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ABSTRACT
The south-west Australian floristic region is one of 36 United Nations global
hotspots of international species diversity. Considering the high biodiversity of the
flora, it is likely that the plant virus flora is also abundant and genetically diverse,
although only 15 indigenous plant viruses have been described from the flora of
Western Australia. Colonisation of Australia by foreign powers from the 1830s
onwards saw the introduction of thousands of exotic plant species and their
pathogens, including plant viruses. Clearance of the original flora for agriculture and
housing has created interfaces between the new exotic flora of exotic crops, pastures,
gardens and weeds and the remnants of the original one. The actions of humans and
the creation of these interfaces between ecosystems have provided opportunities for
exotic viruses to interact with indigenous plants, and for indigenous viruses to
interact with exotic hosts.
A component of this thesis describes studies to gain a greater understanding of the
identity and evolution of the plant viruses present in the indigenous flora of Western
Australia and how viruses are adapting to new host opportunities. A metagenomics
approach was used to identify virus-like sequences from plant samples along
transects that spanned interfaces between highly modified, partially modified and
relatively unmodified sites. 78 novel viruses were identified. Most of these were
from indigenous plants, and analysis of them confirmed our hypothesis that viruses
of this indigenous flora are abundant, genetically diverse and largely unknown. None
of the viruses found in indigenous plants also occurred in the exotic plants sampled,
or vice versa. The exotic viruses, Catharanthus mosaic virus, barley yellow dwarf
virus and white clover mosaic virus, were found in exotic plants at ecosystem
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interfaces, but not in indigenous plants, suggesting that viral movement across
exotic-indigenous floral interfaces may not be widespread. Despite these findings,
the continuing invasion by exotic viruses, as evidenced by our discovery in Australia
of Catharanthus mosaic virus, demonstrates the failure of quarantine practices to
prevent new viruses arriving, thereby posing potential threats to indigenous plants.
An indigenous virus might extend its host range to infect exotic weeds or crop
plants. We used yellow tailflower mild mottle virus (YTMMV) as a model to test
how an indigenous virus might interact with exotic hosts it had never encountered
before. YTMMV is a contact-transmissible tobamovirus isolated from endemic
Anthocercis species (family Solanaceae). An isolate of YTMMV was passaged
through plants of Nicotiana benthamiana, tomato and black nightshade, and its
genome was sequenced after every passage to determine the presence of nonsynonymous (NS) and synonymous nucleotide substitutions. Only one fixed NS
nucleotide substitution was observed in the intervening region (IR) of the viral
genome, and it occurred only in tomato. The passages through tomato were repeated,
and a different single NS substitution occurred adjacent to the NS substitution that
occurred in the first passage experiment. This finding suggested that NS
substitutions in the IR of YTMMV were being selected in tomato.
Tobamovirus virions are famously stable under a range of treatments. An assessment
of the durability of YTMMV virions under different treatments such as time under
different temperature regimes, incubation in milk solution and sodium hydroxide
was done. YTMMV was shown to be more resilient to inactivation using these
treatments than related viruses, tobacco mosaic virus and green cucumber mild
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mosaic virus. The study into transmissibility and longevity of virions of YTMMV is
a pre-emptive study that will be applicable should YTMMV spill over into crops.
The study of plant virus biodiversity in the wild and at the interface of ecosystems
will increase our understanding of how viruses influence ecosystems, particularly on
resilience to biotic and abiotic stress tolerance, longevity and fecundity. The
potential application of such knowledge to agriculture is important, but it is as yet
unacknowledged because of the dearth of examples. A far greater research effort is
needed to understand the roles viruses play in ecosystems and the molecular
mechanisms by which these are achieved. These areas are where in-depth studies of
wild plant-virus interactions will have their greatest impact.
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Chapter 1
Literature Review

1

1

Literature review

Infection by viruses in crops can cause massive economic losses associated with
reduced crop quality and yield. Hence, plant viruses are generally considered as
pathogens. The majority of viruses discovered are derived from agriculture and
horticulture crops (Wren et al., 2006), and agricultural and horticultural crops make
up only approximately 14% of all plant species in the world (Khoshbakht &
Hammer, 2008). This would suggest that there are many more plant viruses yet to be
discovered and the current knowledge of plant viruses is not representative of the
true plant virus biodiversity. This is particularly true for viruses endemic to wild
plants, as virus discoveries are more commonly made in cultivated plants than wild
ones, mainly because symptoms of virus infection are more readily visible in the soft
young leaves of crops and plants cultivated in gardens. As more studies are
undertaken on wild plant species using high-throughput sequencing technologies, the
true biodiversity of plant viruses is becoming apparent.
1.1

Ecosystems and impact of human activities

With the increase in human population, there are greater demands for food, housing
and resources. These demands have led to the transformation of many wild
ecosystems where areas have either been cleared for development or agriculture or
have been changed significantly by the influences of man, microbes, exotic plants
and animals (Vitousek et al., 1997). This has completely changed opportunities for
plant viruses. Some have taken advantage of the new conditions by ‘emerging’ from
wild plants and infecting the new crops. Agricultural lands are often densely planted
with thousands of genetically identical plants of the same age. This ecosystem
simplification can be used by plant viruses to spread rapidly from plant-to-plant
2

(Pagán et al., 2012), causing enormous losses. For example, in Mexico decreased
genetic diversity in chiltepin (Capsicum annuum var. glabriusculum) crops, in
combination with high density planting, led to increased infection with cucumber
mosaic virus and with the begomoviruses, pepper golden mosaic virus and pepper
huasteco yellow vein virus (Pagán et al., 2012).
In addition, interfaces exist between the remaining ‘natural’ environment and the
intensely modified and managed environments, such as cropped lands, pastures, etc.
The boundaries between natural and managed lands are known as agro-ecological
interfaces (Burdon & Thrall, 2008). These interfaces often have a larger number of
species and a higher level of genetic diversity of plants (Elena et al., 2014) and are
places where indigenous and exotic plants co-exist (Papaïx et al., 2015). These
interfaces are also where exotic and indigenous plant viruses co-exist. It is at such
agro-ecological interfaces that opportunities arise for viruses to move in either
direction across the interface. Bean yellow mosaic virus (BYMV) is an exotic virus
in Australia that has successfully negotiated the interface between exotic and
indigenous flora. It exists in managed and natural systems, where it infects exotic
pasture plants and crops such as narrow-leafed lupin (Lupinus angustifolius) and also
members of the native flora such as Kennedia prostrata, K. coccinia, Hovea
elliptica, H. pungens (McKirdy et al., 1994) and a range of native orchids (Wylie et
al., 2013a).
Weeds often exist at agro-ecological interfaces. Weeds frequently proliferate in
cultivated lands or near agricultural areas, potentially acting as virus reservoirs.
Weeds are often hard to eradicate and they may survive between crop cycles, acting
as an infection ‘bridge’. Plant viruses of crops such as cucumber mosaic virus and
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potato virus Y often infect weeds (Walkey, 1991). An early report by Bennett et al.
(1958) described an outbreak of cucumber mosaic virus on sugar beet attributed to
its vector, winged rusty plum aphids (Hysteroneura setariae). These aphids picked
up the virus from infected weeds such as Physalis wrightii within the fields and
surrounding areas and subsequently transmitted it to the crops.
Globalisation has lifted restrictions on the trade of plants and plant propagules
(seeds, cuttings, scions, tissue cultured plants) around the world. Viruses can be
inadvertently spread to new locations in this way (Wylie et al., 2014b), further
facilitating the spread of viruses to other plants. In Australia, the clearance of the
indigenous flora for farming in the 19th and 20th centuries resulted in significant
changes in the ecosystems and introduced many exotic plants and animals (Frost,
1998) and also the opportunity for the introduction of new plant viruses.
1.2

Biodiversity of viruses in Western Australia

The south-west Australian floristic region (SWAFR) is classified as one of 36 global
biodiversity hotspots (Myers et al., 2000, Hopper & Gioia, 2004, Noss et al., 2015).
Of the 12,634 known indigenous plant species in Western Australia (W.A.), about
90% are endemic to the region (i.e., not naturally distributed elsewhere). The high
endemism of flora in W.A. is probably a result of plants evolving in isolation, as the
last known split of Gondwana was the separation of Australia from Antarctica about
40 million years ago (Coleman 1980).
Considering the high floral biodiversity in W.A., it is likely that plant viruses found
in native hosts are equally diverse. To date, only 15 plant viruses identified from
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indigenous W.A. plants have been formally described (Table 1). It is certain that the
list of new viruses described
Table 1 Viruses found in native plants of south-west Australia.
Virus Family

Genus

Species

First
described
from:

Reference

Potyviridae

Potyvirus

Hardenbergia
mosaic virus

Hardenbergia
comptoniana

(Webster
et al.,
2007)

Betaflexiviridae

Divavirus

Hardenbergia
virus A

H.
comptoniana

(Wylie &
Jones,
2011)

Potyviridae

Potyvirus

Lily virus A*

Lilium
longiflorum

(Wylie et
al., 2012)

Potyviridae

Potyvirus

Blue squill virus A

Chamaescilla
corymbosa

Betaflexivirdae

Trichovirus

Scaevola virus A*

Scaevola
calliptera

Secoviridae

Unassigned

Chocolate lily
virus A*

Dichopogon
capillipes

Potyviridae

Potyvirus

Donkey orchid
virus A

Diuris
laxiflora

Betaflexiviridae

Divavirus

Diuris virus A

Diuris
pedunculata

Betaflexiviridae

Divavirus

Diuris virus B

Diuris
pedunculata

Partitiviridae

Alphapartitivirus#

Diuris
pedunculata
cryptic virus

Diuris
pedunculata

Potyviridae

Potyvirus

Caladenia virus A

Caladenia
arenicola, C.
latifolia and
Drakaea
elastic

Alphaflexiviridae

Platypuvirus

Donkey orchid
symptomless virus

Diuris
longifolia

(Wylie et
al.,
2013b)

Virgaviridae

Tobamovirus

Yellow tailflower
mild mottle virus

Anthocercis
littoria

(Wylie et
al., 2014a)

Virgaviridae

Goravirus

Drakaea virus A

Drakaea livida

(Ong et
al., 2016)

(Wylie et
al., 2013a)
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Tombusviridae

Unassigned

Gompholobium
virus A

Gompholobium
preissii

(Koh et
al., 2016)

*Incomplete genome sequence
#

Probable member of the genus

from a tiny subset of the indigenous flora of W.A. (Table 1) is far from
comprehensive. Their identification is the first step in describing their influences on
their host plants and to the greater biological systems with which they interact.
The introduction of exotic agricultural crops has also facilitated the spread of viruses
to both domesticated and native plants in Australia. Viruses can escape detection by
quarantine authorities, in particular on those host plants or propagules such as
cuttings or seeds that do not exhibit symptoms. If propagated, viruses within them
become established where they can potentially interact with other susceptible hosts,
including native plants. A recent example of the movement of viruses facilitated by
the international trade in fresh produce are the viruses that infect garlic, a widely
traded commodity. Wylie et al. (2014) showed that garlic bulbs imported into
Australia as food and as germplasm were infected with a combination of
allexiviruses, carlaviruses and potyviruses, some strains of which had not previously
been detected from Australia. When co-infecting with other viruses, allexiviruses are
capable of causing decreased yield and crop quality (Wylie et al., 2014b), so the
introduction of such viruses can have significant crop and economic impacts.
1.3

Plant virus evolution

Plant virus genomes are remarkably ‘plasticity’ and so have the potential to adapt
rapidly to change. As such, plant ribonucleic acid (RNA) viruses are a useful model
to study evolution in real time. The absence of ‘proof-reading’ (3’ to 5’ exonuclease)
activity in their RNA-dependent RNA polymerase (RdRp) increases the chances of
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nucleotide mis-incorporation (Steinhauer et al., 1992). Recombination between and
within species, genetic drift, short generation times, large population sizes and
environmental changes that might occur during transmission all place evolutionary
pressure on viruses, giving them the potential to evolve at a more rapid rate than
deoxyribonucleic acid (DNA) based higher organisms (Gutiérrez et al., 2012). There
is a need to understand the underlying factors influencing virus evolution because
the knowledge gained may be translated into understanding the underlying strategies
used by viruses to expand their host and geographical ranges.
1.3.1

Drivers of virus evolution

Changes to the environment, such as deforestation, development of farms and
gardens, potentially provide an opportunity for viruses to infect new hosts or vectors
(Webster et al., 2007, Vincent et al., 2014), eventually leading to virus adaptation
and evolution. An Australian potyvirus, passionfruit woodiness virus (PWV), is an
example of an indigenous virus that has been found to have naturally infected both
cultivated and wild plants (Webster et al., 2007). PWV may have evolved in the
indigenous Passiflora aurantia plant in Australia, although this is not proven. PWV
was found to infect the introduced P. edulis, P. foetida, P. caerulea, as well as exotic
legume plants (Webster et al., 2007).
In addition to the environmental changes, the RdRP is another factor in virus
evolution. Mutations often occur in the virus due to the error-prone RdRP where it
does not repair the mis-incorporated base (Steinhauer et al., 1992). The error rate of
virus RdRps is estimated to be in the range of 10-4 mutations per nucleotide per
replication cycle (Lauring & Andino, 2010).
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Genetic mutation rates can be increased by reticulate events within and between
species (Padidam et al., 1999). Reticulate events such as recombination and reassortment have been shown to occur in a number of plant virus genera such as
Babuvirus (Hu et al., 2007), Cucumovirus (Bonnet et al., 2005), Begomovirus
(Padidam et al., 1999, Idris & Brown, 2004) and Tobravirus (MacFarlane, 1997)].
This exchange or rearrangement of the gene or gene regions potentially creates new
species or strain variants that give the new genotype an advantage over parental
isolates.
The previously described drivers of virus evolution, rapid replication cycles and
resulting large population numbers make viruses more prone to changes when
compared to other organisms. The evolutionary potential of a virus species is
theoretically vast but, in reality, the population diversity is small. Not all mutants are
sustained, as they are subjected to selection at all stages of transmission and
replication.
1.3.2

RNA virus adaptation: Selection and fitness

Lettuce necrotic yellows virus, a cytorhabdovirus endemic to Australia and New
Zealand, is divided into subgroups I and II based on phylogeny of the L gene.
Although both subgroups were recorded in Australian plants up to 1993, since then
only isolates belonging to subgroup II have been identified (Callaghan & Dietzgen,
2005, Higgins et al., 2016). Higgins et al. (2016) postulated that subgroup II isolates
outcompeted subgroup I isolates, possibly because of suboptimal interactions with
plant and/or insect hosts. This demonstrates the importance of virus adaptation to
host plants and vectors, which is important for its survival.
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Genetic stability is maintained in small RNA virus genomes by intense selection
pressure; most mutations are deleterious and, thus, are eliminated (Holmes, 2003). A
study by Carrasco et al. (2007) measured the distribution of mutational fitness effects
(DMFE) of tobacco etch virus (TEV) on Nicotiana tabacum. They found that most
mutations were either lethal (41%) or deleterious (36%), while the remaining 23% of
the mutations were neutral (Carrasco et al., 2007). In the same study, no beneficial
mutation was found.
The large virus population present in a plant inevitably contains small subpopulations that carry non-synonymous (NS) and synonymous (S) mutations.
Nucleotide changes that induce NS changes alter the amino acid sequence of the
translated product, and selection generally acts strongly against them unless there is
a benefit to fixing them. Synonymous mutations do not change the amino acid
sequence, but they may affect RNA folding, so selection may also act against these
(Cuevas et al., 2011). These changes may be maintained or lost quickly. The entire
population, consisting of one or more dominant strains and the minor mutant strains,
is known as ‘mutant swarms’. Only mutations that persist in the lineage contribute to
the substitution rate (Barrick & Lenski, 2013). It may be difficult or impossible to
detect minor mutants in a population because of their transience and because they
usually constitute only a tiny fraction of the population. It is likely that polymerase
chain reaction (PCR) based methods of amplification of virus populations, including
high throughput sequencing (HTS), inherently select the dominant sequence species
and fail to detect minor mutant species. The evolutionary potential of a virus species
is theoretically large because of the mutant sub-populations present, but usually there
is little detectable variation in a population because selection tightly constrains
variants (García-Arenal et al., 2003). Determining the true character of a virus
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population in terms of its mutant subpopulations may be impossible with the current
technology.
As discussed, a population of RNA viruses is likely to carry sub-populations with
deleterious mutations. This means that the effective number of virions (i.e., those
that can maintain and establish an infection) is no larger than the gross number of
virions within a population. If purely deterministic models of evolution were used
based on the total number of virions, selection would be the main driver of virus
evolution (Monsion et al., 2008). As the effective population size decreases with
respect to the total population size, random processes such as drift will become more
important than deterministic processes (i.e., selection) (García-Arenal et al., 2003).
Drift may also become an important driver of evolution if a few virions establish
new infections in new organs in a plant or when transmission occurs between
individuals of the same host species or between new host species (Sacristán et al.,
2003, Li & Roossinck, 2004).
A sequence diversity study done with TEV in eight different hosts found that the
host species had a major influence on directing evolution by selection. TEV naturally
infects members of the family Solanaceae. When infecting solanaceous hosts
including N. tabacum, N. benthamiana, Solanum lycopersicum, Capsicum annuum
and Datura stramonium, most mutations were either deleterious or neutral (Lalić et
al., 2011). In the other three partially susceptible hosts, the non-solanaceous species
Helianthus annuus, Gomphrena globosa and Spinacea oleracea, a greater number of
non-synonymous mutations appeared that enhanced virus replication when compared
to virus populations in solanaceous hosts (Lalić et al., 2011).
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1.4

