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Abstract

A quarter of Australia’s sunflower production is from the central highlands region of Queensland
and is currently worth six million dollars (JAUD) annually. From the early 2000s a severe necrosis
disorder of unknown aetiology was affecting large areas of sunflower crops in central Queensland,
leading to annual losses of up to 20%. Other crops such as mung bean and cotton were also
affected. This PhD study was undertaken to determine if the causal agent of the necrosis disorder
was of viral origin and, if so, to characterise its genetic diversity, biology and disease cycle, and to

develop effective control strategies.

The research described in this thesis identified Tobacco streak virus (TSV; genus llarvirus, family
Bromoviridae) as the causal agent of the previously unidentified necrosis disorder of sunflower in
central Queensland. TSV was also the cause of commonly found diseases in a range of other crops
in the same region including cotton, chickpea and mung bean. This was the first report from

Australia of natural field infections of TSV from these four crops.

TSV strains have previously been reported from other regions of Australia in several hosts based on
serological and host range studies. In order to determine the relatedness of previously reported TSV
strains with TSV from central Queensland, we characterised the genetic diversity of the known TSV
strains from Australia. We identified two genetically distinct TSV strains from central Queensland
and named them based on their major alternative hosts, TSV-parthenium from Parthenium
hysterophorus and TSV-crownbeard from Verbesina encelioides. They share only 81 % total-
genome nucleotide sequence identity. In addition to TSV-parthenium and TSV-crownbeard from
central Queensland, we also described the complete genomes of two other ilarvirus species. This
proved that previously reported TSV strains, TSV-S isolated from strawberry and TSV-Ag from
Ageratum houstonianum, were actually the first record of Strawberry necrotic shock virus from
Australia, and a new subgroup 1 ilarvirus, Ageratum latent virus. Our results confirmed that the
TSV strains found in central Queensland were not related to previously described strains from
Australia and may represent new incursions. This is the first report of the genetic diversity within

subgroup 1 ilarviruses from Australia.

Based on field observations we hypothesised that parthenium and crownbeard were acting as
symptomless hosts of TSV-parthenium and TSV-crownbeard, respectively. We developed strain-
specific multiplex PCRs for the three RNA segments to accurately characterise the range of
naturally infected hosts across central Queensland. Results described in this thesis show compelling

evidence that parthenium and crownbeard are the major (symptomless) alternative hosts of TSV-



parthenium and TSV-crownbeard. While both TSV strains had wide natural host ranges, the
geographical distribution of each strain was closely associated with the respective distribution of
their major alternative hosts. Both TSV strains were commonly found across large areas of central
Queensland, but we only found strong evidence for the TSV-parthenium strain being associated

with major disease outbreaks in nearby crops.

The findings from this study demonstrate that both TSV-parthenium and TSV-crownbeard have
similar life cycles but some critical differences. We found both TSV strains to be highly seed
transmitted from their respective major alternative hosts from naturally infected mother plants and
survived in seed for more than 2 years. We conclusively demonstrated that both TSV strains were
readily transmitted via virus-infected pollen taken from the major alternative hosts. This
transmission was facilitated by the most commonly collected thrips species, Frankliniella schultzei
and Microcephalothrips abdominalis. These results illustrate the importance of seed transmission
and efficient thrips vector species for the effective survival of these TSV strains in an often harsh

environment and enables the rapid development of TSV disease epidemics in surrounding crops.

Results from field surveys and inoculation tests indicate that parthenium is a poor host of TSV-
crownbeard. By contrast, crownbeard was naturally infected by, and an experimental host of TSV-
parthenium. However, this infection combination resulted in non-viable crownbeard seed. These
differences appear to be an effective biological barrier that largely restricts these two TSV strains to
their respective major alternative hosts.

Based on our field observations we hypothesised that there were differences in relative tolerance to
TSV infection between different sunflower hybrids and that seasonal variation in disease levels was
related to rainfall in the critical early crop stage. Results from our field trials conducted over
multiple years conclusively demonstrated significant differences in tolerance to natural infections of
TSV-parthenium in a wide range of sunflower hybrids. Glasshouse tests indicate the resistance to
TSV-parthenium identified in the sunflower hybrids is also likely to be effective against TSV-
crownbeard. We found a significant negative association between TSV disease incidence in
sunflowers and accumulated rainfall in the months of March and April with increasing rainfall
resulting in reduced levels of disease. Our results indicate that the use of tolerant sunflower

germplasm will be a critical strategy to minimise the risk of TSV epidemics in sunflower.
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Introduction

Viruses possess some of the properties of living organisms, such as having a genome which is able
to evolve and adapt to changing environmental conditions. However, viruses rely on the cellular
machinery of their host cells to replicate (Van Regenmortel et al. 2000). Plant viruses have been
evolving with endemic plant communities probably since plants have existed and in such situations
they generally do not cause damaging virus epidemics (Jones 2009). However, the domestication of
plants for food production has resulted in extensive global movement of plant germplasm and the
accidental movement of plant viruses. This has resulted in many new interactions between plant
viruses and plant species that have not co-evolved, often leading to severe epidemics (Jones 2009;
Strange and Scott 2005). While the combined effect of the major plant pathogens (viruses, bacteria,
fungi, nematodes and parasitic plants) reduces global food production by more than 10 % (Strange
and Scott 2005), it is thought that the relative effect of viruses is greatly underestimated due to their

insidious nature and difficulties related to their study (Hull 2014).

Approximately 33,000 ha of sunflowers are grown annually in Australia with almost all production
occurring in the States of Queensland and New South Wales (Anonymous 2014). Significant areas
of sunflowers have been grown in the central highlands region of central Queensland since the
1970s. In the mid-2000s there were reports of a serious necrosis disorder of sunflowers in this
region. Initial testing indicated that Tobacco streak virus (TSV) was associated with the disorder
(Reppel 2007).

TSV can affect a wide range of grain, vegetable and horticultural crops. The first report of TSV in
Australia came from south-east Queensland (Greber 1971). It was later found to be the cause of a
disease in tobacco in same region (Finlay 1974) and disease epidemics were found to be closely
associated with the major alternative host, Ageratum houstonianum (Ageratum or Blue billygoat
weed; Greber et al. 1991b) which is common along the eastern seaboard of Australia. Symptoms,
serology and thrips transmission were reported for two further strains of TSV from Australia,
affecting strawberries and an ornamental plant, Ajuga reptans (Greber 1979; Shukla and Gough
1983; Klose et al. 1996; Sdoodee 1989). However, prior to this PhD study, no molecular genetic
information was available for TSV strains from Australia and it was unknown if the TSV affecting
sunflower crops from inland central Queensland was related to any of the three other strains
previously reported from Australia. Given sunflowers have been grown in this region during the
same period that TSV has been reported from other regions but no disease was reported from

sunflower until the mid-2000s, it was important to determine the genetic diversity of TSV strains



from Australia. This would clarify which TSV strain was affecting sunflowers, and enable
investigations into how this strain was surviving in a very different environment to the previously

reported TSV strains and which management options may be effective for its control.

Virus properties

Physical and molecular structure of llarviruses

Tobacco streak virus (TSV) is the type member of the genus llarvirus (family: Bromoviridae)
which have a positive sense single stranded RNA genome with a total length of approximately
8,600 nucleotides (nt), divided into 3 linear segments designated as RNA-1, -2 and -3. The 1a (viral
replicase) protein is encoded by RNA-1, the 2a (RNA-dependent RNA polymerase) protein and the
2b protein are encoded by RNA-2. Two proteins are encoded by RNA-3, the 3a cell-to-cell
movement protein and the 3b virus coat protein. The coat protein is translated from a sub-genomic
RNA-4 which is derived from RNA-3. The first complete nucleotide sequence of RNA 3 for a strain
of TSV was reported in 1984 (Cornelissen et al. 1984) with a total length of 2,205 nt. The complete
RNA 1 and RNA 2 sequences were later reported for the same strain with total lengths of 3,491 nt
and 2,926 nt respectively (Scott et al. 1998). All RNA segments are encapsidated separately in
quasi-isometric to bacilliform virions about 30 nm in diameter and 20 to 55 nm in length (Fauquet
et al. 2005).

llarvirus species characteristics, phylogenetics and demarcation

The demarcation criteria for ilarvirus species are a combination of serological relatedness, host
range and genome sequence similarity (King et al. 2012), although there is currently no formal
specified level of sequence similarity to distinguish species. llarvirus species displaying serological
relatedness were originally assigned to subgroups and genome sequence data have generally
confirmed these groupings. There are currently 19 recognised species across 4 subgroups, the

majority of which infect woody plants (King et al. 2012; Matic et al. 2008).

Within the genus, the putative 2b protein encoded on RNA 2 is unique to species in Subgroups 1
and 2. The homology of this 2b protein to a similar protein in cucumoviruses indicated it may also
be involved in viral movement (Lucy et al. 2000) and it has recently been demonstrated that for the
ilarvirus Asparagus virus 2 (AV-2) it acts as an RNA silencing suppressor (Shimura et al. 2013).

Recent phylogenetic studies on ilarvirus members have suggested greater emphasis on sequence



homology to RNA 3 coding regions (Codofier et al. 2005), RNA 1 and RNA 2 sequence (Boulila
2009) or whole proteome (all putative proteins) analysis (Codofier and Elena 2006) for grouping

species.

The genus type member, TSV, was first reported in 1936 (Johnson 1936) and was the only
described species within subgroup 1 until the early 2000s when the identification and classification
of ilarvirus species rapidly changed with the development of molecular characterisation and genome
sequencing. TSV, Parietaria mottle virus (PMoV), Strawberry necrotic shock virus (SNSV) and
Blackberry chlorotic ringspot virus (BCRV) are recognised species within Subgroup 1 (ICTV 2013).
Two tentative species which are also likely to be Subgroup 1 members are Bacopa chlorosis virus and

Tomato necrotic spot virus (King et al. 2012).

Molecular diagnostic tools have also thrown some doubt on the true identity of viruses that were
reported in the past. For example, a virus of strawberry causing a necrotic shock reaction when
grafted onto susceptible indicator species, was first reported in 1957 (Jorgensen 1957) and the name
Strawberry necrotic shock virus was proposed in 1966 (Frazier 1966). However, when later work
indicated a serological relationship with TSV, it was assumed SNSV was synonymous with TSV
which was then reported as the causal agent of the disease in strawberry (Greber 1979; Johnson et
al. 1984; Spiegel and Cohen 1985; Stace-Smith and Frazier 1971; Stenger et al. 1987). It was not
until 2004 that sequence data of RNA 3 confirmed that SNSV was a distinct ilarvirus species
(Tzanetakis et al. 2004). One reference isolate from Frazier’s earlier work and an isolate of “Black
raspberry latent virus”, BRLV (Converse and Lister 1969; Jones and Mayo 1975) were confirmed
as SNSV (Tzanetakis et al. 2004). However, the true identity of other viruses that were reported as
TSV from strawberry may remain uncertain without molecular characterisation of the original
isolates. This is further complicated by the fact that while SNSV may be the most frequently found
ilarvirus in Rubus and Fragaria, TSV has also been confirmed in strawberry by PCR and partial

genome sequence (Tzanetakis et al. 2010).

A recent review of the molecular biology of ilarviruses reported the coat protein sequences for TSV
strains to be highly conserved (Pallas et al. 2013) even though TSV has been reported as the causal
agent for major disease outbreaks in a diverse range of crops from a number of countries, including
oilseed and pulse crops in India (Prasada Rao et al. 2000; Reddy et al. 2002), and in soybean in
Brazil (Almeida et al. 2005) and the United States of America (Rabedeaux et al. 2005). In contrast,
after confirming that SNSV was distinct from TSV, Tzanetakis et al. (2004) suggested that what



was thought to be a group of highly heterogeneous isolates of TSV may actually represent a number

of distinct species.

llarvirus diversity in Australia

Several ilarvirus species have been reported from Australia including Asparagus virus 2 (AV-2;
Shimura et al. 2013), Prune dwarf virus (PDV; Greber et al. 1992), Prunus necrotic ringspot virus
(PNRSV; Munro 1987), Apple mosaic virus (ApMV; Crowle et al. 2003), Sunflower ringspot virus
(SRSV: Dale and Behncken 1981; Thomas et al. 1988) and TSV (Greber 1971). SRSV has only
been reported from Australia while the other ilarviruses are common in many other countries. The
record of AV-2 by Shimura et al. (2013) is the first report of this virus from Australia and was
determined by testing imported asparagus samples collected from markets in Japan. There is partial
genome sequence for three of the ilarviruses present in Australia including numerous sequences for
isolates of ApMV (Crowle et al. 2003), for one isolate of PNRSV (Sala-Rejczak and Paduch-Cichal
2013) and for one isolate of AV-2 (Shimura et al. 2013). Figure 1.1. illustrates the coat protein
relationship between various ilarviruses recorded from Australia and representative members of all
subgroup 1 species. Reports of differing strains of TSV (Greber 1979; Klose et al. 1996; Sdoodee
1989) suggest there is significant diversity in TSV strains present in Australia but no molecular

information to confirm phylogenetic relatedness was available.

