from four
strawberry-producing states were tested for the virus, including plants from the National Clonal
Germplasm Repository, and a possible insect vector, the strawberry aphid (Chaetosiphon
fragaefolii), was evaluated for its ability to transmit the virus .

3.1 Introduction
Strawberries are the most important berry crop in the world with the United States producing
about 25% of the global output (Anonymous, 2021). The strawberry industry faces many
challenges, including labor availability and pest management (Samtani et al., 2019). Viruses also
pose a significant challenge and have threatened production in the United States in the recent
past (Martin and Tzanetakis, 2006; 2013). Viruses may remain undetected in nursery or
production fields because modern strawberry (Fragaria x ananassa) is tolerant to single
infections, being largely asymptomatic. In cases of multiple infections, viruses act synergistically
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and cause severe economic losses (Sharma et al., 2018). Damages can be mitigated by screening
propagation stock to avoid introduction of viruses from the nursery to production fields and by
continuous efforts to develop effective detection protocols and management strategies for
established and emerging viruses.
High-throughput sequencing (HTS) has been proven as an effective tool for the detection
of known and discovery of new viruses (Al Rwahnih et al., 2015; Bartsch et al., 2018; Bejerman
et al., 2020; de Nazaré Almeida dos Reis et al., 2020; Ma et al., 2019; Minicka et al., 2020;
Pecman et al., 2017; Rott et al., 2017; Vigne et al., 2018; Xiao et al., 2019; Xu et al., 2019). This
study utilized HTS and the bioinformatics virus detection and discovery pipeline Virfind (Ho and
Tzanetakis, 2014), to discover a novel rhabdovirus infecting strawberry.
The Rhabdoviridae is extremely diverse and can infect a broad range of eukaryotes
including mammals, fish, insects, and plants. With the exception of bipartite Dichorhavirus,
unifying features of the Rhabdoviridae are monopartite negative-sense single-stranded RNA
genomes ranging 10.8-16.1 kb and double-enveloped bullet-shaped or bacilliform virions
(Dietzgen et al., 2017; Walker et al., 2018). Canonical genes encoding structural proteins
3’-N-P-M-G-L-5’ (N = nucleoprotein, P = phosphoprotein, M = matrix protein, G =
glycoprotein, L = RNA-dependent RNA-polymerase [RdRp]) are present in all members of the
family with variable accessory genes encoded in the genome of some rhabdoviruses, many of
which have unknown functions and require further investigation (Walker et al., 2011). The
family includes 30 genera and 191 species, of which there are economically important
arthropod-borne members infecting plants (Walker et al., 2018). The rhabdovirids known to
infect strawberry include a newly described cytorhabdovirus tentatively named Strawberry virus
1 (Fránová et al., 2019), strawberry crinkle, also a cytorhabdovirus, and strawberry latent C
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(SLCV). Latent C is a graft-transmissible disease first described in the 1940s (Harris and King,
1942), however to this day no molecular or serological data has been obtained about the agent.
Identified as a nucleorhabdovirus, based on electron microscopy (Yoshikawa, 1986), it was
present in strawberry across the Northeastern United States and Canada (Bolton, 1964). The
possible connection between the evasive SLCV and the novel rhabdovirus is of particular interest
as the viruses are from the same region and both are rhabdoviruses likely replicating in the host
nuclei. If a connection between the two can be made, then 80 year old questions could be
answered.
This study focuses on several epidemiological aspects of the newly discovered virus
including genome characterization, phylogenetics, transmission and incidence in strawberry
production areas. Diagnostics were developed and are now available for screening propagation
stock, which would prevent the exponential spread of the virus before plants enter the field. As
the best approach to prevent virus accumulation in any crop is by planting clean virus-tested
plants (Gergerich et al., 2015), this work can assist in maintaining the clean status of strawberry
crops in the US and across the globe.

3.2 Materials and Methods

Virus source and high throughput sequencing
The virus source plant (‘Fragaria 7’) housed in a greenhouse in Corvallis, Oregon as part of the
collection used for the characterization of the pallidosis agents was collected in Maryland in the
late 1990s and sampled in fall of 2018 (Villamor et al., unpublished).
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Total nucleic acids were isolated by grinding leaf tissues in liquid nitrogen as described
previously (Ho et al., 2018) and prepared for high-throughput sequencing (HTS) as described in
Shaffer (2020). An additional virus source plant, Fragaria vesca subsp. vesca cv. ‘Frost King’
(CFRA 573.001), clone was collected from the Fragaria collection at the National Clonal
Germplasm Repository (NCGR) and propagated in a protected greenhouse for use in
transmission experiments.