RNA virus evolution rates

The rate of nucleotide substitution recorded from RNA viruses ranges from 3.4 x
10−3 to 1.3 x 10-4 substitutions/site/year (Jenkins et al., 2002). Certain tobamovirus
species may have a slower rate of evolution than other RNA plant viruses, although
the reasons for this are unclear. In the case of tobamoviruses, the influence on
evolution rate of the vector is removed because transmission is believed not to be
vectored. Tobamoviruses have evolution rates ranging from 1.3 x 10-3 to 1 x 10-5
(Fraile et al., 1997, Kearney et al., 1999, Pagán et al., 2010). An evolutionary study
conducted over several years showed that tobamovirus species differ from each other
in terms of their mutation frequencies (Fraile et al., 1997). Tobacco mosaic virus
(TMV) had a four times higher mutation frequency than did tobacco mild green
mosaic virus (TMGMV) when co-infecting a population of exotic wild Nicotiana
glauca plants in Australia (Fraile et al., 1997). It was hypothesised that the higher
rate of mutation occurrence in TMV led to an increase in synonymous mutations,
eventually driving the TMV populations in N. glauca to extinction (Fraile et al.,
1997).
To study plant virus evolution over time, one can use sequence data collected from a
particular lineage over an extended period of time under natural conditions or
simulate strong selection under experimental conditions (Gibbs, 1999). Historical
virus samples may be decades or centuries old, as in the case of herbarium samples,
or particles isolated from approximately 140,000-years old ice cores (Castello et al.,
1999). Assessing genetic diversity over time enables an estimation of nucleotide
substitution rate.
1.4.1

Using phylogeny to determine evolutionary history
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Phylogenetic analysis is a major tool used to determine relationships between viruses
and is used widely because of the apparent simplicity of the calculations and
interpretation. To derive phylogenies, statistical approaches using distance measures,
parametric approaches based on maximum likelihood or Bayesian inference and
non-parametric approaches based on maximum parsimony can be used. The various
statistical approaches are fundamentally different and require varying degrees of
rigor and computational time (Harrison & Langdale, 2006). Maximum likelihood or
Bayesian inference methods are generally preferred. The maximum likelihood
approach computes the probability of generating a tree under a given model of
evolution. Bayesian inference is similar to maximum likelihood with the addition of
a presumed prior distribution of the nodes of the tree.
Phylogenetic studies could be used to speculate on the origin of groups of viruses. A
study by Gibbs et al. (2008) investigated the origins of potyviruses in Australia using
phylogenetics. By looking at the divergence rate, they concluded that potyviruses
entered Australia on two separate occasions – before and after European settlement.
These authors speculate that the indigenous Australian potyviruses, most of which
are related to bean common mosaic virus, probably arrived in Australia preEuropean settlement, and those potyviruses infecting crop plants entered Australia
when agriculture was established by the European settlers. Further research by Gibbs
and Ohshima showed that the genus Potyvirus first diverged approximately 7,250
years ago from either Southwest Eurasia or North Africa (Gibbs & Ohshima, 2010).
In another study by Gibbs et al. (2015), the evolutionary history of tobamoviruses
was investigated. Using a modified Mantel permutation test, they showed that the
phylogeny of most tobamoviruses is significantly correlated to the phylogeny of their
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host plants and that tobamoviruses were at least 110 million years old (Gibbs et al.,
2015).
1.4.2

Experimental studies

The evolutionary rate of viruses as determined from experimental studies is likely to
be an over-estimation of the true viral substitution rate (Raney et al., 2004, van der
Walt et al., 2008). Short-term small population estimates of substitution rates are
greater than rates that occur in nature where they are subjected to more complex
selection processes (van der Walt et al., 2008). Nevertheless, experimentallydetermined virus evolutionary rates may provide an insight into evolutionary rates in
nature.
Experimental studies of viral evolutionary rates of RNA viruses must utilise reversetranscription polymerase chain reaction (RT-PCR), so the fidelity of RNA-dependent
DNA-polymerase (reverse transcriptase) and Taq DNA polymerase must be
considered in estimated rates of viral mutation. Moloney Murine Leukemia Virus
(M-MLV) reverse transcriptase has an error rate of approximately 3 x 10-5 bp
(Cariello et al., 1991, Barnes, 1992), and Taq DNA polymerase has an error rate of
10-4 to 9 x 10-5 bp (Tindall & Kunkel, 1988, Cariello et al., 1991, Lundberg et al.,
1991, Barnes, 1992). The experimental error rate may be difficult to differentiate
from experimental noise (Holmes, 2009).
In addition, studies have utilised different methodologies during passaging
experiments to establish the evolutionary rates. Several factors listed here might
cause different evolution rates in virus studies:
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-

Small fragments of the viral genome analysed (Fraile et al., 1997, Malpica et
al., 2002, Fargette et al., 2008, Pagán et al., 2010, Fraile et al., 2011). Cited
studies utilised 5.3% to 26.8% of the genomes. Different viral genes in the
genome may experience differential rates of evolution.

-

Failure to consider genetic variation within the virus inoculum. Some
experiments did not start with one or a small number of virions, for example
from a local lesion. Some researchers used whole leaves to make the first
inoculum (Fraile et al., 1997, Fraile et al., 2011). It is reasonable to assume
there is a more diverse population of viruses in whole leaves than from a
single local lesion (Holmes, 1929).

-

Infrequent sampling during passaging experiments. Some researchers report
sequences of viruses only from the first and last passage, ignoring passages in
between (Kearney et al., 1999, Schneider & Roossinck, 2000, Schneider &
Roossinck, 2001). Those studies may not be as informative because they
cannot determine the longevity of transient substitutions.

-

Viral replicase fidelity. RdRps of different viruses and strains differ in their
intrinsic fidelity (Holmes, 2009), and host factors may also change this (Pita
et al., 2007). Pita and associates (2007) found that cucumber mosaic virus
had differential replicase fidelities in different host species (C. annuum cv.
Morengo and N. tabacum cv. Xanthi nc).

-

Viral generation time. The time taken to establish infection and the
generation times differ between virus species and host species (Holmes,
2009). These factors dictate the number of viral generations per passage,
which influences substitution rates.
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1.5

Emergence of viruses

The emergence of a virus is usually a result of epidemiological changes that enable
the virus to establish infection in the new hosts. The emergence of virus species in
new hosts may involve genomic change, usually as a result of selection. Such
changes could include replication in and/or transmission by a new vector and
replication in a new host. A well-known example would be the Citrus tristeza virus
in South America. Citrus tristeza virus was most likely introduced to South America
from Southeast Asia in an asymptomatic sour orange (C. aurantium L.) rootstock
(Zaragoza, 2007). It was not until the introduction of the brown citrus aphid,
Toxoptera citricida, originating from China, that the virus was able to spread and
cause an epidemic, resulting in the loss of almost 100 million citrus trees (Moreno et
al., 2008). These diseased trees had to be replaced with trees on rootstocks tolerant to
the disease to prevent further outbreaks.
1.5.1

Impact of plant virus emergence

Viruses are estimated to cause 47% of emerging plant diseases (Anderson et al.,
2004), and this poses a significant threat to human food security, the economy and
biodiversity conservation. An example of a virus emergence event is the severe
cassava mosaic disease that occurred in Uganda in the late 1980s (Gibson et al.,
1996). In Africa, cassava is an important food crop and source of income for
subsistence farmers. In the late 1980s, a recombinant virus derived from African
cassava mosaic virus and East African cassava mosaic virus (Zhou et al., 1997)
produced an unusually severe form of cassava mosaic disease in Uganda. By 2005,
the recombinant virus had spread to infect many cassava cultivations in East and
Central Africa (Legg et al., 2006). It resulted in such significant yield losses that
15

many farmers were forced to abandon cassava cultivation (Thresh et al., 1994), and
famine-related deaths occurred (Otim-Nape et al., 1998). Hence, detection of
emerging viruses is important to prevent epidemics from spill overs to crops, which
could cause massive losses to economies and life.
1.6

Detection of viruses

Several approaches are used to detect and identify RNA viruses infecting a host.
These include visual identification of symptoms on host plants, visual identification
of virions from transmission electron micrographs, detection of viral nucleic acids by
RT-PCR using specific or general primers, recognition of viral proteins by
antibodies using enzyme linked immunosorbent assay (ELISA) and HTS (Table 2)
(Webster et al., 2004). These techniques each have advantages and disadvantages,
and often a combination of techniques is required to identify the virus, especially for
novel viruses. In particular, high-throughput sequencing (HTS) is being used
increasingly because it is an unbiased and sensitive method for finding novel viruses.
Table 2 Techniques often used to detect viruses.
Techniques

Mechanism

Advantages

Disadvantages

Uses

Transmission
electron
microscopy
(TEM)

Identify
viruses
through their
characteristic
viral particles
such as their
coat proteins
by using short
wavelength
beams of
electrons to
focus the
specimen
magnetically

• Generic

• Specimens have
to be either
stained or coated
with a stain that
could result in
the loss or
alteration of
viral proteins

Verification
of presence
and type of
virus
particles

• Does not
require any
virus
information

• Concentration of
viruses needs to
be at least 105-6
particles per ml
(Biel et al.,
2004)
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• Not all viruses
have a coat
protein, and
these are
difficult to stain
• Equipment is
expensive, and
experience is
needed to
operate
Host plant
inoculation

Inoculation of
a range of
experimental
host plant
species to
observe viral
symptoms

• Simple
• Costeffective

• Requires some
knowledge of
the virus, as
choice of the
host plant is
often dependent
on the virus
species

Investigation
of host range
studies and
symptom
diagnosis

• Viruses may not
be readily
transmissible to
experimental
host
Reversetranscription
polymerase
chain reaction
(RT-PCR)

Nucleic acid
detection

Enzyme linked
immunosorbent
assay (ELISA)

Serological
method that
uses
antibodies for
the
recognition of
viral proteins

• Simple
• Costeffective
• High
sensitivity
and
specificity
• High
specificity

• Requires some
knowledge of
virus nucleic
acid sequence,
as primers need
to be designed

Verification
of viral
sequences or
obtaining of
full genome
sequences

• Requires prior
knowledge of
the virus to
design the
antibody

Detection of
virus

• Customised
antibodies are
expensive
• Antibodies are
not available for
all viruses

Protein assay
(one/two
dimension

Separate and
identify viral
structural and

• Fast

• Requires some
knowledge of
virus to

Identification
of virus
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electrophoresis
coupled with
mass
spectrometry
[MS] or
peptide mass
fingerprinting)

non-structural
proteins
according to
their
isoelectric
point and
protein mass

High
throughput
sequencing
(HTS)

Nucleic acid
detection

determine where
protein sequence
is to be present
in the database
• Only allows one
protein to be
analysed at a
time
• Does not
require any
virus
information
• High
specificity
• Able to
detect lowtitre viruses
in plants

1.6.1

• Expensive
• Can be slow to
obtain results
• Informatics
skills and
software
required.

Detection of
viruses and
obtaining of
full viral
genome
sequences

High-throughput sequencing (HTS)

High-throughput sequencing, also commonly known as next generation sequencing
(NGS), has revolutionised plant virology in terms of virus detection and diagnostics.
HTS provides a way to detect all nucleic acids in a sample, including those of
unknown viruses, leading to much faster discovery of novel viruses (Adams et al.,
2009, Barzon et al., 2011). To date, the International Committee on Taxonomy of
Viruses (ICTV) has listed 3,704 virus species, an almost two-fold increase over
those listed by 2005, when 1,899 virus species were recorded (International
Committee on Taxonomy of Viruses, 2016). Part of this growth is attributed to better
technologies, primarily NGS, since 2009.
1.6.2

Viral metagenomics studies using HTS

The cost of using a HTS platform can be reduced on a per sample basis by pooling
multiple samples. In RNA virus metagenomic studies, environmental samples (e.g.,
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RNA from plants collected in an area) are pooled together, sequenced and analysed
in order to detect all viruses present in the combined sample. The disadvantage of
this approach is that it can be difficult to identify the original host from which each
virus is derived (Roossinck, 2012). An alternative is to uniquely label the cDNA
from each plant prior to pooling. These labels are referred to as barcodes, indices, or
tags. To date, more than 800 metagenomic-based viral studies using HTS have been
performed (Table 3) (Roossinck et al., 2015).
Table 3 Examples of HTS metagenomic-based studies used to study viruses.
Types of studies

Match to host by

Reference

Detection of viruses

Tag primers and
subtractive hybridization

(Adams et al., 2009)

Virus detection in reclaimed water

-

(Rosario et al., 2009)

Virus detection

Separate RT-PCR

(Pallett et al., 2010)

Virus discovery in wild plants

Barcode tags in HTS

(Roossinck et al., 2010)

Virus discovery in wild plants

Barcode tags in HTS

(Scheets et al., 2011)

Discovery of members of the
Secoviridae in wild plants

Barcode tags in HTS

(Thapa et al., 2012)

Virus discovery in cultivated and
wild plants

Separate RT-PCR

(Wylie et al., 2012)

Identification of viruses

Separate RT-PCR

(Adams et al., 2013)

Virus discovery in wild plants

Separate RT-PCR

(Wylie et al., 2013a)

Virus discovery in wild plants

Barcode tags in HTS

(Wylie et al., 2014a)

Diagnostic (quarantine purpose)

Separate RT-PCR

(Candresse et al., 2014)

Virus discovery in cultivated plant

Barcode tags in HTS

(Koh et al., 2015)

Virus discovery in native orchids

Barcode tags in HTS

(Ong et al., 2016)

Knowledge of viral genomic sequences will facilitate a deeper understanding of
plant viruses because it informs the genomic variation of the traits shown,
susceptibility to diseases and the evolutionary history and origin of viruses.
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1.7

Current research direction

Our current knowledge of plant viruses comes mainly from studies of viruses of
cultivated plants. Metagenomic studies have demonstrated that the current
knowledge of plant viruses is only the tip of the iceberg. Recently, attention has been
cast on viruses infecting wild plants, in part because they are thought to be the
progenitors of emerging viral pathogens in agriculture and horticulture (Roossinck,
2011).
Limited large-scale metagenomic-based surveys have been done to investigate virus
biodiversity in wild plants. The Tallgrass Prairie Preserve in Oklahoma (Wren et al.,
2006), the Area de Conservación Guanacaste (ACG) in Costa Rica (Roossinck et al.,
2010) and Great Smoky Mountains National Park (Sabanadzovic et al., 2010) were
all studied. Of the samples analysed from these studies, 25 - 58% contained viruslike sequences (Roossinck et al., 2015), and many were from undescribed viruses
(Melcher et al., 2008, Muthukumar et al., 2009, Roossinck et al., 2010, Scheets et al.,
2011). This would suggest that there is a vast body of viruses yet to be discovered in
wild plants. There are several smaller-scale studies that investigated virus
biodiversity in wild systems (Guy et al., 1987, Raybould et al., 1999, Webster et al.,
2007, Wylie et al., 2012, Wylie et al., 2013a, Bernardo, 2014), but they are unable to
reveal the true biodiversity of plant viruses, as the studies were limited to one genera
or family of plants.
In wild plants, virus infection is often symptomless. A group headed by Ulrich
Melcher at Oklahoma State University found that, even though one-third of plants in
prairie grasslands were infected with at least one virus, only 2% of infected plants
displayed symptoms resembling those induced by virus infection (Melcher, 2004). A
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study of the rainforest ecosystems of Costa Rica, where plants were widely infected,
also found that symptoms were rare (Roossinck, 2012). The reasons for this are
unclear. It could be that older wild plants do not display symptoms as readily as
younger wild plants. To our knowledge this has not been tested experimentally in
wild systems, but even some infected experimental host plants (e.g., tomato plants)
do not exhibit strong symptoms when plants are older (Lapidot et al., 2006). In
addition, it may be that symptoms of infection exist but are not recognised as such.
For instance, some wild plants have small and/or woody leaves on which virus
symptoms may be difficult to diagnose. Conversely, plants in agricultural/
horticultural fields are often all the same age and usually have soft green leaves
where symptoms of some virus infections are readily apparent.
The lack of symptoms could be attributable to other factors as well. Where a virus
and its host have co-evolved over a long period of time, the virus may have lost its
movement protein gene (Roossinck, 2012). In this case a virus may become
persistent if transmitted solely through the germ line: this is also called vertical
transmission. Another factor may be limited symptom expression in some wild
plants. Wylie et al. (2013) found an endangered wild orchid species Diuris
pedunculata which was asymptomatically infected with four viruses, three of which
are probably indigenous and one exotic virus, turnip yellows virus (TYV). TYV
infection induces severe symptoms in Brassica and Pisum species (Stevens et al.,
2008), hence it was surprising that the orchid remained asymptomatic. Studies need
to be done to investigate whether these associations of viruses with plants, as in this
case with D. pedunculata are important and have beneficial roles or not.
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1.8

Ecological roles of plant viruses

Viruses are capable of influencing the plant species makeup of an ecosystem. The
presence of the exotic grass species Avena fatua increased the spread of barley and
cereal yellow dwarf viruses in the grasslands through aphids. As native grass species
such as Elymus glaucus displayed more prominent disease symptoms than the exotic
plants, it led to a reduction in native plant species, which were quickly displaced by
A. fatua plants (Malmstrom et al., 2005). There are also examples of viruses that
confer beneficial traits to plants (Nakatsukasa-Akune et al., 2005, Xu et al., 2008).
For example, white clover cryptic virus 2 is involved in nodulation regulation in the
presence of nitrogen in Lotus japonicas plants (Nakatsukasa-Akune et al., 2005).
The interaction between plant viruses and plants and/or vectors also has an
ecological influence on the dynamics of ecosystems. Some plant viruses have the
ability to influence insect behaviour to aid in their transmission and alter the
pheromones of the plants to attract more insects. This phenomenon, known as host
manipulation hypothesis (Ingwell et al., 2012), has been shown to occur in a number
of plant viruses, hosts and vectors (Castle et al., 1998, Jiménez-Martínez et al., 2004,
Werner et al., 2009, Groen et al., 2016). Plant viruses can influence plants by
altering gene expression to elicit more volatile compounds (Jiménez-Martínez et al.,
2004, Werner et al., 2009) or cause chlorosis as the outcome of plant defense against
the virus, which attracts more insects (Kennedy et al., 1961). In wheat plants infected
with barley yellow dwarf virus, it was shown that there was an increase in the
production of volatiles such as methoxybenzene, (Z)-3-Hexenyl acetate and nonanal
to make plants more attractive to aphids (Jiménez-Martínez et al., 2004). By altering
pheromone production in plants to influence vectors, there is an increased likelihood
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of vectors encountering the infected plants and, hence, increasing virus transmission
rates.
1.9

Aims and objectives

The aim of this project was to investigate plant virus biodiversity in indigenous and
exotic plants in W.A. and to observe if virus evolution is being influenced by host
changes at the interface between wild and managed systems. Three overall questions
were considered:
1.