Transmission of multipartite genomes and recombination leading to diversity

Like many other plant viruses with segmented genomes, the multipartite genome of TSV is
packaged separately into virions and the successful transmission of the virus into a new host can
only be achieved when a set of viral particles containing the entire genome infects the same host
cell (Roossinck 2002). This increase in complexity for successful transmission of multipartite
genomes compared to the transmission of one single large genome appears to represent a biological
cost. However, it has been proposed that the multipartite genome has evolved to favour genetic
exchange by reassortment (Chao 1988, 1991; Pressing and Reanney 1984). This increase in genetic
exchange would counter the loss of fitness resulting from the accumulation of deleterious mutations
which occur due to the high error rates during RNA replication (Drake 1993; Holland et al. 1982;
Lin et al. 2004). The relatively high genetic diversity displayed by many RNA viruses, such as the
members of the family Bromoviridae, is partly as a result of the high error rates during RNA

replication.
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Fig. 1.1. Maximum Likelihood dendrogram, based on WAG parameter model, illustrating coat protein gene amino acid
sequence relationships of ilarvirus species recorded in Australia for which sequence is available, and their respective
type species, as listed in King et al. (2012). Additionally, representative members of all subgroup 1 species are shown
within the grey box (TSV, SNSV, BCRV and PMoV) and TSV isolates from other countries. A discrete Gamma
distribution was used to model evolutionary rate differences among sites. Horizontal distances are proportional to amino
acid substitutions per site, and the dendrogram was bootstrapped 500 times with branch values greater than 50 %
indicated. The scale bar represents the number of amino acid substitutions per site. GenBank accession numbers are
shown on the dendrogram and abbreviations are: TSV (Tobacco streak virus), SNSV (Strawberry necrotic shock virus),
BCRYV (Blackberry chlorotic ringspot virus), AV-2 (Asparagus virus 2), PDV (Prune dwarf virus), PNRSV (Prunus
necrotic ringspot virus), and ApMV (Apple mosaic virus).

Genetic exchange by recombination and reassortment can lead to an increase in variation within
virus species and even evolution of new strains and species. The natural mixing of strains of
Cucumber mosaic virus (CMV; family Bromoviridae) has been reported and can result in
reassortants that display some characteristics of both parent strains (Lin et al. 2004; Maoka et al.
2010). This propensity for reassortment of CMV RNA segments is believed to be part of the reason
that CMV has had such evolutionary success and such a wide host range (Roossinck 2002). While

there have been further studies investigating possible recombination and reassortment between



different virus species of the family Bromoviridae (Boulila 2009; Codoiier et al. 2005; Codoner and

Elena 2008), the possible genetic exchange between strains of TSV has not been reported.

Diseases caused by TSV

Summary of TSV disease cycle

TSV has an unusual disease cycle which requires at least two critical factors: (a) an abiotic (wind)
or biotic (insect) process to move infected pollen from a flowering source to a healthy plant (i.e.
non-infected with TSV); and (b) thrips with a feeding habit that creates feeding wounds suitable for
pollen to enter and release virions into the healthy plant cells. Some strains of TSV are also seed
transmitted in some hosts, which enables the virus to survive between seasons and crops and can
also facilitate long distance dispersal. Various aspects of the disease cycle of TSV are discussed in
greater detail in the following sections. The use of the term “healthy” in this thesis implies non-
infected with TSV.

Geographic distribution

The identification of various plant species as hosts of TSV has been done using one or more
diagnostic methods such as serological reactions, differential host range reactions, polymerase chain
reaction (PCR, using TSV-specific primers) or partial genome sequencing, or a combination of
these methods. Scott (2001) summarised wide natural and experimental host ranges for TSV from
many regions of the world. However, the validity of these host lists should now be viewed in light
of recent molecular characterisation of ilarviruses as illustrated above with the example of some
previously reported strains of TSV now being confirmed to be SNSV or BRLV (Tzanetakis et al.
2004).

TSV has a global distribution with reports from almost all continents. The following are a selection
of reports from different regions. In Europe and Western Asia, it has been reported from the United
Kingdom (Brunt 1968), The Netherlands (Dijkstra 1983), Yugoslavia (Rana et al. 1987), Israel
(Spiegel and Cohen 1985) and Iran (Abtahi and Koohi Habibi 2008). It has spread extensively
through the Indian subcontinent (Ahmed et al. 2003; Kumar et al. 2008; Prasada Rao et al. 2000). In
Africa it has been reported from Sudan (Ali et al. 2009) and South Africa (Cook et al. 1999). It has
been reported in several States within the United States of America (USA; Cornelissen et al. 1984;
Fulton 1948; Johnson 1936) and in Brazil (Costa and Carvalho 1961), Argentina (Gracia and



Feldman 1974) and Peru (Salazar et al. 1982) in south America. In the Australasian region it occurs
in Australia (Greber 1971) and New Zealand (Pappu et al. 2008).

Host range of TSV strains from different regions of the world

While TSV has been reported to cause crop diseases from many countries since it was first
described in the mid-1930s, the most recent and perhaps most severe diseases have been reported
from India since the early 2000s where TSV has been identified as the cause of widespread crop
losses in many regions. Although disease levels fluctuate from season to season, actual losses of 5-
70 % are reported from sunflower (Sujatha 2006) and a single epidemic of TSV in groundnut during
2000 reportedly caused crop losses of greater than $ AUD 60 million (Kumar et al. 2008). Diseases
caused by TSV in India have been reported in at least 18 different field crops with some of the most
severely affected including; sunflower, peanut, okra and cucurbits (Bhat et al. 2002a; Bhat et al.
2002c; Prasada Rao et al. 2000; Kumar et al. 2008; Vemana and Jain 2010). At least 16 naturally
infected alternative weed hosts have also been identified as TSV hosts in India (Kumar et al. 2008;
Prasada Rao et al. 2003a; Prasada Rao et al. 2003b). Weeds found near crops with the highest
incidence of TSV were Ageratum conyzoides, Corchorus trilocularis and Parthenium
hysterophorus (hereafter referred to as parthenium). Parthenium was a non-symptomatic host and
was considered the principal source of TSV-infected pollen leading to disease epidemics in nearby

crops (Prasada Rao et al. 2003a).

Properties of Parthenium hysterophorus as a host of TSV

Parthenium is thought to be endemic to the region surrounding the Gulf of Mexico and/or central
South America. Outside of its natural range it can be a highly invasive species and due to human
activities, it has spread extensively during the 20" century to many tropical and subtropical regions
of the world, including across vast regions of Indian and Pakistan (Kohli et al. 2006; Adkins and
Shabbir 2014; Shabbir et al. 2012). There may have been multiple incursions of parthenium into
India with the first occurring perhaps as early as 1810 and then again in the 1950s as a contaminant
of grain imports from the USA. It appears to have remained uncommon in most regions prior to
1955 after which it spread rapidly throughout most agricultural regions of the country (Kohli et al.
2006; Lakshmi and Srinivas 2007). It can form dense and extensive stands and studies in India have
indicated the potential for large quantities of airborne pollen to be moved significant distances
(Kanchan and Jayachandra 1980; Mishra et al. 2002; Satheeshkumar and Vittal 1998),

characteristics that also make it an ideal alternative host of TSV.



In Australia, the geographical range of parthenium currently covers an extensive region of central
Queensland (Evans 1997; Navie et al. 1996; Towers et al. 1977). At least two unintentional
introductions of parthenium occurred into Australia. The first was near Toogoolawah, south-east
Queensland in 1955, although this infestation has not spread significantly (Auld et al. 1983). The
second introduction into central Queensland, north of Clermont, occurred in 1958 and has been far
more invasive than the first. This introduction is most likely to have originated from Texas, USA,
through the importation of contaminated pasture seed (Everist 1976; Picman and Towers 1982;
Haseler 1976). The major area of parthenium infestation now covers an extensive region of central
Queensland with some isolated infestations also occurring outside this region in southern regions of
Queensland and into northern NSW (Navie et al. 1996).

If buried in soil, parthenium seed is very long-lived with a germinable half-life of 4-6 years (Navie
et al. 1998; Tamado et al. 2002). It has also been shown to account for greater than 50% of
seedbanks at some locations in Queensland (Navie et al. 2004). It is an opportunistic weed and is
able to germinate, grow and shed prolific numbers of seeds (achens) in less than two months with
adequate soil moisture, but will survive for much longer if sufficient moisture is maintained (Navie
et al. 1996; Jayachandra 1971). It has a wide temperature tolerance (Tamado et al. 2002) and can

complete its life cycle at any time of year in Queensland (Haseler 1976).

History of TSV in Australia and strains described

In Australia, TSV was first reported in 1971 (Greber 1971) from south-east Queensland from
several naturally infected weeds including Ageratum houstonianum, Asclepias physocarpus (syn.
Gomphocarpus physocarpus), Dahlia pinnata, Nicandra physalodes, Solanum auriculatum and S.
nigrum. TSV was subsequently reported as the cause of a sporadic disease of commercial tobacco
crops (Finlay 1974; Greber et al. 1991b) and was mostly studied in the south-east Queensland
region around, and just north of Brisbane. Three distinct TSV strains have been described from
Australia, TSV-Ag, TSV-A and TSV-S. The most commonly reported was collected from A.
physocarpus (syn. G. physocarpus) and was originally referred to as the Asclepias strain (TSV-As;
Sdoodee 1989). Sdoodee and Teakle (1993) noted that TSV-As was closely related serologically to
the TSV reported by Greber (1991b) from A. houstonianum and tobacco. Klose et al. (1996) later
assumed that TSV-As was the same as the TSV from A. houstonianum and thereafter it was referred
to as the Ageratum strain (TSV-Ag) due to the high incidence of this strain in A. houstonianum near
TSV affected tobacco crops (Greber et al. 1991b).



A TSV strain from strawberry was originally isolated by Greber (1979) from the M9 clone of
strawberry cv. Redlands Crimson and was later designated as strain TSV-S by Sdoodee (1989).
Klose et al. (1996) suggested that TSV-S may have originated from North America, a major source
of germplasm for the Australian strawberry industry.

A third strain, TSV-A, was isolated from the ornamental plant, Ajuga reptans, in Victoria by Shukla
and Gough (1983) who demonstrated serological differences to strain TSV-Ag. Interestingly, both
Shukla and Gough (1983) from Australia and Fisher and Nameth (1997) from the United States of
America reported an association between TSV, Alfalfa mosaic virus and Cucumber mosaic virus

infecting Ajuga reptans.

The three strains, TSV-Ag, TSV-A and TSV-S were shown to differ in relation to serology, host
range and thrips species transmission efficiency (Greber 1971, 1979; Klose et al. 1996; Sdoodee
1989). One notable difference was that while TSV-Ag and TSV-A both produced dentate leaves in
systemic infections of Nicotiana tabacum cv. Turkish (Greber 1971; Sdoodee 1989), TSV-S failed
to do so (Greber 1979). Klose et al. (1996) demonstrated different rates of transmission efficiency
between these three strains using different thrips species as vectors as discussed in more detail

below.

Recent diseases caused by TSV in central Queensland

A severe necrosis disorder of unknown aetiology has affected sunflower crops in the Central
Highlands region of central Queensland since the early 2000s. This region extends over more than
200 km from roughly Springsure in the south to north of Clermont, encompassing the northern
section of the Queensland grain belt where a significant proportion of total production occurs for
several key grain and oilseed crops. The sunflower necrosis disorder was estimated to have caused
annual losses of approximately 20% ($ AUD 4.5 million) across the sunflower industry in Central
Queensland for several consecutive years since 2004. Mung bean (Vigna radiata) crops were also
severely affected in early 2007 across the Central Highlands region. Symptoms typically included
severe stem and terminal necrosis in both sunflower and mung bean, often progressing to complete
collapse and death of affected plants (Fig. 1.2). Preliminary reports suggested an association with
TSV infection (Reppel 2007) and glasshouse experiments indicated that a range of crop plants
grown in central Queensland could potentially be affected by TSV including sunflower, mung bean,

chickpea (Cicer arietinum) and cotton (Gossypium hirsutum).



Figure 1.2. Typical necrotic symptoms observed on sunflower (a-c) and mung bean (d-f). Plants affected early
often died while plants affected later generally displayed severe stem necrosis and distortion. Sunflowers often

lodged (b) due to stem necrosis.

The transmission of TSV via pollen and insect vector

While members from at least 15 virus genera are reported to be transmitted via pollen (Card et al.
2007), only a limited number, including ilarviruses such as TSV, appear to be able to infect the
leaves of healthy plants via virus-infected pollen with the aid of an insect vector (Mink 1993; Hull
2014). Vertical transmission of viruses via pollen where fertilisation results in infection of the
embryo and subsequent seed transmission is more common than horizontal transmission where

virus in pollen infects nongametophytic tissues (Card et al. 2007; Hull 2014). A review by Mink



(1993) indicated little evidence that fertilisation by virus-infected pollen can result in infection of
the mother plant and generally only results in embryo infection and potential seed transmission.
However, a recent study by Isogai et al. (2014) conclusively demonstrated horizontal transmission
of Raspberry bushy dwarf virus from infected pollen tubes during pollination into maternal tissue
leading to systemic infection. Another recent study by Jaspers et al. (2015) indicated that Asparagus
virus 2 was transmitted to healthy plants during fertilization with virus-infected pollen, although
they also note the possibility that the method of experimental fertilization may have caused

mechanical transmission.

Thrips as vectors of plant viruses

Thrips are small insects, usually only a few millimetres in length, but as a group they display
extensive diversity. There are approximately 7700 species of thrips (Order Thysanoptera) classified
into nine families and about 93% of all species are members of just two families, Thripidae and
Phlaeothripidae (Mound 1997; Mound 2015). In spite of this thrips species diversity, only 19
species have been reported as vectors of plant viruses from the genera Carmovirus, llarvirus,
Machlomovirus, Sobemovirus and Tospovirus (Jones 2005; Riley et al. 2011; Prasada Rao et al.
2003; Cabanas et al. 2013; Zhou and Tzanetakis 2013). The majority of virus species reported to be
thrips transmitted belong to the tospoviruses (family Bunyaviridae) and are transmitted in a
persistent circulative manner (Ullman et al. 1997). There are 9 recognised tospovirus species and a
further 15 proposed species (ICTV 2013; King et al. 2012; Zhou et al. 2011) and 15 thrips species
reported as vectors (Jones 2005; Riley et al. 2011; Rotenberg et al. 2015; Zhou and Tzanetakis
2013).