Sequence analysis
Approximately 37.4 million raw reads from HTS were analyzed by Virfind (Ho and Tzanetakis,
2014). Sequences showing similarity to viruses in the family Rhabdoviridae were identified and
confirmed by reverse transcription-polymerase chain reaction (RT-PCR) using new extractions
for cDNA synthesis according to Poudel et al. (2013). cDNA was used as template for PCR
detection of the unique sequences using primers designed based on HTS data (Supplemental
Table 3.1). In all experiments, amplicons were visualized by UV exposure of a Sodium Borate
(SB) gel stained with GelRed (Biotium) and DNA was purified using the GeneJET PCR
Purification kit (Thermo Scientific). Identities of amplicons were verified by Sanger sequencing
at the Psomagen facility in Rockville, Maryland (https://lims.psomagen.com).
De-novo assembly of HTS reads was done in BioEdit (Hall, 1999) to retrieve the partial
genome of the novel rhabdovirus, referred hereafter as Fragavirus A (FrVA). Rapid
Amplification of cDNA Ends (RACE) and Sanger sequencing were utilized to establish the 5’
and 3’ termini sequences of the genome essentially as previously described (Tzanetakis et al.,
2005) using virus-specific and oligodT primers. Areas in the assembly of less than 5X coverage
were resolved with PCR using High-fidelity LA Taq (Takara) and Sanger sequencing at greater
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than 3X coverage; primers and specific PCR conditions are listed in Supplemental Table 3.1.
With genome information, all open reading frames (ORFs) were identified by NCBI’s ORF
finder (https://www.ncbi.nlm.nih.gov/orffinder/). The identities of putative proteins were
determined by BlastX and PSI-Blast searches (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Phylogenetic Analysis
All available sequences for the L protein of plant-infecting rhabdoviruses recognized by the
International Committee on Taxonomy of Viruses (ICTV) (Walker et al., 2018) were obtained
from Genbank (Table 3.1) and uploaded to MEGA X (Kumar et al., 2018). Sequences were
trimmed to the conserved motifs of the RNA-dependent RNA polymerase of negative-sense
single stranded viruses (Li et al., 2008; te Velthuis et al., 2021) and aligned using MUSCLE
(Edgar 2004). A model test of the best-fit amino acid substitution model in MEGA X was
identified (Nei and Kumar, 2000) and used to draw a phylogenetic tree using maximum
likelihood at default parameters (Le and Gascuel, 2008). The full nucleocapsid protein (N)
sequences of the same group of viruses were used to draw phylogenetic trees as above.

Table 3.1 Plant-infecting rhabdoviruses used in phylogenetic analyses (accessed 2/11/21)
Species

Acronym

L Accession

N Accession

Alfalfa dwarf cytorhabdovirus

ADV

KP205452

YP_009177015.2

Barley yellow striate mosaic cytorhabdovirus

BYSMV

NC_028244.1

YP_009177222.1

Cabbage cytorhabdovirus 1

CCyV-1

ATS17313.1

ATS17308.1

Colocasia bobone disease-associated cytorhabdovirus

CBDaV

YP_009362280.1

YP_009362275.1

Lettuce necrotic yellows cytorhabdovirus

LNYV

YP_425092.1

YP_425087.1

Lettuce yellow mottle cytorhabdovirus

LYMoV

YP_002308376.1

YP_002308371.1

Maize yellow striate cytorhabdovirus

MYSV

ATN96443.1

ATN96434.1

Northern cereal mosaic cytorhabdovirus

NCMV

NP_597914.1

NP_057954.1
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Table 3.1 Plant-infecting rhabdoviruses used in phylogenetic analyses (accessed 2/11/21) cont.
Species