Which viruses are present, and how do they relate to other viruses occurring
in other regions of the world? What does it tell us about global movement of
viruses and timescales?

2.

How are exotic viruses invading W.A., and what are the risks to indigenous
flora?

3.

How do virus genomes respond to new host opportunities? How do viruses
that may have co-evolved for millions of years with a small number of wild
hosts respond when challenged with new host opportunities?

Specifically, experiments were designed to:
-

Obtain the complete genome sequence of a potyvirus from the exotic
gymnosperm, Welwitchia mirabilis.

-

Partially characterise a new virus infecting an indigenous legume
Gompholobium preissii.

-

Catalogue virus diversity at three study sites – a natural bushland site and two
sites at interfaces between indigenous flora and agriculture.
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-

Measure evolution in real-time for a wild-plant tobamovirus after passage
through exotic hosts.

-

Understand the durability and risk potential of a wild plant tobamovirus,
should it emerge to pose threat to commercial horticultural production, and
assess means of mitigating the threat.
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2.1

Abstract

Plant virus diversity was studied using a metagenomics approach at three sites: one a
highly modified pasture-forest interface (Murdoch), the second a partially modified
conservation/rehabilitation shrubland (Whitby Falls), and the third a relatively
unmodified forest site (Monadnocks Conservation Park). Total virus abundance and
genetic diversity was greatest at the unmodified forest site, and this reduced in
proportion to the degree of modification experienced by the indigenous flora at the
other two sites. The virus diversity found in the modified sites also differed from the
unmodified forest site. Virus-like sequences belonging to different genera or species
were found in either Murdoch/Whitby Falls or Monadnocks conservation park (e.g.
partitiviruses) but not both with only one exception. Phylogenetic analysis suggested
distinct differences in the totivirus-like sequences found in Whitby Falls and
Monadnocks conservation park, suggesting that there is little mixing between the
two groups despite the close physical distance between sites, and they have evolved
separately. This study indicates that loss of indigenous plant virus diversity is closely
associated with modification and loss of indigenous floral communities and invasion
by exotic plants.
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2.2

Introduction

As one of 36 United Nations hotspots of global biodiversity (Myers et al., 2000,
Noss et al., 2015), the south-west Australian floristic region has more than 13,000
indigenous higher plant taxa, over 90% of which are endemic (Chapman, 2016). It is
assumed that viruses associated with this flora are also largely endemic, although
only 15 have been formally described to date (Webster et al., 2007, Wylie et al.,
2013a, Wylie et al., 2013b, Wylie et al., 2014a, Koh et al., 2016, Ong et al., 2016).
In the past 180 years since European colonisation, exotic plants, arthropod vectors
and viruses have been introduced, facilitated by trade, agriculture, and other human
activities (Moreno et al., 2008, Wylie et al., 2014b). Land clearance has created
interfaces where wild and exotic plant communities come into close contact. Such
interfaces provide potential opportunities for viruses in both communities to interact
with new host species (McKirdy et al., 1994, Wylie et al., 2013a).
Virus infections control gene expression of their hosts and confer novel traits
(Jiménez-Martínez et al., 2004, Nakatsukasa-Akune et al., 2005, Márquez et al.,
2007, Xu et al., 2008). Viruses also influence the makeup of plant communities by
influencing fecundity and longevity of indigenous plants (Malmstrom et al., 2005,
Wren et al., 2006). Despite the potentially important influences viruses have in wild
systems (Nakatsukasa-Akune et al., 2005, Xu et al., 2008, Mauck et al., 2010), very
little is known about their biological diversity or roles. It is assumed that
modification of natural communities and changes to land use influence plant virus
communities in positive and negative ways, especially if the virus is highly hostand/or vector-dependent. For example, in Mexico where there was an increase in the
level of human-induced modification to the natural flora, the prevalence of
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begomoviruses in the crop plant chiltepin increased, probably as a result of increased
vector activity (Rodelo-Urrego et al., 2013) and the relatively low genetic diversity
of the crop (Pagán et al., 2012). Thus, it is important to understand how the
management of plant communities and land use generally influences plant virus
diversity.
In this study, plant virus diversity was investigated at three sites that differed in the
extent of modification they had experienced: two sites were modified but differed in
the types of modification, and a forest site was relatively unmodified.
2.3

Materials and methods

2.3.1

Study sites

The three sites chosen for this study were located near the city of Perth, Western
Australia, and they differed in the degree and type of modification experienced since
European settlement.
Murdoch (M) was once a Banksia/Eucalyptus-dominated woodland but had
experienced considerable modification. A substantial proportion of land was cleared
to establish an exotic pine (Pinus pinaster) plantation in 1926, and parts of it were
converted into a farm in the mid-1970s and later as a university campus (Dell &
Bennett, 1986). To date, some areas are still being used as a veterinary farm. The
remaining pine plantation is now undergoing a restoration program where native
plants are being re-introduced beneath the pines and weeds are controlled.
Whitby Falls (WF) has been used for pastoral and cropping purposes since 1848. In
1897, it became a facility to provide housing and treatment to mental patients. The
land was partially cleared for annual and perennial crops, and the remaining
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shrubland was under-grazed by sheep and cattle. Farming was discontinued in 2006
and the shrubland has been regenerating since then (Griffiths Architects, 2013).
Monadnocks Conservation Park (MCP) is a relatively pristine forest where little
modification has occurred. Certain areas within the forest were logged decades ago,
and some Jarrah trees have been affected by Phytophthora cinnamomi.
2.3.2

Sample collection

For each site, samples of each plant species were collected to investigate the
diversity of viruses present in the site. Samples were taken along transect lines.
Transect lines were created using aerial views available from Google Earth. Lines of
approximately 1 km were established so that they would cross different interfaces in
each site. Thirteen 2 x 2 m plots were established evenly along the line, and global
positioning system (GPS) coordinates of each plot were recorded (Table 1). The M
transect line cut through horse pasture, a rehabilitating wetland, a forest dominated
by Banksia and Eucalyptus species, a pine plantation, cattle farm, roadside verge and
a regional forest park. The M transect line was 1.064 km long and plots were 89.5 m
apart (Fig 1A). The MCP transect passed through areas of tall Eucalyptus forest,
exposed granite and shrubland. The MCP transect line was 1.004 km in length, and
plots were 83.63 m apart (Fig 1B). The WF transect line went through orchards, an
abandoned farming area, mixed exotic species pastures and an indigenous plant
shrubland on a hillside. The WF transect line was 0.987 km in length, and plots were
83.69 m apart (Fig 1C).
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Figure 1 Transect lines showing plots (green or yellow dots) for the Murdoch (A),
Monadnocks Conservation Park (B) and Whitby Falls (C) sites. Each transect is
approximately 1.0 km in length.
Table 1 GPS coordinates of each plot on three transect lines and vegetation found in
that plot for each of the Murdoch, Monadnocks Conservation Park and Whitby Falls
sites.
Plot

Murdoch
Horse pasture
32º 4’12.2”S

1

2

3

4

115º 50’13.5”E
Densely
populated native
shrub
community
Densely
populated native
shrub
community
Sparsely
populated native
shrub
community

5

Exotic pine
plantation
undergoing
native plant
rehabilitation

6

Exotic pine
plantation
undergoing
native plant
rehabilitation
Banksia/eucalypt
woodland

7

8

115º 50’10. 0”E

32º 4’17.4”S
115º 50’10.5”E

32º 4’20.0”S
115º 50’8.9”E

32º 4’22.72”S
115º 50’7.4”E

32º 4’25.4”S
115º 50’5.9”E

32º 4’27.9”S
115º 50’4.4”E

Exotic pine
plantation
undergoing
native plant
rehabilitation
Cattle pasture

9

10

32º 4’14.8”S

32º 4’30.5”S
115º 50’2.9”E

32º 4’33.2”S

Monadnocks
Conservation Park
Eucalyptus
marginata
(Jarrah)dominated
forest
Eucalyptus
marginata
(Jarrah)dominated
forest
Eucalyptus
marginata
(Jarrah)dominated
forest
Eucalyptus
marginata
(Jarrah)dominated
forest
Eucalyptus
marginata
(Jarrah)dominated
forest
Eucalyptus
marginata
(Jarrah)dominated
forest
Eucalyptus
marginata
(Jarrah)dominated
forest
Eucalyptus
marginata
(Jarrah)dominated
forest
Tall
shrubland

115º 50’1.4”E
Cattle pasture

32º 4’36.0”S
115º 49’59.8”E

32º 22’57.8”S
116º 15’9.7”E

32º 23’0.0”S

Abandoned
farmland full of
exotic weeds

Grass patch full of
exotic weeds

116º 15’7.9”E

32º 23’2.1”S
116º 15’6.2”E

32º 23’4.4”S

32º 23’6.6”S

Exotic Orchard
trees (Malus,
Citrus, Prunus)

Grass patch full of
exotic weeds

Grass patch full of
exotic weeds

116º 15’0.9”E

32º 23’ 10.9”S

Exotic weeds and
pasture species

116º 14’6.1”E

116º 14’57.3”E

32º 23’15.4”S

32º 23’17.8”S
116º 14’53.5”E

32º 17’38.5”S
116º 0’55.4”E

32º 17’37.2”S

32º 17’35.9”S
116º 1’0.7”E

Verge side of a
road with exotic
weeds and pasture
species

32º 23’16.2”S

32º 17’39.9”S

116º 0’58.1”E

116º 15’2.7”E

32º 23’8.7”S

32º 17’41.3”S
116º 0’50.0”E

116º 0’52.6”E

116º 15’4.4”E

116º 14’55.4”E
Low openshrubland

Whitby Falls

32º 17’35.1”S
116º 1’03.3”E

32º 17’33.1”S
116º 1’06.0”E

Edge of a shed,
full of exotic
weeds

Abandoned
farmland. Mixture
of exotic and
indigenous plants
Abandoned
farmland. Mixture

32º 17’31.7”S
116º 1’08.7”E

32º 17’30.4”S
116º 1’11.4”E
32º 17’27.0”S
116º 1’14.0”E
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(on expose
granite)
Cattle pasture
32º 4’38.6”S

11

12

13

2.3.3

115º 49’58.3”E
Green belt along
the road; weedy
verge side

Relatively
unmodified
Banksia and
Eucalyptusdominated
woodland

32º 4’41.3”S

Eucalyptus
marginata
(Jarrah)dominated
forest
Tall
shrubland

115º 49’56.7”E

32º 4’44.0”S
115º 49’55.2”E

of exotic and
indigenous plants
32º 23’20.1”S
116º 14’51.6”E

32º 23’22.4”S
116º 14’49.8”E

Tall
shrubland

Grassland with
exotic weeds

32º 23’24.5”S
116º 14’48.1”E

32º 17’27.7”S
116º 1’16.7”E

Low openshrubland on hill
with indigenous
plants and few
exotic weeds
Low openshrubland on hill
with indigenous
plants and few
exotic weeds

32º 17’26.3”S
116º 1’19.3”E

32º 17’24.9”S
116º 1’22.1”E

Sample Processing

100 mg of leaf tissue was collected from each plant within a plot. Samples were
collected from July 2013 to November 2013 under a flora licence from the
Department of Parks and Wildlife, Western Australia (W.A.). All plants were
identified to family and further identified to species level if known. A total of 713
plants were collected of which 203 were sampled from M, 164 from WF and 346
from MCP. All samples, except for two plants, were processed for high-throughput
sequencing (HTS) as the two samples had a high amount of polysaccharides that
extraction was impossible. Nucleic acids of each plant were extracted individually
from each sample and enriched for double-stranded RNA (dsRNA) using a cellulosebased method (Morris & Dodds, 1979). A Nicotiana benthamiana leaf infected with
Catharanthus mosaic virus (CatMV) was processed as a positive control. dsRNAs
were quantified and pooled accordingly to the plot and subplot number before cDNA
was synthesized from each pool. Complementary DNA (cDNA) was synthesized
using GoScript™ reverse transcriptase (Promega) with a random primer (5’
CGTACAGTTAGCAGGCNNNNNNNNNNNN 3’). Barcode index sequences
(Roossinck, 2012) were incorporated to each end of amplified products using primer
adaptors that annealed to the known sequence of the random primer. Polymerase
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chain reaction (PCR) was done with GoTaq 2X Mastermix (Promega). Cycling
conditions were 95ºC for 3 min, 30 cycles of 95ºC for 30 s, 60ºC for 30 s, 72ºC for
30 s and the final extension of 72ºC for 7 min. PCR products were purified using the
QIAquick PCR Purification system (Qiagen, NSW, Australia) according to the
manufacturer’s protocol.

2.3.4

High-throughput Sequencing

Purified barcoded PCR products were pooled together prior to library construction
and high-throughput sequencing on the Illumina HiSeq2000 platform. Samples (n =
367 in 79 barcode groups) obtained from M and WF sites were pooled together
(sample 1), and all of MCP’s samples (n = 344 in 69 barcode groups) were pooled
(sample 2). A sample known to be infected with Catharanthus mosaic virus was
included in sample 1 in the sequencing run as a positive control. The two sample
pools were processed separately using 100 nt paired-end sequencing done by
Macrogen Inc, South Korea.

2.3.5

Analysis of Results

Analysis of sequence reads was done using CLC Genomic Workbench v6 (Qiagen)
and Geneious v7.0.6 (Biomatters) software packages. Primer-adaptors were trimmed
from the raw reads prior to de novo using the CLC Genomic Workbench using a
word size of 23 and a bubble size of 50 to generate contigs of >250 bp. Contigs were
compared to sequences on the Genbank sequence database (NCBI) using Blastn and
Blastx (Altschul et al., 1990). Contigs that gave no hits on the database were further
examined by importing contigs to Geneious v7.0.6 where they were examined for
the presence of long opening reading frames (ORFs), which might indicate that they
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were from viruses. These ORFs were then compared to the NCBI database, again
using Blastp or tBlastx. Contigs resembling viral sequences were identified by
sequence identity to known viruses. Virus-like contigs were mapped back to the host
plant or group of plants through its barcode. Virus-like sequences were then grouped
according to the host plant and their virus family.
For some viral sequences, primers were designed on either side of gaps in the
genome, and reverse-transcription PCR (RT-PCR) and Sanger sequencing was done
to join contigs (Supplementary Table 1).
2.4

Results

2.4.1

HTS analysis

A total of 42,714,273 sequence reads from M and WF samples and 36,663,421
sequence reads from MCP samples were generated. After demultiplexing, trimming
and de novo assembly of the reads, 2,759 contigs were generated from the M and
WF samples, and 2,382 contigs from the MCP samples. Contig sizes ranged from
250 – 4,872 bp. Contigs were analysed by blastn, blastx and tblastx on the NCBI
database and matched to sequences of plants, humans, animals, fungi, bacteria and
viruses. Most contigs analysed matched those of plant-related sequences.
2.4.2

Diversity of viruses and genetic composition

Of particular interest were contigs that resembled plant viruses. Following the
groupings of viral contigs according to their most closely related family/genus and
barcodes/locations, the viral contigs were mapped onto the most closely-related
known virus sequences. The majority of these contigs shared low (<50%) sequence
identity with previously-described viruses, but a minority closely matched the
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sequences of known viruses (particularly barley yellow dwarf virus and
Hardenbergia mosaic virus). Twenty-six contigs shared < 30% sequence identity to
the closest known plant virus species. Positive control virus sequences, those of
CatMV, were present. In the M and WF sample, 109 virus-related contigs (1.97%)
were found (Fig 2). Of the 109 virus-like contigs from the two sites, 21 were from
the M transect, 66 were from the WF site. The remaining 23 were from CatMV. In
plant tissues collected from the MCP site, 300 virus-like contigs (6.30%) were
detected (Fig 2).
Contigs were assembled further based on identity with known virus genomes to form
longer virus-like sequences. Some contigs overlapped one another to form one
longer contig (Figure 3a). In other cases, two or more contigs appeared to be derived
from one virus, but there was no overlap (Figure 3b). Other contigs overlapped one
another but there were significant differences between them, indicating that they
belong to different species (Figure 3c). These virus-like sequences were then sorted
into taxa based on identity with known virus genome sequences (Figure 4).
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Figure 2 Number of virus-like contigs from each site, classified to the level of
family (A) and genus (B, C, D). The number of contigs matching members of a
genus are shown at the sites Murdoch (B), Whitby Falls (C) and Monadnocks
Conservation Park (D).

43

Figure 3 Identification of species groups: (a) overlapping contigs forming longer
virus-like sequences, (b) contigs that match the genome of a known virus but with
gaps between contigs, and (c) two contigs that share a degree of sequence identity
but with sufficient differences to assert that they are from different species.
Most of the virus-like sequences of each genus were found in either modified (M or
WF) or relatively non-modified (MCP) sites but not in both. The exception was the
virus resembling persimmon latent virus (genus currently unassigned), which
occurred in M and MCP sites. Undescribed species in the genera Allexivirus,
Alphapartitivirus, Ampelovirus and Totivirus were present at both modified and
unmodified sites, but the same virus species within these genera (as judged by
sequence identities >75%) did not co-occur at both sites (Fig 4). Of the virus-like
sequences found, 62.65% had sequences that most closely matched those of
persistent viruses, and most were from the MCP site (Fig 4). Persistent viruses
comprised members of the families Parititiviridae, Totiviridae, Chrysoviridae and
Endornaviridae. Prevalence and taxonomic diversity decreased somewhat
proportionally to the amount of modification the plant community at the site had
experienced. The percentage of plants in which a virus-like sequence was identified
was 2.45%, 5.49% and 6.69% at sites M, WF and MCP, respectively (Table 2). Of
the 711 plants sampled, 37 plants (5.20%) yielded virus-like sequences. In some
plots, no virus-like sequences occurred, and these virus-free plots were more
prevalent at the two modified sites compared to the MCP plots (Table 2).
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No. of virus-like sequences

20
18
16
14
12
10
8
6
4
2
0

Virus genus
Murdoch

Whitby Falls

Monadnocks Conservation Park

Figure 4 Closest matches to the level of family of virus-like sequences identified
from sites Murdoch, Whitby Falls, and Monadnocks Conservation Park.
Table 2 Prevalence of virus-like sequences in plants, plots and sites.