While Australia has significant diversity of endemic thrips with over 700 species, at least 60 non-
native species have also become established (Mound 2004), including western flower thrips
(Frankliniella occidentalis), melon thrips (Thrips palmi) and tomato thrips (F. schultzei). These
efficient virus vectors are spreading widely in Australia, and concurrently, thrips-transmitted
viruses such as Tomato spotted wilt virus and Capsicum chlorosis virus (Persley et al. 2006;

Sharman and Persley 2006) and TSV (Reppel 2007) are causing significant crop damage.

Thrips as vectors of TSV and other pollen-borne viruses

The majority of work done in relation to associating thrips with the transmission of pollen-borne
viruses has been done with ilarviruses following the confirmation by Sdoodee and Teakle (1987) of

the critical link between thrips and virus-infected pollen in the transmission of TSV (Mink 1993;



Johansen et al. 1994; Ullman et al. 1997). The ilarviruses transmitted by thrips and pollen are
discussed further below and the only other viruses transmitted by this means include Sowbane
mosaic virus (SoMV; Hardy and Teakle 1992), Pelargonium flower break virus (PFBV; Krczal et
al. 1995) and Maize chlorotic mottle virus (MCMV; Ullman et al. 1992; Cabanas et al. 2013;
Mahuku et al. 2015).

The association of thrips (a Frankliniella sp.) with the transmission of TSV was first reported from
Brazil (Costa and Lima Neto 1976) and then later Kaiser et al. (1982) transmitted TSV with a mixed
colony of F. occidentalis and F. schultzei. Almeida and Corso (1991) also transmitted TSV to about
80 % of test plants by transferring thrips from field infected plants and even noted the high numbers
of thrips feeding on pollen of the TSV-infected weeds. In these cases, transmission was achieved
when thrips from infected plants were transferred to healthy test plants. However, the critical link
between TSV-infected pollen and thrips transmission was not clarified until Sdoodee and Teakle
(1987) first demonstrated Thrips tabaci could only transmit TSV when virus-infected pollen was
also present. It appears likely that TSV transmission was achieved in the earlier reports because
thrips taken from TSV-infected plants were contaminated by TSV-infected pollen. Attempts to
transmit TSV using a range of other insects have been unsuccessful. Costa and Carvalho (1961) fed
insects such as aphids, white flies, leafhoppers and two species of thrips on virus-infected leaves
and failed to transmit TSV to healthy test plants. Reddy et al. (2002) also had no transmission when
thrips were fed on virus-infected leaves in the absence of pollen. While Kaiser et al. (1982) did
transmit TSV using field-collected thrips (from a mixed population of F. occidentalis and T.
tabaci), they did not transmit TSV using pea aphids (Acyrthosiphon pisum) or pea leaf weevils
(Sitona lineata). Interestingly, a recent study on the transmission of another subgroup 1 ilarvirus,
PMoV, reported transmission by several insect species in the presence of PMoV-infected pollen
(Aramburu et al. 2010). In addition to the thrips F. occidentalis, they found transmission was also
facilitated by insects such as Myzus persicae, Bemisia tabaci, Nesidiocoris tenuis and Orius
majusculus. These findings indicate that transmission of PMoV is not exclusively association with

thrips.

It seems logical that the most likely thrips species to act as vectors of pollen-borne viruses are those
that actively inhabit flowers and feed on pollen. Many thrips species opportunistically feed on the
pollen of a wide range of plant species as it provides a rich source of protein and as a result of this

activity they can often transport pollen grains on their bodies during flight (Kirk 1984b, 1997).



Several species of thrips have now been reported as vectors of ilarviruses (Jones 2005). In India,
TSV has been shown to be transmitted by F. schultzei (Prasada Rao et al. 2003a; Reddy et al. 2002),
Megalurothrips usitatus, and Scirtothrips dorsalis (Prasada Rao et al. 2003a). Swamy et al. (2010)
reported transmission of TSV in India using Thrips palmi but it is not clear if this transmission was

done in the presence of TSV-infected pollen.

In Australia, PDV and PNRSV were transmitted using F. occidentalis (Greber et al. 1992) from
virus-infected pollen. Greber et al. (1992) found that PDV, but not PNRSV, could be thrips
transmitted from pollen stored for longer than 2 years at -20°C while both viruses could be readily
transmitted by mechanical inoculation from the same stored pollen. This demonstrates a high degree
of stability of both these ilarviruses in pollen. PNRSV was also transmitted by either T. tabaci alone
or in a mixed population of T. imaginis, T. tabaci and T. australis (Greber et al. 1991a). The three
TSV strains reported from Australia appear to be transmitted at different rates depending on the
thrips species. TSV-Ag was transmitted by F. schultzei, Microcephalothrips abdominalis, T. tabaci
and T. parvispinus (Greber et al. 1991b; Klose et al. 1996; Sdoodee and Teakle 1987, 1993). TSV-
A was transmitted by T. tabaci but not by F. schultzei (Klose et al. 1996).

Another ilarvirus, Asparagus virus 2 (AV-2), is present on pollen grains (Evans and Stephens 1988)
and it has been reported that infected pollen is moved by bees and thrips to female plants
(Tomassoli et al. 2012).

Localisation of TSV in pollen

Studies by Sdoodee and Teakle (1993) of pollen from several plant species suggested there is
considerable variation in the location of TSV associated with pollen grains, appearing to be either
external, internal or both. In studies of several plant species, they found that while considerable
amounts of TSV could be washed off the exterior of the pollen grains, high amounts of TSV could
still be released from the washed pollen with disruption of the pollen grains. They hypothesised that
it was most likely that the externally associated virus was involved in transmission. Externally
located virus has also been detected for other ilarvirus species PDV and PNRSV (Cole et al. 1982;
Hamilton et al. 1984; Kelley and Cameron 1986). These authors indicated that these viruses were
located both externally and internally and they suggested that internally located virus was most
likely transmitted to cherry seeds during fertilization but it was possible that externally located virus

was involved in tree-to-tree transmission.



In contrast to the results of Sdoodee and Teakle (1993), Klose et al. (1992) used thin section
electron microscopy to demonstrate that TSV (presumably TSV-Ag) was only in the cytoplasm of
Ageratum houstonianum pollen and not in the wall layers of the exine, interbacular spaces or the
intine. However, they also showed that TSV particles were at high concentrations in pollen tubes
that germinated within minutes of coming in contact with moisture and then lysed after some time,
presumably releasing the virus particles. PNRSV was also shown to be at high concentrations in the
vegetative cytoplasm of Prunus persica pollen by Aparicio et al. (1999) who suggested that virus
present in the pollen tube that enters the embryo sac may lead to infection of the seed. The
possibility that germ tubes emanating from virus-contaminated pollen may be involved in

transmission to the ovule was also hypothesised earlier by Hamilton et al. (1977).

Mode of transmission of TSV via pollen

Using the TSV-Ag strain (syn. TSV-As), Sdoodee and Teakle (1987) demonstrated TSV is pollen-
borne and transmission of TSV to healthy plants relies on the virus from infected pollen entering
plant cells through the feeding injury caused by thrips. They concluded that it was most likely that
TSV located externally on infective pollen was involved in transmission to healthy plants via thrips
feeding wounds. A similar mode of transmission was suggested by Hamilton et al. (1977) for
viruses that contaminate the exine surface of pollen grains that may be moved by flower-visiting

insects to wound sites on leaves, facilitating virus transmission.

Several studies on aspects of this transmission process for TSV have been done. In the absence of
thrips, transmission of TSV was also demonstrated when TSV infective pollen was applied to
freshly made thrips feeding wounds, indicating these wound sites are the point of infection
(Sdoodee and Teakle 1993). The high concentration of TSV-Ag in the germinating pollen tubes
(Klose et al. 1992) may be an effective mechanism for internally located TSV to rapidly exit pollen,
enter wound sites produced by thrips and then move into the plant cells. Sdoodee and Teakle (1987)
also demonstrated that transmission did not occur when thrips that were allowed to feed on TSV-

infected pollen were then cleaned to remove pollen grains and then allowed to feed on test plants.

Transmission of TSV via seed

Mechanisms and biological function of seed transmission

Seed transmission of plant viruses can form a critical link between generations of host plants which

may be temporally separated by adverse conditions, such as winter or drought. It can also enable



long distance dispersal of a virus to new locations (Maule and Wang 1996). The mechanisms that
control seed transmission are complex and have been difficult to study in detail. Approximately 20
% of all plant viruses can be transmitted via seed between generations of plants (Hull 2014; Mink
1993) and while some viruses may be seed-borne as contaminants on seed coats, effective
transmission to seedlings almost always requires the infection of the embryo (Maule and Wang
1996). Perhaps the only exception to this is for transmission of the highly stable tobamoviruses,
such as Tobacco mosaic virus, which contaminates the seed coat and transmission occurs by a
mechanical means when seedlings are transplanted, but does not occur if seedlings are untouched
(Broadbent 1965; Johansen et al. 1994).

Virus infection of the seed embryo can occur by two pathways, the most common of which is
indirect embryo invasion prior to fertilisation where either one or both of the gametes are virus
infected. The second pathway is by direct invasion of the embryo after fertilisation and it appears
viruses may need to move through the embryonic suspensor to gain access to the embryo before it
degenerates and the connection to the embryo is lost (Johansen et al. 1994; Maule and Wang 1996;
Wang and Maule 1994). These two pathways are not mutually exclusive and the final rate of seed
transmission may be a result of both. Where transmission to the embryo occurs either indirectly or
directly from the infected mother plant, the timing of initial infection of the mother plant in relation
to flowering has a marked influence on the resulting rate of seed transmission with generally higher
rates of seed transmission occurring when the mother plant is infected before the onset of flowering
(Hull 2014; Johansen et al. 1994).

The rate of seed transmission of a virus can be significantly affected by genetic variation within the
same host species (i.e. between different cultivars) (Wang et al. 1993) or by variation within the
same virus species (i.e. different strains or isolates) (Hull 2014; Kaiser et al. 1991; Walter et al.
1995). The rate of seed transmission can also decline markedly with seed maturation and storage
(Bowers and Goodman 1991; Wang and Maule 1994). Almost half of the described ilarvirus species

have been shown to be seed transmitted (Hull 2014).

Seed transmission of TSV

Transmission of TSV between growing plants (horizontal transmission) occurs via thrips and
infected pollen (Klose et al. 1996; Prasada Rao et al. 2003a; Sdoodee and Teakle 1987). However,
seed transmission between generations of plants (vertical transmission) has also been reported in a
range of plant species (Kaiser et al. 1991; Sdoodee 1989; Sdoodee and Teakle 1988). The rate of



reported transmission from naturally infected hosts is variable, including 3% in Melilotus alba
(Kaiser et al. 1982), 1.4-6% in Phaseolus vulgaris cv. Pinto (Thomas and Graham 1951), 3.8% in P.
vulgaris cv. Black Turtle Soup (Kaiser et al. 1991) and about 6% in Raphanus raphanistrum
(Cupertino et al. 1984).

Fertilisation of female megaspores (ovules) with TSV-infected pollen has been demonstrated to lead
to infection of seed (i.e. indirect invasion of the embryo) and subsequent transmission to seedlings.
When TSV-Ag infected pollen was used to fertilise healthy tomato mother plants, about 11% of the
resulting seedlings were TSV-infected (Sdoodee and Teakle 1988). While pollination of TSV-
infected or healthy plants with TSV-infected pollen can result in infection of the endosperm,
embyro and seedlings, transmission to the leaves of healthy mother plants was not detected
(Sdoodee and Teakle 1988). Similar to the suggestion of Aparicio et al. (1999) for seed
transmission of PNRSV, it may be the movement of TSV through the pollen tube (Klose et al.
1992) that enables the transmission of TSV to the embryo.

While Sdoodee (1989) did detect TSV (presumably TSV-Ag) in the seed of three naturally infected
weed hosts, A. houstonianum, Bidens pilosa and Gomphocarpus physocarpus, she did not detect
seed transmission to the seedlings when 50 seeds of each were grown out. Klose (1997) did detect a
low rate (less than 1 %) of seed transmission of TSV-Ag to seedlings from naturally infected A.
houstonianum when 111 seedlings from the seed of six mother plants was tested. It appears that
Sdoodee (1989) may not have detected natural seed transmission of TSV-Ag in A. houstonianum
due to a lower number of seedlings tested. By contrast, experimental inoculation of TSV-Ag to
mother plants of other weed species, Nicandra physalodes and Solanum nigrum, resulted in seed
transmission to seedlings at rates of 88 % and 11 % respectively (Sdoodee 1989). Experimental
seed transmission to seedlings was also demonstrated for TSV-A at rates of 48 %, 74 % and 100 %
respectively for Chenopodium amaranticolor, C. quinoa and Vigna unguiculata (Shukla and Gough
1983).

While Sdoodee and Teakle (1988) did not demonstrate TSV seed transmission in tomato resulting
from the combination of TSV-Ag infected mother plants and healthy pollen, only three seedlings
were tested in the grow out test. Hence, it remains unclear if fertilisation with TSV-infected pollen
was critical to get seed transmission or if TSV can infect the seed embryo by invasion from the

mother plant.