Acronym

L Accession

N Accession

Papaya cytorhabdovirus

PCRV

AYD37624.1

AYD37618.1

Persimmon cytorhabdovirus A

PeVA

YP_006576506.2

YP_006576501.2

Raspberry vein chlorosis virus

RVCV

QBS46636.1

QBS46629.1

Rice stripe mosaic cytorhabdovirus

RSMV

YP_009553369.1

YP_009553363.1

Strawberry crinkle cytorhabdovirus

SCV

AWK49440.1

AYC54265

Tomato yellow mottle-associated cytorhabdovirus

TYMaV

YP_009352236.1

YP_009352242.1

Wuhan Insect cytorhabdovirus 4

WhIV-4

YP_009300689.1

YP_009300684.1

Wuhan Insect cytorhabdovirus 5

WhIV-5

YP_009300875.1

YP_009300870.1

Wuhan Insect cytorhabdovirus 6

WhIV-6

YP_009301361.1

YP_009301356.1

Yerba mate chlorosis-associated virus

YmCaV

ARA91091.1

AYR67253.1

Trifolium pratense virus A

TpVA

AYH53279.1

AYH53274.1

Trifolium pratense virus B

TpVB

AYH53273.1

AYH53268.1

Bean-associated cytorhabdovirus

BaCV

QAU20941.1

QAU20935.1

Potato yellow dwarf alphanucleorhabdovirus

PYDV

YP_004927971.1

YP_004927965.1

Physostegia chlorotic mottle alphanucleorhabdovirus

PhCMoV

AOT55662.1

AOT55656.1

Rice yellow stunt alphanucleorhabovirus

RYSV

NP_620502.1

NP_620496.1

Eggplant mottled dwarf alphanucleorhabdovirus

EMDV

YP_009094358.1

YP_009094352.1

Maize mosaic alphanucleorhabdovirus

MMV

YP_052855.1

YP_052850.1

Maize iranian mosaic alphanucleorhabdovirus

MIMV

YP_009444713.1

YP_009444708.1

Morogoro maize-associated alphanucleorhabdovirus

MMaV

AZP55475.1

AZP55470.1

Wheat yellow striate alphanucleorhabdovirus

WYSV

AVV48080.1

AVV48075.1

Taro vein chlorosis alphanucleorhabdovirus

TaVCV

YP_224083.1

YP_224078.1

Sonchus yellow net betanucleorhabdovirus

SYNV

NP_042286.1

NP_042281.3

Blackcurrant betanucleorhabdovirus

BCaRV

AUW36419.1

AUW36414.1

Alfalfa betanucleorhabdovirus

AaNV

QAB45076.1

QAB45070.1

Datura yellow vein betanucleorhabdovirus

DYVV

YP_009176977.1

YP_009176972.1
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Diagnostics
Primers for PCR detection were designed using IDT’s OligoAnalyzer tool. Generation of cDNA
was done as previously described (Poudel et al., 2013) with random hexamer and oligo-dT
primers. A triplex PCR assay was optimized using tRNA from ‘Fragaria 7’ as template with
virus-specific primers to amplify the 396 nt fragment of the N gene (FrVA N1100F
5’-CATGTCGAGTTGAAAGGTCTGC-3’/ FrVA N1496R
5’-CCTCAAAGATCTCAGCATACTCC-3’) and 796 nt fragment of the L gene (FrVA L1352F
5’-CTGTGCCCACAGGTATGAACATAGC-3’/ FrVA L2148R
5’-TAGGACCTGGTTGTCCCCTCC-3’) and host-specific primers to amplify a 721 nt fragment
of the highly conserved NADH dehydrogenase ND-2 subunit transcript of the host (Tzanetakis et
al., 2007) for validation of RNA integrity and quality. Reactions were prepared as previously
described (Poudel et al., 2013) with PCR program consisting of denaturation at 94oC for 2 min,
followed by 40 cycles of 94o C for 15 sec, 55o C for 15 sec, 72o C for 40 sec, and a final
extension of 72o C for 10 min.

Survey of incidence
A survey composed of samples from commercial fields in Arkansas (235), California (44),
Florida (280) and Oregon (185). One hundred (100) of the samples from Oregon were sourced
from the Fragaria Collection of the National Clonal Germplasm Repository (NCGR) in
Corvallis, Oregon. Approximately 50 mg of leaf tissue was taken from each sample and stored
with 2 steel beads in a 96-well sample plate at -80oC for no more than two weeks before
processing. The sample plates were submerged in liquid nitrogen for three (3) min, then leaf
tissues were homogenized using the SPEX Geno/Grinder sampleprep. Total nucleic acids were
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isolated from samples using the automated MagMAX-96 Total RNA isolation kit with standard
protocol (Life Technologies, USA) (Katsiani et al., 2020) and subsequently subjected to RT-PCR
detection.