Total plants sampled
No. of plants with
virus-like sequences
% of plants with viruslike sequences
No. of virus-like
sequences found
No. of plots with plants
harbouring virus-like
sequences

Murdoch

Whitby
Falls

Total

164
9

Monadnocks
Conservation
Park
344
23

203
5
2.46

5.49

6.69

5.20

5

15

63

83

4

6

8

18

711
37

Plants were identified to family and species level and further grouped accordingly to
their origins. A higher percentage of indigenous plants yielded virus-like sequences
than did exotic plants (Table 3). Some virus-like sequences could not be traced back
to the host plant.
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Table 3 Number of virus-infected plants and its origin.
No. of plants (harbouring
virus-like sequences) that are:
- W.A. origin
- Exotic hosts
- Mediterranean/Europe

Murdoch

Whitby
Falls

Monadnocks
Conservation
Park

Total

2

0

22

24

1

2

0

3

- South Africa
1
0
0
1
- Unknown (unable to
0
4
0
4
identify virus-like
sequence in the exact
exotic host)
- Unknown (unable to match
1
3
1
5
virus-like sequences with
host^)
^There are both native and exotic hosts in the same barcode, so we were unable to determine
the origin.

Most plants that yielded virus-like sequences were singly infected. At least eight
plants were co-infected with two or more viruses (Table 4). Most of the plants
infected with two or more viruses were from the least modified site, MCP.
Table 4 Number of plants from which one or more putative viruses were identified.
No of plants with

- One putative virus
- Two putative viruses
- Three putative
viruses
- Four putative viruses

Murdoch

Whitby
Falls

Total

8
0
0

Monadnocks
Conservation
Park
16
5
1

5
0
0
0

1

1

2

29
5
1

Of the 83 virus-like sequences identified, 78 (94.0%) shared only moderate to low
sequence identity with described viruses (Table 5). Five viruses belonged to
described species (white clover mosaic virus, garlic virus C, Hardenbergia mosaic
virus, barley yellow dwarf virus and cauliflower mosaic virus).
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Table 5 Origin vs. novelty of virus-like sequences.
No. of virus-like
sequences
- Novel
- Previously described

Murdoch

Whitby Falls

Monadnocks
Conservation
Park

Total

2
3

14
1

62
1

78
5

Most of the viruses detected are predicted to have ribonucleic acid (RNA) genomes.
Before sequencing, total RNA was enriched for dsRNA, where the genomes of
dsRNA viruses and the replicative form of single-stranded RNA (ssRNA) viruses
would be picked up. Surprisingly, evidence of one DNA virus was also found (Table
6), presumably its transcription product.
Table 6 Predicted genome types of the putative viruses identified at three sites.
Genome type

- Positive-sense
ssRNA
- dsRNA
- dsDNA (Reverse
transcribed)

Murdoch

Whitby
Falls

Total

1

Monadnocks
Conservation
Park
14

3
2
0

14
0

48
1

64
1

18

Most of the virus-like sequences most closely resemble vertically-transmitted
persistent viruses, many of which are considered to be mycoviruses (Table 7). Most,
if not all mycoviruses are persistent and are probably vertically-transmitted during
mitosis, sporogenesis or horizontally transmitted via cell fusion through hyphal
anastomosis. Other virus-like sequences were closest to species within the families
Tombusviridae, Betaflexiviridae and Caulimoviridae that are transmitted either
vertically in seed and pollen or horizontally by plant-to-plant contact, through
vectors or by human activities such as grafting (Table 7).
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Table 7 Number of virus-like sequences and their assumed transmission types.
Estimated number of
putative viruses and
assumed mode of
transmission:
- Vectors
- Mechanical/ plant
contact
- Grafting
- Mitosis, sporogenesis
or cell fusion
- Vertical transmission

Murdoch

Whitby
Falls

Monadnocks
Conservation
Park

Total

4
0

1
0

13
4

18
4

1
0

0
13

1
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2
59

0

1

4

5

Phylogenetic trees were constructed of the RNA-dependent RNA polymerase
(RdRP)-like sequences of putative totiviruses (Fig 5) and partitiviruses (Fig 6). The
totivirus-like sequences found in the flora at WF are more closely related to one
another than they are to the totivirus-like sequences at the MCP site, indicating little
genetic exchange between the sites. The WF totiviruses clustered with a group of red
clover powdery mildew-associated mycoviruses described from Japan while the
MCP totiviruses were more closely related to plant and fungus-infecting totiviruses
isolated from North and South America, Europe and Asia. Partitivirus-like sequences
were found only at MCP, and these are clustered with alpha- and deltapartitiviruses
described only from plants and of international distribution.
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Figure 5 Maximum likelihood tree based on the deduced amino acid sequences of
the putative RdRp genes of totivirus-like sequences from Whitby Falls (indicated by
▲) and Monadnocks Conservation Park (indicated by ●) and those of previously
described totiviruses. Helminthosporium victoriae virus 145S (genus Chrysoviridae)
was used as an outgroup (King et al., 2012). Tree branches of bootstrap confidence
<60% were omitted.
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Figure 6 Condensed maximum likelihood tree of the putative RdRp region of
partitivirus-like (alpha- and deltapartitivirus) sequences (indicated by ●) discovered
at the Monadnocks Conservation Park site. Their genera, Alpha-, Beta-, Gamma-,
and Deltapartitivirus are indicated. Human picobirnavirus was used as the outgroup
(Nibert et al., 2014). Tree branches of bootstrap confidence values <60% were
omitted.
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2.5

Discussion

This is the first study done to compare the diversity of viruses in modified and
unmodified at sites that differed in the degree of human-induced modification that
had occurred. The viruses found in plots along each of the three transects sites
considered are certainly not the full extent of viruses that exist in those regions or
under varying levels of modification, but this study gives an indication of the relative
abundances of the virus groups identified according to each site. In this study, more
than half of the viruses found were persistent viruses in the families Totiviridae,
Alpha- and Gamma-Partitiviridae, Endornaviridae, and Chrysoviridae. Totiviruses
and chryoviruses were originally thought to be found only in fungi (Roossinck,
2010), but there is increasing evidence of these viruses infecting plants (Covelli et
al., 2004, Kozlakidis et al., 2006, Grover Shah, 2010, Guo et al., 2016). In our study,
leaf samples were not surface-cleaned before RNA extraction, nor were they tested
for endophytic fungi, so it is possible that the mycovirus-like sequences were of
fungal origin. The high proportion of mycovirus-like sequences from this limited
study indicates that these viruses have a dominant position in the indigenous floral
virosphere of the region, and they presumably play some role in these ecosystems.
This is the first reported incidence of deltapartitivirus-like and chrysovirus-like
sequences from Australia.
Two groups of persistent viruses were well represented. The totiviruses at WF and
MCP were genetically distinct from one another and yet the two sites are located
only 31 km apart. This suggests that totiviruses may not be able to spread readily
from one region to another. This was in contrast to the partitiviruses found only at
the MCP site. This group was genetically differentiated and shared sequence identity
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with other plant infecting partitiviruses with broad international distribution.
However, their identification only at the MCP site suggests that they may not be
widely distributed locally. The only other plant-infecting partitivirus identified from
Australian indigenous plants is Diuris pendunculata cryptic virus from an indigenous
orchid from eastern Australia (Wylie et al. 2013a). It is possible, although we
consider it unlikely, that some of these viruses were introduced by human activity in
exotic plants. The persistent mode of transmission of these viruses, their presence
only in indigenous plants, and their genetic distinctiveness indicates a much longer
association with the flora of the region.
The small virus-like sequences resembling other viruses in genera Allexivirus,
Amalgavirus, Ampelovirus, Citrivirus, Higrevirus, Marafivirus, Nepovirus, and
family Closteroviridae and Tombusviridae would suggest that a broad spectrum of
viruses exist within the indigenous flora of the region. All of the virus-like sequences
found resembled viruses found elsewhere (e.g. USA, Chile, France and Peru), and
none were unrelated to known groups. There is considerable geographical distance
between these viruses and their closest known relatives, which suggests that there
might be a continuum of other members that exist between the two continents. None
of the viruses found in indigenous plants also occurred in the exotic plants sampled,
or vice versa. This suggests that the viruses of indigenous plants in the region studied
have not widely infected the recent migrants they are coming into contact with. This
may be because of molecular incompatibility or because there is no suitable vector or
host. Several exotic viruses (e.g. barley yellow dwarf virus and white clover mosaic
virus) were found in exotic plants at ecosystem interfaces. The presence of these
exotic viruses in exotic hosts, but not in indigenous plants, suggests that infection of
new indigenous hosts may not be widespread.
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As mentioned, the number of viruses found is likely to be an underestimate of the
true diversity of viruses in the flora. Many of the plants sampled contained high
levels of phenolic compounds or polysaccharides that are highly viscous, preventing
access to nucleic acids. Two of the samples collected had such a high amount of
polysaccharides that it was impossible to extract the nucleic acids. In addition, the
cellulose-based nucleic acid extraction procedure is believed to enrich total RNA for
dsRNA, but the sequencing results showed that it was ineffective at excluding host
mRNA but was effective at eliminating transfer RNA (tRNA). DNA-based viruses
are probably eliminated in this procedure and we found only one DNA virus (two
contigs resembling cauliflower mosaic virus sequences). The ‘DNA virus-like
sequence’ found in this study might not be viruses. It is possible that some could be
expressed transcripts of endogenous plant viruses (e.g. the caulimoviridae virus-like
sequence) that are integrated into the plant’s genome (Geering et al., 2014).
Results obtained from this study supported previous studies on plant viruses in the
wild indicating that the diversity of wild plant viruses is generally greater than the
diversity of viruses found in agricultural or vegetation-modified settings (Roossinck,
2012, Stobbe & Roossinck, 2014). Our study showed that genetic diversity was
highest in the unmodified forest and less so in modified areas. Multiple viral
infections may also be more common in wild plants (Cooper & Jones, 2006,
Muthukumar et al., 2009, Wylie et al., 2013a), although vegetatively propagated
crop plants such as garlic and sweet potato often harbour multiple viruses (Kwak et
al., 2014, Wylie et al., 2014b).
This study lends credence to the belief that human-induced modification of
indigenous forest communities not only results in losses of the macro-flora and fauna
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but also of plant viruses. Although poorly understood, in some cases ecological roles
have been ascribed to plants and viruses in natural systems (Jiménez-Martínez et al.,
2004, Xu et al., 2008, Werner et al., 2009, Mauck et al., 2010, Groen et al., 2016),
indicating that their loss in wild systems may have profound implications.
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2.7

Supplementary Information

Table 1 Primers used in this study.
Primer
Name

Forward Primer Sequence
(5’ to 3’)

Reverse Primer Sequence
(5’ to 3’)

Sample
s no.
tested

Identifie
d in
sample
no.

CatMVNIb

GCTGATGGAAGCAGGTTTGA

AACTCAGCATAACCCCATGC

87, 88,
+ve

+ve

PotexRdRP

CCCAGACCTATGGACCCTTT

CAAGGATGTCTAGGGCGGT
A

23-27

25

Partitit2RdRP

CGCAGCWTTTGACWTAATCAA

CCTCCTGTGKWTGTTCTACC

216222

220

Endo3RdRP

AACGCAATCAAGACCCGTAT

CCTAGCTTGCTGCTGTCTCA

216220

220

Pers1RdRP

CGAATCACTTGGCTTGCTTA

TAACTTGCCTCATCCCAGG

242247

246

NepoRdRP

TGTGTGCTTACTTGTCTATGGT
GA

GACCTCCCTCAATCTTCCTG

242247

248

CitriRdRP

GAGATGGATGCGAGTCTGTAG

ACATTCCCCTTTTCCTTGG

308312

308

CaMVIB

GATTCCATTGCCCAGCTATC

TTGCTTTGAAGACGTGGTTG

345349

345

South1p42

ATAAGGGGCTGGTTGGGTTT

CGTGGTTGGAGAGGGGAGT
A

383388

385

Endo1RdRP

TGAAGTGTTGCCAGAACCAG

GCGCACATTCCTTTTAGTTG

389394

394

MaraRdRP

AGCCTCTTCGTTTCCTGC

AGTTGGCGGATTGGTAGATG

389394

394

Pers1RdRP

ACTCAGGGTATGGAGGAACG

CTAACGACAGCGAACCGAT

420423

420

HarMVRdRP

AAGAATACCTCCACACCCACC

ACAATAAACCCACCCGTCTG

424427

426

Partiti1RdRP

ACGAGCGAACTTGACCTTGT

GGAATTTCGTCCTCCATAGG

515519

516

CarmoRdRP

CCAAATGCGGAGAAAAAGAA

CCGTTGGTTTTTCTTCCAGA

520523

520

TotiD1RdRP

GCHATGGAMTGGGTGTGT

ACGTCATCWCCGTTATGCAC

524527

526

Hibi-p39

AAAATGATGAGGGATGATGTG
A

GCAACACAACCACAAAAAC
AA

524527

527

QuadRdRP

GGAGAGACGAGGAGACGAGA

CGACTGAGGAGTGATAGCC

705709

709

LuteoRdRP

ATTTGCCCCCGCAGTAAG

TTGTTGGTGATTTGGTGTTC
A

726729

728
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Addendum
In the text on pg 69 of chapter 4 (pg 42 of the journal), the post-transcriptional
cleavage sites should be written as post-translational cleavage sites. In addition, texts
were missing in the second last line of the last paragraph. It should be “Alignment
was done using ClustalW (Thompson et al., 1994) with default parameters."
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Abstract
Tobamovirus is a group of viruses that have become serious pathogens of crop plants. As part of a study informing risk of
wild plant virus spill over to crops, we investigated the capacity of a solanaceous-infecting tobamovirus from an isolated
indigenous flora to adapt to new exotic hosts. Yellow tailflower mild mottle virus (YTMMV) (genus Tobamovirus, family
Virgaviridae) was isolated from a wild plant of yellow tailflower (Anthocercis littoria, family Solanaceae) and initially passaged
through a plant of Nicotiana benthamiana, then one of Nicotiana glutinosa where a single local lesion was used to inoculate a
N. benthamiana plant. Sap from this plant was used as starting material for nine serial passages through three plant species.
The virus titre was recorded periodically, and 85% of the virus genome was sequenced at each passage for each host. Six
polymorphic sites were found in the YTMMV genome across all hosts and passages. At five of these, the alternate alleles became fixed in the viral genome until the end of the experiment. Of these five alleles, one was a non-synonymous mutation
(U1499C) that occurred only when the virus replicated in tomato. The mutant isolate harbouring U1499C, designated
YTMMV-d, increased its titre over passages in tomato and outcompeted the wild-type isolate when both were co-inoculated
to tomato. That YTMMV-d had greater reproductive fitness in an exotic host than did the wild type isolate suggests YTMMV
evolution is influenced by host changes.
Key words: virus evolution; host adaptation; nucleotide substitution; experimental evolution rate; virus ecology.

1. Introduction
Species of genus Tobamovirus probably co-evolved with the
angiosperms 140!120 million years ago (Gibbs 1999). Sometime
after agriculture began, a number of tobamoviruses emerged
from wild plants to become pathogens of crops, especially in solanaceous and cucurbitaceous species (Lartey et al. 1996).
Tobacco mosaic virus (TMV) was the first plant virus described
(Mayer 1886; Ivanovsky 1892; Beijerinck 1898) and purified
(Stanley 1935), eventually lending its name to the genus

Tobamovirus. TMV originated in the Americas (Holmes 1951),
where the majority of Nicotiana species evolved. It has spread to
all key tobacco growing regions of the world where it still causes
significant yield losses (Shen et al. 2013).
Yellowtail mild mottle virus (YTMMV) is a tobamovirus discovered recently in southern Western Australia (W.A.) in two
endemic solanaceous species, Anthocercis littorea Labill. (yellow
tailflower) (Wylie et al. 2014) and A. ilicifolia Hook. (red-striped
tailflower) (Li et al. 2015). The incidence of YTMMV in W.A. in

C The Author 2017. Published by Oxford University Press.
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wild plant hosts has not been investigated but studies on the
experimental host range of YTMMV showed that it systemically
infected all the Australian Nicotiana species tested, and the
North American N. tabacum, but not the Peruvian N. glutinosa in
which it induced local lesions. Other species systemically infected were Capsicum annuum (capsicum and chilli), Solanum
betaceum (tamarillo), S. lycopersicum (tomato), S. melongena (aubergine), S. nigrum (black nightshade), Physalis angulata (balloon
cherry), P. peruviana (cape gooseberry), and P. philadelphica
(tomatillo) (Li et al. 2015; Wylie et al. 2015). Symptoms ranged
from mild mosaic (tomato) to death (one cultivar of capsicum
tested and N. benthamiana accession RA-4) (Li et al. 2015).
Solananceae plants, in the form of native plants, agricultural
plants, or as exotic weeds, are abundantly common within the
geographical range of Anthocercis species, which suggests there
is potential for YTMMV to spill over into other species. The extent and rate in which environment plays a part in transmission
of these contact-transmissible virus is unknown, therefore
there is a need to investigate how fast the virus could evolve or
adapt to exotic hosts when presented with the opportunity.
The process of adaptation of wild plant tobamoviruses to
cultivated hosts has not been studied in real time. Host adaptation not only involves changes within the host during infection,
but also the adaptation to between-host transmission conditions. In this study, the former was investigated. Although
YTMMV has proven potential to extend its host range beyond
Anthocercis, it has not been recorded to naturally infect other indigenous or exotic species occupying its natural habitat (Wylie
et al. 2014; Li et al. 2015). To study plant virus evolution under
selection, sequence data can be collected from a particular lineage over an extended period of time under natural conditions.
If this is not practical, experiments can simulate selection
(Gibbs 1999). For YTMMV we opted for the experimental approach. The objective of this study was to investigate the influence of passaging through new host species on YTMMV
evolution. To do this, YTMMV was passaged through N. benthamiana, an Australian species, tomato, a South American species, and black nightshade, a Eurasian species. The wild-type
isolate of YTMMV collected from its natural host was serially
passaged through the different experimental host species. At
each passage through each host species the viral genome was
sequenced, and the virus titre measured periodically.