Interestingly, four studies of TSV in India have indicated no true seed transmission to seedlings in a
range of naturally and experimentally infected hosts. Naturally infected hosts included sunflower, at
least three cultivars of peanut, marigold, and parthenium, while experimentally infected hosts
included the same hosts (except marigold) and Phaseolus vulgaris, Glycine max, Vigna mungo, V.
radiata, Dolichos lablab, Trigonella foenum. Gomphrena globosa, Chenopodium quinoa and
parthenium (Prasada Rao et al. 2009; Prasada Rao et al. 2003a; Reddy et al. 2007; Vemana and Jain
2010). Vemana and Jain (2010) suggest that the non-seed transmission of TSV from India may be a
characteristic of this strain, similar to the differences in seed-transmissibility of distinct TSV strains
from the USA where Walter et al. (1995) suggested that the presence of a small minor fifth RNA
segment may be linked to non-seed transmission. However, the presence or otherwise of this extra,
minor fifth RNA has not been determined for the non-seed transmissible TSV from India (Vemana
and Jain 2010).

Management of TSV diseases

Effective and appropriate management options for virus control are underpinned by an adequate
understanding of the biology and epidemiology of a virus in the affected crop. Control options may
target one or more interactions of the plant-host-vector system in an attempt to break the infection
cycle. This may involve reducing the virus inoculum pressure on the susceptible host or utilising the
natural defence mechanisms of the host plant (Hull 2014). Effective cultural practices can include;
altering planting date to avoid the peak influx of inoculum, modifying plant density to disrupt
vector movements into crops, or removal of the inoculum source. Reduction of the vector
population can be effective to break the link from source to crop. For all control options to be
viable, the cost of implementing control measures must be less than the losses incurred without the
control. Where available, the most economical and environmentally sustainable control option is
often to utilise naturally occurring resistance genes in the host plant in association with other

control measures in an integrated approach to minimise damage caused by virus diseases.

Several management options have been reported to control or reduce disease. By delaying soybean
planting in Brazil by several weeks, to the end of the normal planting window, and thus avoiding
the peak influx of thrips associated with transmission, TSV disease was significantly reduced
without compromising the yield potential of the crop (Almeida and Corso 1991). Shirshikar (2003)

also reported a large difference in TSV disease incidence when sunflowers were planted monthly at



Latur, India from July to February, with the highest incidence with planting in July-August and the
lowest in November-December. Unfortunately, planting dates for most Australian sunflower
production are dictated by sporadic rain events, precluding the selection of planting times to avoid
peak TSV influxes.

Investigations of TSV in India have reported the benefits of cultural control options such as removal
of the major alternative host and virus source, parthenium, close to peanut crops or planting tall, fast
growing barrier crops such as sorghum prior to sowing susceptible crops to interrupt the influx of
thrips and TSV-infected pollen (Prasada Rao et al. 2003b; Shirshikar 2008). Some benefit from the
use of imidacloprid-treated seed and regular in-crop sprays have been suggested for peanut (Prasada
Rao et al. 2003b) and demonstrated for sunflower (Shirshikar 2008). However, such treatments may
not be economical, can rapidly result in insecticide resistance (Lewis 1997), and can compromise
effective integrated pest management where thrips may be effective predators of other pests
(Wilson et al. 1996). Almeida and Corso (1991) also noted that insecticide treatment of thrips
would only be of benefit if the thrips populations could be controlled at a low level but they
consistently observed high numbers of thrips migrating into soybean crops from the surrounding
TSV-infected weed, A. polystachia. Effective control of the thrips vectors in central Queensland is
also unlikely as it would require regular applications of insecticide not only over the susceptible
crops that commonly cover thousands of hectares per farm, but also the neighbouring areas where

the virus source is likely to be located.

The application of anti-viral compounds such as a mix of a Bougainvillea spectabilis extract and
goat’s milk was shown to reduce TSV infections in cowpea and sunflower presumably by inducing
plant defence mechanisms (Lavanya et al. 2009). A study by Srinivasan et al. (2009) also reported
reduced virus disease with the use of other biocontrol agents such as species of Bacillus,
Pseudomonas and Streptomyces. However, they refer only to Sunflower necrosis virus which is

presumably a synonym for TSV.

Control of parthenium as a source

Given the critical role parthenium plays in the epidemiology of TSV in India (Prasada Rao et al.
2003a) and the similarity of its abundance in cropping areas of India and Australia, some
consideration should be given to the specific control of this potential TSV host. Widespread control
of parthenium is unlikely to be successful in the rangelands of central Queensland where it is

widespread and abundant. Parthenium is also a significant pest of grazing lands and while numerous



biological agents have been introduced into Australia for its control (Evans 1997; Wild et al. 1992;
Adkins and Shabbir 2014), it continues to infest vast areas across central Queensland. Given the
broad acre farming systems of central Queensland, the options for management of diseases caused
by TSV appear to be limited to cultural practices to reduce the level of inoculum present in

surrounding host plants entering the crop and the use of tolerant germplasm.

Use of genetic resistance

The use of pathogen-derived resistance, whereby a portion of the virus genome is incorporated into
the plant genome, has been successfully used for a range of plant viruses (Cillo and Palukaitis
2014). This approach has been recently used to engineer resistance in sunflower against a strain of
TSV from India (Pradeep et al. 2012). However, the use of such engineered resistance in food crops

such as sunflower is currently unlikely to be widely accepted by the general public in Australia.

Naturally occurring genetic resistance to TSV has been reported from the USA in soybean
germplasm (Hobbs et al. 2012), and from India in wild Arachis (peanut) germplasm (Kalyani et al.
2007; Kalyani et al. 2005) and sunflower germplasm (Karuna et al. 2008; Lokesh et al. 2005). The
sunflower resistance screening by Lokesh et al. (2005) was done in a single trial with relatively low
disease pressure and non-replicated plots. The trial by Karuna et al. (2008) was also run with non-
replicated plots, TSV disease incidence was much higher and there appeared to be large differences
in the tolerance of the tested hybrids. There is also a report of a non-replicated field trial of five
sunflower hybrids to investigate TSV tolerance in central Queensland. However, the presented
results indicate the disease pressure was too low to detect differences between hybrids, the rated
symptoms were not described and no diagnostic confirmation of TSV was reported (Crawford and
Philp 2009). There appear to be no other reported studies investigating resistance of sunflower
germplasm to field infections of TSV. In addition, any results from resistance screening against the
Indian strain of TSV may not be applicable to the TSV strain causing disease epidemics in Australia
due to potential genetic differences between the strains. The range of sunflower hybrids currently
grown in Australia is also different from those grown in India so any resistance found in Indian

germplasm is unlikely to be available in the current germplasm utilised in Australia.



Aims of this study and rationale

Review of the literature has identified several critical gaps in our understanding of the disease cycle
of TSV in central Queensland and more broadly the genetic relationship between TSV strains in
Australia with strains from other regions of the world. In summary, TSV has caused significant
losses in sunflower and mung bean crops in central Queensland. While biologically distinct strains
of TSV have been previously described from Australia, there is no reported genomic data for these
strains. It is unknown what strain(s) of TSV is the causal agent of disease in central Queensland and
how it relates genetically to other TSV strains. A number of other biological characteristics of TSV
in central Queensland are unknown, including; what other crops may be affected, what important
alternative hosts may exist, what thrips vectors are associated with disease epidemics and what life

cycle characteristics enable TSV to survive in this sometimes harsh environment.

Considering the importance of TSV on a global scale and the gaps in our knowledge concerning this

pathogen and the diseases it causes in multiple crops, the major aims of this PhD study included:

1. Determining what strain of TSV was the causal agent for the severe disease outbreaks
in central Queensland, which crops were affected and if different strains affected
different crops (Chapter 2).

2. Characterising the genetic diversity of TSV strains previously reported from Australia
and determining their relationships to TSV affecting crops in Central Queensland. This
information may enable an hypothesis to be formed as to the origin of this new TSV
outbreak (Chapters 4 and 5).

3. Obtaining an understanding of how TSV was surviving and moving into crops in
central Queensland. This required determining aspects of its biology including; its
natural host range and any key alternative hosts; the thrips vector species associated
with disease outbreaks; and if mechanisms such as seed transmission may enable it to
survive through the adverse conditions commonly experienced in this region
(Chapters 3 and 6).

4. Determining management strategies that could be implemented to minimise the risk of
TSV disease in susceptible crops, particularly sunflower and mung bean. A critical part
of this was to determine if any useful tolerance to field infections of TSV was available

in the sunflower hybrids used by the industry (Chapter 7).



The rationale for undertaking this PhD study was to improve our knowledge about the
epidemiology and diversity of TSV strains in Australia. By undertaking detailed studies to address
the aims listed above, the data collected will fill the identified knowledge gaps. In doing so this will
provide a sound basis for the development of management strategies to minimise the risks of
diseases caused by TSV in crops currently affected in central Queensland and ensure the viability of

associated cropping industries.



Chapter 2

First report of Tobacco streak virus in sunflower (Helianthus annuus),
cotton (Gossypium hirsutum), chickpea (Cicer arietinum) and mung

bean (Vigna radiata) in Australia
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Sharman M, Thomas JE, Persley DM (2008) First report of Tobacco streak virus in sunflower
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Abstract. Tobacco streak virus (genus llarvirus) is recorded on sunflower (Helianthus annuus),
cotton (Gossypium hirsutum), chickpea (Cicer arietinum) and mung bean (Vigna radiata) in

Australia for the first time.

A significant proportion of the Australian total production of sunflower (Helianthus annuus),
chickpea (Cicer arietinum), mung bean (Vigna radiata) and cotton (Gossypium hirsutum) occurs in
the Queensland grain belt. Sunflower is used primarily for domestic consumption, whilst over 90%
of the chickpea, mungbean and cotton production is exported (Douglas 2007; Anon. 2004; Anon.
2008).

Since the summer of 2004 / 2005 an unidentified necrotic disorder of sunflower has caused
significant production losses across a large area of the Central Highlands of Queensland, Australia,
between the towns of Springsure in the south to Clermont in the north. Subsequently, necrotic
symptoms have also been observed in crops of chickpea, mung bean and cotton grown in the same
region. While limited field observations in 2007 indicated disease incidence on chickpea and cotton
was low, significant losses were reported from numerous mung bean crops across the Central
Highlands in early 2007.



Symptoms on sunflower included necrosis of leaf lamina, petiole, stem and floral calyx, often with
lodging of taller plants or stunted growth and plant death (Fig 1a). On chickpea, symptoms
included stem necrosis, tip wilting and necrotic etching on leaves (Fig 1b). On mung beans there
were necrotic line patterns on leaves, severe petiole, stem and tip necrosis, stunted growth and plant
death (Fig 1c). On cotton, symptoms ranged from young plants with single diffuse necrotic lesions
to older plants with many necrotic lesions, ring spots, chlorotic mottle and leaf deformation (Fig
1d).

(b) (d)
Fig. 1. Symptoms of TSV on naturally-infected field samples of: (a) sunflower (TSV-1974); (b) chickpea (TSV-1979);
(c) mung bean (TSV-2027) and (d) cotton (TSV-2120).



Representative samples from each of the four crops were selected for detailed analysis. Sunflower
and chickpea samples were collected in 2006 while mung bean and cotton samples were collected
in 2007. Quasi-isometric virions typical of members of the genus Ilarvirus were observed in sap
extracts of isolate 1974 from sunflower, when negatively contrasted with 1% ammonium molybdate
pH 7.0 and examined by electron microscopy. Leaf samples of isolates 1974 (sunflower, from
Clermont), 1979 (chickpea, from Clermont), 2027 (mung bean, from Springsure) and 2120 (cotton,
from Emerald) tested positive for Tobacco streak virus (TSV) by ELISA (AGDIA ELISA reagent
set, cat. No. SRA25500/0500) with Asgsnm values of 15 - 90 times greater than the means of their

respective healthy controls.

For confirmation of ELISA results by RT-PCR, RNA was extracted from leaf tissue of the four
isolates mentioned above using the Concert RNA Reagent (Invitrogen) prior to preparation of
cDNA using SuperScript Il reverse transciptase (Invitrogen) as per the manufacturer’s instructions.
Previously published sequences from GenBank (accessions NC_003845, AY354406 and
DQ323518) were used to design TSV-specific PCR primers flanking the coat protein gene. Primers
TSVcpR2 (5° CCA CAT CGC ACA CAA GTA TTA C 3°) and TSVepF2 (5° GCT TCT CGG ACT
TAC CTG AGA T 3°) were used at an annealing temp of 58°C and primed amplification of an 802
bp fragment from each of the four isolates, containing the entire coat protein gene of 717 nt. The
nucleotide sequence obtained for sunflower isolate-1974 (TSV-1974; GenBank accession
EU375481) had > 98% identity with a Brazilian TSV isolate reported by Almeida et al. (2005) from
soybean (GenBank accession AY354406). TSV isolates 1974, 1979, 2027 and 2120 have been
lodged in the DPI&F Indooroopilly Plant Virus Collection.

TSV-1974 was isolated from the field sample by manual inoculation to Nicotiana tabacum cv.
Xanthi nc, which developed systemic necrotic etching and notched leaf margins typical of TSV
infection (Greber 1971). When inoculated from tobacco back to sunflower cv. Suncross 53, the
range of symptoms observed was similar to that seen in natural field infections, including chlorotic

local lesions, and midrib, petiole and stem necrosis (Fig. 2).

TSV was first reported from Australia in 1971 and has subsequently been reported from tobacco,
strawberry, dahlia and various weed species, mostly from south-eastern Queensland (Greber 1971,
1979, Greber et al. 1991). This is the first report of TSV naturally infecting sunflower, cotton,
mung bean and chickpea in Australia. Natural field infections with TSV have previously been
reported on sunflower, mung bean and cotton from India (Bhat et al. 2002a; Bhat et al. 2002c;

Prasada Rao et al. 2000) and also on cotton from Pakistan and Brazil (Ahmed et al. 2003; Costa and



Carvalho 1961). In India, TSV-induced sunflower necrosis disease has been responsible for serious
economic losses (Baht 2002b). Kaiser et al. (1991) reported TSV naturally infecting chickpea

growing adjacent to plots of inoculated plants in the United States of America.