Transmission
Strawberry aphids (Chaetosiphon fragaefolii) were collected from Fragaria x ananassa cv.
‘Ozark Beauty’ in Fayetteville, AR. Species identification was confirmed both morphologically
and by DNA barcoding. All available sequences of C. fragaefolii mitochondrial gene cytochrome
oxidase subunit 1 (COI) in Genbank (accessed December 18th, 2019) were aligned in MEGA X
(Kumar et al., 2018) using MUSCLE (Edgar 2004) and primers were designed in regions with
100% conservation among accessions. The 295 bp fragment was amplified by PCR reactions,
prepared according to Poudel et al. (2013), with primers COI222F
(5’-CCTGATATATCTTTTCCACG-3’) and COI517R (5’-ATTGATCAGGGGAATAAAGG-3’).
The program consisted of a denaturation step at 94oC for 2 min, and 40 cycles of 94oC for 10 sec,
47oC for 15 sec, and 72oC extension for 20 sec and a final extension step of 72oC for 5 min.
Amplicons were visualized post-stained 1.5% SB agarose gel before Sanger sequencing
verification.
Aphids were reared on indicator Fragaria vesca subsp. vesca cv. ‘UC-5’ in growth
chambers with photoperiods of 16/8 hrs (light/dark) and temperatures 20/16°C before transfer to
virus source plant ‘Frost King’. A colony was maintained on ‘Frost King’ for more than one (1)
month before seven (7) adult aphids were individually transferred to each seedling of ‘Ozark
Beauty’ with a paint brush. Feeding periods on virus source plant and test plants were
determined based on the results of a previous transmission study using the strawberry aphid and
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a strawberry-infecting rhabdovirus by Krczal (1979). Aphids fed on test plants for 15 days, then
plants were moved to a protected greenhouse for incubation. This was repeated with 20 plants
with transfers occurring one (1) plant at a time during a 2 ½ month period. Thirty days after
transfer, the youngest fully developed leaves were sampled from each test plant and stored at
-

80oC until isolations of RNA were carried out according to the protocol described by Poudel et

al. (2013) before subjected to the FrVA triplex RT-PCR using the Kapa Hifi PCR Kit (Roche)
according to the manufacturer’s instruction. Prior to infestation, test plants were grown in a
greenhouse setting with routine spraying of 0.2% insecticidal soap (Dr. Bronner’s hemp
peppermint pure-castile soap) and 0.4% neem oil solution to manage any potential pests.

3.3 Results
Sequencing and bioinformatics
VirFind identified three (3) viruses in the contigs generated from ‘Fragaria 7’ HTS raw reads.
The viruses detected were strawberry pallidosis associated virus with 24 contigs ranging 96 to
8,017 nt, strawberry vein banding virus with 51 contigs ranging 192 to 598 nt, and Fragarhavirus
A with four (4) contigs at 4,424 to 14,427 nt. The contigs were assembled to create a draft
genome and HTS raw reads were trimmed and mapped to the genome in CLC Genomics
Workbench v11.0.1 to ensure coverage of at least 5X (Figure 3.1). Eight thousand six hundred
and thirty (8,630) or 0.02% of the 37.4 million reads mapped to the draft FrVA genome with
coverage ranging from 1-188X. Based on typical length of 3’ leader and 5’ trailer sequences,
those sequences represented a full or near-full genome. With the addition of sequences
recovered from RACE analysis, the full genome of 14,433 nt was obtained.
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Figure 3.1 Raw HTS reads mapped to the draft genome of the novel rhabdovirus

Sequence analysis
The sequence of the 3’ leader and 5’ trailer are complementary by the 12 terminal bases, as is
typical of rhabdoviruses, but one mismatch (Figure 3.2). A total of six (6) ORFs were identified,
but only two had high enough identities to known proteins as assessed by BlastP; the L (ApRVA
QBZ28538.1, 35.32%, E-value 0.0, 61% coverage) at nt 8254-14,220 encoding the largest, 1,988
aa protein, and the N (TaVCV YP_224078.1, 23.97%, E-value 2e-26, 89% coverage), the first
ORF in the genome (nt 310-1,812) encoding a 500 aa protein. PSI-Blast (position-specific
iterated blast) identified the 3rd ORF matched with PSI-Blast only one (1) hypothetical protein
of orchid fleck dichorhavirus (OFV [synonym Citrus leprosis virus nuclear type] AGN91970.1,
19.75%, E-value 0.03, 73% coverage). This hypothetical protein sequence, from 3,230 - 4,198 nt
in the genome, would be 322 aa long. The 5th ORF in the genome, at 5,417-7,633 nt and
encoding a 738 aa protein, to be distantly related to rhabdovirus glycoproteins (SYNV
QTC11066.1, 22.84%, E-value 2e-04, 48% coverage). The other two (2) ORFs could not be
identified by similarity to other virus proteins in the databases. We assume they would
correspond to the canonical genes P and M, however due to high divergence of this species, this
cannot adequately be determined without functional studies. The presumed phosphoprotein (P),
also known as the 4a protein in other rhabdoviruses, ORF follows the N at 2,073 - 2,957 nt
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encoding a 322 aa protein. Lastly, the would-be 256 aa matrix protein (M) is predicted at nt
4,504-5,274.