2. Materials and methods
2.1 Virus passaging
YTMMV-infected A. littorea leaf tissue (Cervantes isolate,
GenBank accession NC_022801) was inoculated to Nicotiana benthamiana accession RA-4 seedlings and then to a N. glutinosa
seedling in a glasshouse. A single local lesion was isolated from
a N. glutinosa leaf, crushed in cold 0.1 M phosphate buffer (pH
7.0), and applied to a healthy N. benthamiana seedling. N. benthamiana was used as the “primary passage host” because it
quickly displayed clear symptoms of YTMMV infection compared with other species such as tomato plants that display less
obvious symptoms.
The YTMMV isolate was passaged nine times through each
of the host lineages: S. lycopersicum cv Money Maker (tomato),
N. benthamiana laboratory accession RA-4, and alternating
plants of S. nigrum (black nightshade) and N. benthamiana RA-4
(Fig. 1). Seedlings were 4–6 weeks old at inoculation. At each
passage, a cohort of six plants of the same species was inoculated with the same inoculum. Inoculum was made by taking

Figure 1. Outline of passage experiments. Twelve passages were done. Nine passages (P4 – P12) were done with cohorts of six plants, either alternating black
nightshade and N. benthamiana RA-4 (P4M – P12M), N. benthamiana RA-4 (P4R –
P12R), or tomato (P4T – P12T). Leaf tissues were collected from cohorts that were
underlined for further analysis. Cohorts with solid lines were sequenced with
the eight primers. Those underlined with dotted lines were sequenced using IR
primers only.

one young leaf from each of the six plants in a cohort, pooling
and macerating them in 0.1 M phosphate buffer (pH 7.0) with a
pinch of celite, and inoculating six more seedlings. This procedure was repeated every 16 days for nine passages. Plants were
spaced so that there was no physical contact within and between cohorts. Cohorts were named by passage number (e.g. P1
for the first passage) and host name, i.e. R for N. benthamiana
RA-4, T for tomato and M for the mixed lineage of black nightshade and N. benthamiana RA-4 (Fig. 1). At 14 dpi, leaf tissue was
collected from all six plants of cohorts P1, P3, P4M, P4R, P4T,
P5M, P5T, P6M, P6T, P7R, P7T, P8M, P8R, P8T, P9M, P9T, P10R,
G10T, P11M, P11T, P12M, P12R, and P12T (Fig. 1), and most
(84.2%) of the viral genome sequence determined by direct
Sanger sequencing of RT-PCR products. RT-PCR was done using
eight sets of virus-specific primers (Supplementary Table S1).
Two experiments were done to determine if the YTMMV
U1499C mutant isolate, from now on referred to as YTMMV-d,
would re-occur at the third passage through tomato (P6T). In the
first experiment, inoculum made by taking virus-infected leaves
from P4T was passaged twice through cohorts of six tomato plants
and the intervening region (IR; the region between the methyltransferase and helicase domains in ORF1 of the viral genome)
was sequenced at each passage. In the second experiment, P5T tomato plants’ inoculum (the passage before the dominance of
YTMMV-d) was inoculated to eleven tomato plants, respectively.
At 14 dpi, the IR of each of the eleven plants was sequenced to determine the identity of the nucleotide at position 1499 (Fig. 2).
A competition was set up between the wild-type isolate
(YTMMV-Cervantes) and YTMMV-d to determine their relative fitness in different hosts. An inoculum mixture was made by combining the two isolates in a 1:1 ratio and this was used to
inoculate six plants each of N. benthamiana RA-4 and S. lycopersicum cv Money Maker. Fourteen days after inoculation, dsRNA was
extracted from each plant, and the YTMMV IR was amplified and
sequenced directly to assess the presence of the U1499C
mutation.
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Figure 2. Regions of the genome sequenced are denoted by lines (not to scale). Numbers at the lines denote nucleotide positions relative to the YTMMV-Cervantes
genome sequence.

2.2 dsRNA extraction, cDNA synthesis, and PCR
amplification
Nucleic acids were extracted from leaves pooled from all six
plants per cohort and enriched for dsRNA using a cellulosebased method (Morris and Dodds 1979). cDNA was synthesised
using GoScriptTM reverse transcriptase (Promega) using a random primer (Supplementary Table S1) according to the manufacturer’s recommendations. The replicase gene (spanning the
methyltransferase (Met), IR, helicase (Hel), and RNA-dependent
RNA Polymerase (RdRp) domains), the movement protein and
the coat protein (CP) genes of the YTMMV genome were amplified from each sample using eight primer pairs (Supplementary
Table S1). Cycling conditions were 95 ! C for 3 min, 35 cycles of
95 ! C for 30 s, 55 ! C for 45 s, 72 ! C for 90 s, and the final extension
step of 72 ! C for 10 min using GoTaqV Green mastermix
(Promega) according to the manufacturer’s instructions.
Amplicons were sequenced directly using the same primers as
used in the PCRs. To identify reverse transcriptase and Taq DNA
polymerase-induced sequence mis-incorporations, independent cDNA-synthesis, amplification and sequencing reactions
and PCR and sequencing were repeated two to three times for
182 of the 228 sequencing reactions done. All amplicons were
sequenced in both directions, and primer sequences were
removed prior to analysis.
R

2.3 Data analysis
Data analysis was done using Geneious v8.1.7 (Biomatters Ltd)
software. Where present, primer sequences were trimmed off
and remaining sequences edited manually if required. Noncontiguous sequences were concatenated before alignment
using ClustalW (Thompson et al. 1994) with gap open cost of 200
and gap extension cost of 6.66.
2.3.1 Nucleotide sequence analysis
As a result of the small number of observed changes in the genome after passaging, no correction (i.e. determining the evolution model) was done. Calculation of the substitution rate of
YTMMV (substitutions/site/year) was done using TipDate v1.2
(Rambaut 2000) with the Mobyle platform set to default parameters (Néron et al. 2009). YTMMV Cervantes (NC_022801) from
the original host plant was used as the root of the tree.

2.4 Relative quantitative measure of YTMMV isolates
Changes in virus titre were measured using quantitative RTPCR (RT-qPCR). Double-stranded RNA extracted from 100 mg of
leaf material (as above) was used for each sample along with a
CP forward and reverse primer (sequence CTCAGAATGCC
AGAACAACTG and CGAATTTAACACCGACGTGA) to amplify an
amplicon of 149 nt of the YTMMV CP region using SensiFASTTM

SYBRV No-Rox One-Step Kit from Bioline (Australia). A cytochrome oxidase gene sequence was amplified using primers 50 CGTCGCATTCCAGATTATCCA-30 and 50 -CAACTACGGATATATA
AGAGCCAAAACTG-30 and used as an internal reference. Each
reaction was done in triplicate and carried out in a Qiagen
(Corbett) RotorGeneTM 3000. A melt curve was generated from
72! to 95 ! C to detect primer dimers or plant genomic DNA. Each
experiment was repeated two times.
The DDCq method was carried out to compare relative gene
expression of the CP of the virus populations before and after
the U1499C mutation had occurred for these plant varieties. Cq
values were generated in Rotor-Gene Q Series software (v6.1.93).
Using the delta method (Casella and Berger 2002), it can
be shown that fold changes of DDCq can be estimated
^
! !
! !
by 2DDCq ¼2ðY#YC Þ#ðX#XC Þ , with corresponding 95% confidence
intervals.
R

2.5 Symptom development
After the 12 passages had been done, we compared responses to
infection of the wild-type YTMMV-Cervantes and YTMMV-d, on
different solanaceous plants. Both isolates of YTMMV were inoculated separately onto leaves of Capsicum annuum cv Green
Giant, C. annuum cv Black Pearl, S. betaceum, N. benthamiana RA4, and S. lycopersicum cv Money Maker. Symptoms on the inoculated plants were scored at 25 dpi. A symptom severity index
(ssi) was used to assess the symptoms with indices defined as:
0, healthy plant with no visible disease symptoms; 1, mild
symptoms including mild chlorosis, stunting, leaf curling; 2,
moderate symptoms of chlorosis, stunting and leaf curling; 3,
severe stunting, chlorosis, leaf curling visible, dark veins on
leaves sometimes visible; and 4, whole plant death.
Virus-infected leaf material (100 mg) obtained from the N.
benthamiana cohort P12R and the tomato cohort P12T was inoculated separately to seven N. glutinosa plants each to observe the
number of local lesions induced by each isolate. This experiment was done twice.

3. Results
3.1 Mutations
Most of the virus genome, consisting of 5,370 nucleotides (84.2%
of the YTMMV genome) was sequenced for most cohorts.
Sequences were aligned with the genome sequence of YTMMVCervantes (NC_022801). Across all lineages and passages, six
polymorphic sites were found (Table 1). At nt 5790, SNPs were
dominant for a cohort (12T). Four synonymous SNPs, three in
the replicase (nt 2737, 3853, 4414) and one in the CP gene (nt
5876) became fixed when the virus was first passaged from its
natural host A. littorea to a N. benthamiana plant, suggestive that
these may be host specific.
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Table 1. Single nucleotide polymorphisms (SNP) detected after passage through experimental host species. The table shows nucleotide sites,
regions, the type of substitution, where and when it occurred.
Sitea

Region

SNP wild-typea ! change

Transition/transversion

Transient/fixed

Substitution type (S, NS)

Cohortb

1499
2737
3853
4414
5790
5876

IR
HEL
RdRP
RdRP
CP
CP

T ! C (T1499C)
T ! C (T2737C)
C ! A (C3853A)
C ! T (C4414T)
A ! R (A5790R)
T ! C (T5876C)

Transition
Transition
Transversion
Transition
Transition
Transition

Fixed
Fixed
Fixed
Fixed
Unknown
Fixed

S to P (NS)
D to D (S)
P to P (S)
G to G (S)
I to I/V
N to N(S)

P6T-P12T
P1-P12
P1-P12
P1-P12
P12T
P1-P12

a

Based on YTMMV isolate Cervantes sequence (Accession NC_022801).

b

The cohort from which the SNP was isolated (R, T or M for N. benthamiana, tomato and mixed lineage of black nightshade and N. benthamiana, respectively).

Table 2. Mean severity index obtained from plants infected with
YTMMV-Cervantes and YTMMV-d 20 days post-inoculation. Scoring
was in the range of 0 (asymptomatic) to 4 (dead).

Tamarillo
Tomato
Chilli
Capsicum
N. benthamiana

No. of plants
for each
treatment

Mean severity
score for plants
infecting
with YTMMV-d

Mean severity
score for planted
infected with
YTMMV-Cervantes
isolate

3
6
6
6
7

3.0 6 0
1.0 6 0
2.0 6 1.10
3.17 6 0.41
360

2.5 6 0.71
1.0 6 0
2.0 6 0.90
3.0 6 0
3.5 6 0.55

At nt 1499, the non-synonymous C SNP (U1499C) became
fixed in the YTMMV genome when it was passaged through tomato plants (P6T), but not through N. benthamiana or in N. benthamiana/black nightshade plants (Table 1). The U-to-C SNP
resulted in a non-synonymous change from a serine to a proline
(P6T). Serine is a polar, non-charged residue, while proline is a
non-polar, aliphatic residue. This mutated line was referred to
as YTMMV-d.
To investigate whether the SNPs were real and not experimental errors, cDNA was resynthesised from RNA and the region re-sequenced. In every case, this confirmed that the
substitution was real.
Repetition of part of the experiment was done to determine
whether the U-to-C nucleotide change was caused by random
genetic drift or it was positively selected. When inoculated with
virus-infected leaves of P5T, two out of the eleven tomato plants
retained the wild-type nucleotide (U) while the same U1499C
non-synonymous substitution of U-to-C was present in the
other nine plants. When infectious inoculum from P4T was passaged through two more tomato cohorts, the U1499C mutation
did not occur in any of the cohorts. Instead a novel nonsynonymous mutation, G1497A, occurred one codon upstream
of the U1499C mutation site on both cohorts, changing the
amino acid sequence from glycine to glutamic acid. The occurrence of this second non-synonymous mutation adjacent to the
U1499C mutation suggests that non-synonymous mutations in
this region of the YTMMV IR may confer a selective advantage
in tomato.
YTMMV-Cervantes and YTMMV-d inoculum was made from
100 mg virus-infected leaf material from a tomato source and
inoculated separately onto leaves of tamarillo, tomato, capsicum, chilli, N. benthamiana RA-4, and N. glutinosa plants (n ¼ 6).
Symptom development was observed until 20 dpi. At 20 dpi
plants of most species from both groups had developed similar

Figure 3. Lesions on leaves of N. glutinosa observed when inoculated with
YTMMV-d (A) and YTMMV-Cervantes (B) at three dpi.

Table 3. Virus titre as determined by CP gene quantitation in cohorts
from RT-qPCR in terms of fold-changes. Using P3, P6T and P12R as
reference, the CP gene expression of P6T and P12T are shown with
corresponding 95% confidence intervals in brackets.

Baseline

P3
P6T
P12R

P6T

P12T

13.22 (11.01, 15.42)
–
–

90.14 (87.94, 92.35)
6.82 (4.68, 8.97)
0.92 (#1.26, 3.084)

symptoms typical of wild-type YTMMV infection (Table 2). The
exception was N. glutinosa, where the number of local lesions
induced by YTMMV-d per leaf at three dpi was only 15.18%
(6 8.89%) of those induced by YTMMV-Cervantes passaged once
through N. benthamiana (Fig. 3).

3.2 Sequence analysis
The overall YTMMV substitution rate was estimated to be 1.752
" 10#5 substitutions/site/year.
An experiment was carried out where equal amounts of tomato leaf materials infected with YTMMV-Cervantes and
YTMMV-d were macerated, mixed and inoculated to N. benthamiana and tomato seedling plants (n ¼ 6) to determine if one
virus strain would dominate the population in the two host
backgrounds. Fourteen days after inoculation in tomato plants,
only YTMMV-d was detected in all six plants tested, whereas, in
the six N. benthamiana plants, only YTMMV-Cervantes was detected, as determined by sequence analysis.
3.2.1 Quantitative analysis of YTMMV-Cervantes and YTMMV-d
Quantitative RT-PCR using the DDCq method was carried out to
compare relative amounts of YTMMV CP in plants before and
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after the U1499C mutation occurred in P6T. In this experiment,
it was assumed that the amount of CP was proportional to the
titre of the virus in the sample. RT-qPCR revealed that YTMMV
in the final cohort of tomato (P12T) was 90.14-fold (95% confidence interval of 87.94- to 92.35-fold) and 6.82-fold (95% confidence interval of 4.68- to 8.97-fold) greater that in P3 and P6T
plants, respectively (Table 3), showing a trend of increasing
virus titre in later passages. The role of U1499C in this response
is yet to be determined.

4. Discussion

|

5

tomato at passage 4. It was unexpected to find that the wildtype YTMMV-Cervantes consistently induced far greater local
lesions on N. glutinosa leaves than did YTMMV-d, which replicated in greater numbers in tomato. YTMMV-d may induce a
milder programmed cell death response in N. glutinosa.
The greater selective advantage of YTMMV-d over YTMMVCervantes in tomato was confirmed in a competition experiment between the two isolates co-infected to tomato and N.
benthamiana plants. In tomato plants, YTMMV-d became the
dominant strain, whereas YTMMV-Cervantes was the dominant
strain in N. benthamiana.