While TSV has been present in south-eastern Queensland since at least the early 1970s (Greber
1971), it remains to be determined why it has only recently become prominent in the Central
Highlands region. Research is continuing to determine the relationship between TSV isolates from
different regions of Australia. Further studies on the epidemiology of TSV from the Central
Highlands of Queensland, including identification of alternative hosts and thrips vectors will be

important for development of effective management strategies.

Fig. 2. Sunflower inoculated with TSV-1974, from Nicotiana tabacum cv. Xanthi nc, originally isolated from field-

infected sunflower. Symptoms shown include chlorotic local lesions and necrosis of leaf veins, petioles and stem.
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Abstract

Sharman, M, Persley, D. M. and Thomas, J. E. 2008. Distribution in Australia and seed

transmission of Tobacco streak virus in Parthenium hysterophorus. Plant Dis.

Tobacco streak virus (TSV) was found to commonly occur in Parthenium hysterophorus, as
symptomless infections, in central Queensland, Australia across a large area infested with this weed.
Several isolates of TSV collected across the geographic range of P. hysterophorus were found to
share identical coat protein sequence with each other and with TSV from crop plants in the same
area. Seed transmission of TSV in P. hysterophorus was found to occur at rates of 6.8 to 48%.
There was almost no change in the rate of TSV seed transmission when P. hysterophorus seed was
stored for up to 24 ¥ months. Implications of this relationship between TSV and P. hysterophorus

for the development of virus disease epidemics in surrounding crops are discussed.
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Tobacco streak virus (TSV), the type member of the genus Ilarvirus (family: Bromoviridae), has an
extensive host range (7). While the transmission of TSV commonly occurs via thrips and infected
pollen (21, 30, 33), seed transmission has also been demonstrated in a range of plant species (18,
32, 34). Seed transmission of plant viruses can form a critical link between generations of host
plants which may be temporally separated by adverse seasons, such as winter or drought. It can also
enable long distance dispersal of a virus to new locations (23).

In Australia, TSV was first reported in 1971 and has subsequently been reported from tobacco,
strawberry, dahlia and various weed species, mostly from south-eastern Queensland (13-15, 37).
TSV has recently been reported from several field crops in central Queensland (36) causing a yield
loss of approximately 20% across the sunflower industry in central Queensland since 2004 with
localised yield losses of greater than 40% observed in many crops. TSV also caused significant
losses in mung bean crops throughout central Queensland in early 2007 with up to 70% vyield
reductions in severely affected crops. Losses have been both direct, from crop damage caused by
the virus, and indirect from reduced grower confidence in sunflower (authors, unpublished results).
A similar disease caused by TSV, in a range of crops, has recently been reported from India (5, 6,
29). A number of alternative weed host have been identified in India including the symptomless
host, Parthenium hysterophorus (hereafter referred to as parthenium), which was considered to be
the principle source of TSV for the development of disease epidemics in nearby crops (30).

Parthenium is an invasive and prolific weed. Believed to have originated from the area of the Gulf
of Mexico or central South America, it has been spread extensively during the 20" century by
human activities to many tropical and subtropical regions of the world such as India, Pakistan,
Ethiopia, Brazil, Argentina and Taiwan (9, 28, 35, 41). In Australia, parthenium occurs over an
extensive region of central Queensland and in isolated pockets in south-east Queensland.
Parthenium has also been recorded in small sporadic outbreaks in northern New South Wales (25).
Parthenium seed has been shown to account for greater than 50% of seedbanks at some locations in
Queensland (26) and buried seed has a germinable half-life of 4-6 years (27, 39).

Given the recent occurrence of serious crop diseases in central Queensland caused by TSV (36) and
the extensive distribution of parthenium, this paper aimed to investigate the possible prevalence and
diversity of TSV in parthenium populations across its distribution and the possibility of seed

transmission.



Materials and Methods

Field surveys of parthenium populations for TSV infection. Parthenium plants were sampled
from 31 sites across its range of distribution in Australia (Fig. 1 and Table 1). Sites with a historical
record of parthenium were surveyed in northern New South Wales but parthenium plants were not
found. Leaf material from between 4 to 100 plants were sampled from each location, stored at 5-
10°C and indexed for TSV within a few days by ELISA, essentially as per the manufacturer’s
instructions (AGDIA ELISA reagent set, Cat. No. SRA25500/0500). Plants were sometimes bulked
in groups of up to 5 plants per extract. Coating antibodies and conjugate were used at 1:500 and
conjugate was cross absorbed with a mix of healthy Helianthus annuus and Nicotiana tabacum cv.
Xanthi n.c. in PBS-T. Leaf tissue was extracted at 0.1 g per 1 ml of PBS-T including 2%
polyvinylpyrrolidone, with reaction volumes of 50 pl in duplicate. Absorbance values (A 410 nm)
were measured using a Dynatech MR 7000 ELISA plate reader and values of greater than 3 times

the mean of the healthy controls were considered positive.

Test of virus distribution within parthenium plants. Five mature parthenium plants naturally
infected with TSV were collected from site 23 north-east of Emerald (Table 1) and plant tissue was
tested by ELISA from five different locations on each plant. These included young leaf shoots from
two locations: close to the top of the plant and also from a lower branch; flower heads; fully

expanded old leaf; and the lower main stem.

Seed transmission tests. Parthenium seeds were collected from four mature plants (seed batches A-
D) from site 10 north of Clermont and one plant (batch E) from site 23 north-east of Emerald (Fig.
1). At both locations, seeds were collected from individual plants that were shown to be positive for
TSV by ELISA. Another collection of seeds (batch F) from site 10 was bulked from several plants
whose virus infection status was unknown but were growing adjacent to a sunflower crop with
approximately 50% incidence of TSV-like symptoms. Seed was dried to ambient humidity and
stored at room temperature until being grown out in the glasshouse. Individual seedlings were
indexed for TSV by ELISA at 3 to 5 weeks post planting, when they were between 10-30 c¢cm tall,
with no floral structures present to avoid the possibility of plant to plant contamination from
infective pollen. Further controls included growing test seedlings in close proximity to the
susceptible hosts mung beans (Vigna radiata cv. Emerald), French beans (Phaseolus vulgaris cv
Bountiful) and tobacco (Nicotiana tabacum cv. Xanthi nc) which acted as bait plants to detect any
thrips transmission. Glasshouses were routinely spayed with insecticides and no thrips were

detected. Where seed transmission of TSV was detected by ELISA, infection was confirmed from a



selection of positive seedlings by mechanical inoculation on to the susceptible indicator hosts mung
bean, tobacco and French bean. A further five ELISA positive and six negative seedlings were

assayed by TSV-specific PCR as described below.

Test of longevity of TSV in parthenium seed. Individual seedlings were tested from all six
batches of seeds (batches A-F above) at between 2% to 3% months post collection, seedlings from
four of the batches (B, C, D and F above) were grown out again for a second test at between 9% -
19 months post collection.. Batches C and F were also grown out and tested for a third time at
between 20 - 28 months post collection (Table 2). Seed was stored in plastic vials at ambient
temperature. Change in seed transmission rates was tested using a Chi-square contingency table for
comparison of three sampling times and with Fisher’s exact test for one degree of freedom for two

sampling times (38).

PCR, sequencing and analysis of TSV isolates. Total RNA was extracted from parthenium leaf
tissue using a BioSprint 15 workstation (Qiagen, catalogue number 9000850) with a BioSprint 15
Plant DNA kit (catalogue number 941514) as per the manufacturer’s instructions but without the
use of RNase A. SuperScript I11 reverse transcriptase (Invitrogen) was used to prepare cDNA as per

the manufacturer’s instructions.

Previously published ilarvirus sequences from GenBank (accession NC_003845, X00435,
NC_005854 and NC_008706) were used to design a virus sense primer in the movement protein
gene of RNA3, TSVmpF1 (5' CTA TTG AGA AGT CGT GCC TCA A 3’). This was used with a
TSV-specific antisense primer, TSVcpR2 (36; 5° CCA CAT CGC ACA CAA GTA TTA C 3°),
located 3’ of the coat protein gene, to amplify a 1155 bp fragment from each of the six isolates. The
fragment contained the entire coat protein gene of 717 nt and partial movement protein gene. PCR
was done using 10 pmoles of each primer, 1 unit native Tag DNA polymerase (Invitrogen), 1.75
mM MgCl,, 200 mM dNTPs and 2ul of cDNA template in a 25ul reaction volume. Temperature
cycling was in a C1000 Thermal Cycler (Bio-Rad) using initial denaturation of 94°C for 60 s, then
35 cycles of: 94°C for 15 s, 57°C for 30 s and 72°C for 60 s; followed by a final extension of 72°C
for 3 min. PCR products were electrophoresed using an E-gel CloneWell 0.8% SYBR Safe gel
(Invitrogen, catalogue number G6618-08) on an iBase (Ethrong Biotechnologies Ltd) as per the
manufacturers’ instructions and extracted in water. PCR products were directly sequenced with an
Applied Biosystems Inc. automated sequencing system. Sequence alignments, dendrograms and
genetic distances were produced using the Mega3 software package (22). Nucleotide identity



searches of the GenBank database were done using the Basic Local Alignment Search Tool
(BLAST:; 3).

Results

Field surveys. TSV was present in parthenium at 25 of the 31 sites tested (Table 1). Within the
major area of infestation in central Queensland, TSV was present at 24 out of 26 sites tested (Fig.
1). None of the TSV-infected plants collected displayed virus symptoms. TSV-infected parthenium
plants were collected during all seasons of the year and from plants of all ages, from very young
seedlings, through to fully mature plants at least several months old. Six field infected parthenium
plants, previously shown to be positive for TSV by ELISA were also positive by TSV-specific
PCR. These were from locations across the major geographical range of parthenium in Australia.
TSV isolate -2012 was collected from site 10, TSV-2077 from site 22, TSV-2084 from site 29,
TSV-2087 from site 19, TSV-2103 from site 4 and TSV-2105 from site 1 (Fig. 1 and Table 1).

Collections of TSV-positive seedlings listed in Table 1 suggested possible seed transmission. TSV-
infected parthenium plants were also collected from grazing land at several sites that were

substantial distances from cropping areas.

Distribution of TSV within parthenium plant. There was no significant difference in ELISA
absorbance values from the different plant tissue types tested, though the flowers had the least
amount of variation in values and were consistently high. From the five plants tested, A 410 nm
absorbance values ranged from 0.260-0.327 for flowers, 0.104-0.298 for young leaves, 0.157-0.388
for old leaves and 0.157-0.274 for the main stem compared to 0.004 for a healthy parthenium

control.

Seed transmission and longevity. Seed transmission of TSV was demonstrated from all six
batches of seed tested and ranged from 6.8% for batch E to 48% for batch A (Table 2). None of the
infected plants displayed any symptoms. ELISA values for infected plants were 4-73 times the
averages of the healthy controls with more than 90% of these being higher than 6 times the healthy
average. Systemic symptoms typical of TSV infection were observed for all ELISA positive test
plants that were mechanically inoculated to the indicator hosts French bean, mung bean and
tobacco. All five ELISA positive test plants also tested by TSV-specific PCR produced typical
bands of the expected size while all six ELISA negative plants did not produce any bands by PCR.



There was no significant change in the rate of seed transmission over a time period of up to 24 %
months for the four batches of seed tested on more than one occasion. None of the susceptible bait

plants grown next to the parthenium seedlings displayed any symptoms during any of these tests.
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Fig. 1. Distribution of parthenium sampling sites in Queensland, Australia, showing sites where TSV was detected
(solid dots) and not detected (open circles). Further details of sampling sites are given in Table 1. Shaded area contains
regions with heavy infestations of parthenium, adapted from Navie et al. (25).



Table 1. Sample site details and results of TSV testing for Parthenium hysterophorus plants.

Site Latitude * Longitude Landuse  Age of Collection Total Positive Sample
number plants month individuals individuals bulking ©
or bulks ®
1 -19.39840 146.9484 grazing mature October 22 2/22 a
2 -20.46834 147.5928 grazing mature October 18 2/18 a
3 -20.51579 147.5925 grazing mature October 15 1/15 a
4 -20.65705 147.8613 grazing mature October 12 1/12 a
5 -21.52040 148.7789 forest mature January 13 0/5 a,b
6 -21.84299 148.6273 grazing mature January 24 6/12 c
7 -22.03670 147.1082 grazing mature January 39 9/13 b
8 -22.20378 147.2379 cropping mature January 33 10/11 b
9 -22.38065 147.6767 cropping seedlings  August 100 11/20 d
10 -22.40488 147.6951 cropping seedlings  February 51 16/51 a
10 -22.40488 147.6951 cropping mature April 4 4/4 a
11 -22.51065 148.5592 cropping mature March 8 1/8 a
12 -22.78142 147.7934 cropping seedlings February 40 1/40 a
13 -22.79212 147.7756 cropping mature April 56 25/28 c
14 -22.84174 148.0706 grazing mature September 10 5/5 c
15 -22.90582 148.0772 cropping mature September 11 5/5 b,c
15 -22.90582 148.0772 cropping seedlings January 20 0/20 a
15 -22.90582 148.0772 cropping mature January 38 2/13 b,c
16 -23.04613 148.3193 cropping mature September 21 4/10 b,c
17 -23.05149 148.4679 grazing mature September 26 0/13 c
18 -23.05221 147.9269 cropping mature September 9 1/9 a
19 -23.34846 147.7053 forest mature September 26 2/13 c
20 -23.41017 150.4997 grazing mature April 12 0/12 c
21 -23.44035 150.4300 grazing mature April 25 0/17 a,c
22 -23.28802 148.0732 cropping mature August 9 3/3 b
23 -23.45401 148.3307 cropping mature November 30 11/20 a,c
23 -23.45401 148.3307 cropping mature February 6 6/6 a



24 -23.47274 148.0807 cropping mature January 30 6/10 b

25 -23.48871 148.1449 cropping mature February 6 6/6 a

26 -23.76367 148.1063 cropping various August 42 4/10 ad
27 -23.98075 148.3448 cropping mature September 19 6/9 a,b,c
27 -23.98075 148.3448 cropping mature March 11 11/11 a

28 -24.04109 148.4142 cropping mature September 5 2/3 a,c
29 -24.22601 148.3642 grazing mature September 17 6/8 b,c
30 -26.94705 152.5000 grazing mature May 64 0/32 c

31 -27.55270 152.0969 grazing mature May 38 0/19 c

A Latitude and longitude are shown as degrees only using the map datum WGS 84.
B The number of TSV positive samples and total number of samples tested. A sample may represent one individual plant or a bulk of individual plants.
€ Samples were either tested as individuals (a), in triples (b), in pairs (c), in bulks of 5 (d) or using combinations of these.