Figure 3.2 Genome termini complementarity of the FrVA genome

Phylogenetics
Phylogenetic analyses of the plant-infecting rhabdoviruses, using amino acid sequences of both
the L conserved motifs (Figure 3.3) and the N (Figure 3.4), suggest the novel virus is closely
related to the nucleorhabdovirus and cytorhabdovirus genera but belongs, presumably, to its own
genus. We propose this novel virus, FrVA to be the inaugural species of a new genus named
Fragarhavirus.
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Figure 3.3. Maximum likelihood phylogenetic tree based on peptide sequences of the L gene of
FrVA and plant-infecting rhabdoviruses, shown in Table 3.1. Branches with <70% bootstrap
values were collapsed. Virus abbreviations are (top to bottom): Alfalfa dwarf virus (ADV),
Raspberry vein chlorosis virus (RVCV), Strawberry crinkle virus (SCV), Trifolium pratense
virus A (TpVA), Tomato yellow mottle-associated virus (TYMaV), Wuhan insect virus 6
(WhIV6), Persimmon virus A (PeVA), Wuhan insect virus 5 (WhIV5), Wuhan insect virus 4
(WhIV4), Cabbage cytorhabdovirus 1 (CCyV-1), Strawberry cytorhabdovirus A, Lettuce
necrotic yellows virus (LNYV), Trifolium pratense virus B (TpVB), Lettuce yellow mottle virus
(LYMoV), Barley yellow striate mosaic virus (BYSMV), Maize yellow striate virus (MYSV),
Northern cereal mosaic virus (NCMV), Colocasia bobone disease-associated virus (CBDV), Rice
stripe mosaic virus (RSMV), Yerba mate chlorosis-associated virus (YmCaV), papaya
cytorhabdovirus (PCRV), Bean-associated cytorhabdovirus (BaCV), Fragarhavirus A (FrVA),
Sowthistle yellow vein virus (SYNV), Datura yellow vein virus (DYVV), Sonchus yellow net
virus (SYNV), Blackcurrant-associated rhabdovirus, Alfalfa nucleorhabdovirus (AaNV), Coffee
ringspot virus (CoRSV), Clerodendrum chlorotic spot virus (ClCSV), Citrus chlorotic spot
dichorhavirus (CiCSV), Orchid fleck dichoravirus (OFV), Maize fine streak virus (MFSV), Taro
vein chlorosis virus (TaVCV), Morogoro maize-associated virus (MMaV), Maize mosaic virus
(MMV), Maize iranian mosaic virus (MIMV), Wheat yellow striate virus (WYSV), Rice yellow
stunt virus (RYSV), Potato yellow dwarf virus (PYDV), Eggplant mottled dwarf virus (EMDV),
Physostegia chlorotic mottle virus (PhCMoV). Substitution bar represents 0.3 amino acid
changes/site.
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Figure 3.4. Maximum likelihood phylogenetic tree based on peptide sequences of the N gene of
FrVA and plant-infecting rhabdoviruses, shown in Table 3.1. Branches with <70% bootstrap
values were collapsed. Virus abbreviations are as follows: Raspberry vein chlorosis virus
(RVCV), Strawberry crinkle virus (SCV), Alfalfa dwarf virus (ADV), Tomato yellow
mottle-associated virus (TYMaV), Trifolium pratense virus B (TpVB), Wuhan insect virus 6
(WhIV6), Persimmon virus A (PeVA), Wuhan insect virus 5 (WhIV5), Wuhan insect virus 4
(WhIV4), Cabbage cytorhabdovirus 1 (CCyV-1), Strawberry cytorhabdovirus A, Lettuce
necrotic yellows virus (LNYV), Lettuce yellow mottle virus (LYMoV), Trifolium pratense virus
A (TpVA), Barley yellow striate mosaic virus (BYSMV), Maize yellow striate virus (MYSV),
Northern cereal mosaic virus (NCMV), Colocasia bobone disease-associated virus (CBDV), Rice
stripe mosaic virus (RSMV), Yerba mate chlorosis-associated virus (YmCaV), papaya
cytorhabdovirus (PCRV), Bean-associated cytorhabdovirus (BaCV), Fragarhavirus A (FrVA),
Sowthistle yellow vein virus (SYNV), Datura yellow vein virus (DYVV), Sonchus yellow net
virus (SYNV), Blackcurrant-associated rhabdovirus, Alfalfa nucleorhabdovirus (AaNV), Coffee
ringspot virus (CoRSV), Clerodendrum chlorotic spot virus (ClCSV), Citrus chlorotic spot
dichorhavirus (CiCSV), Orchid fleck dichoravirus (OFV), Maize fine streak virus (MFSV), Taro
vein chlorosis virus (TaVCV), Morogoro maize-associated virus (MMaV), Maize mosaic virus
(MMV), Maize iranian mosaic virus (MIMV), Wheat yellow striate virus (WYSV), Rice yellow
stunt virus (RYSV), Potato yellow dwarf virus (PYDV), Eggplant mottled dwarf virus (EMDV),
Physostegia chlorotic mottle virus (PhCMoV). Substitution bar represents 0.4 amino acid
changes/site.
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Diagnostics and survey
The novel virus was not detected in any field samples tested. It was detected in two NCGR
accessions: Fragaria vesca subsp. vesca cv. ‘Frost King’ (CFRA 573.001) with 99% amino acid
identity of the conserved region of the L and an unknown cultivar (CFRA 9085) with 86% amino
acid identity.