4.1 Mutation and virus titre

4.2 Substitution rate

In this experiment, an isolate of YTMMV from a wild host plant
was passaged through a N. benthamiana plant, and from it to a N.
glutinosa plant, a local lesion host. A single local lesion was isolated from it, and inoculum derived from this lesion was used in
a series of passages to cohorts of Australian (N. benthamiana)
and non-Australian (black nightshade and tomato) solanaceous
plants. The majority of the YTMMV genome was sequenced at
each passage and for each host lineage, and nucleotide substitutions recorded. In general, negative selection acted against
change in the YTMMV genome.
Four SNPs (T2737C, C3853A, C4414T, and T5876C) became
fixed in the replicase and CP early after the first passage from
the natural host of YTMMV Anthocercis littorea to the first N. benthamiana plant (P1), revealing that those wild-type alleles may
be wild host specific.
The U-to-C substitution that became dominant in the viral
IR (U1499C) only in tomato at P6T was present until the last passage in the experiment (P12T). The tobamovirus IR contains the
binding site where the 130k and 180k replicase proteins interact
to form replication complexes which allow the synthesis of
negative-stranded RNAs (Kawamura-Nagaya et al. 2014). These
negative-strand RNAs then act as templates for which genomic
RNA is replicated. The IR is also believed to play a role in suppressing post-transcriptional silencing (Goregaoker et al. 2001;
Ichiki et al. 2005). However, the titre of YTMMV in tomato
increased 13.22 (68.54)-fold from P3 to P6T before the U1499C allele in the IR became dominant, which suggests that the allele
did not influence the increasing virus titre. After U1499C had become dominant, virus titre continued to increase in tomato at a
lesser rate (6.82 (66.00)-fold) from P6T to P12T.
The virus present in leaves in P4T and P5T had the dominant
wild-type U-allele at nt 1499, but by the 6th passage, U1499C
had become dominant. P4T and P5T leaf tissue were used to repeat the passages to a fresh cohort of tomato plants to observe
if the U1499C allele once again became dominant. Surprisingly,
the result of the P4T inoculation was the appearance of a new
dominant non-synonymous mutation, G1497A, adjacent to nt
1499T. The result of repeating the P5T inoculation was the appearance of U1499C in the majority of the plants tested. Both results seemed to suggest that positive selection is acting on the
IR when YTMMV is infecting tomato.
An isolate of tobacco etch potyvirus was passaged 15 times
through a new host, Capsicum annuum, and its original host, N.
tabacum (Agudelo-Romero et al. 2008). A mutation occurred in
the HC-Pro region (V414A) at passage 15, but only in the pepper
plants (Agudelo-Romero et al. 2008). The mutation resulted in
more aggressive symptoms in pepper, but the mutant was less
virulent and had lower titre in tobacco (Agudelo-Romero et al.
2008). Similarly, YTMMV-d (U1499C) replicated at a higher level
in tomato at passage 12 than it did when it first encountered

The substitution rate for YTMMV upon encountering new host
species is probably an over-estimation of the natural substitution rate of the virus (Raney et al. 2004; van der Walt et al. 2008).
The natural rate of nucleotide substitution was not tested in
A. littoria, the natural host, because seed of this species could
not be induced to germinate. Experimental substitution rates
are usually greater than rates that occur in nature where they
are subjected to more complex selection processes (van der
Walt et al. 2008). In this experiment, the rate of nucleotide substitution YTMMV was estimated to be 1.752 ! 10"5 substitutions/site/year, similar to rates obtained for dsRNA plant
viruses (Kearney et al. 1999; Fargette et al. 2008; Simmons et al.
! n et al. 2010; Fraile et al. 2011) and tobamoviruses,
2008; Paga
which are recorded to be 1.3 ! 10"3 and 8 ! 10"5 (Kearney et al.
! n et al. 2010), which are within the range observed for
1999; Paga
YTMMV.
Host change is one of the primary drivers for evolution of
many pathogens, including viruses (Woolhouse et al. 2001;
! et al. 2011). In this experiLajeunesse and Forbes 2002; Lalic
ment, it was shown that multiple passages through an exotic
host species led to the fixation of a dominant allele. This suggests that the allele was strongly selected for in tomato but not
in N. benthamiana. It is unknown what function this allele has
because it does not appear to be associated with increased virus
titre in tomato. In the context of the natural environment of
YTMMV, where there exist many species of solanaceous plants,
both indigenous and introduced, the possibility remains that
YTMMV could extend its host range.
Viruses adapted to wild plants may face greater selection
pressures than those infecting agricultural plants because of
the inherent genetic heterogeneity in wild hosts compared to
cultivars: compatible hosts and vectors may be widely spaced,
making transmission problematic, and competition from other
viruses may be frequent (Fraile et al. 1997). In this study, only
the impact of host change on viruses is studied. However, it is
important to acknowledge that adaptation is not only limited to
changes in within-host multiplication, but also the optimisation
of between-host transmission, which was not done in this
study. The findings suggest that YTMMV is capable of adapting
to an exotic host in a very short time. Further studies on the optimisation of between-host transmission should also be done to
confirm YTMMV adaptation in the exotic host. This has implications for the understanding tobamovirus evolution as well as
spill over of wild-plant tobamoviruses to new hosts.
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6.1

Abstract

Tobamoviruses are serious pathogens because they have extremely stable virions,
they are transmitted by contact, and they often induce severe disease in crops.
Knowledge of the routes of transmission and resilience of tobamovirus virions is
essential in understanding the epidemiology of this group of viruses. We used an
isolate of yellow tailflower mild mottle virus (YTMMV) to examine root-to-root
transmission in soil and in a hydroponic growth environment. Root-to-root
transmission occurred rarely, and when it occurred plants did not exhibit systemic
movement of the virus from the roots to the shoots over a 30-day period. The famous
resilience of tobamovirus virions was tested in dried leaf tissue over time periods
from one hour to one year under temperatures ranging from -80ºC to 160ºC.
Infectivity was maintained for at least a year when incubated at -80ºC, 22ºC or at
fluctuating ambient temperatures of 0.8ºC to 44.4ºC, but incubation under dry
conditions at 160ºC for >4 days eliminated infectivity. Exposure of virions to 0.1 M
sodium hydroxide or 20% w/v skim milk solution for 30 min, treatments
recommended for tobamovirus inactivation, did not abolish infectivity of YTMMV.
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6.2

Introduction

Tobamoviruses are amongst the most destructive viruses in horticulture because they
can cause severe disease, are easily transmitted by contact, and virions are famously
resilient. Isolates of the type species of genus Tobamovirus (family Virgaviridae),
Tobacco mosaic virus (TMV), can be transmitted to new host plants through virions
in soil debris, dead plant tissue, irrigation water, on farm machinery, on the hands
and clothing of workers, and in processed tobacco (LeClair, 1967, Balique et al.,
2012). In 2009, TMV infection reduced the tobacco crop in China by 168,000 tonnes
(Shen et al., 2013). Another commercially devastating tobamovirus with
international distribution is cucumber green mottle mosaic virus (CGMMV).
CGMMV is transmitted horizontally in many of the same ways described for TMV,
but it is also transmitted vertically via the seed of some cucurbits (Vani & Varma,
1993).
Yellow tailflower mild mottle virus (YTMMV) was discovered in 2014 infecting a
wild indigenous solanaceous plant of the genus Anthocercis in Western Australia
(Wylie et al., 2014). No extensive surveys of natural YTMMV distribution and host
range have been done, but under experimental conditions the virus is also capable of
infecting species of four other solanaceous genera, including Solanum lycopersicum
(tomato), S. betaceum (tamarillo), S. melongena (aubergine), S. nigrum (black
nightshade), Capsicum annuum (bell pepper, chilli), 19 species of Nicotiana, and
three species of Physalis (Li et al., 2015a, Wylie et al., 2015). Across this range of
experimental hosts, symptoms ranged from mild leaf mosaic in tomato to death of
whole plants in N. benthamiana accession RA-4 and a cultivar of C. annuum (Li et
al., 2015a, Wylie et al., 2015).
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Knowledge of transmission and virion resilience under various conditions is
important to understand epidemiology of viruses. We used YTMMV as a model
from which to study how tobamoviruses might respond in high density plantings
where roots are in contact with one another, such as in hydroponics-based
horticulture. An assessment of virion viability was done after treatment with two
recommended decontamination solutions, and after a range of time vs temperature
treatments.
6.3

Materials and Methods

6.3.1

Viruses and plants

Four-week-old N. benthamiana RA-4 plants (Wylie et al., 2015) were used as
indicator plants for YTMMV infection because young infected seedlings responded
with systemic necrosis at early onset, 14 to 35 days post inoculation (dpi) (Wylie et
al., 2015). Approximately 500 mg of YTMMV, isolate Cervantes, infected N.
benthamiana leaf tissue (Wylie et al., 2014) was macerated with approximately 10
ml of 0.1 M phosphate buffer (pH 7.0) and 0.5 g diatomaceous earth (Sigma Corp),
and the mixture was mechanically applied to every leaf on 4-week old N.
benthamiana seedlings. Control plants were mock-inoculated as above but without
virus inoculum. All plants were housed in a temperature-controlled (22ºC day and
17ºC night), insect-proofed glasshouse under natural light.
To prevent cross-contamination of YTMMV, steam-sterilised pots were used, plants
were spaced apart from one another with no leaf contact within and between
different treatments, and strict hygiene measures were imposed, including hand
washing before and after entering the facility.
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Plants were tested for the presence of YTMMV using reverse transcription PCR
(RT-PCR). RNA was extracted from 100 mg of leaf tissue, as described by Morris &
Dodds (1979), resuspended in 20 µl of RNAse-free water and stored at -20°C.
Extracted RNA was used as templates for RT-PCR or RT-qPCR. Samples were
reverse transcribed using GoScript™ reverse transcriptase (Promega) with a random
primer (5’-CGTACAGTTAGCAGGCNNNNNNNNNNNN-3’, where N represents
any nucleotide). PCR primers were YT-CPF (5’-AGCGAATTGATGAGGTTAAGG
A-3’) and YT-CPR (5’-TGGAGGGAAAAACACTACGC-3’) (Koh et al., 2017),
that amplified a 574 nucleotide (nt) fragment of the coat protein gene. PCR was done
using GoTaq® Green mastermix (Promega) at 95ºC for 3 min, 30 cycles of 95ºC for
30 s, 55ºC for 30 s, 72ºC for 90 s and a final extension of 72ºC for 10 min.
6.3.2

Measuring infectivity and developing a symptom severity index

A control experiment was done to observe the infectivity, viral titres and inoculum
potential of YTMMV by inoculating with different amounts (1, 10, 20, 50 and 100
mg) of fresh YTMMV-infectious leaf materials to healthy N. benthamiana plants as
described above. Six replicates were done on each treatment, and experiments were
carried out twice.
A symptom severity index was developed to record symptoms at 20 dpi or at a time
otherwise stated. Symptom severity was reflective of the speed of symptom
development as manifest at 20 dpi. All infected N. benthamiana RA-4 plants died by
35 dpi. The symptom severity index followed an ordinal scale of increasing severity
as follows: 0: No visible disease symptoms, 1: Barely visible leaf mosaic, slight (1020%) plant stunting, slight down-curling of leaves, 2: Moderate leaf mosaic,
moderate 20-30% plant stunting, down-curling of some leaves, 3: Severe (>40%)
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plant stunting, severe leaf mosaic/chlorosis, most leaves curled, necrosis of leaf
veins sometimes visible, and 4: Plant death. Two assessors did scoring
independently, and the median of the two scores was recorded.
6.3.3

Quantitative PCR (qPCR)

The copy numbers of YTMMV coat protein (CP) molecules were measured using
reverse-transcription quantitative-PCR (RT-qPCR) at 20 dpi. It was assumed that the
copy number of CP molecules was proportional to the number of virions in the plant.
RT-qPCR were carried out in a Qiagen (Corbett) RotorGeneTM 3000 using 0.5 µl
dsRNA-enriched sample as template with YTMMV-CP primers (YT-qCPF: 5’CTCAGAATGCCAGAACAACTG-3’ and YT-qCPR: 5’-CGAATTTAACACCGA
CGTGA-3’) and reference gene cytochrome oxidase (COX) primers (COX-F: 5’CGTCGCATTCCAGATTATCCA-3’ and COX-R: 5’-CAACTACGGATATATAA
GAGCCAAAACTG-3’) using SensiFASTTM SYBRâ No-Rox One-Step Kit
(Bioline) according to the manufacturer’s protocol with annealing temperature of
55ºC. Each reaction was done in a 10 µl volume and replicated three times. A
melting curve was generated from 72°C to 95°C to detect primer dimers and confirm
reaction specificity at 82°C. Quantification cycle (Cq) values were generated using
RotorGene Q Series software (v6.1.93). Positive controls were from infected
YTMMV leaf materials, while negative controls were from mock-inoculated leaf
materials.
Viral RNA load was estimated by RT-qPCR in reference to a standard curve. Five
dilution standards were carried out (0x, 50x, 100x, 500x and 1000x dilution) using a
100 mg positive control sample. The copy number of the viral RNA load was
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estimated using the absolute quantification method with reference to the trend line of
a linear regression.
6.3.4

Transmission of YTMMV via roots

To investigate if virus transmission occurred via roots, two healthy N. benthamiana
plants were grown together in a 20 cm round pot. One plant was inoculated with
YTMMV. Leaf contact was prevented by a clear polycarbonate screen placed
between the plants. Plants were grown for 30 dpi and symptoms recorded on both
plants. After 30 dpi, leaf and root samples were taken from the non-inoculated plant
from each pot and tested for the presence of YTMMV by RT-PCR assay as
described above. To determine if root contact led to transmission of the virus
between plants, roots from the non-inoculated plant that were not in direct contact
with roots from infected plants, and those that were in contact were carefully
removed separately from the plant and tested for YTMMV using RT-PCR. Roots
were thoroughly rinsed with distilled water to rid them of soil prior to RNA
extraction and RT-PCR was done as described previously. Eighteen replicates of this
experiment were done.
6.3.5

YTMMV transmission via water

A hydroponics system consisted of two 100 cm by 50 cm tanks connected at the base
by tubing so that water could pass between the two tanks (Figure 1) was constructed.
The system was used to investigate viral transmission from one virus-infected plant
to uninfected plants whose roots were immersed in the same water source. Plants
were grown in 1 L pots that had drainage holes in their bases. Plants in pots were
placed in the tanks in 2 cm water. In the first tank, a YTMMV-infected N.
benthamiana plant and six uninfected N. benthamiana plants were placed, and in the
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second tank, eight uninfected N. benthamiana plants were placed (Figure 1). There
was no physical contact between any parts of the plants. Three treatments were
carried out to mimic means by which virions might enter the liquid medium shared
by all the plants in the tank, and provide opportunities for infection to occur. In the
first treatment, water was poured over the virus-infected plant so that virions can be
drained through the pot and into the tank. In the second treatment, a leaf on the
virus-infected N. benthamiana plant was wounded every other day by rubbing it with
diatomaceous earth before applying water to the wound site to allow virions to be
carried by water into the tank. In the third treatment, 500 mg of viruliferous leaf
material was macerated in inoculation buffer and added to the tank water every other
day. This was done to mimic a situation where an infected plant might be immersed
in the liquid, or dies and disintegrate in the liquid medium. When the source plant
died from symptoms of YTMMV infection, it was replaced by another infected
plant. Plants were maintained in tanks for 45 d and symptom severity indices
recorded regularly. After 45 d, leaves and roots of the non-inoculated plants were
tested for the presence of YTMMV in leaves and roots by RT-PCR assay as
described above. Taking care not to touch surfaces exposed to virions, roots were
collected near the stem base of the plants (not from roots extending from the pots
into the water) and washed thoroughly with warm water and detergent before RNA
extraction. This was done to remove as many virions adhering to the surface as
possible. Between experiments, tanks were sterilised by wiping with 70% ethanol
and washing twice with detergent. Experiments were carried out at three times.
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Figure 1 Layout of hydroponics experiment showing the position of the pots (white
circles) in the hydroponics tanks connected by tubing.
6.3.6

Virion stability: lyophilisation

Samples (100 mg each) of YTMMV-infected leaves were collected in a 1.5 ml
eppendorf tube and lyophilised in a vacuum freeze-dryer. After lyophilising, samples
were either used for RNA extraction as previously described, or inoculated onto six
N. benthamiana seedlings. Symptoms on inoculated plants were assessed 20 dpi.
6.3.7

Virion stability: temperature and time

YTMMV-infected leaves were collected individually into paper envelopes and
lyophilised before incubating under treatments that varied in temperature and time.
Envelopes were kept in zip-lock bags with desiccant beads to eliminate moisture. Six
bags of leaves per treatment were stored under temperature regimes ranging from 80ºC to 160ºC for different time periods (Table 1). At the end of each incubation
period, the lyophilised samples (100 mg) were soaked in inoculation buffer for one
minute before maceration and application to leaves of N. benthamiana seedlings as
described above. Experiments were done with six replicate plants and repeated
twice.
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Table 1 Description of the treatments used to investigate virion resilience.
Experiment

Treatment of infected leaf
Incubation
material/ contaminated mortar duration

Analysed
by

Effect of
temperature on
YTMMV
infectivity

(i) Lyophilised and subjected
to -80ºC (± 2ºC), 22ºC (±
3ºC), 55ºC (± 2ºC) and
ambient temperature (0.8ºC
to 44.4ºC)

1, 2, 4, 12, 26
and 52 weeks

Symptom
severity
index and
RT-qPCR
(20 dpi)

(ii) Lyophilised and subjected
to 160ºC (± 2ºC)

1, 3, 6 and 24
hours, 2, 3, 4,
5 and 6 d

(i) 0.1 M sodium hydroxide
(NaOH)

1, 2, 5, 10, 15
and 30 min

Symptom
severity
index (20
dpi)

1, 5 and 10
min

Symptom
severity
index and
RT-PCR
(20 dpi)

Effect of
reported virus
inactivators on
YTMMV
infectivity

6.3.8

(ii) 20% w/v skim milk
(iii) Diluted Dettol hand wash
(with water)

Virion stability: inactivation treatment

Sodium hydroxide (NaOH), milk and detergents are reported as inactivators of
tobamoviruses (Nitzany, 1960, Hu et al., 1994, Lewandowski et al., 2010, Li et al.,
2015c). To investigate the effects of these inactivation agents, 500 mg of viruliferous
N. benthamiana-RA-4 leaves were ground and incubated with either 0.1 M NaOH or
20% w/v skim milk for 1, 2, 5, 10, 15 and 30 min (Table 1). After incubation, the
mixture was drained, and approximately 5 ml of inoculation buffer was added to the
vessel. The mixture was applied to leaves of N. benthamiana-RA-4 seedlings as
described above. There were six replicates for each treatment. Negative controls
were incubation of the mortar and pestle in the same inactivation solution but
without using infected YTMMV leaves, and the positive control was 500 mg
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infected N. benthamiana leaf ground in inoculation buffer and applied as above.
Experiments were repeated in triplicate.
6.3.9

Statistical analysis

Ordinal regression models were fitted to investigate if temperature, incubation time,
different inactivation agents, and time of exposure to inactivation agents for
YTMMV were significant factors in explaining symptom severity index at 20 dpi
with YTMMV. All statistical analyses were performed using the R statistical
programming language (R Development Core Team, 2016).
6.4

Results

6.4.1

Inoculum strength

Healthy N. benthamiana seedlings inoculated with 1, 10, 20, 50 and 100 mg of
infectious leaf materials developed symptoms in proportion to the amount of
inoculum at 20 dpi. Mean symptom severity indices at 20 dpi for the specified levels
of inoculum were 2.5 (±0.55), 2.67 (±0.82), 3.0 (±0.63), 3.17 (±0.41) and 3.33
(±0.52), respectively. This experiment showed that 1 mg of infectious leaf material
was capable of establishing infection.
6.4.1.1 RT-qPCR analysis
A standard curve was established to quantify the YTMMV CP molecules. The
detection limit of the RT-qPCR was in the range of 1.06 x 108 to 1.06 x 1011 in 100
mg of infectious fresh leaf materials. The threshold to denote the Cq values was
generated in the RotorGene Q Series software (v6.1.93) and was calculated to be
0.117. A standard curve was generated with a R2 value of 0.991, a reaction
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efficiency of 1.040 and given by y = -3.230x + 20.727, where y denotes the Cq of the
unknown sample and x denotes the quantity of the unknown sample.
6.4.2