Table 2. Transmission rate of TSV in parthenium seed over time. P values are shown to compare rates of transmission over time.

First test Second test Third test
Seed Storage Proportion Storage Proportion of P value* Storage Proportion of P value ®
batch time of seedlings time seedlings time seedlings
(months) infected (months) infected (months) infected
A 2% 24/50 nit© - - nit - -
B 2% 11/50 11 12/50 0.818 n/t - -
C 2% 14/50 11 10/32 - 20 19/50 0.558
D 2% 19/50 9% 11/32 0.728 n/t - -
E 2% 3/44 n/t - - n/t - -
F 3% 16/56 19 14/50 - 28 13/50 0.954

A P value for change in proportion of infected plants over time from the first to second test using Fisher’s exact estimate.
B P value for change in proportion of infected plants over time from the first to third test using standard Chi-square analysis.
€ n/t = not tested



PCR, sequencing and analysis. The predicted product size of 1155 bp was amplified from all six
TSV isolates by PCR. Sequence data for isolate TSV-2012 has been lodged in the GenBank
database, accession number EU871659. After removal of primer sequences, the resulting sequence
was 1084 bp in length. This includes the 3’ terminal 200 nt of the putative movement protein gene,
the intergenic region and the complete 717 nt putative coat protein gene. The predicted size of the

putative coat protein is 238 amino acids for all six isolates.

The nucleotide sequences of the six TSV isolates from parthenium and the recently published
Australian sunflower isolate (TSV-1974; GenBank accession EU375481) were >99.5% identical,
and these seven sequences from Australia had >98% identity with a Brazilian TSV isolate reported
from soybean (2; AY354406) over a 747 nt overlap. The next closest nucleotide sequence identity
by BLAST was approximately 80% between the parthenium isolates and a TSV isolate from white
clover, United States of America (USA; NC_003845) over a 1069 nt overlap.

Discussion

At least two accidental introductions of parthenium into Australia have occurred. The first, in 1955,
was near Toogoolawah in south-east Queensland, although this infestation has not spread
significantly (4). The second, far more invasive introduction occurred in 1958 into central
Queensland, north of Clermont, and this introduction is believed to have been from Texas, USA,
through the importation of contaminated pasture seed (10, 16, 28). The major area of parthenium
infestation now covers an extensive region of central Queensland. Some isolated infestations occur
outside this region and its presence has been recorded in southern regions of Queensland and into
northern NSW (25; Fig. 1).

Parthenium is an opportunistic weed and given adequate soil moisture is able to germinate, grow
and shed prolific numbers of seeds (achens) in less than two months, but will survive for much
longer if sufficient moisture is maintained (17, 25). It can complete its life cycle at a wide range of

temperatures (39) and will do so at any time of year in Queensland (16).

This is the first record of TSV seed transmission in P. hysterophorus. Varying rates of TSV seed
transmission in other naturally infected hosts have been reported, including 3% in Melilotus alba
(19), 1.4-6% in Phaseolus vulgaris cv. Pinto (40), 3.8% in P. vulgaris cv. Black Turtle Soup (18)
and about 6% in Raphanus raphanistrum (8). The rates of TSV seed transmission found in naturally

infected parthenium in this study are relatively high at between 6.8-48%. The wide variation of



observed rates of transmission in parthenium may be related to the time of infection of the mother

plant, as has been observed with other viruses (12),

It is possible that TSV was accidently introduced into Australia via TSV-infected parthenium seed
in the mid 20™ century from the USA and it has subsequently been spread with the movement of
parthenium throughout central Queensland. If TSV did arrive in Australia in parthenium seed, it is
unclear why it has only been noticed in crops within the last 10 years when high densities of
parthenium have been present in many parts of central Queensland for at least 30 years. There may
have been a slow increase in incidence in parthenium over time and only recently has TSV reached
high enough incidence to move into, and cause noticeable disease levels in, nearby susceptible
crops. Interestingly, TSV was not detected at sites 20, 21, 30 or 31 which are isolated infestations
separated from, but believed to have originated from, the major area of infestation in central
Queensland (C. McGaw, personal communication). This may indicate that these sites became
established from a low number of seed from central Queensland which by chance did not contain
TSV, or TSV has only recently become widespread in central Queensland parthenium. It is also
possible that TSV was accidently introduced into Australia via seed of another host (possibly a
crop) recently and has subsequently become established in parthenium. However, the survey results
indicated that TSV is randomly distributed throughout the geographical range of parthenium with

no obvious association with surrounding land use.

TSV is pollen-borne and transmission of TSV to healthy plants relies on the virus from infected
pollen entering plant cells through the feeding injury caused by thrips (33). Surveys of pollen
diversity and abundance from several Indian cities indicate the potential for large quantities of
parthenium pollen to become airborne and moved significant distances (20, 24, 31). Hence,
parthenium is an ideal alternative host for generating TSV disease epidemics as it produces large
amounts of pollen which is easily dispersed by wind or thrips. The high rates of seed transmission
and long term viability of TSV in parthenium seed demonstrated in this study, along with the ability
of parthenium to often dominate seed banks, remain viable for many years (26, 27), and produce
large amounts of TSV infected pollen indicates that parthenium plays a critical role in the life cycle

of TSV in central Queensland.

The dry tropical climate of Emerald is typical of central Queensland with most of its approximately
600 mm of annual rainfall being received in warm summer months followed by dry, mild winters.
Drought periods are not uncommon during which very few alternative host plants of TSV survive

and most TSV susceptible crops are only grown in summer. Seed transmission of TSV in



parthenium enables the rapid development of TSV epidemics even after prolonged adverse
conditions such as drought and/or harsh winters and provides a link between favourable seasons and
cropping cycles. It would also enable the long distance dispersal of TSV into new agricultural
regions with the movement of parthenium seed on machinery, livestock or in harvested goods.

Coat protein sequence from six parthenium isolates indicated that only one strain of TSV is present
in parthenium across the area of major infestation and this strain is the same as that reported to
cause the sunflower necrosis disorder in crops from the same region (36). However, coat protein
sequence data for TSV isolates from south-east Queensland indicates a significant difference to the
isolates from central Queensland (authors, unpublished results). Thus, while TSV was first reported
from south-east Queensland in the early 1970s (13) it is clear there has been a separate introduction
and spread of the central Queensland strain of TSV. It is likely that TSV from Brazil and central
Queensland share a common origin because strains from central Queensland and Brazil (GenBank
AY354406) are very similar to each other but distinct from all other reported TSV strains, including

those reported to cause crop diseases from India (5).

Prasada Rao et al. (30) suggested that parthenium was a widely distributed alternative host of TSV
and that it was crucial for the development of virus epidemics in nearby peanut crops in India.
While they found no seed transmission of TSV in sunflower, parthenium seed was not tested.
Results presented here warrant the investigation of TSV seed transmission in parthenium from other
regions of the world where parthenium and TSV are present, such as India. In the state of Parana,
Brazil, Ambrosia polystachia, an Asteraceae species, is reportedly an important alternative host
associated with soybean bud blight disease caused by TSV (1). The status of TSV seed transmission
in A. polystachia has not been reported. Interestingly, Parthenium hysterophorus also occurs in the
state of Parana, Brazil where it is reported to infest soybean crops (11). While no mention of
parthenium has been made in the literature in relation to TSV in Brazil, the results of this study
suggest parthenium may also be an important host of TSV in that country, particularly considering
the Brazilian and central Queensland strains of TSV are very similar by sequence analysis and may

share very similar biological characteristics.

The widespread distribution of TSV-infected parthenium and propensity for seed transmission in
this host indicates it plays an important role in the epidemiology of TSV in central Queensland.
However, several other aspects of the epidemiology of TSV in central Queensland may be
important and are under further investigation, including the range of other alternative hosts and the

thrips vector species responsible for transmission of TSV into crops. Control strategies may include



the control of parthenium next to cropping areas, crop location based on likely risk, and the use of
tolerant or resistant cultivars and barrier crops, some of which are also being investigated in India
(30).
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Abstract

The complete coat protein gene sequence is described for three isolates of Strawberry necrotic
shock virus (SNSV) isolated from strawberry (Fragaria vesca) from Australia. Sequences for these
isolates were found to have close identity to SNSV isolates from North America. This is the first

report of SNSV from Australia.

In Australia, the ilarvirus Tobacco streak virus (TSV) was first described from tobacco in the early
1970s (Greber 1971) and has been mostly studied in south-eastern Queensland. An ilarvirus isolated
from the M9 clone of strawberry (Fragaria vesca) cv. Redlands Crimson, designated TSV-S, was
first described by Greber 1979 and Klose et al. (1996) suggested that it may have originated from
imported North American strawberry clones. Sdoodee (1989) demonstrated serological and host
range differences between three strains of “TSV” found in Australia. One notable difference being
that while strains TSV-Ag and TSV-A both produced dentate leaves in systemic infections of
Nicotiana tabacum cv. Turkish (Greber 1971; Sdoodee 1989), TSV-S failed to do so (Greber 1979).
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Klose et al. (1996) also demonstrated different rates of transmission efficiency between the three

strains using different thrips species as vectors.

TSV-S, from Dr Ratana Sdoodee (Sdoodee 1989), was deposited in the Queensland Department of
Employment, Economic Development and Innovation plant virus collection as isolate-840, and
stored as desiccated leaf tissue in the indicator host Nicotiana tabacum cv. Xanthi. Isolates CVIC21
and CVIC22 were sampled from two unknown strawberry cultivars being grown as reference
isolates of what was thought to be TSV at the Victoria Department of Primary Industries, Knoxfield
laboratories. The origin of these reference plants is unclear but they are likely to have been

subsamples of the original M9 clone from Queensland.

For isolate-840, total RNA was extracted from desiccated leaf tissue using a BioSprint 15
workstation (Qiagen) with a BioSprint 15 Plant DNA kit (Qiagen) as per the manufacturer’s
instructions, but without the use of RNase A. For isolates CVIC21 and CVIC22, total RNA was
extracted using using the RNeasy Plant Mini kit (Qiagen, catalogue number 74904) with a modified
lysis buffer (MacKenzie et al. 1997).

For PCR amplification of the complete coat protein gene from the Victorian isolates CVIC21 and
CVIC22, primer SNSV CPbeg F (Tzanetakis et al. 2004) was used with primer TSVcpR4 (5° CGG
ATG CGY GGY ARC TAT GCA T 3’) which was designed to a conserved region of previously
published sequences for TSV, Strawberry necrotic shock virus (SNSV) and Parietaria mottle virus
(PMoV) (GenBank accessions NC_003845, AY363228 and NC_005854, respectively). The
SuperScript One-Step RT-PCR System (Invitrogen) was used as per the manufacturer’s instructions
except the total reaction volume was 25 pl. A product of 930 bp was amplified from each isolate.
These products were cloned using the pGEM-T Easy Vector system (Promega) as per the
manufacturer’s instructions. Three clones each of isolates CVIC21 and CVIC22 were sequenced in
both directions and after removal of primer sites, the 883 nt consensus sequences were lodged with
GenBank (accessions JF781587 and JF781588).

To obtain the complete coat protein gene of Queensland isolate-840, SuperScript Ill reverse
transcriptase (Invitrogen) was used to prepare cDNA with primer TSVcpR4 as per the
manufacturer’s instructions followed by PCR with primers TSVmpF1 (Sharman et al. 2009) and
TSVCcpR4 at an annealing temperature of 57°C. A product of 1273 bp was amplified. PCR products
were either electrophoresed using an E-gel CloneWell 0.8% SYBR Safe gel (Invitrogen) on an
iBase (Ethrong Biotechnologies Ltd) as per the manufacturers’ instructions and extracted in water,

or purified from a 0.5 x TBE agarose gel using a Qiaquick PCR purification kit (Qiagen). PCR



products for isolate-840 were directly sequenced in both directions with an Applied Biosystems Inc.
automated sequencing system at the Australian Genome Research Facility, Brisbane, and after
removal of primer sites, the 1229 nt sequence was lodged with GenBank (JF781586). Sequence
alignments, dendrograms and genetic distances were produced using MEGA version 5 (Tamura et
al. 2011). Nucleotide identity searches of the GenBank database were done using the Basic Local
Alignment Search Tool (BLAST; Altschul et al. 1990).

The nucleotide sequences of isolate-840, CVIC21 and CVIC22 were >99.5% identical to each other
over a 883 nt overlap and >99% identical over the 222 amino acid overlap of the putative coat
protein. The next two closest nucleotide sequence identities with Queensland isolate-840, from
GenBank by BLAST, were with isolates of SNSV; 99% over a 669 nt overlap with an isolate from
Mississippi, United States of America (USA; AY363233), and then 92% over a 1227 nt overlap
with an isolate from Maryland, USA (AY363228). When compared with other published putative
coat protein gene sequences (Fig. 1) the Australian isolates of SNSV are most closely related to

isolates from Mississippi and Louisiana, USA.