Transmission
Strawberry aphids were reared on the virus source plant ‘Frost King’ and seven (7) adult aphids
were transferred to 20 seedlings of F. x ananassa cv. ‘Ozark beauty’. At these conditions,
transmission of FrVA was unsuccessful via aphid feeding.

3.4 Discussion
The discovery of FrVA expands our knowledge of the Rhabdoviridae in general and of the
plant-infecting rhabdoviruses in particular. Because the genome of FrVA is so divergent, it could
open the door to the molecular detection of undiscovered related viruses. With proper molecular
detection of known strawberry viruses, the time-consuming and costly graft indexing on a series
of indicators would no longer be necessary (McGrew, 1987). This classical method is not
infallible, as symptoms can be confused in cases of mixed infections. SLCV is an example of a
virus which diagnostics are dependent on graft indexing, and has been found at high incidence in
the northeastern United States and Canada in the past (Bolton, 1964). No original work has been
done on SLCV in recent years, so its current prevalence in strawberry is unknown. This study
has opened the door to future research that may elucidate the relationship between these two
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rhabdoviruses, and potentially resolve a chronic problem for the strawberry industry especially
when it comes to certification. In order to adequately determine the relationship between the two,
grafting of single infections on a selection of Fragaria indicators, electron microscopy, and
additional transmission experiments should be done with virus source plants.
Sequence analysis revealed the FrVA genome has typical features of rhabdoviruses,
however the encoded proteins are not closely related to any previously described rhabdoviruses.
Though additional isolates of FrVA were not found in the field, this survey did not include
samples from the Northeastern United States or Canada. Since FrVA has been found in other
strawberry accessions, improved sampling could lead to the recovery of more isolates and help to
clarify the possible connection with SLCV.
Transmission experiments have not revealed the strawberry aphid to be a vector, though
there are many factors to consider. Firstly, the knowledge of intraspecies diversity of aphids and
the effects on virus transmission is lacking as this is a relatively new field of research (Dietzgen
et al., 2016). It is possible aphids sourced from Arkansas are incompatible biotypes to those
where FrVA was sourced. This incompatibility could cause transmission efficiency to be very
low or nonexistent. Our experimental constraints included a limited number of aphids available
from the FrVA source plant, due to the health status (Figure 3.5) of the FrVA-infected F. vesca
cv. ‘Frost King’ and correlative low aphid population supported. In future studies, the
omnipresent green peach aphid (Myzus persicae Sulzer) should be considered as a possible
vector of FrVA, as well as hoppers which are known for transmitting plant rhabdoviruses.
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Figure 3.5. F. vesca cv. ‘Frost King’ (left two) compared to healthy F. vesca UC-5 (right two)