Virus transmission via roots

Two N. benthamiana plants grown in the same pot, one leaf-inoculated with
YTMMV and the other uninoculated. They were scored separately for symptom
development. All uninoculated plants had a symptom severity index of 0 (no
apparent symptoms). Roots from uninoculated plants that were in contact with
inoculated plants tested positive for YTMMV, but the shoots of the same plants did
not. Some roots of uninoculated plants that were not in contact with roots from
inoculated plants tested positive for YTMMV.
6.4.3

Virus transmission via water

Transmission was not observed in the first two treatments where water was used to
wash virions from unwounded and wounded plants (Table 2). When macerated
infectious leaf material was added to the water, the virus was detected from roots of
42.9% of the uninfected plants. No virus was detected in the shoots of uninoculated
plants. Roots of plants in both tanks became infected, showing that transmission in
water occurred up to 1.9 m.
Table 2 Results of the YTMMV water transmission experiments. Presence (+) or the
absence (-) of the viruses in the leaves and roots of the plants were recorded.
Experiment

Viruses in leaves

Viruses in Roots

Watering on infected plant

-

-

Watering on wounded infected plant

-

-

Applying 500 mg of macerated infectious
leaf materials in watering water every other
day

-

+ (42.9%)
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6.4.4

Virion stability

Plants were inoculated with 100 mg of lyophilised or fresh infected leaf tissue. Both
established infections in N. benthamiana plants with symptom severity indices of
2.83 (± 0.41) and 3.33 (±0.52), respectively. RT-qPCR showed that infections
derived from lyophilised tissue had 6.65 x 1010 ng/µl CP per 100 mg fresh leaf
weight and those from fresh inoculum had 1.11 x 1011 ng/µl per 100 mg.
6.4.5

The effect of temperature on YTMMV infectivity

Infected leaf materials remained infectious when incubated at -80ºC, 22ºC and
ambient temperatures (ranging from 0.8ºC to 44.4ºC) for one year (Figure 2a). Mean
symptom severity indices corresponding to these temperatures were 2.83 (± 0.58),
2.75 (± 0.62) and 2.17 (± 1.38), respectively.
Lyophilised infected leaf material stored at 55ºC for 30 d, 90 d, 180 d and 365 d
became less virulent over time. Mean symptom severity indices were 3.42 (± 0.51),
1.64 (± 1.69), 0.50 (±1.17) and 0 after storage for 30 d, 90 d, 180 d and 365 d,
respectively (Figure 2a).
Ordinal regression of symptom severity index was done for temperature (-80ºC,
22ºC, ambient and 55ºC) and incubation time for plants inoculated with lyophilized
plant tissues. Analysis showed that the only significant difference in the symptom
severity indices between treatment temperatures was between -80ºC and 55ºC
(Figure 2b). However, the effect of incubation time was highly significant and had a
slightly negative coefficient value, indicative of reduced symptom severity with
increased incubation time, notably when inoculum was incubated at -80ºC. Nonsignificant main effects for most inoculum incubation temperatures suggest no
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significant differences in symptom severity index at baseline. Non-significant timetemperature interaction effects at 22ºC and at ambient temperature suggest effects of
incubation time for these temperatures are not dissimilar to those observed for -80ºC.
However, the highly significant and negative time-temperature interaction effect
corresponding to 55ºC (Figure 2b) indicates significantly and increasingly lower
symptom severity index with greater inoculum incubation period.
A comparative analysis of YTMMV titre of plants infected with inoculum incubated
for a year at various temperatures was done. CP copy number in plants inoculated
with inoculum stored for one year at -80°C, 22°C and ambient temperature was 5.01
x 1010 (± 4.95 x 109), 2.13 x 1010 (± 3.91 x 109) and 6.90 x 109 (± 2.81 x 109) ng/ µl
per 100 mg of fresh leaf weight, respectively. Plants inoculated with inoculum
incubated at 55ºC for a year did not become infected, indicating that this treatment
inactivated virions.
6.4.5.1 Effect of storage at 160ºC on infectivity
Incubations of lyophilized inoculum were done at 160ºC for 1, 3, 6, 24, 48, 72, 96,
120 and 144 h. Infectivity was not significantly different from positive controls
(fresh inoculum) after incubation for 24 h, and the mean symptom severity index
decreased with incubation time to 144 h, where the symptom severity indices were 0
(Figure 3a).
An ordinal regression analysis of symptom severity index at 20 dpi on hours of
incubation of inoculum at 160ºC showed that the symptom severity indices declined
rapidly over time, as shown by the highly significant and negative coefficient for
incubation time (Figure 3b).
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Figure 2 (a) Graph of symptom severity indices over time (in days) for virusinfected leaf materials incubated at -80ºC, 22ºC, 55ºC and ambient temperature.
Grey symbols in the background represent raw data indicative of the range of
severity indices observed for a particular incubation temperature. (b) Ordinal
regression of symptom severity indices on temperature (-80ºC, ambient, 22ºC, 55ºC)
and incubation time (in days) for plants inoculated with YTMMV-infected plant
tissues.
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Figure 3 (a) Graph of symptom severity indices over time (hours) for virus-infected
leaf materials incubated at 160ºC. Grey symbols in the background represent raw
data. (b) Ordinal regression of symptom severity indices at 20 dpi on incubation time
(in hours) at 160ºC for plants inoculated with YTMMV-infected plant tissues.
6.4.6

Skim milk and NaOH treatments

Inoculum remained infectious for up to 30 min after treatment by immersion in
either 20% w/v skim milk solution or 0.1 M NaOH, although infectivity decreased
over the period tested (Figure 4a).
An ordinal regression of symptom severity index suggests there was no significant
difference between milk and NaOH treatments with regard to symptom severity
index at baseline, based on the non-significant main effect corresponding to NaOH
(Figure 4b). However, as incubation time increased, symptom severity index
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decreased slightly for both milk and NaOH treatments, as evidenced by the
statistically significant main effect for incubation time and non-significant
interaction effect. The fairly low p-value corresponding to the interaction effect (pvalue = 0.0621) may be indicative of a slightly greater efficacy of NaOH in reducing
infectivity with greater incubation time. When compared to the positive control
(untreated inoculum), both skim milk and NaOH treatments were significantly more
effective, as seen by the positive control’s significantly higher symptom severity
index at baseline (p-value < 0.001 and highly positive coefficient) and similar
trajectory based on incubation time (p-value of 0.7347) (Figure 4b).

Figure 4 (a) Graph of symptom severity indices of plants infected with virusinfected leaf materials incubated in inoculation buffer (positive control), 0.1 M
sodium hydroxide and 20% w/v skim milk treatments over time (in min). (b) Ordinal
regression of symptom severity indices at 20 dpi on plants incubating in inoculation
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buffer (positive control) and inactivation agents (0.1 M NaOH, 20% w/v milk) and
incubation time for plants inoculated with YTMMV-infected plant tissues.
6.5

Discussion

Like other tobamoviruses, YTMMV is readily transmitted between plants by leaf
contact. It was surprising to discover it was not efficiently transmitted through root
contact in either water or in soil. Although care was taken to avoid detection of
viruses adhering to the external surfaces of roots (washing and choice of root
material), it is possible that contamination by externally-adhering virions occurred.
In water it was transmitted between plants only when the amount of virus in the
water was deliberately increased by periodically adding large amounts of inoculum
in the form of macerated fresh leaves to it. Park et al (1999) found that transmission
of TMV to tobacco, tomato and capsicum growing in a hydroponics system occurred
only when roots of the inoculum source self-grafted to those of healthy plants. Li et
al. (2015b), studied the spread of CGMMV between watermelons growing in soil
under flow and drip irrigation. They found that irrigation did aid spread of the virus,
but they did not check whether root grafting was a pre-requisite for transmission. In
the present study, the roots of the inoculum source were not allowed to self-graft
with roots of healthy plants, and the virus was not transmitted under conditions
where virions were presumably washed from wounded and unwounded leaves.
However, when inoculum concentration in the water was deliberately increased,
infection of healthy plants occurred. The influence of increased virus concentration
affecting efficiency of transmission was also shown by Mehle et al (2014) using a
potyvirus, a potexvirus and a viroid. Thus, it seems unlikely that tobamoviruses will
cause epidemics in commercial hydroponics systems through infection of roots of
healthy plants via water-borne virions, unless they are in unusually high
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concentrations. This situation could be avoided by removing visibly infected plants
before they die and leach particles into the solution.
In soil, roots of plants growing closely together often make contact with one another,
and the abrasive action of the soil on roots as they push through it may provide
opportunities for virus particles to enter cells. However, transmission of YTMMV
between plants by this route occurred uncommonly under our experimental
conditions. Surprisingly, in the few cases where the virus was transmitted via the
roots in soil or water media, the shoots of the plants did not become visibly
symptomatic for the 45 days in which plants were observed. These results should be
taken with caution because symptoms may appear over a longer time period and be
differentially expressed in other host species. TMV was shown not to move through
the xylem in roots to that of shoots in tobacco and tomato (Caldwell, 1931, Caldwell,
1934) even when it was introduced directly to the xylem (Caldwell, 1931). In red
spruce (Picea rubens), the tobamovirus tomato mosaic virus (ToMV) was efficiently
transmitted by contact with underground roots to 80% of seedlings, but the virus was
detected in the shoots of only 7% of root-infected plants (Bachand and Castello,
1998). Thus, there seems to be a barrier to efficient movement of tobamoviruses
from roots to shoots in at least some species.
Virion viability experiments revealed that like other tobamoviruses, YTMMV
virions are highly resilient. Dried leaf tissue harboured infectious virions for at least
one year at ambient temperatures, -80 ºC and 22ºC. Treatment with milk solution
and alkaline NaOH solution, both compounds previously described as being
effective for decontaminating tools of tobamoviruses (Nitzany, 1960, Hu et al., 1994,
Kamenova & Adkins, 2004, Lewandowski et al., 2010, Li et al., 2015c), were largely
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ineffective for YTMMV. Dry heating of infected leaf materials was an effective
phytosanitary measure, but only after exposure to 160ºC for five days.
In most cases, all inoculated N. benthamiana plants died from symptoms of
infection, but symptom expression was delayed by some treatments, presumably
because the titre and infectivity of inoculum was affected by the treatment.
Furthermore, symptom progression was not always predicted by RT-qPCR results,
indicating the presence of unviable virions might nevertheless provide templates for
RT-qPCR. Generating standard curves using cloned cDNA instead of virions may
partially overcome this issue. The same observation was made by Lewandowski et al
(2010) where inoculation with different concentrations of TMV inoculum resulted in
different host responses in Petunia plants. Such differences may also reflect the
relative efficiencies of manual inoculation between plants. Local lesion host
response may provide a measure of inoculum strength (Koh et al., 2017).
The stability of YTMMV was demonstrated across a range of storage temperatures
for up to a year. Indeed, it seems probable that YTMMV virions are able to survive
for far longer than a year in dried plant material, although this was not tested. TMV
remained infectious in compost for six months and in vegetables for nine months
(van Dorst, 1969). ToMV RNA collected from Greenland’s glacial ice cores was
approximately 140,000 years old, although the researchers did not confirm
infectivity (Castello et al., 1999). Other researchers found that different strains of
TMV exhibited differential resilience over time, with some strains predicted to
remain infectious for 30 years in lyophilised leaves (Yordanova et al., 2005). They
incubated viruliferous lyophilised leaf material containing TMV-B (which was the
most robust strain tested) at 28ºC, 37ºC and 45ºC and found that it remained
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infectious for > 120 d, ~95 d and ~ 30 d for each respective temperature (Yordanova
et al., 2005). In comparison, the isolate of YTMMV tested here was more resilient
than TMV-B because it remained infectious at 55ºC for 180 d.
Both 0.1 M NaOH and 20% w/v skim milk were ineffective at decontaminating
YTMMV-infected tools when incubating for 30 min. Milk treatment was reported to
completely inactivate Hibiscus latent Fort Pierce virus (HLFPV) (Kamenova &
Adkins, 2004), TMV (Lewandowski et al., 2010, Li et al., 2015c) and ToMV (Li et
al., 2015c), but was ineffective in some cases with TMV (Crowley, 1958, Denby &
Wilks, 1963). Milk contains casein and whey, proteins that inactivate virions
(Hagborg & Chelack, 1960). Milk proteins may inhibit viral enzymes (Ng et al.,
2001) or aggregate with virions (Hu et al., 1994). Milk may inhibit binding of viral
proteins to target receptors in the host. In human virus studies, lactoferrin in milk
inhibited the binding of human immunodeficiency virus to the CD4 receptor
(Newburg et al., 1992). Lactoferrin completely inhibited replication of tomato
yellow leaf curl virus (a begomovirus), but the mechanism for this is unknown
(Abdelbacki et al., 2010).
Sodium hydroxide was slightly more effective than milk. As an alkaline solution,
sodium hydroxide denatures nucleic acids (Lehninger, 1975, Ma et al., 1994).
Incubation of inoculum in 0.1 M NaOH for at least 30 min did not completely
inactivate YTMMV, possibly because virions and/or plant cell walls protected the
genome from exposure to the denaturant. NaOH treatment inactivated
Odontoglossum ringspot tobamovirus (Hu et al., 1994) and TMV (Nitzany, 1960,
Milinkó, 1966), while others reported that it was ineffective for TMV (Choi et al.,
1999) and HLFPV (Kamenova & Adkins, 2004).
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Dried leaves were used here to test the stability of virions over time. In agriculture
and in nature, tobamoviruses may be harboured in the dried dead leaves of infected
plants, from which they may become foci of infection. Dried leaves may also act as
vehicles in which tobamoviruses are spread over distance by air currents (Sarra et al.,
2004).
An understanding and knowledge of the infectivity and transmission of YTMMV
will be beneficial in the development of control strategies against YTMMV, should
the virus ever ‘emerge’ to become a pathogen of solanaceous crops. Because of its
apparently greater resilience to commonly adopted sanitisation procedures used
against other tobamoviruses, YTMMV may serve as a ‘worst-case scenario’ against
which to test tobamovirus sanitisation procedures.
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7

General Discussion

As an island continent, Australia’s unique biological diversity is the result of its long
isolation from Gondwana, its surrounding oceans, desert interior and its great size.
These factors are predominant in providing the environment for Australia’s
distinctive flora and fauna to evolve independently for tens of millions of years. It is
reasonable to assume that the diversity of its microbial flora, including viruses, is
also unique. Unlike all other continents except Antarctica, the soils of Australia
remained untilled until the 1830s when European and other settlers arrived in
significant numbers (Frost, 1998). Large numbers of exotic plants and animals have
since been introduced from other regions by the recent human immigrants, and with
them are possibly some plant viruses and their vectors (Wylie et al., 2014). All this
activity has provided opportunities for both indigenous and exotic viruses to expand
their host ranges – for the indigenous viruses to explore the potential of new exotic
plant hosts, and for the exotic viruses to infect indigenous plants. It is at this
interface of indigenous and exotic plants, viruses and ecosystems that this research
project was done and it sought to answer the following questions:
1.

Which viruses are present, and how do they relate to viruses occurring in
other regions of the world? What does this tell us about global movement of
viruses and timescales?

2.

How are exotic viruses invading W.A., and what are the risks to indigenous
flora?

3.