This is the first report of SNSV from Australia and confirms that Queensland isolate-840, which
was previously referred to as a strain of Tobacco streak virus, TSV-S (Greber 1979; Klose et al.
1996; Sdoodee 1989), is SNSV. The close nucleotide identity of the Australian SNSV isolates with
isolates from Mississippi, USA, is in agreement with the suggestion by Klose et al. (1996) that
strain TSV-S may have originated from North American strawberry plants introduced into
Australia. It appears likely that the Victorian isolates of SNSV described here represent sub-samples
of the original Queensland isolate-840. However, SNSV has not been found to naturally infect other

host plants in Australia.
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Fig. 1. Maximum Likelihood dendrogram, based on the Kimura 2-parameter model, illustrating coat protein gene
nucleotide sequence relationships of SNSV isolates. A discrete Gamma distribution was used to model evolutionary rate
differences among sites. Horizontal distances are proportional to nucleotide substitutions per site, and the dendrogram
was bootstrapped 500 times with branch values greater than 50% indicated. The scale bar represents the number of
nucleotide substitutions per site. TSV was used as an out-group to root the phylogenetic tree. Abbreviations and
GenBank accession numbers used are: CVIC21 (JF781587), CVIC22 (JF781588), QLD-840 (JF781586), Mississippi-1-
2 (AY363232, AY363233), Louisiana (AY363234), NC1-2 (North Carolina; AY363235, AY363237), California
(AY363236), Japanl-3 (AY363229, AY363230, AY363231), PNW-1-5 (Pacific North West, USA; AY363238,
AY363239, AY363240, AY363241, AY363242), Maryland (AY363228) and TSV-WC (NC_003845).
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Abstract

This is the first report of the genetic diversity within subgroup 1 ilarviruses from eastern Australia.
It supports the separation of Tobacco streak virus (TSV) strains from parthenium (Parthenium
hysterophorus) and crownbeard (Verbesina encelioides) based on serology and host specificity, has
confirmed one previously described strain of TSV as an isolate of Strawberry necrotic shock virus
and has identified a new subgroup 1 ilarvirus, Ageratum latent virus (AgLV) from Ageratum
houstonianum. All had been previously identified as strains of TSV. A multiplex RT-PCR showed
that the genetically distinct strains of TSV and AgLV were commonly found as symptomless
infections in virus-specific alternative weed hosts growing over a wide geographical range in
eastern Australia. TSV has been one of the most damaging viruses in Australian oilseed and pulse
crops in recent years and this study has provided the taxonomic knowledge essential for the

development of control programs for these viruses.
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Introduction

llarviruses (family: Bromoviridae) have a positive sense single-stranded RNA genome consisting of
three linear segments (RNA-1 to -3). The 1a (viral replicase) protein is encoded by RNA-1 and the
2a (RNA dependent RNA polymerase) and 2b proteins are encoded by RNA-2. The 3a (cell-to-cell
movement) protein (MP) and 3b coat protein (CP) are encoded by RNA-3, although the CP is
translated from the sub-genomic RNA-4, which is derived from RNA-3 [1].

The demarcation criteria for ilarvirus species combine serological relatedness, host range and
genome sequence similarity [1], although there is currently no specified level of sequence similarity
to distinguish species, strains or subgroups. Ilarvirus species have been assigned to subgroups based
on serological relatedness and strains of ilarvirus species have also been reported based on
serological differences, host specificity or geographical location. Members of subgroups 1 and 2
have a unique second open reading frame (ORF) on RNA-2 for the putative 2b protein which is
absent from other ilarvirus subgroups. Recent phylogenetic studies on ilarvirus members have
suggested greater emphasis on sequence identity in RNA-3 coding regions [2], RNA-1 and RNA-2

sequence [3] or whole proteome (all putative proteins) analysis [4] for defining species.

Tobacco streak virus (TSV), the type species for the genus Ilarvirus, was identified in 1936 [5] and
was the only described species within subgroup 1 until the mid 1990s when the development of
genome sequencing techniques resulted in the recognition of several additional species. The type
isolate of TSV was originally isolated from white clover (TSV-WC; [6]). Species within subgroup 1
include TSV, Strawberry necrotic shock virus (SNSV), Parietaria mottle virus (PMoV), Blackberry
chlorotic ringspot virus (BCRV) [7] and the proposed possible member Bacopa chlorosis virus [8].
Two subgroup 1 species have been previously reported from Australia: TSV [9] and more recently
SNSV [10].

In Australia, TSV was first described in the early 1970s as the cause of a sporadically occurring
disease of commercial tobacco crops in south-eastern Queensland [9]. Three distinct strains of TSV
have been described from Australia and were shown to differ in relation to serology, host range and
thrips species transmission efficiency [9,11-13]. The most commonly reported strain was originally
referred to as the Asclepias strain (TSV-As; [13]) and later as the Ageratum strain (TSV-Ag; [12])
due to its high incidence in Ageratum houstonianum (ageratum) near TSV affected tobacco crops
[14]. A strain originally isolated from strawberry, TSV-S [11,13], has recently been demonstrated to
actually be SNSV [10]. A third strain, TSV-A, was isolated from Ajuga reptans in Melbourne,



Victoria in the late 1970s and was shown to be serologically distinct from strain TSV-Ag [15].
However, no further reports of this TSV-A strain have been made and it is unclear if it is still
present in Australia. Similarly, TSV-S (SNSV) has recently been reported from reference

collections but has not been reported in natural infections since the late 1970s [10].

We recently reported a TSV strain from central Queensland causing significant economic losses in
sunflower and mung bean crops over several seasons [16]. This TSV strain (hereafter referred to as
TSV-parthenium) was commonly found in asymptomatic Parthenium hysterophorus and this
prolific weed is considered to be a major source of inoculum for disease epidemics in surrounding
crops [17]. Partial RNA-3 sequence of the TSV-parthenium strain indicated it was most closely
related to a soybean TSV isolate from Brazil [18] but preliminary results demonstrated TSV-
parthenium was genetically divergent from TSV-Ag from south-east Queensland. In the course of
the present work, we found a further distinct TSV strain commonly infecting Verbesina encelioides
(crownbeard), hereafter referred to as TSV-crownbeard. These results suggested there was
significant diversity in TSV strains present in eastern Australia. With the recent discovery of the
TSV-parthenium and TSV-crownbeard strains, there were a total of five distinct ilarvirus subgroup
1 members, which could constitute TSV strains or other ilarvirus species. Partial RNA-3 sequence
was published for only SNSV (TSV-S) [10] and TSV-parthenium [17].

The main focus of this paper is to describe the genetic diversity of subgroup 1 ilarviruses from
eastern Australia and in doing so clarify the taxonomy of a range of strains previously reported as
TSV. Serological and host data are used to support conclusions made from the phylogenetic

analyses.

Materials and Methods

Virus isolates. Leaf material was collected between 2006 and 2010 from many locations in central
and south-east Queensland and northern New South Wales (Table 1). Samples were either collected
from locations isolated from cultivated areas or close to crops affected by TSV. The isolates -1973
from parthenium, -1998 from ageratum, and -2334 from crownbeard were selected for further
detailed investigation as typical representatives of distinct ilarvirus strains from the three commonly
found weed hosts. They were propagated and maintained in N. tabacum cv. Xanthi plants in the

glasshouse for use as diagnostic controls and for additional characterization experiments. All isolate



numbers refer to samples lyophilised and stored at -20°C in the Queensland Department of

Agriculture, Fisheries and Forestry plant virus collection.

ELISA. Fresh or lyophilised samples were tested for TSV by ELISA (AGDIA ELISA reagent set,
Cat. No. SRA25500/0500) as per the manufacturer’s instructions with minor modifications. Coating
antibodies and conjugate were used at 1:500 and conjugate was cross absorbed with a mix of
healthy Helianthus annuus and Nicotiana tabacum cv. Xanthi, each diluted 0.1 g per 10 ml of PBS-
T. Leaf tissue was extracted at 0.1 g per 1 ml of PBS-T containing 2% polyvinylpyrrolidone, with
reaction volumes of 50 or 100 pl in duplicate. Absorbance values (A410 nm) Were measured using a
Thermo Electron Corporation Multiskan EX plate reader and values of greater than three times the

mean of the healthy controls were considered positive.

Polymerase chain reaction (PCR). To design PCR primers (Table 2), previously published RNA-
1, -2, and -3 sequences for TSV-WC, SNSV-MD and PMoV (Table 3) were aligned using the
MUSCLE algorithm [19] and conserved regions selected by eye. Various combinations of primer
pairs were used to amplify overlapping fragments from the four reference isolates characterised (see

below).

Total Nucleic Acid Extracts (TNAEs) were prepared from lyophilised leaf tissue using the
BioSprint 15 workstation (Qiagen, Cat. No. 9000850) with a BioSprint 15 Plant DNA kit (Cat. No.
941514) as per the manufacturer’s instructions but without the use of RNase A in the RLT buffer.
SuperScript 11l reverse transcriptase (Invitrogen) was used to prepare cDNA as per the
manufacturer’s instructions. PCR was done using 10 pmoles of each primer, 1 unit native Tag DNA
polymerase (Invitrogen), 1.75 mM MgCl,, 200 mM dNTPs and 2pl of cDNA template in a 25pl
reaction volume. Due to the large number of combinations of different primer pairs and templates,
generic ramped annealing temperature cycling parameters [20] were used for as many primer pairs
as possible, consisting of an initial denaturation of 95°C for 60 s, then 35 cycles of: 95°C for 20 s,
62°C for 20 s, 56°C for 10 s and 72°C for 45 s; followed by a final extension of 72°C for 3 min on a
C1000 Thermal Cycler (Bio-Rad).



Table 1. Details for virus isolates used in this study.

Isolate Host species Collection Nearest town Collection location (Lat’ Long’) llarvirus strain / species by
number” year locality multiplex RT-PCR
835 Xanthium occidentale 1975 Airdmillan 19.528° S 147.472° E TSV-crownbeard
837 Gomphocarpus physocarpus 1987 © Brookfield 27.493° S 152.910° E AgLV

840 B Fragaria ananassa 1979 © Redlands 27.525° S 153.250° E n/a®

1025 Ajuga reptans 1978 Melbourne 37.79° S 144.95° E n/a

19738 Helianthus annuus 2006 Clermont 22.77200° S, 147.78888° E TSV-parthenium
1998 ® Ageratum houstonianum 2006 Mt Glorious 27.331820° S, 152.767317° E AgLV

2012 P. hysterophorus 2007 Clermont 22.40816° S, 147.68428° E TSV-parthenium
2084 P. hysterophorus 2007 Springsure 24.22601° S, 148.36423° E TSV-parthenium
2086 P. hysterophorus 2007 Tieri 23.04613° S, 148.31934° E TSV-parthenium
2087 P. hysterophorus 2007 Rubyvale 23.34846° S, 147.70531° E TSV-parthenium
2103 P. hysterophorus 2007 Colinsville 20.46834° S, 147.59282° E TSV-parthenium
2105 P. hysterophorus 2007 Alligator Creek 19.39840° S, 146.94844° E TSV-parthenium
2139 P. hysterophorus 2008 Nebo 21.84299° S, 148.62732° E TSV-parthenium
2140 P. hysterophorus 2008 Mt Coolon 22.03670° S, 147.10818° E TSV-parthenium
2282 V. encelioides 2008 Theodore 24.93518° S, 150.01425° E TSV-crownbeard
2291 A. houstonianum 2008 Woodburn 29.098083° S, 153.340302° E AgLV

2295 V. encelioides 2008 Emerald 23.48702° S, 148.06104° E TSV-crownbeard
2333 P. hysterophorus 2009 Injune Unknown TSV-parthenium
2334 B Verbesina encelioides 2008 Emerald 23.51936° S, 148.29465° E TSV-crownbeard
2338 V. encelioides 2009 Springsure 24.16183° S, 148.43636° E TSV-crownbeard




2339
2396
2400
2403
2514
2558

V. encelioides
V. encelioides
V. encelioides
A. houstonianum
P. hysterophorus

A. houstonianum

2009
2009
2009
2009
2009
2010

Gindie
Springsure
Duaringa
Yeppoon
Moura

Woolgoolga

23.85828° S, 148.23199° E
24.02136° S, 148.51714° E
23.63383° S, 149.92381° E
23.09433° S, 150.73456° E
24.63083° S, 149.50124° E
30.0839° S, 153.1844° E

TSV-crownbeard
TSV-crownbeard
TSV-crownbeard
AgLV
TSV-parthenium
AgLV

Alsolate number from the Queensland Department of Agriculture, Fisheries and Forestry plant virus collection.

B Isolate used for full genome characterisation in this study. See Table 4 for further details.

€ The collection year is unknown so the first record of publication is shown

P Not available or not tested by MP-RT-PCR.
E1solate-837 was originally referred to as strain TSV-As [13].
F1solate-1025 was originally referred to as strain TSV-A [15].



Reference isolates selected for whole genome characterisation. Although isolate TSV-1973 was
originally collected from sunflower displaying typical TSV symptoms (Table 1), preliminary partial
RNA-3 sequence demonstrated it was a member of the strain found commonly in parthenium
isolates [17] and as such TSV-1973 was retained as a reference isolate for the TSV-parthenium
strain. Isolates -2334 (TSV-crownbeard) and -840 (SNSV; TSV-S) were selected for
characterisation. Isolate-1998 was selected as the reference isolate for the proposed new subgroup 1

ilarvirus species, “Ageratum latent virus” (AgLV) previously reported as strain TSV-Ag.