These investigations work towards a larger goal; produce certified virus-tested
propagation material for the strawberry industry. Decline of strawberry caused by viruses is
prevented firstly by ensuring propagation materials are not infected (Gergerich et al., 2015). The
second line of defense is the identification of vectors and appropriate management strategies.
This combination of tactics is only possible with adequate knowledge of the viruses we are
trying to prevent. In this study, genomic information of FrVA was obtained to develop
diagnostics that will now be available for industry. More work is needed to determine how the
virus could be spread in the field, however this was the first step in that direction.
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3.6 Supplemental Data
Supplemental Table 3.1. Primers used in this study
Purpose

Name

Sequence

Genome coverage FrVAg2968F CCGCTCATAATGACCACCACC
FrVAg4459R GGTAGATAGTGCTGCGCTAGG
FrVAg3151F AACAGTGCAACCCGACAACC
FrVAg4555R TGATATCTCCAGCTTGGCTGC
FrVAg2968F CCGCTCATAATGACCACCACC
FrVAg4459R GGTAGATAGTGCTGCGCTAGG
FrVAg3151F AACAGTGCAACCCGACAACC
FrVAg4555R TGATATCTCCAGCTTGGCTGC
detection L

FrVAL1352F CTGTGCCCACAGGTATGAACATAGC
FrVAL2148R TAGGACCTGGTTGTCCCCTCC

3' terminus
5' terminus
detection N

272R

GGTCAGGTGTTAAGTACTGTTGGTTGTATGGTTGAG

166R

TGATTAGACTACAGATCCATGAGGCTACAGGG

184R

ATGCAATGTAAGAAAAACTCCGAGGCAC

141R

CGGAGCACAACAAGACAGCACC

FrVAN1100F CATGTCGAGTTGAAAGGTCTGC
FrVAN1496R CCTCAAAGATCTCAGCATACTCC
FrVAN1632R TGCTCTGTCTCCATATCATCGG
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Supplemental Table 3.2. VirFind outputs corresponding to FrVA
Query
ID
Subject ID, virus

Query
Alignment
length (nt) length (nt) Mismatches E value

%
identity

3283

AAV92082.1, TaVCV

4424

1334

302

2.00e-25

23.97

1012

ARJ35804.1, CiCSV

8897

3623

716

0

36.73

26512 ARJ35804.1, CiCSV

14427

3623

716

0

36.73

6764

14427

3623

716

0

36.73

ARJ35804.1, CiCSV
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Conclusions
The discovery of two novel rhabdoviruses in strawberry expands our knowledge of
plant-infecting members of the Rhabdoviridae. Accurate and reliable diagnostics of viruses are
vital in their management. This is particularly true in commercial strawberry production, as
single infections are asymptomatic and can therefore go unnoticed. By actively surveying for
strawberry-infecting viruses, as was done with HTS and bioinformatics, previously unknown
species can be characterized and diagnostics can be developed. As there is no cure for virus
infection in plants, prevention is key to avoiding accumulation and congruent disease. Prevention
is accomplished by diligently screening strawberry propagation stock, which is now possible for
the two viruses discovered as a part of this research.
There are many questions brought on by these results, firstly why were the rhabdoviruses
not detected in field samples? Additional sampling should give a better picture of the true
prevalence of these viruses, particularly in California and the Northeastern United States. Since
additional isolates were detected in the NCGR, we assume the viruses are present elsewhere, and
increased sampling would result in a better understanding of the virus prevalence and stature.
Secondly, why was the strawberry aphid not able to successfully transmit either virus? This
speaks to either the rapid evolution of these viruses resulting in loss of insect-mediated
transmission , or that the true vector species are unexpected and therefore require further
investigation.
And finally, what is the relationship of FrVa with Latent C? In order to adequately
determine this, the following comparative work must be done: electron microscopy to confirm
virus particle morphology and site of replication, identification of a vector or vectors, and graft
indexing of a single-infected source on a selection of indicators for symptomatology. Assuming
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the results of such studies are the same, the two entities could be linked. However, without
genetic data of Latent C, the hypothesis that the two are related can never be conclusively
proven. Most importantly, this work contributes to the overall goal of providing high-quality
virus tested material to the strawberry industry.
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