How do virus genomes respond to new host opportunities? How do viruses
that may have co-evolved for millions of years with a small number of wild
hosts respond when challenged with new host opportunities?
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7.1

Indigenous virus origins and diversity in Western Australia

Since its separation from the Gondwana landmass 35-50 million years ago,
Australia’s flora and fauna have evolved largely in isolation with inputs from Asia to
the north (Beadle, 1966). In the south-west of the continent, the flora responded to
the isolation, soil infertility and relatively stable climate and geology by diversifying.
To date, there is a total of 13,785 plant taxa, and of these only 1,304 taxa are exotic
(Chapman, 2016). The unique topography and climate of the south-west contribute
to the high endemism of plants found there. The viruses associated with this unique
flora are also assumed to be distinctive, but so far there is little experimental
evidence to support this assumption.
Recent studies have shed some light on the biodiversity of plant viruses,
demonstrating that it is probable that much more will be described (Wren et al.,
2006, Roossinck, 2011). We demonstrated that, in study sites where there was a
relatively high proportion of indigenous plants and little human impact, there were
more viruses present as compared to highly human-modified sites, where there were
many exotic plant species and where fewer indigenous species grew. Most of the
viruses discovered in wild plant sites were novel species. Since it is likely that there
remain many more viruses to be described, we predict that most of these will be
discovered from the indigenous flora in relatively unmodified communities.
7.1.1

Gompholobium virus A

Gompholobium virus A (GomVA) was detected in an asymptomatic Gompholobium
preissii plant, an endemic leguminous shrub. GomVA clearly has a shared
evolutionary history with trailing lespedeza virus 1 (TLV1), isolated from a wild
indigenous legume in a prairie in Oklahoma, USA. TLV1 and GomVA have
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distinctive features indicative of isolation from alphacarmoviruses and
pelarspoviruses, their closest relatives. The age of the common ancestor of TLV1
and GomVA is unknown, as is the mode of distribution of both viruses. Given the
vast geographical separation of the two known members of this group, it seems
likely that there may be a continuum of other members that exist between these
locations. Their occurrence in legumes suggests that related viruses may also infect
wild legumes, but because species of alphacarmoviruses and pelarspoviruses have
broad host ranges, it would not be surprising if viruses in the TLV1/GomVA group
infect plants from families other than Fabaceae.
7.1.2

Other indigenous viruses found

Hardenbergia mosaic virus (HarMV) is a virus within the bean common mosaic
subgrouping in genus Potyvirus described earlier from the indigenous legume,
Hardenbergia comptoniana (Webster et al., 2007). Potyviruses are thought to have
undergone a period of explosive evolution from a common ancestor resembling
onion yellow dwarf virus 7250 years ago in either south-west Eurasia or northern
Africa (Gibbs & Ohshima, 2010). Hence, viruses in the bean common mosaic virus
subgroup of the genus Potyvirus appear not to have originated in Australia, but at
least one member of this group arrived and co-evolved with indigenous Australian
plants long before European settlement. How they originally reached Australia is
unknown. Northern Australian aboriginal peoples and Macassan peoples of the
Indonesian archipelago were in regular contact for centuries before European
settlement (Taçon & May, 2013), and this is a possible route by which potyviruses
were introduced to the Australian continent. The presence of at least one unusual
potyvirus, Caladenia virus A, (Wylie et al, 2012) that is not a member of the bean
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common mosaic virus group, and clearly represents a new group within Potyvirus,
indicates the potyvirus story in Australia may be more complex.
In addition to GomVA and HarMV, several other definitive viruses and virus-like
sequences were identified from study sites located at Murdoch, Whitby Falls and
Monadnocks Conservation Park. These novel viruses shared amino acid sequence
identities ranging from 30% to 70% with previously described virus species. Most of
the novel viruses were found in indigenous plants, and they do not appear to induce
symptoms in their hosts, although Koch’s Postulates were not done (and Koch’s
Postulates are very difficult to perform on persistent plant viruses). Of the viruses
found, 62.65% were persistent viruses (sequences resembling viruses of genera
Chrysovirus, Alpha- and Deltapartitivirus, Endornavirus and Totivirus,), i.e. they do
not encode movement proteins, and related species are transmitted vertically.
To observe how these viruses are related to the international virosphere,
phylogenetic analysis was done using the RNA-dependant RNA polymerases
(RdRPs) of totiviruses and partitiviruses on separate trees. This analysis was not
done on the RdRp genes of the other groups because insufficient sequence data was
available for them. The totivirus tree did not cluster totivirus-like sequences of
Whitby Falls and Monadnocks Conservation Parks together, indicating that they are
distinct species at the two sites. Neither the totivirus tree nor the partitivirus tree
revealed any distinct clustering of the RdRp genes with local or internationallydistributed related viruses. Thus, it seems that these viruses are international
travellers, and there is insufficient evidence at this time to hypothesise their
evolutionary centre of origin.
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The virus-like sequences obtained from this ancient landscape and unique flora do
not strongly point to the region being a center of origin of any one viral group. Of
course, as more evidence is collected on viruses from indigenous plants, this may
change.
7.2

Exotic viruses of W.A. flora

Since European colonisation of Australia in the 1830s, anthropogenic interventions
such as the clearance of the indigenous vegetation followed by the introduction of
many exotic plants species, animals, and microbes, have increased the chances of
novel encounters between plants and viruses. Such encounters include not only
exotic plants viruses with native plants, and vice versa, but also new encounters
between exotic viruses and exotic plants where they first encounter each other in
Australia.
7.2.1

Catharanthus mosaic virus

A novel encounter that may have occurred in Australia was between the exotic virus
Catharanthus mosaic virus (CatMV, genus Potyvirus) and the exotic gymnosperm
from Namibia, Welwitschia mirabilis. W. mirabilis is the last extant species in the
order Welwitschiales, and it is one of the longest-lived plants in the world, up to
3,000 years. Virus infection has not previously been reported in W. mirabilis.
CatMV caused disease symptoms of chlorosis and streaking in leaves of a young W.
mirabilis plant. We hypothesise that CatMV probably entered Australia undetected
in infected Catharanthus plants used as ornamental plants, and it was subsequently
transmitted to the W. mirabilis plant growing nearby via an aphid vector. This
chance encounter of host and virus in a country from which neither originated
illustrates the potential danger of novel encounters. Should CatMV find its way to
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wild populations of W. mirabilis, the outcome could be disastrous for the species.
Where an exotic virus has even a small negative influence on the longevity or
fecundity of a native plant, in the long term the outcome might be extinction
(Malmstrom et al., 2007).
7.2.2

Other exotic viruses

Two exotic viruses, white clover mosaic virus (WCMV, genus Potexvirus) and
barley yellow dwarf virus (BYDV, genus Luteovirus), were detected in the exotic
weeds Ranunculus muricatus and Hordeum leporinum, respectively, growing in
highly modified systems. Both viruses have a worldwide distribution. WCMV has
been reported to be widespread in Australia for decades (Norton & Johnstone, 1998).
Similarly, BYDV is also widespread in Australia, where it arrived from California in
the late 19th century (Malmstrom et al., 2007). BYDV is transmitted via aphids while
WCMV is transmitted vertically and by contact between plants. Compared to other
exotic viruses such as cucumber green mild mottle virus (CGMMV), which has
caused an epidemic in melon crops in northern Australia recently (Government of
Western Australia, 2016), the probability of these two exotic viruses causing an
epidemic in native plants is unknown, but there is no evidence that this has happened
to date. It was surprising that only a few exotic viruses were identified during this
study. Most of the exotic viruses identified in Australia in crops and in wild plants
have broad host ranges (e.g. cucumber mosaic virus, bean yellow mosaic virus and
tomato spotted wilt virus) (Brittlebank, 1919, Jones, 1988, McKirdy et al., 1994,
Latham & Jones, 1997, Webster et al., 2007, Wylie et al., 2013), but none were
identified. Possible reasons for this may be because exotic plants and/or
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symptomatic plants were not targeted as they were in other studies and because the
prevalence of these exotic viruses in native plants is low (Latham & Jones, 1997).
7.3

Viruses at the interface of ecosystems

Interfaces between different vegetation systems – the ‘natural’ unmanaged systems
and a large variety of managed systems (crops, gardens, lawns, parks, pastures,
hedges, etc.) – exist as potential hotspots of virus emergence. Virus epidemics have
occurred where a previously unknown virus emerges from wild plants living on the
periphery of farmland (Bennett et al., 1958). Studying these interfaces provides
information on plant virus evolution, which will be discussed in a later section. We
used transects that spanned different types of managed, semi-managed and
unmanaged vegetation systems and another transect spanning vegetation types in a
relatively pristine forest. The total virus diversity was highest in the unmodified
forest and was lesser in areas that had been modified previously by a reduction in
indigenous plants and species and by the introduction of exotic species. The
modification of the ecosystems not only resulted in a decrease in plant diversity but
also in plant virus diversity. This might have profound implications because plant
viruses play a role in maintaining the equilibrium of ecosystems (Wren et al., 2006).
7.4

New host opportunities: virus evolution at the interface

In nature, the distribution and growth rates of plants are heterogeneous in space and
time, and this, in turn, influences virus distribution. Therefore, climate, disturbance,
distance between hosts, the mode of transmission, etc. are likely to affect virus
evolution over the short and long term. We initially wanted to determine if humaninduced influences, such as exotic host species introductions at an interface between
a managed and unmanaged system, influenced virus evolution in nature. However,
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we did not find an exotic or indigenous virus that occurred in both indigenous and
exotic plants at any of the three study sites considered, so we simulated an artificial
situation under controlled conditions to address this question. YTMMV was
passaged through different hosts representing different interfaces: Nicotiana
benthamiana represented an Australian indigenous plant but not one whose range
closely overlapped that of YTMMV; Solanum lycopersicum (tomato) represented an
exotic (South American) plant species belonging to the same family but different
genus as the original host of YTMMV; and a mixture of N. benthamiana and
Solanum nigrum (black nightshade), an internationally widespread solanaceous
weedy species that frequently acts as a virus reservoir and in which virus evolution
takes place (Bedford et al., 1998, Jordá et al., 2001, García-Andrés et al., 2006,
Kazinczi et al., 2006).
Under controlled conditions that greatly simplify the selection pressures that occur
under natural conditions, we investigated the influence that passage through new
host species had on nucleotide substitution rates in YTMMV. After thirteen
passages, there were nine synonymous (S) changes and two non-synonymous (NS)
changes across all passages/species, with only one of these NS changes and four of
the S changes becoming fixed for three or more passages. Time is a major factor in
evolution rates (Gibbs et al., 2010). In this experiment, the time component was only
35 weeks. A pairwise comparison was done of the complete genomes of two
YTMMV isolates, Cervantes and Kalbarri, distinguished by being isolated from
different Anthocercis host species and by being separated by a distance of 400 km.
The two isolates differed by 165 S and 16 NS polymorphisms. It is tempting to
extrapolate the experimental substitution rate (one fixed NS substitution per 35
weeks) to the natural rate, where the 16 NS substitutions that occur between the two
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isolates would occur after 560 weeks (46.6 years). However, this is undoubtedly an
overestimate of the natural rate of NS substitution and, therefore, an underestimate
of the time of separation between the two isolates. The experimental NS rate fails to
consider the full complexity of factors active in a natural system. Firstly, the genetic
difference between tomato (genus Solanum) and yellow tailflower (genus
Anthocercis species) is far greater than that between the two Anthocercis species, so
greater constraints to replication may occur in the host cell. Secondly, the manual
inoculation method used in the experimental system differs widely from YTMMV
when transmitted naturally. Numerous other factors undoubtedly influence the rate
of evolution – the age of host plants, the distance between hosts, identity of vectors
(it is not known if vectors are involved in YTMMV spread), the identity of coinfecting viruses in natural hosts that may interact with YTMMV, the cellular
environment, including efficiency of RNA silencing, etc.
Reproducibility of fixation of mutations is a method of determining if NS mutations
are random or if there is positive selection occurring. In our study, passaging was
repeated in tomato plants to observe if the same NS mutation would re-occur, given
the same selective pressures over time. Surprisingly, a NS mutation occurred in the
codon adjacent to the one that occurred in the first experiment in the intervening
region (IR) of the YTMMV genome, indicating that positive selection was indeed
acting on that region. These results suggest that the IR may have a role in host
species specificity.
No fixation of nucleotide substitutions occurred when YTMMV was passaged
through N. benthamiana and S. nigrum plants. YTMMV infection in N. benthamiana
RA-4 and S. nigrum induced severe symptoms, including death in N. benthamiana
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plants. Systemic necrosis may be a form of field resistance that has two roles: (i) to
eliminate the foci of infection, thereby limiting further spread, and (ii) to prevent the
virus adapting to the new host. YTMMV-infected tomato plants survived with mild
symptoms, which provides time for the virus to adapt.
7.5

Virus control strategies

YTMMV has been demonstrated to be capable of infecting susceptible solanaceous
species under experimental conditions (Li et al., 2015). There are many solanaceous
species across W.A. in the form of weeds, agriculture crops and endemic plants.
Being a touch-transmissible tobamovirus, there is a greater risk of virus emergence
should it be transmitted to susceptible host plants. We tested the resilience of
YTMMV particles under experimental conditions, using infectivity as an indicator of
resilience. We found that YTMMV particles appear to be more resilient to
decontamination treatments reported for tobacco mosaic virus (TMV) and cucumber
green mild mottle virus (CGMMV). This indicates that YTMMV would be at least
as difficult to eliminate as TMV and CGMMV if it spilled over into crop species.
Our study into transmissibility and longevity of virions of YTMMV is a pre-emptive
study that will be applicable should YTMMV spill over into crops.
7.6

General conclusions

To date, the majority of plant virus research has focused on viruses that cause
diseases in agricultural or horticultural crops; relatively few studies on viruses of
wild plants exist (Gibbs, 1980, Jarosz & Davelos, 1995, Wren et al., 2006,
Sabanadzovic et al., 2010, Roossinck, 2012). The small number of studies into wild
plant viruses at interfaces of agro-ecosystems has meant that we know very little
about their diversity, evolution and impact on ecosystems. New sequencing
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technologies are opening a window to the diversity of viruses in wild systems
(Pallett et al., 2010, Roossinck et al., 2010, Wylie & Jones, 2011, Wylie et al., 2013,
Ong et al., 2016). In this study, we discovered that viruses are relatively prevalent in
the indigenous flora of the region. Little is known about their ecological influences.
For the viruses we have observed, most naturally virus-infected plants appeared
asymptomatic (but Koch’s postulates were not done). If beneficial roles of
indigenous viruses in wild systems are identified, there may be potential to apply this
knowledge to managed systems.
Certain viruses will inevitably spread more widely as the ongoing homogenisation of
flora, fauna and microbes continues on an international scale. Homogenisation of life
forms is a consequence of the rapidly increasing human population and its need for
greater agricultural production and international trade. On the other hand, other
viruses not suited to the massive changes that are occurring in wild systems,
particularly those confined to one or a few species of indigenous plants, may face
extinction.
An example of a virus adapting to human-managed systems is CatMV. It arrived in
Australia from its center of origin and has already extended its host range in an
unexpected direction, but as of yet this virus does not present a challenge to food
production. In contrast, another recent arrival in Australia, CGMMV, cost millions
of dollars in lost food production in the first year it was detected in Australia
(Northern Territory Government, 2015). As yet, CGMMV does not appear to have
extended its host range to indigenous Australian species. BYDV and WCMV also
seemed to have remained with the exotic hosts they likely arrived in, but more
comprehensive surveys for them may reveal that this is not the case. Their presence
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highlights the importance of identifying the viruses that have become established in
a new area, and specific diagnostic assays should be tailored to detect them. Exotic
viruses present in W.A. have escaped detection by quarantine services, suggesting
the need for better diagnostic systems.
Diagnostic assays need to be both generic and species-specific: generic so that
unexpected and/or undescribed viruses can be identified, and species-specific so
those known high-risk viruses can be detected rapidly, preferably in situ. HTS may
answer both needs. Currently, MinION (Oxford Nanopore Technologies) is the only
platform available that enables small-scale rapid sequencing in the field. MinION
was used to diagnose Ebola virus during the devastating Ebola virus epidemic that
occurred in West Africa in 2015 and was able to diagnose the virus in less than 24
hours (Quick et al., 2016). MinION has proven that low-throughput NGS-based
detection and informatics analysis of data can be used to rapidly diagnose viruses
and other pathogens in quarantine situations, on international borders and even on
farms. Currently, the technology cannot be used to detect viruses in real time.
Existing methods of preparing nucleic acids for HTS-based virus diagnostics are
optimised for either RNA or DNA viruses but not both simultaneously. Also,
because pooling samples is widely practiced and libraries are usually prepared from
total RNA, the bulk of the sequences are derived from the host. In our experience,
virus-derived sequences typically constitute less than 6.3% of total sequences even
when total RNA is enriched for dsRNA. As the number of samples increases in a
pool, the proportion of sequences derived from each sample decreases, including
virus genome data. Consequently, a balance must be determined so that adequate
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representations of the virus genomes present are obtained while, at the same time,
screening as many samples as possible.
7.6.1

Challenges of studying plant virus biodiversity using HTS

HTS has enabled the discovery of many new viruses and contributed to the current
understanding of plant virus biodiversity. However, using a metagenomics approach
has some disadvantages, too. Firstly, to allow the ease of identification of plant hosts
through barcoding, all samples have to be processed individually, making library
preparation laborious.
Secondly, due to the presence of phenolic compounds or highly viscous
polysaccharides that occur in many wild plants, obtaining pure nucleic acids can be
problematic. This issue is not confined to HTS-based studies. Plants that are rich in
these compounds, such as members of Euphorbia, one of the largest genera of
angiosperms in the world (Horn et al., 2012), have few viruses reported from them
(Kim & Fulton, 1984), perhaps because pure nucleic acids are not easy to obtain
from them. Although DNA/RNA extraction protocols exist for such plant groups
(Gehrig et al., 2000), often they require laborious optimisation for individual species.
The virus titre may vary during the life cycle of the host, as does symptom
expression (Fargette et al., 1994). Viral symptoms are sometimes interpreted as
symptoms of environmental or nutritional stress (Prendeville et al., 2012), and vice
versa. Therefore, choice of plant samples to test should not rely solely on symptom
expression. Screening should also be done in different seasons or yearly. Ong (2016)
found that in the same orchid population/individuals, different virus species were
detected in different years.
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7.7

Importance of research in wild plant virology

The presence of plant viruses at the interface between managed and unmanaged
systems should not become a reason to destroy indigenous plants that grow close to
crops. As stated above, wild plant viruses may pose a minimal direct danger to crops.
Wild systems provide a diverse range of services to agriculture, including predatory
and parasitic/parasitoid insects and other fauna that can help control crop pests and
they might be a source of beneficial microbes and offer protection from winds,
floods, and other environmental conditions. Wild systems also increase the overall
genetic diversity in an agricultural region, thereby providing pest and disease breaks.
There is evidence that some plant viruses confer benefits to plants under certain
stressful conditions (Márquez et al., 2007, Xu et al., 2008), so it conceivable that
natural interactions between wild plant viruses and crop plants are directly
beneficial, although recorded examples of virus interactions with crops are harmful.
The study of plant virus biodiversity in the wild or at the interface of ecosystems
may have practical application in terms of providing early warning of ‘spill over’
events that may lead to epidemics, but in most cases the viruses discovered have a
narrow host range, probably posing no threat to agricultural economies. Viruses may
also be a factor in maintaining species equilibrium in ecosystems (Wren et al., 2006).
This field of study will also increase our understanding of virus diversity and
evolution, but its main benefit will be that it will add to our understanding of how
viruses influence ecosystems. This is an area that is very poorly understood, yet there
are indications that viruses play highly significant roles in terrestrial systems, as they
do in oceans (Wilhelm & Suttle, 1999). The most well understood terrestrial
example is that of the essential role that Curvularia thermal tolerance virus plays in
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conferring heat tolerance to panic grass growing under extreme soil temperatures
(Márquez et al., 2007). The few examples we have of beneficial characteristic
conferred by plant viruses to plants are likely to represent the tip of the iceberg. The
potential application to agriculture of such interactions is important, but it is as yet
unacknowledged because of the dearth of examples. A far greater research effort is
needed to understand the roles viruses play in ecosystems and the molecular
mechanisms by which this is achieved. These areas are where in-depth studies of
wild plant-virus interactions will have their greatest impact.
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