Table 2. PCR primers for identification of TSV strains, AgLV and SNSV and primers used in

strain-specific multiplex RT-PCRs

Target region Primer name Sequence (5’ to 3°)

RNA-1 TSVRNA1_471R GGGCAGCARGAATGMACATT
TSVrepF2 CAGKAATGGTGATTTYCARAA
TSVrepR1 GTAACRGCTAAWGGAACATATT
TSVrepl080F GTRCCGARTGGTWTACBGAA
TSVrep2769R GGAACTTGCTCKGTRTCACCAA
TSVrep2756F ACVGAGCARGTTCCYTTCAT
TSVrep3000F CACACACGMGAGCWGATAA

RNA-2 TSVpol795R CMACCCAYTCYTGGAARAAT
TSVpolFl CACCTTGAAGCCWGTSGAAGA
TSV2b2451R CCAGCACARTCAATGCAHTT
TSVpol2432F CAAAWTGCATTGAYTGTGC
TSV2b2478F CTCHGTSAAGGTDCCGAAGT

RNA-3 TSVRNA3_506R GCRAYRGCRTGDGTGGTRTT
TSVRNA3_1F GCGCCGWATTCTCYGAGC
TSVRNA3_1251R GCCAGACATGRCGTTGGAT
TSVmpF1 CTATTGAGAAGTCGTGCCTCAA
TSVRNAS3.1982R CCRCATCKCACACARGWATT
TSVcpl789F GCWRTYGTBTGGTGYCTCGA

TSV-parthenium (RNA-3) CQTSVF CCTACTCCAACCCTGATTA

TSV-crownbeard (RNA-3) CrbTSVF GCCCGTTTACCAGTACCAAT

AgLV (RNA-3) SEQTSVF CGCCATGTCTACTTCTAGGA

5’ and 3’ ends AdaptR1 CTGTCTCGGCAATATATGGGAT

5’ and 3’ ends AdaptR2 GCAATATATGGGATTTCCGTT




Multiplex RT-PCR for segment RNA-3. To differentiate TSV-parthenium, TSV-crownbeard and
AgLV and to enable identification of mixed infections, a multiplex RT-PCR was developed. A
degenerate reverse primer (TSVRNA3.1982R) was used for cDNA synthesis for all strains and then
combined with strain-specific forward primers for PCR. To test if the multiplex RT-PCR could
detect mixed infections of these ilarvirus strains, artificial mixes were made by combining TNAEs
in roughly equal proportions prior to cDNA synthesis. PCR mix and temperature cycling were as
described above but with the following optimised mix of primers: 200 nM of TSVRNAS3.1982R,
300 nM of CQTSVF, 100 nM of SEQTSVF and 80 nM of CrbTSVF (Table 2).

5’ and 3’ terminal sequencing. The 5’ and 3’ termini of each RNA segment for each of the
reference isolates, -1973, -1998, -2334 and -840 were determined utilising a single oligo, Adaptor2
(5’-PO4-CGACATAACCTTGCACATGACTCGAACGGAAATCCCATATATTGCCGAGACAG-
3’) with a 3’ C-3 spacer to stop self ligation. Adaptor2 was either ligated directly to the 3’ terminus
of RNA molecules, including viral genomic RNA or to the 3’ end of cDNA made to the 5’ end of

genomic RNA. Ligation reactions were modified from previously described methods [21,22].

For the 5’ terminus, cDNA was prepared using primers located about binding 500 nt from the
predicted 5° terminus and with 7 pl of TNAE. To remove excess ssSRNA and RNA from the
RNA/cDNA duplex, 1 U of RNase A (Qiagen) and 2 U of RNase H (Epicentre) was added to the
cDNA reaction for 30 min at 37°C followed by 10 min at 65°C to inactivate the enzymes. To
remove unincorporated primer, the reaction was cleaned using a PCR purification kit (Qiagen) as
per the manufacturer’s instructions and eluted in 30 pl of 10 mM Tris-Cl pH 8.5. Ligations were
done at 24°C for 18 h in 1 x T4 DNA ligase buffer containing a final concentration of 1 mM ATP
(New England Biolabs; Cat. No. B0202S), 25% (wt/vol) PEG 8000, 10 pg/ml of bovine serum
albumin, 10 pmoles of Adaptor2 oligo, 10 U T4 RNA ligase (Epicentre), 1 mM Hexammine
cobalt(I1l) chloride (Sigma-Aldrich) and made up to a reaction volume of 35 pl with cleaned
cDNA. Ligations were terminated at 65°C for 10 min. The preparation was then used in PCR with a
primer complementary to the Adaptor2 oligo, AdaptR1 (Table 2), and a virus specific downstream
primer, preferably internal to the primer used for cONA synthesis. Nested PCR using a second

virus-specific primer and AdaptR2 was sometimes required to obtain a distinct PCR band.

For the 3’ terminus, ligations were carried out as described above but with 20 pmoles of Adaptor2
oligo, 15 U T4 RNA ligase and reaction made up to volume with TNAE. Following ligation

termination, unincorporated Adaptor2 oligo and enzyme were removed by passage through a



Sephadex G15 column with elutions made in H,O and 1 pl then used in cDNA synthesis reactions

with primer AdaptR1. Resulting cDNA was used in PCR as described above.

In the case of RNA-3 for SNSV-840 the above method did not work for obtaining the 3’ terminal
sequence and polyadenylation of the 3’ end was carried out using E. coli Poly(A) Polymerase
(Ambion, Cat. No. AM1350) as per the manufacturer’s instructions, followed by ¢cDNA synthesis
with primer Poty 1 [23].

Sequencing and analysis. PCR products were analysed by electrophoresis on 0.5 x TBE agarose
or using an E-Gel® CloneWell™ 0.8% SYBR Safe™ gel on an E-Gel® iBase™ Power System
(Invitrogen, Cat. No. G6618-08 and G6400) as per the manufacturers’ instructions and extracted in
water. PCR products were directly sequenced using an Applied Biosystems Inc. automated
sequencing system (Australian Genome Research Facility, Brisbane), to provide at least two-fold
coverage of the target regions.

A representative selection of complete genome sequences of currently recognised ilarvirus
subgroup 1 members [7] including TSV, SNSV, BCRV and PMoV, along with isolates
characterised in the present work, were used for phylogenetic analyses (Table 3). The tentative
subgroup 1 member, Bacopa chlorosis virus (BaCV) was also included in the analysis for the coat
protein. Nucleotide and putative amino acid sequences were aligned using the MUSCLE algorithm
[19] included in the MEGAS software package [24]. MEGAS was also used to calculate pairwise
uncorrected genetic distances between sequences in the alignments. For nucleotide alignments,
putative ORFs were translated into proteins, aligned by MUSCLE and returned to the original
nucleotide sequence. Non-coding regions were aligned by MUSCLE and resulting nucleotide
alignments were used for phylogenetic analysis. Spinach latent virus (SpLV) and Prunus necrotic
ringspot virus (PNRSV) were included as out groups from ilarvirus subgroups 2 and 3 respectively
(Table 3).

Phylogenetic relationships were inferred using the Maximum Likelihood method as implemented in
RaxML [25] and PhyML 3.0 [26]. GTR-GAMMA was specified as the model of evolution in both
programs. The RaxML analyses were run with a rapid bootstrap analysis using a random starting
tree and 1000 Maximum Likelihood bootstrap replicates. The PhyML analyses were implemented
using the ATGC bioinformatics platform (available at: http://www.atgc-montpellier.fr/phyml/), with

SPR and NNI tree improvement, and support obtained from an approximate likelihood ratio test
[27]. For analysis of the complete genome nucleotide sequence, the three complete RNA segments

were included as separate partitions in a Maximum Likelihood analysis so each locus could be run
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under different optimal model parameters. A similar method was used for protein analysis (whole
proteome) with the five putative proteins (loci) included as separate partitions in a Maximum
Likelihood

http://www.tree.bio.ed.ac.uk/software/figtree/). Nucleotide identity searches of the GenBank

analysis.  Resulting trees were observed with FigTree (available at

database were done using the Basic Local Alignment Search Tool (BLAST; [28]). Recombination

analysis was carried out using the program RDP3 with the default parameters [29].

Table 3. llarvirus members included in the study and their
accession numbers for RNA segments.

Virus-isolate RNA-1 RNA-2 RNA-3
TSV-WC NC_003844 NC_003842 NC_003845
TSV-2012 -A - EU871659 °
TSV-1974 - - EU375481 °
TSV-1973 JX463334 JX463335 JX463336
TSV-2334 JX463337 JX463338 JX463339
TSV-1025 JX463345 JX463346 JX463347°
TSV-835 - - JX463349°
TSV-Brazil - - AY?354406 ®
AgLV-1998 JX463340 JX463341 JX463342
AgLV-837 - - JX463348°
SNSV-840 JX463343 JX463344 JF781586
SNSV-MD NC_008708 NC_008707 NC_008706
BCRV DQ091193 DQ091194 NC_011555
PMoV NC_005848 NC_005849 NC_005854
SpLV NC_003808 NC_003809 NC_003810
PNRSV NC_004362 NC_004363 NC_004364

AThere is no sequence data published for this RNA segment.

B These GenBank accessions are partial for segment RNA-3.

Results

Field surveys and identification by ELISA and multiplex RT-PCR. All isolates listed in Table
1 were positive by TSV ELISA and all ELISA-positive samples of P. hysterophorus, A.
houstonianum and V. encelioides were symptomless. When the reference isolates -1973 (TSV-
parthenium), -2334 (TSV-crownbeard) and -1998 (AgLV) were maintained in tobacco, consistent


http://www.tree.bio.ed.ac.uk/software/figtree/

differences in relative Asionm Vvalues by TSV ELISA were observed, suggesting serological
variability. From three independent tests, Asonm Values were 17 to 21 times the average of the
healthy controls for isolate-1998 (AgLV), 329 to 726 times for isolate-1973 (TSV-parthenium) and
740 to 1113 times for isolate-2334 (TSV-crownbeard). The relatively low Asionm Values for isolate-
1998 were similar to that of SNSV-840 which was nine times the average healthy control in a single

test.

Using the multiplex RT-PCR, products of unique size were amplified (Fig. 1a) from the reference
samples of TSV-parthenium (isolate-1973, 921 bp), AgLV (isolate-1998, 743 bp) and TSV-
crownbeard (isolate-2334, 571 bp). The three strains were found in many samples across a wide
geographical area, each spanning several hundred kilometres from north to south, apparently
coinciding with, and possibly endemic throughout, the geographical range of their respective
alternative host (Table 1). The TSV-parthenium strain was never found in crownbeard nor visa
versa even though both strains were found in central Queensland, often occurring in the same
locations. The distribution of AgLV had no overlap with the TSV strains, and was found in
ageratum which occurs in higher rainfall areas mostly east of the Great Dividing Range along the
eastern seaboard of Australia. While no natural mixed infections of the three strains were found, all
were detected by multiplex RT-PCR in artificial mixes although there was a moderate decrease in
amplification of AgLV when all three strains were combined (Fig 1b). A summary of the multiplex
RT-PCR results are shown in Table 1 and gel electrophoresis results for a selection of the

parthenium, ageratum and crownbeard samples are shown in Fig 1a.

Characterisation of complete genomes for representative isolates. The PCR primers (Table 2)
for RNA-1, -2 and -3 worked for all four reference isolates characterised: isolate-1973, -1998, -
2334 and -840. The use of the single oligo, Adaptor2, to attach to both 5’ and 3’ ends was an
effective, low cost means for determining the terminal sequences as described. The option of A-
tailing the 3” end by polyadenylation was also effective for templates that were problematic with the
first method such as the 3” end of RNA-3 for isolate-840. Complete nucleotide (nt) sequence of
RNA-1, -2 and -3 was determined for isolates -1973, -1998, -2334 and -840, and partial RNA-1, -2
and -3 for isolate-1025. Partial RNA-3 sequences were also determined for archived isolates -837
and -835 with GenBank accessions shown in Table 3. For the four isolates for which complete
genomes were determined, a summary of genome features and a comparison of amino acid (aa)

identity with the type ilarvirus species, TSV-WC, are shown in Table 4.



Table 4. Organisation of complete genome information for RNA-1, RNA-2 and RNA-3 of TSV
strains, AgLV and SNSV characterised in this study and comparison of aa identity with type
ilarvirus species TSV-WC.

TSV-1973 TSV-2334 AgLV-1998 SNSV-840
RNA-1
Total length (nt) 3512 3481 3481 3474
1a gene position (nt) 38-3322 38-3322 35-3328 38-3319
1a comparative identity 87% 92% 70% 76%
1a protein Mr (kDa) ® 123.1 123.4 123.4 123.9
RNA-2
Total length 2922 2901 2872 2876
2a gene position 39-2462 40-2415 35-2407 36-2447
2a comparative identity 84% 91% 73% 75%
2a protein Mr 92.5 90.1 90.9 92.1
2b gene position 2152-2805 2150-2758 2157-2759 2155-2790
2b comparative identity 79% 85% 65% 61%
2b protein Mr 24.0 22.1 22.1 23.6
RNA-3
Total length 2215 2208 2224 2249
3a gene position 212-1087 212-1084 214-1098 216-1112
3a comparative identity 81% 92% 79% 80%
3a protein Mr 32.0 31.7 32.0 32.0
3b gene position 1212-1928 1208-1921 1225-1932 1289-1957
3b comparative identity 86% 96% 75% 66%
3b protein Mr 26.2 26.3 26.0 24.6

A Comparison of amino acid identity for the complete putative protein to the type ilarvirus species TSV-WC.
B Molecular mass predicted from ExPASy website http://web.expasy.org/compute_pi/
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Fig. 1a. Multiplex RT-PCR for segment RNA-3 of TSV-parthenium, TSV-crownbeard and AgLV.